


Preface 

Simplify, ClariCy, and Verify 

Behavioral modeling with a hardware description language (HDL) is the key to modern design 
of application-specific integrated circuits (ASICs). Today, most designers use an liDL-ba.-.ed 
design method to create a high. level, language.based, abs tract description of a circuit, and verify 
its functionality and timing. The language used to teach design methodology in the first edition 
of this texl. IEEE 1464-1995, has undergone two revisions to improve the effectiveness and effi­
ciency of the language: IEEE 1364-2001 followed by a revision in 2005. known as Verilog-2001 
and Verilog-2005, respectively. 

The motivation behind this edition is basically tbe same as that which guided the first edit ion: 
students preparing to contribute to a productive design team must know how 10 use a HOL at key 
stages of the design flow. Thus, there is a need for a course going beyond the basic principles and 
methods learned in a first course in digital design. TIlls book is written for such a course. 

The quantity of books discussing HDLs far ellceeds that which was available at the time of 
the first edition. and most o f these are still o riented toward explanations of language syntax, 
rather than toward design, and are not well·suited for classroom use. Our focus is on design 
methodology enabled by an HDL Thus, the language itself has a subordinate ro le. In this edi· 
lion, we have made a st rong effort 10 demonstrate by examples the importance of partilioning a 
digital machine to expose its datapath, status (feedback) signals, and controller (finite state 
machine). This effort leads, we think, to a much clearer and straightforward approach to design. 
ing and verifying complex digital machines. We present an abundance of simulation results, with 
annotation to help students ( 1) understand the operation of a sequential machine and (2) appre· 
ciate the time·sequential interaction between Ihe signals produced by the controlle r, the opera· 
tions in the datapa th, and the signals reported back to the controller from the datapath, all with 
the aim of developing synthesizable, latch·free, race·free designs. 

The language enhancements of Ve ri log 2001, 2005 have been used to reoamine and simplify 
the code of our models. We emphasize industry practices, and do not unwittingly encourage acade· 
mic styles of modeling without regard for whether a model can be synthesized. Solutions to selected 
problems, together with additional solved eJlercises that are not included in the text, are available 
for instructors at the companion Web si te: http://www.pearsonhighered.comlciletti. The first edition 
treated synchronous FlFOs; this edition treats synchronous and asynchronous FlFOs. and presents 
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an elaborate example of using an asynchronous FIFO to synchronize transfer of data across clock. 
domains. 

Design practice is always in a nux. One tension is between the approach of writing a 
model in C for an embedded controller versus writing a model in Verilog. The C-based approach 
f:Xf:cutf:S statements: Ve rilog models uecution of multiple concurrent behaviors of a machine. 
The latter approach compiles hardware: the former compiles statements for a preexisting 
hardware unit. The compiled hardware of the Verilog model produces equivalent 1/0 signals at 
the inte rface tn the host machine for a particular application. The distinction here is tha t 
embedded code docs not equal embedded hardware. This text aims to teach the hardware 
modeling/compilation paradigm and to anticipate the results of synthesis. Programming in C 
anticipates the data produced by II program, and the machine/processor is itselftransparenl. ln 
contrast, modeling in Verilog anticipates the hardware that will produce the 110 signals 
demanded by the application, and requires the develope r to think. in terms of time-sequential 
control of register operations. Vcri log modeling encourages this understanding about the 
nature ofa digital machine. 

Our goal in thi~ book. is to build on a student's background from a first course in logic 
design by ( I ) briefly reviewing basic principles of combinational and sequential logic, (2) intro­
ducing the use of HDLs in design, (3) emphasizing descriptive styles that will allow the reader to 
quick.ly design working circuits suitable for ASIC! andlor field-programmable gate array 
(FPGA) implementation. and (4) providing design examples having a range of difficulty. The end­
of -chapter problems encourage students to simplify, clarify, and verify their designs. The nature 
of many of the problems is that of open-ended design, requiring verification that the design 
meets a prescribed specification. 

The widely used Verilog HDL (IEEE Standard 1364) serves as a common framework sup­
porting the design activities treated in this book. The first edition focused on developing, verify­
ing. and synthesizing designs of digital circuits, and not 0 0 the Veri log language. This edition 
maintains that focus. 

Most studenls taking a second course in digital design will be familiar with at least one 
programming language and will be able 10 draw on that background in reading this text. We 
cover only the core and mosl widely used features of Veri log. In order 10 emphasize using the 
language in a synthesis-oriented design environment , we have purposely placed many details, 
features, and explanations of syntax in the appendices and at the publisher's Web si te fo r ref­
erence on an "as needed" basis, but an appendix provides Ihe complete formal syntax of the 
language 

Most entry-level courses in digital design introduce finile state machines using state transi­
lion diagrams.. and algorithmic state machine (ASM) charts. We do likewise, but we make heavier 
use of ASM charts and demonstrate their ut ili ty in developing behavioral models of sequential 
machines. The important problem of systematically designing a finite state macbine to control a 
datapath in a complex digital machine is treated in-depth with ASMD charts, i.e. ASM charts 
annotated to display the regisler operations of the controlled dalapath. The design of a RISC 
CPU and other important hardware units are given as eilampla Our companion Web site 
includes the RISC machine's source code and an assembler that can be used to develop pro­
grams for applications. The machine also serves as a starting point for developing a more robust 
instruction set aodarchitecturalvariants. 

The Verilog language is introduced io an integrated, but selective manner, only as needed 
to support design examples. The text has a large set of examples illustrating how to address the 
key stCp5 in a VLSI circuit design methodology using the Verilog HDL. The source code of the 
eilamplcs bas been verified to be correct. Source code for all of the examples and their lest­
bencbes are available at the publisher's Web site. 



The Intended Audience 

This book is for students in an advanced course in digital design, and for professional engineers 
interested in learning Verilog by example, in the context of its use in the design now of modern 
integrated ci rcuits. The level of presentation is appropriate for seniors and first-year graduate 
students in electrical engineering, computer engineering, and computer science, as well as for 
professional engineers who have had an introductory course in logic design, The book presumes 
that the reader has a basic background in Boolean algebra and its use in logic circuit design, and 
a familiari ty with synchronous finite s tate machines. Building OD th is foundat ion, the book 
addresses the design of several important circuits used in computer systems. digital signal pro­
cessing, image processing. data transfer across clock domains, built-in self·test (BIST) and, other 
applications. The examples cover the key design problems of modeling, architectural trade·offs. 
pipelining, multiprocessor implementations. functional verification, timing analysis. test genera­
tion, fault simulation, design for testability. logic synthesis. and post-synthesis verification . 

What's New in this Edition 
• Exploits key features of Veri log 2001,2005 
• Illustrates and promotes a synthesis-ready style of register transfer level (RTL) and algorithmic 

modeling with Verilog 2001. 2005 
• Provides an in-depth treatment of algorithms and archi tec tures for digital machines (e.g. an 

image processor. digital filters. and circular buffe rs) with VeriJog 2001. 2005 
• Includes comprehensive design examples (e.g. a RISC machine and various datapath controllers) 

with VeriJog 2001,2005 
• Includes numerous annotated and explained graphical illustrat ions of simulation results 
• Contains over 150 fully verified examples with Verilog 2001 . 2005 
• Contains a worked example with ITAG and BIST for testing with Veri log 2001, 2005 
• Contains lin Appendix with full formal syntax of the Verilog 2001, 2005 HDL 
• Treats asynchronous and synchronous FIFOs 

Special Features of the Book 
• Provides a brief review of basic principles in combinational and sequential logic 
• Focuses on modern digital design methodology 
• Demonstrates the utility of ASM and ASMD charts for behavioral modeling 
• O early distinguishes between synthesizable and nonsynthesizable loops 
• Provides practical treatment of timing analysis. fault simulation, testing, and design for testability, 

with examples 
• Provides several problems with a wide range of difficulty after each chapter 
• Combines a solution manual with an on·line repository of additional worked exercises 
• Lists an index of all models developed in the examples 
• Includes a set of FPGA-based, lab-ready exercises linked to the book (e.g. ari thmetic and logic 

unit (ALU), programmable lock, a keypad scanner with a FIFO, a serial communications link 
with error correction. an SRAM controller. and first in, first out (FIFO) memory, RISC CPU, 
and mO) 

• Supported by an ongoing Companio n Web site containing: 

1. Source files of all models developed in the examples 
2. Source 6les of testbenehes for simulating all of the examples 
3. An Instructor 's Oassroom Kit containing transparency flies for a complete course 

based on the subject matter is available for instructors only 



4. Solutions to selected problems is available for instructors only 
5. Additional worked problems 
6. Jump-start tu torials helping students get immediate results witb selected software tools 

(e.g. simulator) 
7. Answers to frequently asked questions (FAOs) 

Sequences for Course Presentation 
The material in the text begins with a brief review of combinational and sequential logic design. 
but then progresses in the order dictated by the design flow fo r an ASIC or an FPGA. Chapters 
1 to 6 treat design topics through synthesis, aDd sbould be covered in order, but Chapters 7 to 10 
can be covered in any order. The bomework exercises a re challenging, and tbe lab-ready 
FPGA-based exercises are suitable for a companion lab or for eodoOf-semester projects. 
Chapter 10 presents several a rchitectures for arithmetic operat ions, affording a diversi ty of cov­
erage. Chapter 11 treats post-synthesis desig.n validation, timiDg analysis, fault simulation. and 
design for tes tabi lity. The coverage of tbese to pics can be omilled. depending on the level and 
focus of tbe course. 

Some Caveats 
We do not adbere to common pract ice for using upper and lower case text, or for using couricr 
font in code listings. Our choices have been based on maximizing the overall visual appeal and 
readability of the listed code. The visual result offsets, we think, the extra care required to ensure 
that the code is composed correctly in our examples. Block diagrams have been simplified to 
reduce the visual cluller, so we typicaUy sbow only tbe actual. external names of signals, and omit 
their formal. internaJ counterparts. O-type flip-flops are used almost exclusively because they 
playa dominant role in synthesis with modern EDA tools. 

Chapter Descriptions 
Chapter 1 briefly di&Cusses the role of HOLs in design flows for cell-based ASICs and FPGAs. 
Chapters 2 and 3 review mainstream topics tbat would be covered in a first course in digit,l 
design, using classical methods, i.e. Kamaugh maps. This material will refresb the reader's back­
ground, and the examples will be used lal er to introduce HDL-based methods of design. 
Chapters 4 and 5 introduce modeling of combinational and sequential logic with the Verilog 
HDL. and place emphasis on coding styles that are used in behavioral modeling. Chapter 6 
addresses cell-based synthesis of ASICs, and introduces synthesis of combinational and sequen­
tiallogic. Here we pursue two main objectives: (1 ) present synthesis-friendly coding styles and 
(2) form a foundation that will enable the reader to anticipate the results of synthesis, especially 
when synthesizing sequential machines. Many sequential machines are partitioned into a data­
path and a controller. Chapter 7 covers examples that illustrate bow 10 design a controller for a 
datapath, including machines having feedback of status signals from the datapath to the can· 
troller. The designs of a simple RlSe CPU and a UART1 serve as platforms for the subject matter. 

IUniversaI AsynchroDOUI Receiver and 1rarwnil1er (UART), a cin:uit tued in daU! tnllWnission between 
syslems. 



Chapter 8 covers PLDs, complex PLDs (CPLDs), ROMs. and SRAMi, and then expands the 
sy~thesis target to include FPGAs. Chapter 9 treats the modeling and synthesis of computational 
umts and algorithms found in computer architectures, digital filters, and other signal processors. 
Chapter 10 develops and refines a1goritnms and architectures for the arithmetic units of digital 
machines. In Chapter 11, we use the VeriJog HDL in conjunction with fault simulators and timing 
analyzers to revisit a selection of previously designed machines and consider performance/timing 
issues and testability, to complete the treatment of design flow tasks that rely heavily on designer 
intervention. This chapter models the test access port (TAP) controller defined by rEEE 1149.1 
standard (commonly known as the JTAG standard), and presents an example of its use. Another 
elaborate example covers BIST. 
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CHAPTER 1 Introduction to Digital 
Design Methodology 

Classical design methods relied on schematics and manual methods to design a circuit, 
but today computer-based languages are widely used to design circuits of enormous 
size and complexity. There are several reasons for this shift in practice. No team of en­
gineers can correctly design and manage, by manual methods, the details of state-of­
the-art integrated circuits (ICs) containing several million gates, but using hardware 
description languages (HDLs) designers easily manage the compleltity of large designs. 
Even small designs rely on language-based descriptions, because designers have to 
quickly produce correct designs targeted for an ever-shrinking window of opportunity 
in the marketplace. 

Language-based designs are portable and independent of technology, allowing 
design teams to modify and re-use designs to keep pace with improvements in technology. 
As physical dimensions of devices shrink, denser circuits with better perfonnance can be 
synthesized from an original HD£...based model. 

HDLs are a convenient medium for integrating intellectual property (IP) from a 
variety of sources with a proprietary design. By relying on a common design language, 
models can be integrated for testing and synthesized separately or together, with a net 
reduction in time for the design cycle. Some simulators a\so support mued descriptions 
based on multiple languages. 

The most significant gain that results from the use of an HDL is that a working 
circuit can be synthesized automatically from a language-based description, bypassing 
the laborious steps that characterize manual design methods (e.g., logic minimization 
with Karnaugh maps). 

HD£...based synthesis is now the dominant design paradigm used by industry. 
Today, designers build a software prototype/model of the design. verify its functionality. 
and then use a synthesis tool to automatically optimize the circuit and create a netlist in 
a physical technology. 
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HDLs and synlhesis lools focus an engineer's allention on functionality rather 
than on individual transistors or gates; they synthesize a circuit that will realize the de­
sired functionality, and satisfy a rea andlor performance constraints. Moreover, alterna­
tive architectures can be generated from a single HDL model and evaluated quickly to 
perform design tradeoffs. Functional models are also referred to as behavioral models. 

HDLs serve as a platform for several tools: design entry, design verification. test 
generation, fault analysis and simulation, timing analysis and/or verification, synthesis, 
and automatic generation of schematics. This breadth of use improves the efficiency of 
the design now by e liminating translations of design descriptions as the design moves 
through the tool chain. 

Two languages enjoy widespread industry support: VerilogU I (lJ and VHDL [2J. 
Both languages are IEEE (Institute of E lectrical and Electronics Engincers) stan­
dards; both are supported by synthesis tools for ASICs (application-specific integrated 
circuits) and FPGAs (field-programmable gale arrays). Languages for analog ci rcuit 
dcsign, such as Spice (3). play an important role in verifying critical timing paths of a 
circuit, but these languages impose a prohibitive computational burden on large de­
signs, cannot support abstract styles of design, and become impractical when used on a 
large scalc. Hybrid languages (e.g .. Verilog-A) (4) are used in designing mixed-signal 
circuits, which have both digital and analog circuitry. System-level design languages, 
such as SystemC [5J and SuperlogTM 16], are now emerging to support a higher level of 
design abstraction than can be supported by Verilog or VHDL. 

1.1 Design Methodology-An Introduction 

ASICs and FPGAs are designed systematically to maximize the like lihood that a de­
sign will be correct and will be fabricated without fatal naws. Designers follow a "de­
sign now" like that shown in Figure 1-1, which specifies a sequence of major steps that 
will be taken to design . verify, synthesize. and test a digital circuit. ASIC design nows 
involve several activities, from specification and design entry. to place-and-route and 
timing closure of the circuit in silicon. Tuning closure is attained when all of the signal 
paths in the design satisfy the timing constraints imposed by the interface circuitry, the 
circuit's sequential elements, and the system clock. Although the design flow appears 
10 be linear, in practice it is not. Various steps might be revisited as design errors are 
discove red, requirements change, or performance and design constraints are violatcd. 
For example, if a circuit fails to meet timing constraints, a new placement and routing 
step will have to be taken, perhaps including redesign of critical paths. 

Design nows for standard-cell-based ASJ Cs are more complcx than those for 
FPG As because the architecture of an ASIC is not fixed. Consequcntly, the perfor­
mance that can be realized from a design depends on the physical placement and rout­
ing of the cells on the die, as well as the underlying device properties. Inte rconnect 
delays play a significant role in delcrmining performance in submicron designs below 
0.18 pm, in which prelayout estimates of path de lays do not guarantee timing closure 
of the routed design. 

The following sections will clarify the design flow described in Figure 1-1. 
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FlGURE 1-1 Design now for HDL-bascd ASICs. 
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1.1.1 Design Specification 

The design flow begins with a writlen specification for the design . The specification 
document can be a very elaborate statement of functionality, timing, silicon area, power 
consumption, testability, fault coverage, and other criteria that govern the design. At a 
minimum. the specification describes the functional characteristics that are to be imple­
mented in a design. l'Ypically, state transition graphs. timing charts, and algorithmic-state 
machine (ASM) charts arc used to describe sequential machines, but interpretation of 
the specification can be problematic, because the HDt..-based model might actually 
implement an unintended interpretation of the specification . The emerging high-level 
languages. like SystemC 15J. and Superlog 16J hold the promise that the language itself 
provides an executable specification of the design , which can then be tTanslated and 
synthesized into a circuit. 

.1.1.2 Design Partition 

In today's methodologies for designing ASI Cs and FPGAs, large circuits are parti­
tioned to form an archileClllre - a configuration of interacting functional units, such 
that each is described by a behavioral model of its functionality. The process by which 
a complex design is progressively partitioned into smaller and simpler functiona l units 
is called top-down design or hierarchical design. HOLs support top-down design with 
mixed levels of abstraction by providing a common fTamework for panitioning, syn­
thesizing.. and verifying large, complex systems. Parts of large designs can be linked to­
gether for verification of overall functionali ty and performance. The panitioned 
architecture consists of functional units that are simpler than the whole, and each can 
be described by .. an HDt..-based model. The aggregate description is often too large to 
synthesize directly, but each functional unit of the partition can be synthesized in a rea­
sonable amount of time. 

1.1.3 Design Entry 

Design entry means composing a language-based description of the design and storing 
it in an electronic format in a computer. Modem designs are described by hardware 
description languages, like Verilog, because it takes significantly less time to write a 
Verilog behavioral description and synthesize a gate· level realization of a large circuit 
than it does to develop the gate-level realization by other means, such as bottom-up 
manual entry. This saves time that can be put to better use in other parts of the design 
cycle. The ease of writing, changing. or substituting Verilog descriptions encourages 
architectural exploration. Moreover, a synthesis tool itself will find alternative realiza­
tions of the same functionality and generate reports describing the attributes of the 
design. 

Synthesis tools create an optimal internal representation of a circuit before map­
ping the description into the target technology. The internal database at this stage is 
generic, which allows it to be mapped into a variety of technologies. For example. the 
technology mapping engine of a synthesis tool will use the internal format to migrate a 
design fro m an FPGA technology to an ASIC standard cell library, without having to 
reoptimize the generic description. 
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HDL-based designs are easier to debug than schematics. A behaviora l descrip­
tion encapsulating complex functionality hides underlying gate-leve l detail, so there is 
less information to cope with in trying to isolate problems in the functionality of the 
design. Furthermore, if the behavioral description is functionally correct, it is a gold 
standard for subsequent gate-level realizations. 

HDL-based designs incorporate documentation within the design by using de­
scriptive names. by including comments to clarify intenl , and by explicitly specifying ar­
chitectural relationships, thereby reducing the vol ume of documentation thai must be 
kept in other archives. Simulation of a language-based model explicitly specifies the 
fu nctionality of the design. Since the language is a standard, documentation of a design 
can be decoupled from a particular vendor's tools. 

Behavioral modeling is the predominant tiescriptive style used by industry, en­
abling the design of massive chips. Behavioral modeling describes the functionality of a 
design by specifying what the designed circuit will do, not how to build it in hardware. 
It specifies the input-output model of a logic circuit and suppresses details about phys­
ical, gate-level implementation. 

Behavioral modeling encourages designers to (1) rapidly create a behavioral pro­
totype of a design (without binding it to hardware details), (2) verify its functiona lity, 
and then (3) use a synthesis tool to optimize and map the design into a selected physi­
cal technology. If the model has been written in a synthesis-ready style, the synthesis 
tool will remove redundant logic. perform tradeoffs between alternative architectures 
andlor multilevel equivalent circuits, and ultimately achieve a design that is compat iblc 
with area or timing constraints. By focusing the designer's attention on the functional­
ity that is to be implemented rather than on individual logic galc~ and their intercon­
nections, behavioral modeling provides the freedom to explore alternatives to a design 
before committing it to production. 

Aside from its importance in synthesis. behavioral modeling provides flexibility 
to a design project by allowing parts of the design to be modeled at difrerent levels of 
abstraction. The Verilog language accommodates mixed levels of abstraction so that 
portions of the design that are implemented at the gate level (i.e. , structurally) can be 
integrated and simulated concurrently with other parts of the design that are repre­
sented by behavioral descriptions. 

1.1.4 Simulation and Functional Verification 

The functionality of a design is verified (Step4 in Figure I-I) either by simulation or by 
formal methods [7]. Our discussion will focus on simulation that is reasonable for the 
size of circuits we can present here. The design flow iterates back to Step 3 until the 
functionality of the design has been verified. The verification process is threefold: it 
includes (1) development of a test plan, (2) development of a testbcnch, and (3) execu· 
tion of the test. 

1.1.4.1 Test Plab Development A carefully documented test plan is developed to 
specify what functional features are to be tested and how they are to be tested. For ex­
ample, the lest plan might specify that the instruction set of an arithmetic and logic unit 
(ALU) win be verified by an exhaustive simulation of its behavior, for a specific se.t of 
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input data. Test plans for sequential machines must be more elaborate to ensure a high 
level of confidence in the design, because they may have a large number of states. A 
test plan identifies the stimulus generators, response monitors, and the gold standard 
response against which the model will be tested. 

Ll.4.2 Testbendl Development The lestbench is a Verilog module in which the unit 
under test (UUT) has been instantiated, together with pattern generators that are to be 
applied to the inputs of the model during simulation. Graphical displays andlor 
response monitors arc part of the testbench. The testbench is documented to identify 
the goals and sequential activity that will be observed during simulation (e.g., ''Testing the 
opcodes··). If a design is formed as an architecture of multiple modules, each must be 
verified separately, beginning with the lowest level of the design hierarchy, then the in­
tegrated design must be tested to verify that the modules interact correctly. In this case, 
the test plan must describe the functiona l features of each module and the process by 
which they will be tested, but the plan must also specify how the aggregate is to be tested. 

1.1.4.3 Test Execution and Model Veri8cation The testbench is exercised according 
to the test plan and the response is verified against the original speci fication fo r the 
design, e.g. does the response match that of the prescribed ALU? This step is intended 
to reveal errors in the design,confinn the syntax of the description , verify style conven­
tions. and eliminate barriers to synthesis. Verification of a model requires a systematic, 
thorough demonstration of its behavior. There is nQ point in proceeding further imo the 
design flow Ilntil the model has been verified. 

1.1.5 Design Integration and Verification 
After each of the functional subunits of a partitioned design have been verified to have 
correct fu nctionality, the architecture must be integrated and verified to have the cor­
rect fu nctionality. This requires development of a separate testbench whose stimulus 
generators exercise the input-output fu nctionality of the top-level module, monitor 
port and bus activity across module boundaries, and observe state activity in any 
embedded state machines. This step in the design flow is crucial and must be executed 
thoroughly to ensure that the design th at is being signed off for synthesis is correct. 

1.1.6 Pre synthesis Sign~Off 

A demonstration of fuU functionality is to be provided by the testbeneh, and any dis­
crepancies between the functionality of the Verilog behavioral model and the design 
specification must be resolved. Sign-off occurs a rte r all known functional errors have 
been eliminated. 

1.1.7 Gate-Level Synthesis and Technology Mapping 
After all syntax and functiona l errors have been eliminated from the design and sign­
orr has occurred, a synthesis tool is used to create an optimal Boolean description and 
compose it in an available technology. In general, a synthesis tool removes redundant 
logic and seeks to reduce the area of the logic needed to implement the funct ionality 
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and satisfy performance (speed) specifications. This step produces a netlist of standard 
cells or a database that will configure a target FPGA. 

1.1.8 Postsynthesis Design Validation 

Design validation compares the response of the synthesized gate-level description to 
the response of the behavioral model. This can be done by a testbench that instantiates 
both models. and drives them with a common stimulus. as shown in Figure 1-2. The re­
sponses can be monitored by software and/or by visuaVgraphical means to see whether 
they have identical functionality. For synchronous designs. the match must hold at the 
boundaries of the machine's cycle- intermediate activity is of nO consequence. If the 
functionality of the behavioral description and the synthesized realization do not 
match. painstaking work must be done to understand and resolve the discrepancy. Post­
synthesis design validation can reveal software race conditions in the behavioral model 
that cause events to occur in a different clock cycle than expected. I We will discuss how 
good modeling techniques can prevent this outcome. 

flGU REl-l Postsynlhcsisde5lgnvaiidation. 

lPoslsynlhesis validal;nn in an ASIC design fio'" is followed by a step for postiayoul timing verification. 
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1.1.9 Postsynthesis liming Verification 
Although the synthesis process is intended to produce a circuit that meets timing spec­
ifications, the circuit's timing margins must be checked to verify that speeds are ade­
quate on critical paths (Step 9). This step is repeated after Step 13, because synthesis 
tools do not accurately anticipate the effect of the capacitive delays induced by inter­
connect metalization in the layout. Ultimately, these delays must be extracted from the 
properties of the materials and the geometric details of the fabrication masks. The 
extracted delays are used by a static timing analyzer to verify that the longest paths do 
not violate timing constraints. The circuit might have to be resynthesized or re-placed 
and rerouted to meet specifications. Resynthesis might require (1) transistor resizing, 
(2) architectural modificationslsubstitutions, and (3) device substitution (more speed 
at the cost of more area) . 

1.1.10 Test Generation and Fault Simulation 

After fabrication , integrated circuits must be tested to verify that they are free of 
defccts and operate correctly. Contaminants in the d ean-room envi ronment can cause 
defec ts in the circuit and render it useless. In this step of the design flow a set of test 
vectors is applied to the circuit and the response of the circuit is measured . Testing 
considers process-induced faults, not design errors. Design errors should be detected 
before presynthesis sign-off. Testing is daunting, for an ASIC chip might have millions 
of transistors, but only a few hundred package pins that can be used to probe the 
internal circuits. The designer might have to embed additional, special circuits that 
will enable a tester to use only a few external pins to test the entire internal circuitry 
of the ASIC, either alone or on a printed circuit board. 

The patterns that are used to verify a behavioral model can be used to test the fab­
ricated part that results from synthesis, but they might not be robust enough to detect a 
sufficiently high level of manufacturing defects. Combinational logic can be tested for 
fau lts exhaustively, but sequential machines present special challenges, as we will see in 
Chapter 11. Fault simulation questions whether the chips that come off the fabrication 
line can, in fact, be tested to verify that tbey operate correctly. Fault simulation is con­
ducted to detennine whether a set of test vectors will detect a set of faults. The results of 
fault simulation guide the use of software tools for generating additional test patterns. 
To eliminate the possibility that a part could be produced but not tested, test patterns 
are generated before the device is fabricated , to allow for possible changes in the design , 
such as a scan path. ~ 

1.1.11 Placement and Routing 
The placement and rouling step of the ASIC design flow arranges the cells on the die 
and connects their signal paths. In cell-based technology the individual cells are inte­
grated to form a global mask that will be used to pattern the silicon wafer with gates. 

1Scan patbs are fonned by replacing ordinary Oip-flops with specially designedOip-fi ops thatcanbceonnected 
together in test mode to fonn a shlft register. Test pallems can be scanned into tbe design, and applied to the 
internalcireuitry.The responseofthecireuitcanbeeapturedintbescancbainandsbiftedout for analysis. 
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This step also might involve inserting a clock trec into the layout , to provide a skew­
free distribution of the clock signal to the scquential e lements of the design. If a scan 
path is to be used, it will be inserted in this step 100. 

1.I.U Physical and Electrical Design Rule Checks 

The physical layout of a design must be checked to verify that constraints on material 
widths, overlaps. and separations are satisfied. Electrical rules are checked to verify 
that fanout constraints arc met and that signal integrity is not compromised by electri­
cal crosstalk and power-grid drop. Noise levels are also checked to determine whether 
electrical transients are problematic. Power dissipation is modeled and analyzed in this 
step to verify that the heat generated by the chip will not damage the circuitry. 

1.1.13 Parasitic Extraction 

Parasitic capacitance induced by the layout is extracted by a software tool and the n 
used to prod uce a more accurate verification of the electrical characteristics and timi ng 
performance of the design (Step 13). The results of the extraction step are used to 
update the loading models that are used in timing caiculations. -Illen the timing con­
straints are checked aga in to confirm that the design. as laid out . wi ll function at the 
specified clock speed. 

1.1.14 Design Sign-Off 

Final sign-off occurs after a ll of the d esign constraints have been sa tisfi ed and timing 
closure has been ach ieved. The mask set is ready for fabrication . Th e description con­
sists of the geometric data (usually in ODS-II fo rmat) th at will determin e the photo­
masking steps of the fabrication process. At this poi nt sign ifica nt resources have 
been expended to ensure thai the fabricated chip will meet the specifications for its 
functionality and performance. 

1.2 Ie Technology Options 

Figure 1-3 shows various options for creating the physical realization of a digital ci rcui t 
in silicon. ranging from programmable logic devices (PLOs) to full-custom ICs. Fixed­
architecture programmable logic devices serve the low end of the market (Le .. low vol­
ume and low perfonnance requirements). They are relatively cheap commodity parts. 
targeted for low-volume designs. 

The physical database of a design might be implemented as (1 ) a full-custom lay­
out of high-performance ci rcuitry, (2) a configuration of standard cells. or (3) gate 
arrays (fi e ld- or mask-programmable), depending on whether thc anticipated market 
for the ASIC offsets the cost of designing it, and the required profit. Full-custom l es 
occupy I.he high end of the cost- perfonnance domain. where sufficient volume or a 
customer with corporate objectives and sufficient resources warrant the development 
time and investment required to produce full y custom designs having minima l area 
and maximum speed. FPGAs have a fixed, bu t electrically programmable architecture 
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for implementing modest-sized designs. The tools supporting this technology allow a 
designer to write and synthesize a Verilog description into a working physical part on a 
prototype board in a matter of minutes. Consequently, design revisions can be made al 
very low cost. Board layout can proceed concurrently with the development of the parI 
because the footprint and pin configuration of an FPGA arc known. Low-volume pro­
totyping sets the stage for the migration of a design to mask-programmable and stan­
dard-cell-based parts. 

In mask-programmable gate-array technology a wafer is populated with an array 
of individual transistors that can be interconnected to create logic gates tbat imple­
ment a desired functionality. The wafers are prefabricated and later personalized with 
metal interconnect for a customer. All but the metalization masks are common to all 
wafers, so the time and cost required to complete masks is greatly reduced, and the 
other nonrecurring engineering (NRE) costs are amortized over the entire customer 
base of a silicon foundry. 

Standard cell technology predesigns and characterizes individual logic gates to 
the mask level and assembles tbem in a shared library. A place-and-route tool places 
the cells in channels on the wafer, interconnects them, and integrates their masks to 
create the functionality for a specific application. The mask set for a customer is spe­
cific to the logic being implemented and can cost over $500K for large circuits. but the 
NRE costs associated with designing and characterizing the cell library are amortized 
over the entire customer base. In high-volume applications, the unit cost of the parts 
can be relatively cheap compared to the unit cost of PLDs and FPGAs. 
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1.3 Overview 

The following chapters will cover most of the sleps in the design flow presented in 
Figure \ -1, but not cell placement and routing. design-rule checking, or parasitic ex­
traction. These steps are conducted by separate tools, which operate on the physical 
mask database rather than on an HDL model of the design. and they presume that a 
functiona lly correct design has been synthesized successfully. The steps we cover 3re 
the mainstream designer-driven steps in the overall ASIC flow. 

In the remaining chapte rs, we will review man ual methods for design ing combi · 
national and seque ntial logic design in Chapters 2 and 3. Then we willireat combina­
tional logic design (Chapter 4) and sequenti al logic design (Chapter 5) using Verilog. 
and by example. contrast manual and HDL-based methods. This chapter a lso intro­
duces the use of ASM charts and algorithmic state machine and datapath (ASMD) 
charts. which prove to be very useful in writing behavioral models of sequential 
machines. Chapter 6 covers synthesis of combinational and sequential logic with Vcr­
ilog mode ls. This chapter equips the designer with the background to compose 
synthesis-friendly designs and to avoid common pitfalls th at can thwart a design. 
Chapter 7 continues with a treatmen t of datapath controllers, including a R ISC CPU 
and a UART. Chapter 8 introduces PLOs. CPLDs. RAMS and ROMS, and FPGAs. 
The problems at the end of this chapter specify designs that can be implemented on a 
widely available prototyping board. Chapter 9 covers algori thms and a rchitectures for 
digital processors. and Chapter 10 treats architectures fo r arithmetic operations. 
Chaple r 11 treats tbe postsynthesis issues of timing verification , test generation, and 
fault simulation, including JTAO and BIST. 

Three things matter in learn ing design with an HDL: examples. examples, and 
examples. We present several examples. with increasing difficuily, and make available 
their Verilog descriptions. Several challenging problems are included at the end of each 
chapter that require design with Verilog. We urge the reader to embrace the mantra: 
simplify, clarify. verify. 
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CHAPTER 2 Review of Combinational 
Logic Design 

This chapter will review manual methods for designing combinational logic. In Chapter 6 
we will see how these steps can be automated with modem design tools. 

2.1 Combinational Logic and Boolean Algebra 

Combinational logic forms its outputs as Boolean funct ions of its input variables on an 
instantaneous basis. That is, at any time t the outputs YI> >'2, and )'J in Figure 2- \ depend 
on only the values of a, b, c, and d at time t. The outputs of combinational logic at any 
time t are a function of only the inputs at time t. The outputs of other circuits may 
depend on the history of the inputs up to time t, and they are calJed sequential circuits. 
Sequential circuits require memory e lements in hardware. 

The variables in a logic circuit are binary - they may have a value of 0 or 1. Hard­
ware implementations of logic circuits use either positive logic, in which a high voltage 
level, say 5 volts, corresponds to a logical value of 1, and a low voltage, say 0, corre­
sponds to a logical O. In negative logic, a low electrical level corresponds to a logical 1, 
and a high electrical level corresponds to a O. 

Some common logic gates are shown in Figure 2-2, together with the Boolean 
equation that determines the value of the output of the gate as a function of its inputs, 
and Table 2-1 lists common symbols for hardware-based Boolean logic opcrations. I 

2.1.1 ASIC Libruy Cells 
Logic gates are implemented physically by a transistor-level circuit. For example, in 
CMOS (complementary metal-olride semiconductor) technology, a logic inverter consists 

lNole: Thc schema tie Iymbol for the Ihrec-&Iate buffer usellhe Iymbol ~ to indicate the high Impedance con­
ditionoflhedevlee. 
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FIGURE 2-1 Block diagram symbol for oombinationallogic having four inputs and thr~e {)utputs. 

AND Gate OROalc XQRGatc 
y .a Q - b y = a + b Y '" II ~ b 

:=0-' ::=[>-r ::C>---y 
NAND Gate NOR Gale XNORGale 
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Buffer Three·StateBuffer 
y =Q y .. o y - alf enable '" l,clsey " z 

.--[>----, " -----[>0---- , Q~Y 

FIGURE l-Z Schematic symbols and Boolean relationships for some common logic gates. 

TAB LE 2-1 Common Boolean logic symbols 
andopcrations. 

~~~~~r:; . gj~,", 
Logic··orH 

Logical "3nd" 

Exclusive"o!" 

Logical negation 

Logical negation 
(overbar) 

of a series connection of p-channel and n-channel MOS transistors having a common 
drain that serves as the output, and a common gate Ihat serves as the input. When the 
input is low, the p-channei device conducts and the n-channel device is an open circuit. In 
this mode the output capacitor charges to Vdd• When the input is high, the n-channel 
device conducts, and the p-channel device is an open circuit. This discharges tbe output 
node capacitor to ground. Figure 2-3 shows (b) the pull-up and (c) pull-down paths for 
current in the inverter in (a). 
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(., (b' '0' 
FlCUR£: 2-3 CMOS Ifansktor· level $Chernatics: (a) inverter with output load capacitance, (b) inverll:r 

"'ith pull·up (eharp,) signal paths. and (c) inverter ",ith pull-down (di$Charging) signal paths. 
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Other logic gates can be implemenled using the same basic principles of pull-up 
and pull-down logic. Figure 2-4 shows the Iransistor-level schematic for a three-input 
NAND gate. If one or more of the inputs is low, Ihe output node Y is pulled up to Vdd; 

all inpuL" muSI be high to pull the output 10 ground. 
Very large-scale integrated (VLSI) circui ts that implement logic gates are fabri ­

cated by a series of processing steps in which phOiomash are used to selectively dope a 
silicon wafer to form and connect transistors. Figure 2-5 shows a composite view of the 
basic masks used in an elementary process to fabricate a CMOS inverter by implanting 
semiconductor dopants and depositing metal and polycrystalline silicon. The masking 
steps are performed in a well-defined sequence, beginning with the implantation of a 
dopant to form the n-well. a region that is heavily doped with an n-type material (e.g .. 
arsenic). A p<hannel uansistor is fo nned in the n-well by implanting a p-type (e,g., 
boron) source and drain regions, and an n-channel transistor is formed in the host silicon 
substrate. Polycrystalline silicon is deposited to form the gates of the transistors. and 
metal is deposited to form interconnections in and between devices. The actual processes 
involve many more steps and can have several more layers of metal tban these simple 
structures. Figure 2-6 shows a cross-section of a simple ASIC cell for an inverter. reveal­
ing the doped regions. 

Circuits that implement basic and moderately complex Boolean functions are 
characterized for their functional, electrical, and timing properties, and packaged in 

"CURE l-4 1n.nsistor-level 5I:hernat i<: for three- input CMOS NAND gate. 
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Input Output Input 
.---{>O----

Output 

(.) 

(b) (0) 

FIGU RE 2-5 Views of a CMOS inverte r: (a> circuil-$ymbol vicw, (b) transis tor-schematic view, and 
(e) simplified composite fabrication mask view. 

v. Input Output 

FIG URE 2-6 Simplified$id(: view showing the doping regionl or. CMOS invener. 

standard-cell libraries for repealed use in mUltiple designs. Such libraries commonly 
contain basic logic gates. flip-flops, latches, muxes, and adders. Synthesis tools build 
complex integrated circuits by mapping the end result of logic synthesis onto the parts 
of a ccillibrary to implement the specified functionality with acceptable performance. 

2.1.2 Boolean Algebra 
The operations of logic circuits aTC described by Boolean algebra. A Boolean algebra 
consists or a set of values B = {a, 1} and the operators "+" and " · ... The operator "+" 
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TAB LE 2·2 Laws of Boolean algebra 

4?(1;ofBOoJe~t,.r~ [j ;!:' ',j ' 

Combinations with 0, 1 a + 0 _ a 

Commutative 

Associative 

Distributive 

ldempote 

Involution 

Complemenlarity 

a'O - 0 

(u + b) + e - a + (b + e) (ab)c - aChe) - abc 
= a +b+, 

a(b + e) - ab + ae a + be - (a + b)(a + e) 

(a ' )' - a 

a + u' - I 
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is caUed the swn operator, the "OR" operator, or the disjunction operator. The operator 
" . " is called the product operator, the "AND" operator, or the conjunction operator. 
The operators in a Boolean algebra have commutative and distributive properties such 
that for two Boolean variables A and B having values in 8 , a + b = b + a, and 
a' b = b· a, The operators "+'" and"'" have identity elements 0 and 1, respectively, 
such that for any Boolean variable a, a + 0 = a, and a·1 = a. Each Boolean variable a 
has a complement, denoted by a' , such that a + a' = 1. and a' a' = O. Table 2-2 sum­
marizes the laws of Boolean algebra for sum-of-products (SOP) and product-or-sums 
(POS) Boolean expressions (more on this later). For simplicity, we have omitted show­
ing the" · ,. operator and will do so freely in the remaining examples. 

A multidimensional space spanned by a set of n Boolean variables is denoted by 
B". A point in Btl is called a vertex and is represented by an n-dimensional vector of 
binary valued clements., for example, (100), A binary variable can be associated with 
the dimensions of a Boolean space, and a point is identified with the values of the vari­
ables. A Boolean variable is represented symbolically by a literal, such as a. A literal is 
an instance (e.g" a) of a variable or its complement (e.g" u'). Boolean expressions are 
formed by strings of literals and Boolean operators. A product of literals, such as ab'c 
is a cube, A cube is associated with a set of vertices, and a cube is said to "contain" one 
or more vertices. Figure 2-7 illustrates how each point in B3 can be represented (a) by 
a vector of binary values (e.g., its coordinates), and (b) by a cube of literals. 

A completely specified m-dimensional Boolean function with n inputs is a mapping 
from 8" into 8 m, denoted by f: B~ - Bm. An incompletely specified function is defined 
over a subsel of 8", and is considered to have a value of don't-care at points outside the 
domainoCdefinition: f: B" - to, 1, "'}, where· denotes don't-care. 

The On_Set of a Boolean function consists of the vertices at which the function 
is asserted (logically true), that is, On-Set = {x:x E Btl and f(x) = 1}. The Off-Set 
is the set of vertices at which the function is de-asserted (logically false): 
Off_Set = {x:x E B"andf(x) = O}, The Don't·Care-Set is the set of vertices at 
which no significance is attached to the value of the function , so Don't-Care-Set = 
{x:x E Btl and [(x) = "'}. The Don't-Core-Set set accommodates input patterns that 
never occur or outputs that will not be observed, 
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FIGURE 2-7 Poin15 in a Boolean space: (a) represented by veelors o( binary variables and 
(b) represented symbolically. 

2.1.3 DeMorgan's Laws 

DeMorgan's laws a llow us to transform a circuit from an SOP form to a POS form, and 
vice versa . The first form of the law specifies the complement of a sum of terms: 

(0 + b + c + .. )' "" a' · b ' . c' . 

fo r two variables, the relationship specifies that 

(0 + b)' = a' . b' 

The Venn diagrams in Figure 2-8 illustrate the operations of DeMorgan's laws for two 
variables. 

The second form of DeMorgan's laws specifies the complement of the product 
of terms: 

(a-b ' c ... )' = a' + b' + c' + .. 
For two variables, the law stales that 

(a-b)' = Q' + b' 

These relationships are illustrated by the Venn diagrams in Figure 2*9. 

2.2 Theorems for Boolean Algebraic Minimization 

Important theorems that are used to minimize Boolean algebraic expressions to produce 
efficient circuit realizations are shown in Figure 2*10. in POS and SOP form. Logical adja. 
cency and the consensus theorem are illustrated by the Venn diagrams in Figure 2·11. The 
consensus term, be, is redundant because it is covered by the union of ab and Q ' c. Laws 
that apply specifically to the exclusive-()r operation are shown in Figure 2*12. 
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nGURE 1-9 Venn diaf!!!M il/uatratin& De..'forpa'ilaw: (II' bY - 411 ' + b'. 
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Logicaladjaccncy 

Absorption 

Multiplication and 
factoring 

Consensus 

SOP form POS form 

"b + lib' =" (,, + b)(" + b') "''' 

,,+ ab = " ,,(,, + b) - a 
"b' + b - a + b (a +b')b a. ab 
,, + a'b . ,,+ b (a' + b)D ="b 

(a + b)(,,' + c) .. ac + ,,'b lib + a'c " (" + c)(a ' + b) 

ab + bc + ,,'c " "b + a'c (a + bleb + c)(", + c) = 
(" + b)(a' + c) 

nGURE 2.10 Theorems for minimizing Boolean expressions. 

Given a Boolean function I(xi. X2."', xn), its cofactor with respect to variable 
x;is 

Ix; = l(x],x2. " ,x;_], 1,xi+]' ,.,xII), 

and its cofactor with respect to Xi' is 

lxi' =/(xl,X2, ", Xi _ J. O,Xi+j, ",X,,). 

A binary-valued Boolean function can be represented by its cofactors as the fol­
lowing so-called Shannon expansion: 

I(Xj,X2" ", Xi-l>Xj,Xi+h""X,,) = Xj " fxi + Xi"lxi' = (Xi + Ixf)'(Xi' + Ixi) 

for all i = I . 2, , . , n. The Boolean difference of a Boolean function I is given by 

'flax, ~ f., '" f.,' 

Logical adjacency 

,b 

(.) 

nGURE 2-11 Venn diagrarm: (a) logical adjacency and (b) oonsensU1 
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FJGURE l-U Boolean relatiomhips for tbe exclu.sive-or operation. 
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The Boolean difference of/with respect to x; determines whether / issensitive to 
a change in input variable x;. This property has utility in algebraic methods to deter· 
mine whether a test deleclS a fauil in a circuit (1}. Also, a binary tree mapping of a 
Boolean funct ion can be gene rated by recursively applying Shannon 's expansion [2}. 

2.3 Representation of Combinational Logic 

We will consider three common representations of combinational logic: (a) structural 
(i.e., gate·level) schematics, (b) truth tables. and (c) Boolean equations. An additional 
representation, a binary decision diagram (BOD) is a graphical representation of a 
Boolean function and conlains the information needed 10 implemenl it (2, 3}. BODs are 
used primarily wilhin EDA software lools because they can be more efficienl and easier 
to manipulate than truth tables. They can also be helpful in fi nding hazard covers {4]. We 
will not make use of BODs here, but will rely on truth tables instead. 

Example 2. 1 

The truth table for the combinational logic of an arithmetic half adder is shown in 
Figure 2·13. The adder forms a sum and carry out bit from two data bits (without a 
carry in bit): (cow,sum) = a + b, where "+" denotes arithmetic addition of the data 
words. 

The Boolean equalions (i.e., "+" denotes logical OR) describing the half adder 
can be derived from the truth table and written in SOP fonn: 

sum = a'b + ab' = aeb 

c_out=a·b 

End of Example 2. 1 
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Inputs Outputs "~'"m A ddJlaJI 
b C_ OIU 

(b' 

(,' 

(0' 

tl.GURE2-U Half adder: (3) truth table. (b) block diagram symbol, and (c) schematic 

Example 2.2 

A full adder forms a sum and carry-out bit from two data bits and a carry-in bit. The 
truth table for the combinational logic of a fuJI adder is shown in Figure 2·14. 

0 
0 
0 
0 
I 
1 
1 
I 

The Boolean equations describing sum and c our bits are given by 

Inputs 

b 

0 
0 
1 
I 
0 
0 
1 
1 

sum = a"b" c_it! + a"b ' c_in' + a' b"c_ill' + a'b'c_in 

c_our = a' · b · c_in + a · b'·c_it! + a·b·cin' + a·b · cin 

Outputs 

'-'" C_ Ol'l sum (b' 

0 0 0 
1 0 1 
0 0 1 
I I 0 
0 0 1 
1 1 0 
0 1 0 
1 1 1 

(,' 
flGURE 2-14 Fu!l adder: (a) truth table. (b) block diagram symbol. and (c) schematic for a fu!laddet 

composed of half adders and glue logic. 



These can be rearranged as 

SlIm = aEBb EBc_in 

COul = (a EBb) · c in + a·b 

The Venn diagram in Figure 2·15 shows the a~sertions of sum and COld as a {unction 
of a, b, and cin . 

Truth tables become unwieldy for functions of several variables because the 
number of rows grows exponentially with the number of variables. Notice Ihal the 
truth table of the full adder has twice as many rows as the table for the half adder. 

End of Example 2.2 

2.3.1 Sum-of-Products Representation 

A cube is formed as the product of literals in which a lite ral appears in either uncom­
plemented or complemented fonn. For example, ab' cd is a cube but ab' cbd is not. A 
cube need not contain every literal. A Boolean expression is a sci of cubes, and is typi­
cally expressed in an SOP form as the "OR" of product tenns (cubes), rather than in 
set notation. 

fIGlIRE 2-15 Venn diagram represc:ntalion of the lnIlh lable for I full adder. 
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Example 2.3 

The foHowing expression is in SOP form: abc' + bd. 

End of Example 2.3 

Each term of a Boolean expression in SOP form is called an implicant of the 
function. A mimerrn is a cube in which every variable appears. The variable will be in 
either true (uncomplemented) or complemented form (but not both). Thus, a min term 
corresponds to a single point (vertex) in H". A cube that is not a minterm represents 
two or more poinls in Bn. The minterms of a Boolean function correspond to the rows 
of the truth table at which the function has a value of 1. 

Examp/e2.4 

The cube ab'cd is a min term in 8 4
, The cube abc is not a min term. It represents the pair 

of vertices defined by abed + abed' . 

End of Example 2.4 

A Boolean expression in SOP form is said to be canonical if every cube in the 
expression has a unique representation in which all of the literals are in complemented 
or uncomplemented form. 

Example 2.5 

The expression abed + a' bcd is a canonical SOP. 

End of Example 2.5 

A canonic (standard) SOP function is also called a standard sum·of.products 
(SSOP). In decimal notation, a mintenn is denoted by m;, and the pattern of Is and Os 
in the binary equivalent of the decimal number indicates the true and complemented 
literals. For example,m7 = a'bcd. 

In B", there is a one·to·one correspondence between a minterm and a vertex of 
an n·dimensional cube, as shown in Figure 2· 16. The minterm m3 = a'be corresponds 
to the vertex with coordinates 011. 

A Boolean function is a set of minterms (vertices) at which the function is 
asserted. A Boolean function in SOP fonn is expressed as a sum of minterms. 
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Example 2.6 
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The sum and carry bits of the full adder ean be expressed as a sum of minterms, 
ordered as {a, b, c in } in 8 3: 

sum '" m l + m 2 + m . + m 7 "" I m ( I ,2, 4, 7) 

C_Ollt = m J + m 5 + m t. + m 7 "" :r m(3.5. 6. 7) 

End of Example 2.6 

Example 2.7 

The set of shaded vertices in Figure 2·17 define f - m l + m2 ,.. m) ,.. a'b'c 
+ a'be' + a'be. 

End of Example 2. 7 
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FlGURE2-J7 Sci of minlenm. for/ - aWe + u'be' + a'be. 

2.3.2 Product-of-Sums Representation 

A Boolean function can also be expressed in a pas form in which the expression is 
written as a product of Boolean factors, each of which is a sum of literals. 

Example2.S 

The POS representation of the cow bit in a rull adder cireuil is formed by expressing 
the Os of the truth table in SOP fonn (see Figure 2-14): 

Then the expression for c_out' is complemented, giving 

c ow = (a'b'c in' + a'b'cin + a'bcin' + ab'cin')' 

DcMorgan's laws can be applied to coul to give the pas expression shown below: 

COul == (a'b'cin')' . (a'b'cin)' . (a'be_in,),· (ab'e_in ' )' 
COUl = (a + b + cin)'(a + b + CiT/')' (o + b' + c_in)·(a' + b + c jn) 

End of Example 2.8 

A Boolean expression in POS fonn is said to be canonical (i.e., a umque repre­
sentation for a given function) if each factor has all of the literals in complemented or 
uncomplemented fann, but not both. 

A maxterm is an OR-ed sum of li terals in which each variable appears exactly 
once in true or complemented form (e.g., a + b + c_in is a maxtenn in the POS 
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expression for cout}. A canonical POS expansion consists of a product of the 
maxterms of the truth table of a function. The decimal notation of a maxtenn is based 
on the rows of the truth table at which the function is zero (i.e., where f' is asserted), 
The variables are complemented when forming the POS expression. 

Example 2.9 

The SO P form of the c_out' bit of a full adder was given in the previous example. The 
decimal notation fo r c ou.t is given by the product of the maxterms that corresponds 10 
the cubes of cow' as 

C_OUt' :: a'b'c_in ' + a'b'c_in + a'he_in' + ab'cJn' 

CO/lt :: Mo·M1·M2·M4 :: n M(O. 1.2. 4) 

cout :: (0 + b + c_in)'(a + b + c_in') '(a + b' + c_in)'(a' + b + c in ) 

A canonical SOP expression can be a very efficient representation of a Boolean 
function because there might be very few terms at which the function is asserted.Alter­
natively, f' expressed as a POS expression might be very efficient because there are 
only a few terms at which the function is de-asserted. 

End of Example 2.9 

2.4 Simplification of Boolean Expressions 

An SOP expression can be implemented in hardware as a two-level AND-OR logic 
circuit. Although a Boolean expression can always be expressed in a canon ical form. 
with every cube containing every li teral (in complemented or uncomplemented form). 
such descriptions are usually inefficient and waste hardware. In practice, minimization 
is important because the cost of hardware implementing a Boolean expression is 
related to the number of terms in the expression and to the number of li terals in a 
term , that is, in a cube in an SOP expression. 

A Boolean expression in SOP fonn is said to be minimal if it con tains a minimal 
number of product terms and literals (Le., a given term cannot be replaced by another 
that has fewer literals). A minimum SOP form corresponds to a two-level logic circuit 
having the fewest gates and the fewest number of gate inputs. 

There are four common approaches to simplifying a Boolean expression. The 
first is a manual graphical method that is guided by Kamaugh maps displaying logical 
adjacencies of the function. ManuaJ methods are feasible only for functions that have 
no more than six inputs [51. The Quine-McOuskey minimization algorithm relies on 
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logical adjacency and the same principles as logic minimization with Kamaugh maps 
(6-9]. It can be applied manually on small functions, but can also be implemented as a 
computer program that is effective for larger circuits. A third method, Boolean mini­
mization [5], is also manual, and relies on clever application of the theorems describing 
relationships between Boolean variables to find simpler, equivalent expressions. The 
method is not straightforward, can be difficult, and requires experience. As a fourth 
alternative, the theorems that arc used in Boolean minimization are now embedded in 
modern synthesis tools and programs such as Espresso-II flO] and mis-II (multilevel 
interactive synthesis) (4J, in which they are used to perform logic minimization and 
form efficient realizations of two-level and multilevel logic circuits. 

Logic minimization searches for efficient representa tions of Boolean functions. In 
a Boolean expression, a cube that is contained in another cube is said to be redundant­
a cube is redundant if its set of vertices is properly contained in the set of vertices of 
another cube of the function. A Boolean expression is nQnredundant (irredundant) if 
no cube contains another cube. 

Example 2.10 

The following Boolean expression is redundant because the vertex set of ab is a subset 
of the vertex set of a: 

f(a,b) = a + ab 

The redundant cube can be removed to give an equivalent. but more efficient 
representation: 

[(a, b) = a 

End of Example 2. 10 

Example 2.11 

The Boolean fu nction given by fCc, d) = c'd ' + cd is irredundant. 

End of Example 2.11 

The cubes of an irredundant expression do not share a common vertex, that is, 
their corresponding sets of vertices are pairwise disjoint. Boolean minimization is dif­
ficult because the minimum SOP form and minimum POS forms of a Boolean expres­
sion are not unique. Boolean minimization/simplification exploits logical adjacency 
by (1) repeatedly combining cubes that differ in only one literal and (2) eliminating 
redundant implicants. 



Review of Combinational Logic D6ip 

Example 2. 12 

With the objective of illustrating Boolean minimization of the {unc{ion I(a, b, c) "'" abe 
+ a'be + abe' + a'b', + ab'c' + a'b'c', we start by combi ning cubes that differ by 
only one litcral, as shown in Figure 2-18, which shows the Boolean expression for land 
illustrates the adjacent vertices graphically. A pair of adjacent shaded vertices can be 
combined into a single cube that covers both of them. 

An equivalent, minimal expression is formed by removing the cubes ab + a'b' 
and adding the cube ae' to the expression, as shown in Figure 2-19: 

I(a, b, c) "'" ae' + a'e + be + b'e' 

Note that I(a. b, c) "" ae' + a'e + a'b'e' + abe is also an equivalent expression, but 
not minimal. Figure 2-20 shows how another equivalent and minimal expression can be 
obtained by applying logical adjacency to different terms of the original SOP expression. 

I(a,b,e) = be + ab + a'b' + b'e' 

Each term (cube) of a Boolean expression in SOP form is called an implicant of 
the function. An implicant covers a vertex if the vertex is included in the set of ver­
tices at which the implicant is asserted. An implicant may cover more than one vertex 
of the function. The fewer the number of literals in a cube, the larger the set of vertices 
covered by the cube. So the hardware implementation is minimized if a cube has as 

(011) be (ttt) 

(001 

1«(1. b.c) - ah + hc + a'c + b'c ' + a'h' 

(3) (b) 

FlGURE 2-18 A Boolean function: (.) rcpresenlal;on ofadjacenl cubes and (b) a graphical 
rcprcscntationofadjacenlvcrlice$. 

., 
(110) 



Adl'8.DCed DIgital Design with the Verilog HDL 

FIGURE 1-19 A second, equivalent minimal expression for the functiun in Figure 2- 18 

nlu b'c' 

FIGURE 1.20 A third, equivalent minimal expression for the function in Figure 2·]8. 

few literals as possible. The function f = abc + abc' shown in Figure 2-21 has two 
vertices that can be combined by logical adjacency into one implicant, abo A represen­
tation in terms of just one implicant is preferred to another that uses two implicants 
because the hardware of the former realization will be simpler and cheaper. 

End of Example 2.12 

The vertices of the On·Set of a Boolean function provide a complete, but ineffi­
cient, description of the function because each minterm includes every literal that is 
used by the function. We can exploit logical adjacency to reduce the size of the tenns 
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(011) (Ill) vertex 

A------G' /' ~ 

(001) ""------1-c 

(110) 

(000) ""--- --¥ 

ub I(o,b,c) "' obc + obc' .,' 
/ 

implicant 

FIGURE :l-ll Combination of adja~nt vertices into one implicant. 
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(cubes) that are used in the SOP form of the function. Terms that are logically adjacent 
can always be combined into a single term that has fewer literals. But be aware that 
merely applying logical adjacency to the cubes of a function does not necessarily mini­
mize the function. It is essential that every vertex be covered by a cube, that is, each 
must belong to the vertex set of a cube; but how many such cubes are necessary to com­
pletely cover the function, and which cover is the most efficient? We will now formal­
ize these concepts. 

A prime implicant of the On-Set of a Boolean function is an implicant whose 
assertion does not imply assertion of any other implicant of the function. A prime 
implicant is a cube whose vertices are not properly contained in tbe set of vertices of 
some other cube of the function. 

Example 2.13 

Consider the function f(a,b,e,d) = a'b'ed + a'bed + ab'ed + abed + a'b'c'd' in 
SOP form: 

f(a, b, e, d) = a'b'ed + a' bed + ab'ed + abed + a'b 'c'd' 
= a'ed + aed + a'b'e'd ' 

= cd + a'b'e'd' 

Note that a'ed and aed both imply ed,so they are not prime implicants.The term 
a' b' c' d' is a prime implicant. 

End of Example 2.13 

A prime implicant cannot be combined with another implicant to eliminate a literal 
or to be eliminated from the expression by absorption. An implicant that implies another 
implicant is said to be covered by it; the set of the vertices of the covered implicant is a 
subset of the vertices of the implicant that covers it. The covering implicant, having fewer 
literals, has more vertices. The set of prime implicants of a Boolean expression is unique. 
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Example 2. J 4 

The expression. vertices. and prime implicants of a Boolean function in B~ are shown in 
Figure 2-22. 

End of Example 2.14 

A prime implicant that is not covered by any set of other implicants is an 
essential prime implicant. An essential prime implicant must be retained in a cover of 
the function. 

Example 2.15 

The vertices and implicants of I(a, b, c) = a'be + abc + ab'e' + abc' are shown in 
Figure 2-23. The set of prime implicants of f is {ac' , ab, be}. The set of essential prime 
implicants. an SOP expression for I, and a minimal SOP expression are also listed below. 

Essential prime implicants: {ac', be} 

sop expression {(a, b, c) = ac' + ab + be 

Minimal SOP expression: [(a,b,c) = ac' + be 

(0\1) (111) 

.b 
(001) = --'-' m, 

(100) 

r-----o,------; 
f(Q,b'C)= Qb'C~ 

f«(J.'b'C)"'(J.~Impli~nts 

Prime IDlp!icanls 

flGURE1·U The vertices and prime implicants off - tJb 'c' + /lbc' + /lbc + /l'b'c. 
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(~;) ,--be (Ill) 

(001),,''------+. 
.b 

~;'"*T----;7"-'r;V)(IIO) 

(OOO) l-.::~ ___ _ 
(100) 

FlGURE2·13 Vertices and implicantsoff(a, b,c) - a'be + abe + ab'c' + abe'. 

End of Example 2.15 

The process for minimizing a Boolean expression follows these steps: (1) find the 
set of all prime implicants and (2) find a minimal subset of implicants that covers all of 
the prime implicants (including the essential prime implicants). The minimal cover of a 
Boolean expression is a subset of prime implicallts that covers all of its prime implicants. 

Example 2.16 

Consider the function given by 

[(a, b, c, d) == a'b'ed + a'bed + ab'cd + abcd + a'b'e'd' 

By combining adjacent terms, we get 

[(a, b, c, d) == a'ed + aed + a'b'e'd' 

[(a, b, c, d) == cd + a'b'c'd' 

The set of prime implicants is {cd, a'b'c'd '}, and the minimal cover is 
{ed, a'b'e'd'}. 

End of Example 2.16 

Boolean minimization combines terms that are logically adjacent, that is, that differ 
in only one literal. 
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Example 2.17 

Figure 2-24 illustrates how logically adjacent terms in the expression for the carry-out 
bit of the full adder can be combined to obtain a minimal expression. 

End of Exomple 2.17 

Boolean minimization also exploits logical adjacency of complementary 
expressions. 

Example 2.18 

Consider the expression (c + db)(a + e') + e' (d' + b')(a + e') and note that 
(e + db)' "" e'(d' + b') . 

Th," 
(c + db)(a + e') + c' (d' + b')(a + e') = (c + db)(a + e'l + (c + db)'(a + e') 

= a + e' . 

End of Example 2.18 

The absorption (a + ab "" a) and consensus (ab + be + a'e"" ab + ac') prop­
erties of Boolean algebra can be used to eliminate redundant terms in an expression. 

FJGURE 1-24 Boolean minimization of C_O"I in a full adder by combinations of logically adjacent terms. 
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Example 2.19 

The consensus property will be used to reduce the expression:f = e'fg' + f gh + e'fh. 
We rearrange the terms in f to associate with the terms in the consensus Jaw, leading to 
the resultj" = e'fg' + fgh, as shown in Figure 2-25. 

End of Example 2./9 

The absorption property can be used repeatedly to eliminate literals in the 
expression. 

Example 2.20 

Considerf = efgh' + e'f'g'h' + e'f and rearrange it to get 

f = efgh' + e'rg'h' + e'f = efgh' + e'(j + ['g'h') 

= efgh' + e'(f + g'h') 

= f (egh' + e') + e'g'h ' 

= f(gh' + e') + e' g' h' 

= fgh' + e' f + e'g 'h' 

End of Example 2.20 

Sometimes it is helpful to introduce redundant terms into an expression to sup­
port absorption and logical adjacency. A Boolean expression in SOP form is preserved 
under the following operations: (1) adding the product of a literal and its complement 
(e.g., the term: aa'), (2) adding the consensus term (e.g., adding be to ab + a'e) , and (3) 
adding to a literal its product with any other literal (e.g., adding ab to a to form ab + a). 

m+m+m~fflfrl 
lJd+ldd + W=lkJlJd-e'/g' + ISh 

Con1su$ lerm:/e'h 

flGURE 2-25 The consensus properly and simplificalion of a Boolean expression. 
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A Boolean expression in PQS form is preserved under the operations: (1) multiplying 
the expression by a factor consisting of the sum of any literal and its complement [e.g., 
multiplying by the factor (0 + a' )], (2) introducing the product consensus factor [e.g., 
introduce the factor (b + c) in (0 + b) (a' + e)], multiplying a literal by its sum with 
any other literal [e.g., a (0 + b)}. Expanding with the consensus term is helpful when it 
can absorb olher terms or eliminate a literal. 

Example 2.21 

The consensus theorem (ab + be + a'e = ab + a'c) is usually used to eliminate a 
redundant term (he) that is covered by two other terms in an expression. But it can be 
used to add a redundant term, thereby leading to simplification of a larger expression. 
As an example of how to add a redundant term, consider the expression f = bed + bee 
+ ab + a'c and note that the terms ab + a'c are the result of eliminating the consen· 
sus term from ab + be + a' c. So, adding the consensus term (bc) back into f gives the 
expression f = b'e + bcd + bce + ab + bc + a'e. Now it is possible to absorb terms 
with bc and then delete bc, leaving f = ab + c. 

End of Example 2.21 

2.4.1 Simplification with Exclusive-Or 
The properties listed in Figure 2-12 for the exclusive-or can be used to simplify 
expressions. 

Example 2.22 

The expression for the sum output of a full adder is sum = a'· b' -c in + 
a'-b -ejn' + a-b'-cJn' + a -b' c_in.Thisexpression simplifies to sum = (a EEl b) EEl 
cjn = a EEl b 6:l cin, which requires a pair of two-input exclusive-or gates in hardware. 

End of Example 2.22 

2.4.2 Kamaugh Maps (SOP Form) 
Karnaugh maps (K-maps) provide a graphicaVvisual representation of a Boolean func­
tion of up to five or six variables. The map of an expression reveals logical adjacencies 
and opportunities for eliminating a literal from two or more cubes. The columns and 
rows of the map are arranged so that they are logically adjacent over the space of the 
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input variables of the function. Each vertex (point) in the Boolean domain of the func­
tion is represented by a square in the map. Each cell of the map has an entry to indicate 
where the vertex is in the On-Set (1) , Off-Set (0), or the Don't-Care-Set (x). K-maps 
facilitate finding the largest possible cubes that cover allIs without redundancy. Their 
application requires manual effort. 

The K-map of a function of four variables shows all 16 possible vertices. Also, 
observe the ordering of the rows and columns, and that the topmost and bottommost 
rows are logically adjacent, and the leftmost and rightmost columns are logically adja· 
cent. Logically adjacent cells that contain a 1 can be combined. A rectangular cluster of 
cells that are logically adjacent can be combined. Any don't-cares of the function can 
be used to fonn prime implicants and create additional possibilities for reduction. 

Example 2.23 

The K-map in Figure 2-26 shows how its corresponding Boolean function can be 
reduced by logical adjacency to give f = bd + b'd'. The SOP expression correspond­
ing to the mintenns at the four corners of the map can be simplified successively as 
shown below: 

a'b' c'd ' + a'b'ed' + iib'e'd' + ab'ed' = a'b'd ' + ab'd' 

The resulting expression can be reduced to 

a'b'd' + ab'd ' = b'd' 

Alternatively, the four terms at the comers can be combined to give: 

a'b' e'd ' + ab'e'd' + a'b'ed' + ab'ed' = b'e'd' + b'ed' = b'd' 

The shaded inner quad of mintenns in Figure 2-26 can also be reduced: 

a' be 'd + a'bed + abe'd + abed = bc'd + bed = bd 

and so 

f ~ b'd' + bd ~ (b$d)' 

Note that each corner mintenn implies b'd', and that b'd' does not imply another 
implicant. Therefore, it is a prime implicant. It is also an essential prime implicant. Sim­
ilarly, bd is an essential prime implicant. 

End of Example 2.23 

To fonn a minimal realization from a Kamaugh map. (1) identify all of the essential 
prime implicants usingdon't-cares as needed and (2) use the prime implicants to fonn a 
cover of the remaining Is in the map (ignoring don't-cares).ln general, the covering set 
of prime implicants is not unique. 
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FTGURE2·2(i K·mapor t ~ a'b 'c'd' + Q'b'cd ' + ab'cd ' + ab'c'd' + abc'd + a'bed. 

Example 2.24 

Minimal covers will be found for the Boolean function whose K-map is shown in 
Figure 2-27. 

The prime implicants of f are listed below and those that are essential are identified. 

Prime Implicants: m3, m2, m7, m6 - a' c (essential) 

m2, mID - b'ed' (essential) 

m7,m 15 - bed 

mi3, m15 - abd 

m12.m13-abc' (essential) 

The minimal covers of f are formed by including the essential prime implicanls 
with implicants that cover the remaining vertices. 

Minim al Covers: (1) a' c. b'ed', bcd, abc' 

(2) a'e, b'ed ', abd, abc' 

End of Example 2.24 



Review of Combinational Logic Design 

,d 
,b 00 

00 2, 
OJ 0 

11 [(I 
10 0 

OJ 

0 

0 

1 

0 

11 10 

X 17'ji ., ~ 
1 

.;,1) 1 

. 0 1( 1 

Logically 
adjacent 

FlGURE 2-27 K·map for f .. abe'd' + abe'd + abed + a'bed + a'b'cd + a'b'cd' + a'bed' + ab'cd' 

The following steps will fonn a minimal cover: (1) select an uncovered minterm, (2) 
identify all adjacent cells containing a 1 or an X, and (3) a single term (not necessarily a 
mintenn) that covers the minterm and all of its neighboring cells having a 1 or an X is an 
essential prime implicant. Add the term to the set of essential prime implicants. Step 1 is 
repeated until all of the essential prime implicants have been selected, After Step 1 is 
complete, fmd a ntinimal set of prime implicants that cover the other Is in the map (do 
not cover cells containing X), These steps may produce more than one possible minimal 
cover. Select the cover that has the fewest literals. 

2.4.3 Karnaugh Maps (POS Form) 
The minimal product of sums form of a Boolean expression is formed by finding a min­
imal cover of the Os in the Kamaugh map, then applying DeMorgan's theorem to the 
result, 

Example 2.25 

The O-cells of the K-map shown in Figure 2-28 can be combined through logical adjacency): 

mO, m \, m4,m5: a'b'c 'd' + a'b'c'd + a'he'd' + a'bc' d - a'c' 

mo, ml> mg, m9: a'b' c'd' + a'b'c'd + ab'c'd' + ab'e'd- b'c' 

: ab'c'd + ab'cd - ab'd 

: abed' 
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FlGVRE 2·21 K-map for a minimal POS eJq)re»;on. 

The expression for the O-cclls becomes: 

f'(a , b, c. d) = a'e' + b'c' + ab'd + abed' 

After DeMorgan's law is applied to f', the minimal POS expression for fbecomes: 
f(a,b,c,d) = (a + c)(b + c)(a' + b + d')(a' + b' + c' + d) 

End of Example 2.25 

2.4.4 Kamaugh Maps and Don 't-Cares 

Don't-cares represent situations in whi.ch an input cannot occur or the output does not 
matter. The general rule is that don't-cares can be used when covering them leads to an 
improved representation . 

Example 2.26 

A binary-coded decimal (BCD) word is a 4-bit word whose values correspond to the 
digits 0, .. . , 9. The BCD code, also known as a 8421 code, uses only the first 10 pat­
te rns, beginning with 00002 and ending with 10012_ The code for each decimal digit N 
isobtained by adding 1 to the code of the preceding digit, N - 1. Suppose a function! 
is asserted when the BCD representation of a 4-variable input is 0,3,6 or 9 [5]. The 
K-map in Figure 2-29(a) does not make use of don't-cares (denoted by X). 

The function obtained without exploiting don't-carcs has 16 literals: 

I(a,b, c. d) '" a'b'c'd' + a'b'cd + a'bcd' + ab'c'd 

If the don't-cares are included, I has the SOP form I(a, b, c, d) ". a'b'c'd' + 
(I'b'cd + abc'd' + abc'd + abed + abed' + ab'c'd + ab'cd, which has 32 literals. 
The K-map in Figure 2-29(b) shows how lean be reduced to obtain an SOP form that 
has 12 literals: 

1(0. b, c, d) :: a'b 'c'd ' + b'cd + /xd' + ad 
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FTGV RE 1-29 K ·maps (a) without and (b) with don't-caru 

which can be reduced to 

[(a,h,c,d) == a'b'c'd' + b'ed + ab + ac'd 

End of Example 2.26 

2.4.5 Extended Karnough Maps 

A 4-variable Karnaugh map can be extended by entering variables to indicate that 
the represented function is asserted if the va riable is asserted. No entry indicates 
that the function is not asserted if the variable is asserted. The process for finding a 
minimal representation of a Boolean function using an extended K-map is ( 1) to 
fi nd the minimal cover with the extension variables de-asserted, then (2) for each 
variable, to separately find the minimal sum with all Is changed to x in the map. and 
all other variables set to 0, and form the product of the minimal sum and the exten­
sion variable. Form the sum obtained by combining (1) with the sum of the results of 
(2). The result is a minimal representation if the extension variables can be assigned 
independently. 

Example 2.27 

The K.map in Figure 2-3O(a) indicates where function F asserts independently of vari ­
ables / and e, and where it asserts with them. In Figure 2-30(b), we consider logical 
adjacencies with /and e both set to 0, then in Figure 2-30(c), we show /asserted with all 
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flGU RE 2-30 Extended Karnaugh maps: (a) F as.lerts independently of land ~,and with them, 
(b) logical adjacencies with don'l -<:arcs and with e andfboth 0, (e) [asserted, and x replacing all Is of 

the onginal map, and (d) with e asserted,fdc-asscrted.and all 1$ of the origina lmapsettox 

Is of the original map replaced by an x, and in Figure 2-30(d), we show variable e 
asserted with! de-asserted, and allIs of the original map set to x. The sum of the cubes 
obtained from these steps gives F = cd' + ad' + be'd + be' f + bee. Nore: fe is con­
tained in e and t. so the simultaneous assertion of f and e has also been considered. 

End of Example 2.27 

2.5 Glitches and Hazards 

The output of a combinational circuit may make a transition even though the logical val­
ues applied at its inputs do not imply a change. These unwanted switching transients are 
caUed "glitches." Glitches are a consequence of the circuit structure, the delays of an actual 
implementation, and the application of patterns that cause the gli tch to occur. A circuit in 
which a glitch may occur under the application of appropriate inputs signals is said to have 
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fJ GURE 1-31 Wavcforms produced by a circuit with (a) astatic l -hlQard.and (b) IstaticO-hazard. 

a '·hazard." If a circuit has a hazard it could exhibit a glitch under certain conditions. There 
are two types of hazards,slalic and dynamic. The term stalic refers to a circuit in which the 
output should not change under the application of certain inputs, but does. 

A circuit has a static J ·ho1.ord if an output has an initial value of 1, and an input 
pattern that does not imply an output transition causes the output to change to 0 and 
then return to I . A circuit has a static Q-haz.ard if an output has an initial value of 0, and 
an input pattern that does not imply an output transition causes the output to change 
to 1 and then return to O. The waveforms that result from these hazards are shown in 
Figure 2-31. Whether a static hazard occurs or not depends on the application of the 
appropriate input pattern . 

Static hazards are caused by differential propagation delays on reconvergent 
(anout paths. The signal applied at C in Figure 2-32 reconverges at the OR gate whose 
output is F. Thus, the signal propagates along two different paths to reach the output. The 
logic that forms the signals that arrive at the inputs of the gate implies that the two inpuls 
are complementary. However, if the propagation delays along the signal paths are differ­
ent, the output will have a hazard. Hazards might not be significant in a synchronous 
sequential circuit if the clock period can be extended. A hazard is problematic if the sig­
nal scrves as the input to an asynchronous subsystem (e.g., a counter or a reset circuit). 

The steps that form a "minimal" realization of a circuit do not imply thai it will be 
hazard free. If hazards are problematic, then more work needs to be done to detect and 
remove them. Static hazards can be eliminated by introducing redundant cubes in the 
cover of the output expression (the added cubes are called a "hazard cover"). Note 
that the treatment of hazards assumes that the output glitch is caused by the transition 
of a single bit of an input signal. Methods that eliminate hazards in two-level and mul­
tilevel circuits apply only if this condition is satisfied. 

Consider the circuit shown in Figure 2-32, where F = AC + BC'. If the initial 
inputs to the circuit are A = I, B = 1, C = 1, the output is F = I. Nexl, if the inputs 
are A = 1, B = I, C ." 0, the output should still be F - 1. In a physical realization of 
the circuit (Le.,nonzero propagation delays), the delay of the path to Fl will be greater 
than the delay of the path to FO, because the signal travels through an additional gate, 
causing a change in C to reach Fllater than it reaches FO (the path with greater delay 
is said to be longer), that is, AC de-asserts before BC' asserts. Consequently, when C 
changes from 1 to 0, the output undergoes a single. momentary transition to 0 and then 
returns to 1. The presence of a static hazard is apparent in the simulated waveforms in 
Figure 2-33 and in the Karnaugh map of the output signal shown in Figure 2·34.2 

~e will COIU1der Wnulation of diptallogie in Chapter4.Thelimulator used looblain the fe5ui15 in Figun: 2.33 
is bundled on the CO-ROM that acoompanic:s lhisbook. 
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FIGURE 2-32 A circuit with rcconvergent fallout and aSIatic l "hazard. 

The Karnaugh map in Figure 2-34 reveals how a change of input C from 1 to 0 in 
the circuit of Figure 2-32 causes the cube AC to de-assert and the cube Be' to assert. 
However,AC de-asserts before BC' can assert. In the circuit of Figure 2-32, for example, 
the hazard occurs because the cube AC is initially asserted. while BC' is not. The hazard 
can be removed by adding a redundant cube, AB, to covcr the adjacent 1s of the adja­
cent prime implicants associated with the hazard. The redundant cube is referred to as a 
"hazard cover." It eliminates the dependency of the output On the input C (the bound­
ary between the cubes is now covered). The cover of a hazard introduces redundant 
logic and requires additional hardware. 

Example 2.28 

The hazard-free cover of the circuit in Figure 2-32 is given by F = AC + BC' + AS. The 
circuit-level realization of the covered function in Figure 2-35 has an additional AND gate. 

End of Example 2.28 

Name O 10 30 40 , 

FIGURE 2-)3 R esults of simulating the circuit shown in Figure 2.32. which has reoonvergent 
fanout and a static I-bazard. 
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00 

A8 

00 

01 
Redundant 

F1GURE 2-34 Kamaugh map of the logic for the circuit shown in Figure 2.32. whkh has 
reconvergent fanout and a statk I-hazard. NOle:The arrow indicates a transition that causes 

the hou:ardtoocc:ur. 

2.5.1 Elimination of Static Hazards (SOP Form) 

4S 

When a signal changes value at the input of a circuit, a static l ~hazard could occur at 
the output of the circuit if three conditions are satisfied: (1) an output remains 
asserted (i.e .. its value is 1 before and after the input signal changes value), (2) the 
cube that is asserted in the SOP expression of the output by the initial value of the 
signal is different from the cube that is asserted by the final value of the signal, and 
(3) the cubes that are asserted by the initial and final values of the signal are not cov~ 
ered by the same prime implicant. If the output cubes asserted by the initial and final 

flGURE 1-35 Circuit modified to remove a static I-huard. 
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values of the input signal are covered by the same prime implicant, a glitch cannot 
occur when the input signal changes value. Whether a static I-hazard actually occurs 
depends on the accumulated delays along the signal propagation path from the 
inputs to the output. 

If a static I -hazard can be caused by changing the value of a single input signa l, 
the cell that is asserted by the initial value of the input signal must be logically adja­
cent to the cell that is asserted by the final value of the input signal, because only 
one input signal is allowed to change. Consequently. the addition of a redundant 
cube covering both cells will cover the boundary between them, and cover the haz­
ard. So, to eliminate a static I-hazard caused by changing the value of a single input 
signal, form an SOP cover that covers every pair of adjacent Is that reside in adja­
cent cubes. This guarantees that every single-bit input change is covered by a prime 
implicant. The set of such prime implicants is a hazard-free cover for a two-level 
(AND-OR) realization of the circuit, but a better alternative might be found , and 
should be sought. 

Example 2.29 

The expression I = L m(O, 1, 4, 5, 6, 7, 14, 15) = a'e' + be, whose K-map is shown in 
Figure 2-36, has a static I -hazard, because lis asserted by the cubes a'e' and be, and 
with a = 0, b = 1, and d = 1, a glitch can occur as e changes from 1 to 0 or vice versa. 
Note that adjacent cells of adjacent cubes are asserted, depending on whether c = 0 or 
c = 1. The hazard can be removed by adding either the cube a'bd or a'b to the expres­
sion. Both are redundant prime implicants. but a'b is chosen to given a minimal result­
ing expression: I = a'c' + be + a'b. Also, observe that the redundant cube that is 

,d 
ab 00 01 11 

00 

Cover the cube 
10 boundaries by 

adding ,,'bd Of ,,'b 

o _____ !~a~:~~!:e 
-~+,AII~:!!8 

01 , 1 1', 

1-"""4-<,'1;04""'';''=\' ,;,,; li4-- b, 

FIGURE 1·36 Cover of a static I-hazard. 
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added to the SO P expression to cover the hazard does nOI depend on the input signal 
whose change causes the hazard, 

There are two approaches to e liminating a static O-hazard, The first detects 
where the transition of a single input causes a transition across the boundary 
betwccn adjacent prime impiicants and adds redundant prime implicants to f' as 
needed, The second method (1) eliminates the static I -hazards of f, (2) considers 
whethcr the implicants of the Os of thc expression that is free of static I-hazards also 
cove r all adjacent Os of the original function, and then (3) adds redundant prime 
implicant factors to the complement of the static I-hazard-free expression in POS 
form, as needed, 

End of Example 2.29 

Example 2.30 

The Karnaugh map shown in Figure 2-37 for the function f = a'c' + be (see 
Example 2.29) has a stalic O-hazard, because fis de-asserted in cubes ac' and b'c, and 
with a = I, b = 0, and d = 1, switching c from I to 0, or vice versa, crosses a bound­
ary between adjacent Os in adjacent de-assertion cubes of f. By following the first 
method for el iminating a static O-hazard, we consider the Os of the K-map in Figure 2-
37 and apply OeMorgan's law to obtain f = (a ' + c)(b + c'). Wc cover the hazard 
by adding ab' to f', and including the redundant prime implicant product factor 
(a' + b) in the POS form of f. The factor ab'd would also cover the hazard, but it is 
not minimal. The resulting, equivalent , hazard-free POS expression is f = (a' + c) 
(b + c')(a' + b). 

Also observe that , in this example, the POS expression that eliminates the static 
O-hazard is equivalent to the expression that eliminates the static I -hazard, for 

f = (a' + c)(b + c')(a' + b) 

= a'ba' + f1'bb + a'c 'a' + a'c'b + cha' + ebb + cc'a' + cc'b 

= {j'b + a'c' + be 

End of Example 2.30 
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Cover the cube 
boundaJieshy 
adding (0' + b) to 
eliminate the 

NOlt:ab'dcovers 
the ha7.ard too. 

"'~!l l: bj lisnotminimal 

FIGURE 2·37 Cover of the Os in the K_mapof a slalicO-ha~ard in! = a'c' + be. 

Example 2.31 

The alternative method for eliminating a static O-hazard from the expression given in 
Example 2.29 begins with the static I -hazard-free function: ! = a'c' + be + a'b. Now 
consider the K-map for f' = (a + c)(b' + c' )(a + b' ) and examine it for coverage of 
the Os in the K-map of the original function: 

r = ~ +~ + ~+~ + ~ + ~+~+~ 

= ab' + ac' + b'c 

The K-maps of complement of the static I-hazard-free fUnction, and the original 
function are shown in Figure 2-38. 

All the adjacent Os of the K-mapfor f = a'e' + be are covered by Os of the com­
plement of the static I-hazard-free function,f' = ab' + ac' + b'c, and no boundary at 
which a transition could occur between adjacent O-cubes is uncovered. Therefore there 
is no static O-hazard. 

In this example, there are no static O-hazards or static I-hazards in the expression 
with the added redundant cube. In general,eliminating the static I-hazards might not 
eliminate the static O-hazards. 

End of Example 2.31 

2.5.2 Summary: Elimination of Static Hazards in Two-Level Circuits 

The methodology for eliminating static I-hazards in a two-level circuit is (1) to cover 
with prime implicants allIs in adjacent cells of adjacent cubes of the K-map of the SOP 
fonn of the function and (2) to add redundant prime implicants as needed to complete 
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the cover of the funct ion,To cover a static O-hazard, we cover all adjacent Os in the POS 
fonn of the static l-hazard-free function , adding prime implicants in the POS form of 
the static I-hazard function as needed to cover any uncovered adjacencies. 

2.53 Static Hazards in Multilevel Circuits 

Like two-Icvel ci rcuits, multilevel circuits arc subject to static hazards, but the outputs 
of multilevel circuits are not written in SOP or POS forms, which have two leve ls of 
logic. In a multilcvcl circuit, there may be multiple paths from an input to an output of 
the circuit, with each path having a different propagation delay. When a circuit has 
propagation delays, a Boolean variable and its complement might not change value at 
exact ly the same time. For example. a transition in the variable will precede a transition 
in its complement. a'. by the propagation de lay of the inverter whose input is a and 
whose output is a' . Thus, the Boolean cube aa' has a transient interval over which its 
value is not O. and the circuit could have a staticO-hazard. Similarly, the factor (b + b') 
might have a transient during which the value of the factor is O. rather than I. 

The Boolean expression for an output of a multilevel circuit can always be flattened 
into a two-level fonn by multiplying its product factors. To eliminate a statlc: hazard in a 
multilevel circuit, we begin by flattening the multilevel description of the output expres­
sion into an SOP form. flol> called the "transient output function" [4], taking care not to 
eliminate either the product or the sum of a literal with its complement. Each input vari­
able and its complement are treated as independent variables in !!of' For example. we do 
not cancel aa' from an SOP fonn and do not cancel a factor like a + a' in a POS fonn. 
Preserving factors such as aa' and (a + a') exposes thc possible transients in which the 
indicated variables arc not the complement of each other. The presence of a product of a 
variable and its complement reveals a static O-hazard in that input; a sum of a variable and 
its complement indicates a static I-hazard in that input, After forming the transient output 
function, check for static I-hazards in the two-level expression (terms such as aa' can be 
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ignored in this check), and add redundant prime impticants to cover adjacent Is in the 
K-map. Then check to see whether the Os of the static l-hazard-free function cover the Os 
of the original function. Introduce redundant tenns as needed to create a hazard-free 
cover (terms such as aa ' reveal the variable that causes a static O-hazard). 

Example 2.32 

Consider the possibility of a static l ·hazard in the multilevel function 

f = bed + (a + b)(b' + d ') = bed + ab' + ad' + bb' + bd' 

with the transient output function: 

I tof = bed + ab' + ad' + bd' 

Note that !tof docs not include the cube bb' - it implies a static O-hazard and has 
no influence on a possible I -hazard. The K-map of Ilofwithout the bb' term is shown in 
Figure 2-39. 

The transient output function has three static I-hazards, that is, three cube bound­
aries across which the transition of a single input might cause a hazard, depending on 
the propagation delays of the circuit. The three possibilities are listed below, where 
(1 111-) ..... (101 1) denotes a transition of (abed) between initial and fmal values. 

(a. b.o,d) ~ (1111)-(1011) 

(ll.b, e, d) = (1111)-(1110) 

(a , b,o,d) ~ (0111)-(0110) 

By adding two additional cubes, be and ae, to f, we cover the hazards and form the 
static l -hazard-free expression, II HF: 

falF = bed + ab' + ad' + bd' + be + ae 

The final, minimal, form is obtained by removing the redundant cube bed: 

fll iF = ab' + ad' + bd' + be + ae 

Next, we illustrate the removal of a static O-hazard in a multilevel circuit. 

End of Example 2.32 

Example 2.33 

The multilevel function f = bed + (a + b)(b' + d') has its complement given by 

f' ~ [bed + (a + b)(b' + d')]' ~ [bed]' [(a + b)(b' + d')]'. 
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01 

FJGURE 2-39 Karnaugh map of the transient output function f,,, ( .. tx:d + ub' + ad' + bd' 

By applying DeMorgan's law to the above expression we obtain 

f' = (b' + c' + d')(a'b' + bd) 

and 

= a'b' + a'b' c' + he'd + a'b'd' 

= a'b' + he'd 

/ = (a'b' + be'd)' = (a + b)(b' + c + d') 

" 

The cubes of the expression for f' indicate where / will be O. Now consider the Os 
in the K-map of/, as shown in Figure 2-40, 

The boundary between the cubes of the (logically and physically) adjacent Os in 
the map indicates that a stalic O-hazard exists when the inputs make the transitions 
(a, b, c.d) = (0101) - (0001), We add to /' a redundant cube,a'e'd, to cover the haz­
ard and form the complement of a static O-hazard-free function, fOHF' The augmented 
expression becomes 

IOHF = a'b' + be'd + a'e'd 

and so fOHF has the POS form 

IOHF :: (a + b)(b' + e + d')(a + e + d') 

The final expression for fOHF is free of slatic O-hazards. Also, using the results 
obtained in Example 2.32, observe that 

fOHF :: ab' + ad' + bd' + he + ae = liHP 

We conclude that fOHF and f l HF are both free of static O-hazards and static I-hazards. 

End of Example 2.33 
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2.5.4 Summary: Elimination of Static Hazards in Multilevel Circuits 

Static hazards can be eliminated in multi level circuits by (1) forminghof, the transient 
output function, by collapsing the mllltilevellogic into an SOP form (while ignoring 
complement relationships. e.g., au' ), (2) covering every group of adjacent 1 s of ilof in 
the K-map to form ii, a function free of static I-hazards, (3) applying DcMorgan's law 
to fl and simplifying with Boolean relationships (treati ng each variable and its com­
plement as independent variables), and (4) forming 10 in SOP form by covering any 
groups of adjacent Os. If no term of the resulting expression contains the product of a 
variable and its complement, the expression will be free of static I·hazards and Sialic 
Q·hazards. 

2.5.5 Dynamic Hazards 
A circuit has a dynamic hazard if an input transition is supposed to cause a single tran· 
sition in an output, but causes it two or more transitions before it reaches its expected 
value. Typical wavefonns of a dynamic hazard are shown in Figure 241. Such hazards 
are a consequence of mUltiple static hazards caused by mUltiple reconvergent paths in 
a multilevel circuit. They are not easy to eliminate, but if a circuit is free of all static 
hazards, it will be free of dynamic hazards. Consequently, a method for eliminating 
dynamic hazards is to (1) transfonn the circuit into a two-level form, and then (2) 
detect and eliminate all static hazards. 

Dynamic hazard 

/ 
~ 

FIGURE 2-41 Wavefonns illus trating dynamic hazards. 
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Example 2.34 

The circuit in Figure 2-42 has two nodes where input C reconverges. The output 
F_static has a static hazard, and F_dynamic (the location of the second reconvergence) 
has a dynamic hazard. The simulation results in Figure 2-43 display the effect of the 
hazards. 

The Karnaugh map fo r F_static is shown in Figure 2-44, where it is apparent that 
the redundant prime implicant,AB, covers the boundary between cubes BC' and AC. 

First 

.1GURE 2-42 A circuit having two nodes of reoonvergence. a static hazard, and a dynamic hazard 

o 
N.~ 

Flt====::=r==== 
FJ latic f--- -----. 

F J/ynam ic ""1-.Il-

FIGURE 243 Simulation results showing the e ffects of static and dynamic hazards. 
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The redundant cube eliminates the static l -ha7..a rd and assures that F_dynamic will nOI 
depend on the arrival of the effect of the transition in C. The additional logic for the 
redundant cube is shown in Figure 2-44. The hazard-free ci rcu it and its simulated 
wavefonns are shown in Figures 2-45 and 2-46, respectively. 

End of Example 2.34 

00 

01 

tlGURE l-44 Kamaugh map of F ~flJlic in Figure 2-42. 

wbkh covers 
Ihehazard 

nGURE 2-45 Hazard· free equivalent o f the circuit in Figure 2-42. Redundanllogk 
formin, FJ has been added to the original circui t. 
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FIGURE 2-46 Simulation results for the hazard-free circuit in Figure 2-45. 

2.6 Building Blocks for Logic Design 

" 

Combinational logic encompasses a wide range of functionality and circuit structures. 
but certain structures and circuits arc commonly used in many applications. and it is 
worthwhile to gain familiari ty with them. 

2.6.1 NAND-NOR Structures 

In CMOS technology, AND gates and OR gates are not implemented as efficiently as 
NAND gates and NOR gates. An SOP form or a POS form can always be converted to 
a NAND logic structure or a NOR logic structure. The NAND gate and NOR gate are 
universal logic gates - any Boolean function can be realized (rom only NAND gates or 
only NOR gates. DeMorgan's laws provide equivalent structures (or NAND and NOR 
gates, shown in Figure 2-47. 

Networks realizing SOP expressions) can be transformed by OeMorgan's laws 
inln a circuit that uses only NAND gates and inverters by (1) replacing AND gates 
h NAND gates in the original AND- OR structure, (2) placing inversion bubbles at 
Ih~' inputs of the OR gates, (3) inserting inverters where needed to match bubbles at 
the inputs of the OR gates, and (4) substituting a NAND gate for a NOR gate that 

'%e output of the network must be the output of an OR gate. 
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Gale DeMorganequivalen! 
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fiGURE 2-47 Equivalent circuits that result from DeMorgan 's la"''S. 

has inversion bubbles at its inputs. A circuit in POS form 4 can be transformed into 
an equivalent circuit that uses only NOR gates and inverters by (1) replacing OR 
gates by NOR gates. (2) placing inversion bubbles at the inpuls of the AND gates, 
(3) inserting inverters where needed to match bubbles at the inputs of the AND 
gates. and (4) substi tuting a NOR gale for a NAND gate that has inversion bubbles 
al its inputs. 

Example 2.35 

The function Y = G + EF + AB'D + CD has the two-level circuit realization 
shown in Figure 2-48(a), which can be transformed inlo the circuit in Figure 2-48(b) 
by placing bubbles at the inputs to the OR gate that forms Yand an inverter at input 
G to match the bubble at the input to tbe OR gale driven by G. Then DeMorgan's 
law is applied to replace tbe OR gate with input bubbles by the NAND gate shown in 
Figure 2-48(c). 

To verify that that circuit of (c) is equivalent to that of (a), we note that 

Y = [(G')(EF)'{AB'D)'(CD)')' 

= (G')' + [(EF)')' + [(AB'D)')' + [(CD),), 

= G + EF + AB'D + CD 

End of Example 2.35 

'TIle output of the network must be the output of an AND gate 
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:~Y :~Y:~Y D D D 

C C C 
D D D 
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.1GURE 2-48 CII'ClIiI transformalions loobtain a NANO/lnYCrter realization of an SOP exp-eWon. 

Example 2.36 

Now consider the POS expression Y = D(B + C)(A + E + F')(A + G). The circuit 
in Figure 2-49(b) is formed by replacing OR gates with NOR gates, adding inversion 
bubbles to the input of the AND gate, and adding an inverter to D to match its input 
bubble. Then the NAND gate with inversion bubbles at its inputs is replaced by an 
equivalent NOR gate to form the circuit in Figure 2-49(c). 

A check reveals that the transformed circuit is equivalent to the original circuit: 

Y ." (D' + (8 + C)' + (A + E + F ' )' + (A + G)'l' 

~ (D' )' I(B + C)']'[(A + E + F ' )'J'I(A + G)'J' 

~ D(B + C)(A + E + F')(A + G) 

A circuit whose structure does not consist of alternating AND gates and OR gates 
can still be transformed into an equivalent structure that uses only NAND gates and 
inverters or a structure that uses only NOR gates and inverters. To transform such a cir­
cuit into a NAND structure, (1) replace all AND gates by NAND gates (Figure 2-50(a), 
(2) place inversion bubbles at the inputs of all OR gates (Figure 2-5O(b», and (3) replace 

:~Y :§b-Y :~Y F F' F' 

A A A 
G G G 

(.) (b) (0) 

nGURE l-49 Circuit transformations 10 obtain a NORllnvcner realizalion of a POS eXpression. 
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OR gates that have inversion bubbles on their inputs with DeMorgan--equivalent 
NAND gates (Figure 2-50(c». If, after these changes have been made. the output of a 
NAND gate drives the input of another NAND gate. place an inverter at the input of 
the driven NAND gate (Figure 2-50(d»; if the output of an OR gate having bubbles at 
its inputs drives another OR gate that has inversion bubbles at its inputs, place an 
inverter on the path connecting them (see Figure 2-50(e)). Then replace OR gates with 
inversion bubbles at their inputs by equivalent NAND gates. These steps ensure that 
inversions caused by the replacement of gates will be matched and tbat the final circuit 
will be equivalent to the original circuit. 

Alternatively, to transfonn the circuit into a NOR structure, (1) replace OR gates by 
NOR gates (Figure 2-51(a)), (2) place inversion bubbles at the inputs of any AND gates 
(Figure 2-51(b)),and (3) replace AND gates with bubble inputs by DeMorgan-equivalent 

=[)---- ==[J-
(,) 

=C>-- =D-
(b) 

==L>- ==[J-
(0) 

Matched 
bubbles 

~ ~ 
(d) 

Matched 
bubbles 

::D--:=D-- ~ 
j 

~ 
(.) 

FIGURE 2-50 Circuitlransformations for a NAND equivalent circuit. 
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FIGURE 2-S1 Circuit transformations for a NOR equivalent circuit 

NOR gates (Figure 2-S 1(c». If,after t hese changes have been made, the output of a NOR 
gate drives the input of another NOR gate, place an inverter at the input of the driven 
NOR gate (Figure 2-S1(d»; if the output of an AND gate with bubbles at its inputs drives 
another AND gate that has inversion bubbles at its inputs, place an inverter on the path 
connecting them (see Figt!re 2-S1(e». Then replace the AND gate that has inversion bub­
bles at its inputs with an equivalent NOR gate. 

These rules ensure that inversion bubbles will be matched and guarantee that the 
transformed (NAND or NOR) circuit is equivalent to the original circuit. 

End of Example 2.36 
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2.6.2 Multiplexers 

Multiplexer circuits are used 10 steer data through functional units of computers and 
other digital systems. For example, a multiplexer can be used to steer the contents of a 
particular storage register to the inputs of an arithmetic and logic unit (ALU) and to 
steer the output of the ALU to the same or a different register. A gate-level schematic 
of a two-channel multiplexer is shown in Figure 2-52. When sel = 0 the data at input a 
passes through the circuit (with some propagation delay) to y_out; likewise, if set = I 
the data at input b goes to y_our. The Boolean expression describing the function of the 
circuit is given by: Y_OUl = set' . a + set· b. 

In general, a mUltiplexer has n datapath input channels and a single output chan­
nel. An m-bit address detcnnines which input channel is connected to the output chan­
nel. The input channel selccted by the multiplexer shown symbolically in FIgure 2-53 is 
governed by Data_Out = Datu_ln (Address[kll, whcre k is an index into the address 
space. 

Multiplexers can also be used to implement combinational logic. The values of a 
Boolean function can be assigned to the input lines and decoded by the select lines. 
This implementation might be inefficient because the mux must fully decode the truth 
table of all of the input bits. 

Example 2.37 

The truth table in Figure 2-54 describes a 4-bit majority function, which asserts its output 
if a majority of its inputs arc asserted. The schematic shows how to implement the func­
tion with a 16-input mux, using its four select lines to decode the possible bit patterns of 
the inputs to the funclion. 

End of Example 2.37 

FIGURE 2.51 Gate-level schemalic for a two~hannel multipleJter circuit. 



Review of Combinational Logic Dulp 61 

Adtlror.rslm - I: 01-+-- ---, 

Drllic ln[n - Il--J"""= =--' 

Muhiplne r 

flGURE 2-53 Sdlernatic $)11'1001 for an ,,-.:hannel multipk:~cr with an m-bit channel seleclor addle!&. 
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fiGURE 2-54 Truth table and circuit for a l6-input mUJ implementation of a 4-bi l majority funclKm. 

2.6.3 Demultiplexers 

A demultiplexer circuit implements the reverse functionality of a multiplexer. It has a sin­
gle input datapath,,, output datapaths.,and an input m-bit address that determines which of 
the n outputs is connected to the input. The output channel selected by the demultiplexer 
ShOWil in Figure 2-55 is detennined by Data_Out fn - 1:01 = Dalaj" lAddress[kl. 
where k is an index into the address space. 
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DalIJ.Jn 
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flGURE 2-55 Gate-level schemar;.; f.,.. an n-output demultiplexer circuit having 
an m.bit destination address. 

2.6.4 Encoders 

Multiplexer and demultiplexer circuits dynamically establish connectivity between 
datapaths in a system. A data pa ttern that passes through a muhipJexer or a demulti­
plexer is not altered by the circuit. On the other hand, an encoder circuit acts to trans­
form an input data word into a different output data word. Input data words arc 
typically wide in comparison to the encoded output word, so encoders serve 10 reduce 
the size of a datapath in a system. An encoder assigns a unique bit pattern to each input 
line. Usually, a device whose output code is smaller than its input code is referred to as 
an encoder. If the size of the output word is large r than the si7.e of the input word , the 
circuit is referred to as a decoder. One typical application of an encoder is in a 
client~server polling circuit whose output code indicates which of n clients requesting 
service from a server is to be granted service. 

An encoder has 1/ inputs and It! outputs, with '1 "" 2"'. An encoder could trans­
form up to 2'" different input words into unique output codes, treating the remaining 
input patterns as don't-care conditions, but ordinarily only onc of the inputs is asserted 
at a time, and a unique output bit pattern (code) is assigned to each of then inputs, The 
asserted output is detcrmined by thc index of the asserted bit of the n-bit binary input 
word. Block diagram symbols for encoders are shown in Figure 2-56. 

Example 2.38 

A 5:3 encoder having a 5-bit input word is to generate a 3-bit output code indicating 
the number of bits that arc asserted in the input word. The input words and encoded 
output bit patterns are shown in Figure 2-57. Boolean logic equations can be derived 
for each bit of the output word . 

End of Example 2.38 
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D'~"-'O D,"_O", 
o m 

Encoder 

D'''JOIO-!JD 
Data_Ow 

• m 

Dalajn\O] Encoder 

(.) (b, 

flGURE 2-56 Schematic symbols for an encoder: (a) an encoder with an n-bit input bus and 
(b) an enooder with individual bit-line inputs. 

Input Output Input Output 

000 10000 
10001 OJO 

00010 001 10010 
00011 010 10011 
00100 00' 10100 OJO 

010 10101 011 
00 110 010 10110 011 
001 11 011 

11000 010 
01001 11001 011 
01010 010 11010 
01011 011 1l01l 100 
01100 010 11100 011 
01101 011 11101 100 
01110 011 11110 100 
01111 100 11111 101 

FIGURE 1-57 Input-output words for a 5:3 encoder that indicates the number of asserted 
bits in the input word. 

2.6.5 Priority Encoder 

63 

A priority encoder allows multiple input bits to be asserted simultaneously and uses a 
priority rule to fo rm an output bit pattern. A priority encoder in a client-server system 
would identify the client that has the highest priority among multiple clients requesting 
service. 
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Example 2.39 

The input-oulput patterns for an eight-client priority encoder are shown in Figure 2-58. 
(Nore: X denotes a don't-care condition.) The client corresponding to the leftmost I-bit 
of the input word has highest priority. This is a combinational scheme; a sequential 
machine could impose some rule providing all clients with some level of service. 

Input word 

OOOlx)I)lX 
00001x)I)I 

0000001x 

00000001 

Output word 

Oil 

100 

FIGURE 2-58 Input-<;>utput wQrd~ fOT an go) p riority encoder. 

End of Example 2.39 

2.6.6 Decoder 

A binary decoder interprets an input pattern of bits and forms a unique output word in 
which only 1 bit is asserted. Decoders are commonly used to extract the opcode from an 
instruction in a digital computer; row and column address decoders are used to locate a 
word in memory from its address. Figure 2-59 shows block diagram symbols for a decoder. 

~ '1 [LD"" D"'I"-IJ DalaJ " Dara_our DaraJ" • 

m " m • 

Deroder De<:ooer Data_Out[O) 

(.) (b) 

FIGURE 1-59 Block diagram symbols for decoders: (a) decoder with inpuVoutput bUSKII and 
(b) decoder with an expanded OUIPUI bus. 
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A binary decoder has m inputs and n outputs. with n - 2'". 1bere are many different 
possible mappings between input words and OUlput words. An encoder can be buill from 
combinational logic that forms the input-output mapping. (Sequential encoders and 
decoders are widely used in communication and video transmission circuits.) 

Example 2.40 

The input-output patterns for an eight-client decoder are shown in Figure 2-60. The 
arrangement of bits in the output words identifies the client that will be served. This 
decoder does not resolve contention between multiple clients, and it assumes that only 
one client at a time will request service. 

A binary decoder generates all of the minterrns of its inputs. All of the output lines 
are available to fonn as many functions of the same inputs as are needed by an applica­
tion. Binary decoders can be used for small implementations with multiple outputs, but 
the number of outputs precludes their use in applications with a large number of inputs.. 

lnputword Output word 

000 10000000 
01000000 

010 00100000 

Oil 000100 00 

>00 0000 1000 
>0, 00000 10 0 

11 0 000000 10 
00000001 

nCURE:-60 The inPUt-QUIPI.II pattei'm for an eight-clicnl decode r. 

End of Example 2.40 

Example 2.41 

A decoder can be used to implement multiple Boolean functions of the same inputs.. 
The truth table in Figure 2·61 describes /1, a majority function, along with some other 
funct ion,/2. Additional logic is used with the decoder to combine its outputs to form 
the two functions. 

End of Example 2.41 
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4-10-16 
D"""~ 

fl 

f2 

FlGURE 2-61 A IrUlh table for two functi(lns implemented by a single 4-10-16 decoder. 

2.6.7 Priority Decoder 

A priority decoder can be used in applications in which multiple input codes might 
imply contention. 

Example 2.42 

The input code for a client- server system that is to serve eight clients will contain a 1 in 
any bit position that corresponds to a request from a client for service. The server must 
determine which of multiple clients is to be served. One simple rule assigns a unique 
priority to each client. The input-output codes in Figure 2-62 assign the highest prior­
ity to the client associated with the leftmost bit of the input code. The table accounts (or 
all possible input panems.A sequential decoder circuit could base service on other con­
siderations, such as whether a client has been blocked from service by higher-priority 
clients for too long. 

End of Example 2.42 
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Input Word 

Olxxxxxx 

OO l x lxxl 

0001xlx. 

00001xxx 

00000 1 xx 

000000 Ix 

00000001 

Output Word 

10000 000 
01000000 
00100000 
0 001 0000 
0000 I 000 
00000 100 
000000 10 
00000001 

FIGURE 2-62 The input-(lutput palletTIS for an ei&hl-clienl priori t)' decoder. 
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PROBLEMS 

I . Find the canonical SOP form of the following Boolean fu nction: 
F(a.b.c) - I m( I.3, 5. 7). 

2. Find Ihe canonical PQS form of Ihe foll owing Boolean funclion: F(a. b, c. d) =< 

nM(Q,1.2.3. 4.5. 12). 
3. EJI'press Ihe fu nction F = a'b + c as a sum of minterms. 
4. EJI'press Ihe function F = a'bed' + a'bed + a'b'c'd ' + a'b'c'd as (a) a sum of 

minlenns and (b) a product of maxlerms. 
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S. Express the function G = (a'bcd' + a'bed + a'b'c'd' + a'b'c'd)' as a sum of 
minterrns. 

6 Find a NAND circuit realization of the function f - ae' + bed + a'd. 
7. Find a NOR circuit realization of the function r = (b + c + d)(a' + b + c) 

(a' + d) 
8. Find the complement of the following expressions: 

a. ab' + /l'b 
b. b + (cd' + e)a' 
c. (a' + b + e)(b' + c')(a + c) 

9. Simplify the following Boolean functions to a minimum number of literals: 
a. F = a + a'b 
b. F = Q(a' + b) 
c. F:ac+bc'+ ab 

10, Using Karnaugb maps, simplify the following Boolean functions: 
a. F(a. b, c) = }; m(O, 2, 4, S, 6) 
b. F(a, b, c) = I m(2, 3, 4, 5) 
c. F(a , b, c) = be' + ac' + a'be + ab 
d. F(a, b, C, d) ~ ~ m(O, 1,2, 4,5,6,8, 9,12,1:3 , 14) 
e. F(u,b,c,d) = a'b'c' + b'ed' + a'bed' + ab'e' 

11. Find a NAND gate realization of the following Boolean function: F(a, b. c) -
~m(O.6). 

12. Using the K-map diagram below: 
a. Drawa K-map fo r f == !m(O, 4, 6, 8, 9,11,12, 14,15) 
b. Identify the prime impLicants off. 
c. Identify the essential prime implicants off. 
d. Find all minimal expressions of f and identify those tbat use only essential 

prime implicants. 

00 
i-""'-t-''-4.!!lm.L3 j-'m",''1 

m5 m7 m6 

mll mlO 

F1GUREP1-12 

13. Design a two-level circuit that implements a 4-bit majority function. that is, the 
output is a I if three or more inputs are asserted 

14. Example 237 showed how to implement a4-bil majority function with a 16-inpul 
mux. Show that it is also possible to implement this function with a 8-input mm. 



CHAPTE R 3 Fundamentals of Sequential 
Logic Design 

Computers and other digital systems that have memory or that execute a sequence of 
operations under the direction of stored information arc referred to as sequential 
machines, and their circuitry is modeled by sequential logic. Sequential machines do 
not follow combinational logic because the outputs of a sequential machine depend on 
the history of the applied inputs as well as on the ir present value. 

The history of the inputs applied to a sequential machine is represented by the 
state of the machine and requires hardware elements that store information; that is, it 
requires memory to store the state of the machine as an encoded binary word. For 
example, a machine whose output is the running count of the number of Is encoun­
tered by a receiver of a serial bit stream must have storage elements to hold the value 
of the count. Today's electronic systems rely on transistor circuits to store information. 
Transistors are small , are easy 10 fabricate, operate reliably, and they have two states, 
on or off, which can be used to develop voltages representing logical 0 and logical!. 

Sequential machines can be deterministic or probabilistic, and synchronous or 
asynchronous. We will consider only synchronous. deterministic machines. A common 
clock acts as a synchronizing signal for the operations of a synchronous sequential 
machine. This establishes fi xed, predictable, intervals for propagating signals through 
the circuit. leading to a more reliable design and a simpler design met hodology. Today's 
synthesis tools support only synchronous circuits. 

3.1 Storage Elements 

Storage elements store information in a binary format - that is, as a pattern of Os and 
Is. For example, the opcode for addition in a simple microprocessor might be the 
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binary word pattern 0010. The circuits that store infonnation can be level-sensitive, 
edge-sensitive, or a combination of both. Level-sensitive storage elements are com­
monly referred to as latches, and edge-sensitive storage clements arc referred to as 
flip-flops. The outputs of a level-sensitive sequential circuit are immediately affected 
by a change in the value of one or more inputs. as long as an enabling signal is asserted. 
The outputs of an edge-sensitive circuit are sensitive to the values of the inputs, but 
may change value only when a synchronizing signal makes either a rising or falling 
edge transition. 

3.1.1 Latches 
The circuits in Figure 3-1 implement basic S-R (set-reset) latches. Their feedback 
structure of cross-coupled (a) NOR gates or (b) NAND gates enables the output (Q) 
of the circuits to have two stable states, 0 and 1, depending on the value of the set (S) 
and reset (R) inputs. Once the input conditions establish an output value, it will 
remain until it is changed by new input conditions. The truth tables shown with the cir­
cuits describe the new (next) state that results from a given state when an input pat­
tern is applied while the latch i~ in a known state (only onc input is al10wed to change 
at a time). In practice, we avoid applying 11 to a NOR latch bccause the outputs of the 
latch wil1 not be logical complements of each other and because (in a physical circuit) 

'cer- Q S~Q 

s.-0--Q ,-0---Q' 
, Q .• , Q'M" QM" Q'"" .. 

No' Q Q' allowed 

Reset 

S" 

No' Q Q' allowed 

(,) (b) 

FIGURE 3-1 Feedback circuit structures implementing latches: (a) cross·coupled NOR gates and 
(b) cross-coupled NAND gates. 
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a race condition occurs if the inputs are changed from II to 00. This makes the output 
unpredictable. I Likewise, we avoid applying 00 to a NAND latch because the outputs 
of the latch will not be logical complements of each other and because (in a physical 
circuit) a race condition occurs if the inputs arc changed from 00 to 11. 

3.1.2 Transparent Latches 

Latches are level-sensitive storage elements; the action of data storage is dependent on 
the level (value) of the input clock (or enable) signal. The output of a transparent latch 
changes in response to the data input only while the latch is enabled; that is, changes at the 
input are visible at the output. A transparent latch is also called a O-latch or a data latch. 

A transparent latch results from a minor change to a basic unclocked S-R latch . 
The latch circuit in Figure 3-2 bas additional NAND gates and uses a clock signal to gate 
the inputs; that is, Enable detennines whether S' and R' will have an effect on the circuit. 
When Enable is de-asserted, the circuit is not affectcd by the values of S' and R', An S-R 
latch with gatcd inputs is also called a "clocked latch" and a "gated latch."The modified 
circuit in Figure 3-3(a) retains the signal Enable but passes complementary values of 
Data to the S' and R ' inputs of the latch. This ensures that an unstable condition will not 
occur (00 will not be applied to the S-R stage) and that the value of Q_OUI will follow the 
value of Data while Enable is asserted. When Enable is de-asserted, the feedback loop 
ensures that the value of Q _ OIll becomes fixed at its current value and is said to be 
latched. It remains latched until Enable is asserted again. The waveforms in Figurc 3-3(b) 
illustrate the latching behavior of the circuit. 

3.2 Flip-Flops 

Flip-nops are edge-sensitive storage elements; the action of data storage is synchro­
nized to either the rising or falling edge of a signal, which is commonly referred to as a 
clock signal. The value of data that is stored depends on the data prcsent at the data 
input(s) when the clock makes a transition at its active (rising or falling) edge; at all 
other times the value and transitions of the data are ignored. There are various kinds of 
f1ip-nops,2 depending on the action of additional input signals that control the storage 
of data, such as a reset signal (1-4]. 

3.2.1 D.Type F1ip·Flop 
A O-type flip -flop is the simplest type; at each active edge of the clock , it stores the 
value that is present at its D input, independently of the present stored value. A block 
diagram symbol and truth table for a Ootype fl ip-flop are shown in Figures 3-4(a) 
and 3-4(b), respectively. The truth table includes an cntry for the prese nt state of 
the flip- flop (Q) and the state (Qne",) that will result at the next active edge of the 
clock signal (elk) for a given value o f the data input (D). The waveforms shown in 

IThe raee condition a lso leadS to an indcle rminale result in simulation. 
lQruy tundamcntaJ·mode ffip-ilop; will beoomidoered here - those in whid! only one inpul maychangc at a lime. 
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FIGURE)..2 An S-R latch with an enabling input signal 

(,) 

i i i 1 _ 

j
O Enable 10 20 )0 40 50 "m 

1 m ~ [_ 
'r"" 'iO 0 I 20 31 0 40 r~ 

10 2~ )0 40 SOl'im 

(b) 

~'I GUK),; 3-3 A transparent latch: (a) circui t !>Cherna!;.; and (b) input-output waveforms. 
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D 
D Q Q-

0 0 0 
0 1 0 
1 0 1 

clk Q' 1 1 1 

(.) (b) 

dk 

Q 

(0) 

FlGURE J..4 A positivc-cdgc-triggcred Ootype flip-flop: (a) block diagram symbol , 
(b) truth (able, and (c) sample input-()utput wavefonns. 
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Figure 3-4(c) illustrate how data present a! D is stored,for this example, on the rising edge 
of elk, and how transitions in D arc ignored over the interval between the active edges of 
elk. However, D must be stable for a sufficiently long time prior to the active edge of elk; 
otherwise, the dcvice may not operate properly. The Boolean logic describing a Ootype 
flip-nop obeys the fo llowing so-called characteristic equation [2], Q nu! ::0 D. AD-type 
nip-nop may also have other (level-sensitive) inputs, such as set and reset signals, to over­
ride the synchronous behavior and initial ize the output. 

3.2.2 Master-Slave Flip-Flop 

A O-type flip-nop can be implemented by a master-slave configuration of two data 
latches, as shown in Figure 3-5. The transparent latch of the master stage samples the 
input during the haJf-cycie beginning at the inactive edge of the clock; the sampled 
value will be propagated to the output of the latch of the slave stage at the next active 
edge during the so-called slave cycle of the circuit. The output of the master stage must 
settle before the enabling edge of the slave stage. The master stage is enabled on the 
inactive edge of the dock, and the slave stage is enabled on the active edge. Setup and 
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Q 

Q' 

clod -~---G~----" 

FIGURE J.S A master-slave implementation of a nega tive-edgc-triggercd Ootype flip-flop 

hold conditions apply at the active edge of the clock (see Chapler to). These specify 
conditions for stabili ty of the data relative to the clock in order to ensure proper oper­
ation of the device. 

Tn complementary metal-oxide semiconductor (CMOS) technology [5,6] aD-type 
flip-flop is commonly implemented with transmission gates. D-type fl ip-flops are popu­
lar because they have fewer input signal paths, and circuits using Ootype flip-flops arc 
simpler to design. A transmission gale is formed by a parallel connection of an n-channel 
transistor and p-channel transistor, shown in Figure 3-6 with a circuit symbol for a 
transm ission gate. Transmission gates have symmetric noise margins in either direction 
of transmission and support bidirectional signal transmission. 

The transmission gates and "glue logic" shown in Figure 3-7 form a master-slave 
circuit that has the functionality of a positive-edge-triggered D-type flip -flop with an 
additional signal , Clear_bar, that forces output Q to be de-asserted when Clear _bar is O. 
The master stage is active while clock is low, and the slave stage is active while clock is 
high. While clock is low, the master stage charges to a value determined by Data; when 
clock goes high, the output of the master stage is passed through to the slave stage. 
The waveforms in Figure 3-7(b) show that Q gets the value of Dara at the rising edges 
of clock. 

Figure 3-8 shows the signal paths (a) during the master cycle and (b) during the 
slave cycle. The output node of the master stage, w2, is charged by the input during the 
master cycle (with clock low) and sustained by the feedback loop during the slave 

i'p"Uig ~f:'P",;ig 
enable 

(" 

~-,"'bl. 

-0-
1;"". 
(b, 

FIGURE 3-6 CMOS transmission gate: (al circuit symbol and (bl transistor-level schematic 
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(0) 

FIGURE J.. 7 CMOS m;uter,lave circuil of a D·type flip.flop: <I) circuit schematic and 
(b) sample wavefonns. 

7S 

cycle. that is, while clock is high. The output of the slave Slage is sustained by its feedback 
loop while the master stage is charging. At the active edge of the flip-flop, the OUlput of 
the master stage is sustained by its feedback loop. and it charges the output of the slave 
stage during the slave cycle (clock is high). 

3.2.3 J·K Flip·Flops 
J-K Flip-flops are also edge-sensitive storage elements; data storage is synchronized to 
an edge of a clock. The value of the data stored is conditional, depending on the data that 
is present at the 1 and K inputs whcn the clock makes a transition at its active edge. The 
characteristic equation describing the next state of Ihe flip-flop is: Qnext ,. lQ' + K'Q. 
A J-K flip-flop can be implemented by a D-type flip-flop combined with input logic that 
fonns the data input as D = lQ' + K 'Q. A block diagram s)'TTlbol. truth table, and 
sample waveforms of a J-K flip-flop are shown in Figure 3-9. 

3.2.4 T Flip.Flop 
The output of a T flip-flop will be complemented at the active edge of the clock if the 
T (toggle) input is asserted. Otherwise, the output remains unchanged. A T flip-flop 
can be efficient in implementing a counter. The characteristic equation of a T flip-flop 
is given by Q .. m = QT' + Q' T - QfBT. This type of flip-flop can be implemenled 
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CI~a,-.ba'·_---<----_....:c-_ _____ ~ ,.) 

Oal(l 

CI~{Jr.../xl .~---'-----=-------_.:...J 
'b) 

FIGU RE l-8 Signal paths in a CMOS masteT-"*lave D-type Rip-flop: <I> masler cycle signal palhs and 
(b) slave o;ycle signal pal\u.. 

by connecting the T-input to tbe J and K inputs of a J-K flip-flop. Figure 3-10 shows 
the schematic symbol, truth table, and sample waveforms for a T flip-flop. Note that 
the frequency of toggles in Q are one-half those of clk. 

3.3 Busses and Three-State Devices 

Busses 8Te multiwire signal paths that connect multiple functional units in a system. They 
are the highways for infonnation flow. For example, a personal computer has an address 
bus that carries the sourCe and destinations of data to be retrieved from or stored in mem­
ory. and a data bus that carries data being exchanged between functional units, registers, 
and memory. By sharing the physical resource of a bus, the overall physical resources and 
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J K Q Q." 

:(J 0 0 Q Q 

:Ik Q' 

0 1 Q 0 
1 0 Q 1 
1 1 Q Q' 

(b) 

"" I n n n n n n n n n n n n I 

::tb ~ tb 
QI D D D 

FlGUR£ 3-9 J.K Oip·flop:(a) Bloc k. diagram symbol. (b) truth tab le, and (c) sample wavefonns. 

board space supporting the architecture of a system can be reduced, compared to a circuit 
with dedicated signal paths. The trade-off is that access to the bus must be managed to 
avoid conflicts. Bus management makes use of hardware and software. 

At the hardware level, three-state devices provide a dynamic interface between a 
bus and a circuit, acting as signal paths when enabled, but are otherwise an open circuit. 
Multiple drivers can be connected to a common bus, each with its own set of three-state 
buffers or inverters that interface to the bus. The output of a three-state device is a func· 
tion of its data input while the controlling input is asserted. Otherwise, the output is said 
to be in the high-impedance state or it is disconnected from the circuit. Figure 3·11 
shows logic symbols and truth tables for various three-state circuit elements that can 
buffer or invert an input signal ("Hi-Z" represents a high-impedance state.) 

Three-state devices are commonly used to isolate subcircuits from a bus, as 
shown in Figure 3-12. When send_data is high the conlent of the register is placed on 
the external bus, data_1o_or Jrom _bus; when rev_data is high , data from the external 
bus is passed into the circuit via inbound_data. 
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flGURE 3-10 T (toggle) flip-flop: (a) Block d iagram, (b) truth table. and (e) sample waveforms. 

Busses may operate in a synchronous or an asynchronous manner. At the software 
level, hand-shaking protocols are used to establish and support coherent transmission 
of data. Busses include an arbitration scheme that resolves contention issues between 
mUltiple requesters for bus service. 

Example3.} 

The registers in Figure 3·13 arc connected by a 4-bit bidirectional data bus. Each regis­
ter can send data to any other register. The signal wavefonns shown in Figure 3-14 

FlGURE)'11 Cirtuit symbols and truth tables for three-state devices. 
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F1GURE 3-12 Bus irolation with I~e-Slale deviceL 

DB3 DB2 DBI DRO 

1£ b_O Rf) I 
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f-=r 03 D2 Dl : 1 dk 

DE 03 en 01 

OEJd I 

IE_b...J R3 I L3:E D3 D'2D1DOI ,", 

DE 03 Q2 01 00 
OE_b...J I 

Regiller outpuU are 
DalaJjus ---c iniemallylhreelilled. 

nGURE J.-U A register bank with a 4·bit·wide data bus. 
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FIGURE 3-14 Bu-~ isolation and da~a transrcr with three-state devices. 

would establish datapaths connecting the output of register R3 to the inputs of register 
RI via active-low three-state buffers that are buill into the register circuit. To connect 
the output of R3 to the input of RL both OE_3_b and IE_b_1 must be low. The other 
registers are nO,1 affected by the bus activity. 

End of Example 3.1 

3.4 Design of Sequential Machines 

Unlike combinational logic, whose output is an immediate function of only its present 
inputs, sequential logic depends on the history of its inputs. This dependency is 
expressed by the concept of "slate," The future behavior of a sequential machine is 
completely characterized by its input and its present state. At any time, the state of a 
system is the minimal information that, together with the inputs to the system, is suffi­
cient to determine the future behavior of the system. For example, knowing the num­
ber of Is that will appear at the input of a machine that counts Is in a serial bit stream 
is not enough information to determine the count at any time in the future. The present 
count must also be known. Thus, the state of the counter is its present count. 

Sequen tial machines are widely used in applications that require prescribed 
sequential activity. For example, the outputs of a sequential machine control the syn­
chronous datapath and register operations of a computer. All sequential machines 
have the general feedback structure shown in Figure 3·15, in which the next state of the 
machine is formed from the present state and the p resent input. Combinational logic 
fonns the next state (NS) from the primary inputs and the stored value of the present 
state (PS). A state register (memory) holds the value of the PS, and the value of the 
next stale is fonned from the inputs and the content of the state register. In this struc· 
ture, the state transitions are asynchronous. 
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The state transi tions of an asynchronous sequential machine are unpredictable. 
Most application-specific integrated circuits (ASICs) are designed for fast synchro­
nous operation because race conditions are very problematic for asynchronous 
machines, and they get worse as the physical dimensions of devices and signal paths 
shrink . Synchronous machines overcome race issues by having a clock period that is 
sufficien t to stabilize the signals in the circuil. In an edge-triggered clocking scheme, 
the clock isolates a storage register'S inputs from its output, thereby a llowing feedback 
without race conditions. In fact, synchronous machines are widely used because timing 
issues are reduced to ( I ) ensuring that setup and hold timing constraints3 are satisfied 
at flip-flops (for a given system clock), (2) ensuring that clock ske~ induced by the 
physical distribution of the clock signal to the storage elements does not compromise 
the synchronicity of the design, and (3) providing synchronizers at the asynchronous 
inputs to the system (2). 

The sta te transitions of an edge-triggered flip-flop-based synchronous machine 
are synchronized by the active edge (i.e., rising or fa lling) of a common clock . State 
changes give rise to changes in the outputs of the combinational logic that determines 
the next state and the outputs of the machine. Clock waveforms may be symmetric or 
asymmetric. Figure 3-16 illustrates features of an asymmetric clock waveform, that is, 
the length of the interval in which the clock is low is not equal to the length of the 
interval in which the clock is high. Register transfers are all made at either the rising or 
the falling edge of the clock, and input data are synchronized to change between the 
active edges. 

The period of the clock must be loog enough to allow all transients activated by a 
transilion of the clock to settle at the outputs of the next-state combinational logic 
before the next active edge occurs. This establishes a minimum cycle time (period) of 
the clock of a sequential machine. The inputs to the state register'S flip-flops must 

'Setup (:(Insuaints require the data to be stable in an interval before the active edge of the clod:: hold eon­
strainlsrequire the dala 10 be stable in an inlerval after theactivc edge. 
'Clock skew Tefcr~ to the condition that the active edge of the clock docs not occur at exactly the $ame lime 
at every nip-flop. 
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I1lGURE 3·16 Wavcfonn of an asymmetric clock signa!. 

remain stable for a sufficient interval before and after the active edge of the clock. The 
constraint imposed before the clock establishes an upper bound on the longest path 
through the circuit, which constrains the latest allowed arrival of data. The constraint 
imposed after the clock established a lower bound on the shortest path through th~ 
combinational logic that is driving the storage device, by constraining the earliest time 
at which data from the previous cycle could be overwritten. Together, these constraints 
ensure that valid data are stored. Otherwise, timing violations may occur at the inputs 
to the flip-flops and cause a condition of metastability, with the result that invalid data 
arestored.5 

The set of states of a sequential machine is always finite, and the number of pos­
sible stales is dctennined by the number of bits that represent tbe state. A machine 
whose state is encoded as an n-bit binary word can have up to 2" states. We will use the 
tenn finite-state machine to refer to a clocked sequential machine that has one of the 
two structures shown in Figure 3·17. Synchronous (i.e., clocked) finite-state machines 
(FSMs) have widespread application in digital systems, for example, as data path con­
trollers in computational units and processors. Synchronous FSMs are characterized by 
a finite number of states and by clock-driven slate transitions. 

There are two fundamental types of FSMs: Mealy and Moore. The next state and 
the outputs of a Mealy machine depend on the present state and the inputs; the next 
state of a Moore machine depends on t he present state and the inputs, but the output 
depends on only the present state. In both machines, the next state and outputs are 
fonned by combinational logic. 

3.5 State-Transition Graphs 

FSMs can be described and designed systematically with the aid of timing diagrams [2] , 
state tables, state graphs [3], and algorithmic state machine charts ASM charts [l}. 
Tuning diagrams can be used to specify relationships between assertions and transi­
tions of signals in a system and at its interface to its environment. For example, tbe 
write cycle of a static random access memory can be specified by a timing chart that 
indicates when the address of a memory cell must be asserted prior to assertion of a 

~e will consider metastability in Chapter 5. 
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FlGIJRE 3-17 Block d iagram 5tru<:lures of finite state machines: (a) a Mealy mll(hinc and 
(b) . Moore mac;hine. 
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write-enable signal. In a synthesis-oriented design methodology, timing specifications 
are incorporated as constraints on the circuit that must be realized by the design tools. 
OUT attention here will focus on state tables, sia le-transition graphs, and ASM charts. 
Chapter 11 will consider timing analysis. 

State tables, or state-transition tables, display in tabular format the nellt state and 
output of a state machine for each combination of present state and input. A state­
transition graph (STG), or diagram, of an FSM is a directed graph in which the labeled 
nodes, or vertices, correspond to the machine's states, and the directed edges, or arcs. 
represent possible transitions under the application of an indicated input signal when 
the system is in the state from which the arc originates. The vertices of the STG of a 
Mealy machine are labeled with the states. The edges of the graph are labeled with (1) 
the input that causes a transition to the indicated next state and (2) the output that is 
asserted in the present state for that input. The graph for a Moore-type machine is sim­
ilar, but its outputs are indicated in each state vertex, instead of on the arcs. 

Given an STG for a synchronous machine, the design task is to determine a cir­
cuit that implements the next-state and output logic. If the state of the machine is rep­
resented by a binary word, its value can be stored in fl ip-flops. At each active edge of 
the clock, the inputs to the state-holding flip -flops become the state for the next cycle 
of the clock. The design of the machine specifies the logic that forms the inputs to the 
flip-flops from the state and the external inputs to the machine. This logic will be com­
binational, and it should be minimized, if possible. To be a valid STG, each of its ver­
tices must represent a unique state, each arc must represent a transition from a given 
state to a next state under the action of the indicated input, and each arc leaving a node 
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must correspond to a unique input. In general, the Boolean conditions associated with 
the inputs on the set of arcs leaving a node must sum to 16 (i.e. , the graph must account 
for all possible transitions from a node), and each branching condition associated with 
assertions of the input variables in a given state must correspond to one and only onc 
arc, i.e., for a given input the machine may exit a node on only one arc [4]. (See Roth [31 
for guidelines for construction of STGs.) The state transitions represented by the STG 
of a synchronous machine are understood to occur at the active edges of a clock sig­
nal , based on the values of the state and inputs that are prescnt immediate ly before 
the clock . 

We will now present IWO examples of designing a state machine by manual meth ­
ods and STGs. These examples will be revisited in Chapter 6, in which we will describe 
the machines using the Verilog hardware description language. synthesize them 10 

obtain their physical implementation, and validate the design by comparing and 
matching simulation results obtained before and after synthesis. 7 

3.6 Design Example: BCD to Excess-3 Code Converter 

In this example, a serially transmitted binary-coded decimal (BCD word), B in, is to be 
converted into an Excess-3 encoded serial bit stream, Bout. An Excess-3 code word is 
obtained by adding 310 to the decimal value of the BCD word and taking the binary 
equivalent of the result. Table 3-1 shows the decimal digits. their 4-bit BCD code words, 
and their Excess-3 encoded counterparts. An Excess-3 code is self-complementing 
[2,4,7], that is, the 9s complemenrs of an Excess-3 encoded word is obtained in hard­
ware by complementing the bits of the word (i.e., by taking the Is complement of the 
word). For example, the Excess-3 code for 6\0 is 10012; its bitwise complement is 
01102, which is the Excess-3 code for 3l(1. This feature of the Excess-3 code makes it 
possible to easily implement a diminished radix9 complement scheme for subtracting 
numbers that are encoded in a BCD form. This is similar to subtraction of signed 
binary words by adding the 2s complement of the minuend to the subtrahend. The 2s 
complement is formed by adding 1 to the Is (diminished radix) complement of the 
minuend. Thus, the lOs complement of 6\0 can be obtained by bitwise complementing 
10012, the Excess-3 code of 6](), and adding 1 to the result: 01102 + 00012 = 01112-
which decodes to 7\0' 

A BCD to Excess-3 code converter for a serial bit stream can be implemented as 
a Mealy FSM. Figure 3-18 shows a serial bit stream. B;n, entering the converter and the 
corresponding serial stream of Excess-3 encoded bits. B out, leaving the machine. Note 
that the bits of B in are transmitted in sequence, with the least significant bit (LSB) first. 
Consequently, care must be taken to interpret the waveforms of Bin and Bout correctly. 

<'>rhe charI can be simplified by showing only the Iransitions that ieave a stale by om ilting arcs that begin and 
end al the same stale and by omitting return arcs that are activaled by a reset signal 
1See sections 6.6.1 to 6.6.3. 
"The 95 complement of a binary number a is the binary value a' such Ihat a + a' - 9. 
"rhe radix9is the diminished radix for a base 10 (decimal) system. 
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TABLE 3· ' BCD and Exce.u·300de words.. .... ~ , h~J 

1>.,1 , ... C .... 

0011 
0100 

0000 0101 

0110 

0 111 

0101 ""'" 0110 ' 00' 
0111 1010 

1011 

'00' 1100 

The order of the bits in the waveforms is shown progressing from right to left (wi th 
inneasing f) , with the LSB at the left and the most significant bit (MSB) a t the right. 
The pattern orbits in the waveform must be reversed, as shown in Figure 3·18, to form 
the binary values of the transmitted and received words. 

The STO lO of a serial code convcrle r thai implements the code in Table 3·1 is 
shown in Figure 3·19(a), with an asynchronous reset signal that transfers the machine 
from any state to state 5_0 whenever it is asserted, independently of the clock . The 
machine's action commences in S_O with the first clock edge after reset and continues 
indefinitely, repeating the addition of 00112 to successive 4-bit slices of the input 
stream. The LSB of the word is the first bit in the sequence of input samples, and the 
first bit generated fo r the output word. The state table in Figure 3-19(b) summarizes 
the same information as the state transition graph, but in tabular format. The notation 
"./." indicates an unspecified or impossible condition. 

Systematic design of a 0 flip-flop realization of an FSM consists of the following 
steps: (1) construct an STG for the machine, (2) eliminate equivalent states, (3) select a 
state code (e.g., a binary code), (4) encode the state table. (5) develop Boolean equations 
describing the inputs of the 0 flip·flops that hold the state bils, and (6) using K-maps. 
optimize the Boolean equations. In general, the number of flip·flops used to represent 
the state of the machine must be sufficient to accommodate a binary representation of 
the number of states - that is, a machine that has 12 states requires at least four flip-flops. 

I~e STG of a completely . pecified machine with II inpull must have 2~ ares leaving elKh node. and the 
number of i ll sta tu must be a power of 2. Otherwise, !lOme bit palleml will be unused in the hardwart 
implemenUi lion. 
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flGURE )-18 Input....,utpul b,t streams In a BCD to Excess-3 serial code converter. 

For a given sel of flop-flops, it is then necessary to assign a unique binary code to each 
state. This problem is difficult because the number of possible codes grows exponentially 
with the number of available flip-flops. The choice ultimately matters, because it can have 
an impact on the complexity of the logic required to implement the machine. We will 
consider this topic in more detail in Chapter 6. The codes for state assignment in our 
example are shown in Figure 3-20, where a simple (sequential) 3-bit binary code has 
been used to encode the seven states of the machine. The encoded next state and output 
table are also shown, 

inplll/outplll 

Nexlstate!outputlable 

Nextstate!outpul 

State Input 

5_0 S_1I1 5JiO 
U S_3/1 S_4/O 

5~ '-410 S_411 

U S_5/O 5_511 

'-' S_511 '-"" '--' '_0/0 S_OI1 

'-' S_011 .,. 
(,) (b) 

fiGURE 3-19 BCD to Excess-3 serial code oonverter implcmclllcd as a Mealy-type 
FSM: (a) state transition graph and (b) lhe machinc 's SlalC table, 



Fundunentals of SequeDdaI Lop: DesipI 

Enooded nut I tate/ou tput table 

State Nexll\ate Output 

q2"hq(l ql' q t"' qO+ 

Stllteassigment Input Input 

ql q lqO State 

000 S_O '-' 000 001 !OI 

001 U U 001 III 011 

'-' SJ. tOl 011 

011 U SJ 110 

100 S_' 110 010 

!OI '-' SJ 110 000 000 

SJ '-' 000 

SJ 100 

(.) (b) 

FIGURE 3-lO BCD to Exccu·) rode converter implemented 1$ a Mealy-type 
FSM: (a) sla te assiJl'mcnt and (b) eneoded next .tate and output table. 
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OUf next step will be to develop Karnaugh maps for each bit of the encoded state 
and output, as functions of the present state bits and the input (B;n). These maps are 
shown in Figure 3-21 with their corresponding Boolean equations. The unspecified 
entries in the table are treated as don't-care conditions. Each equation has been mini­
mized individually, although this does not necessarily produce the optimal realization 
(speed vs.. area) of the logic. We wil1 consider optimization of a set of Boolean equa­
tions in our discussion of logic synthesis in Cbapter 6. 

The Boolean equations for q 2 + and Boul can be converted into the fo llowing 
NAND gate structure, where, for clarity, we use the symbol "." to indicate the Boolean 
AND operator: 

and 

qt = q l'qo'Bin + q2'qoB1n ' + q2qlqO 

lii = ql'qo'Bin + q2'qoBin' + Q2qlqO 

lii - q l'qo'Bin'q2'qoBin"~ 

Q2T
"" q\'QO'Bin"Q2'qoBin" thQ\Qo 
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00 0\ 11 00 0\ 
q~ q , ql q l 

00 ~ Il ~ , ~ , 00 ~ , ~ II ~ I ~ , 
~ . ~ . ~ . I \1 0 ~ , 
~ 5 ~ < ~ , L ~ , t l 

~ , ~ l 10 X 

q l+ = 9.'" 'B,,, + ql'q,s/J&'+ ql q, q. 8 _ '"' 92' B".: + q~i" 

flGU RE 3-21 Kam augh maps for the encoded Siale b;l~ and outpUI bit (8 .... ,) of a BCD to 
Excess·3 code w nvertcr implemented as a Mealy·type FSM wi th inpul bit (8;.). 

B OUI = Q2' Bin' + q 2B jn 

Bout' = Q2' Bin' + q2Bin 

8 out, ... (~) · (fh1:f;;;) 

B oul = (Q2' Bin ') . (thBi,,) 

The schematic of the code converter is shown in Figure 3-22, with three positive 
edge-triggered flip-flops sioring the stale bits. The simulation results in Figure 3·23 illus­
trate the input-output waveforms and the state transitions of the machine. The annota­
lion of the displayed waveforms shows the bit stream of the encoded word produced by 
the converter for B in = Ol002. where the LSB is asserted fi rst, and the MS8 is last in the 
time sequence. Since the output of a Mealy machine depends on the input as well as the 
state, the transitions of B in affect the waveform of BOU!' We have aligned the transitions 
of B in to occur on the inactive edge of the clock. This is a recommended practice, which 
ensures that the data are stable before the active edge of the clock. Since the input of,a 
Mealy machine can cause the output of the machine to change its value, the valid output 
of a Mealy machine is taken to be the value of the output immediately before the active 
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flG URE 3-22 Circuit for a Mealy-typo: FSM implementing I BCD to Excess-) code conven er. 

edge of the clock. The value of B out immediately before an active edge of the clock 
depends on the value of B in immediately before the clock , and it is the valid output of 
this machine.1I Thus, transmitting the input bit stream 01002 (LSB fi rst) generates the 
output bit stream 01112, The waveforms of Bi" and BOOJ• in Figure 3-23 are annotated 
with bubbles to mark corresponding values of the BCD and Excess-3 encoded bilS. 

15" 300 

8~~==b=======b=======t---~==!===~ 8_"" 
$fD/<![2:O] I 0 

flGURE 3-23 Simulation results for a BCD to Excess-) code convener implemented 
as a Mealy_typo: FSM, with annotation marking corresponding input and output valueil. ' l 

" A physical circuit implementing the machine ","ould have to perform the machine's addition fu t enough to 
have the re$ult ready for the IK"ti"e edge of the clock. Performance is an issue for synthesis and will be 
addressed in Cbapter 10. 
'~ote: Bjn and B_oul in the simulator output represent B;", . nd BOIl" respectively. 
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3.7 Serial-Line Code Converter for Data Transmission 

Line codes are used in data transmission or storage systems to reduce the effects of 
noise in serial communications channels and/or to reduce the width of channel data­
paths (2). For example. in data transmission in which bits of a word are encoded and 
transmitted synchronously over a channel, the receiver of the data must be able to oper­
ate synchronously with the sending unit. identify the boundaries between words 
(frames), and distinguish the transmitted bits from each other. One scheme for data 
recovery after transmission requires three signals: a clock to define the boundaries of 
the data bits, a synchronizing signal to define word boundaries, and a data stream. Other 
implementations using fe wer signal channels are possible. For example. a phone system 
or a disk read/write head will have a single channel for the data and use a coding scheme 
to enable clock recovery and synchronization. Code conveners transform the data 
stream into a format that has been encoded to enable tbe receiver to recover the data. 
A phase lock loop (PLL (3)) can recover the clock from the line data (i.e., synchronize 
itself to the clock of the data) if there are no long series of 15 or Os in a data stream with 
a non- retum ·to-zero (NRZ) format; thc clock can be recovered from a data stream 
with a non- rctum-to-zero invert-on-oncs (NRZI) format or return-to-zero (RZ) codc 
format if the data has no long string of Os. Manchester encoders are attractive because 
they can recover the clock independently of the pattern of the data, but they require 
higher bandwidth. 

Figure 3·24 shows bit da ta and encoded bit patterns for four common encoding! 
transmission schemes. The pal1cms show only the relationship between the bits of the 
data and the bits of the encoded signal. The figure does not show latency between the 
actual input and output bit times, but the actual phase (timing) rela tionships might 
differ from those shown. 

NRZ Code: The signal waveform of the line value formed by an NRZ code 
generator duplicates the bit pattern of the input signal, as shown in Figure 3-24. 
The output waveform makes no transition between two identical successive 
bits. A Moore machine implementing an NRZ code samples the data at the 
active edge of clock_i and changes state accordingly (in the middle of the bit 
time) ; the transitions of the data are synchronized to the inactive edge of 
clock_i. 
NRZI Code: If the input to an NRZI code convener in the present bit time is 0, 
the sequential output of the converter remains at it previous value (i.e., the 
output in the previous bit time). If the input is a 1, the output in the present bit 
time is the complement of the output in the previous bit time. So the output 
remains constant as long as the input remains at 0, and the output toggles if the 
input is held at l ,as shown in Figure 3-24. The asserted value is held for the entire 
bit time. 
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FIGURE J..lt Serial line code formats and sample waveforms.. 

RZ Code: A 0 in the input bit stream of RZ code generator is transmitted as a 0 
for the entire bit time. A 1 in the bit stream is transmitted as a 1 for the first half 
of the bit time. and 0 for the remaining bit time (typically). 
Manchester Code: A 0 in the bit stream of a Manchester code generator is t.rans­
milled as a 0 for the lead half of the bit lime and as a 1 for the remaining half. A I 
in the bit stream is transmitted as a 1 for the leading half of the bit time and as a 
o for the remaini ng bit time. 

Note that the clock frequency (clock_2) of the Mealy-type machines impl ement ing 
RZ and Manchester encoders must operate at twice the clock frequency of the bit 
stream gene rator (clock.J) in order to assert the line va lue of a fulJ bit time without 
latency. 
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"CURE 3-25 Input",utput datllpaths for a NRZ Mam:he.tcr code converte r 

3.7.1 Design Example: A Mealy-Type FSM 
(or Serial Line-Code Conversion 

A serialline-oode converter can be implemented by an FSM in which the inbound bit 
stream controls the actions of thc machine to produce an encoded outbound bit 
stream. As an example, a Mealy-type FSM will be designed to convcrt a data stream in 
N RZ format . Data NRZ, to a data stream in Manchester code format, DataMRII~h'''t~'' as 
reprcsented by the block diagram in Figure 3-25. 

The STG and state table for the machine are shown in Figure 3-26, and the state 
assignment and encoded state table are shown in Figure 3·27, Thc table shows thc state 
label and codc for each state, the codes corresponding 10 the bils of the ncxt state for 
each possible value of B in, and the output that will be asserted in the indicated state for 
each possible value of B in' An asserted bit in the input will be assertcd for two clocks of 
the output, ThUs. the arcs leaving S...J with an input of 1 and from S_2 with an input of 
o arc not shown because those inputs sequences cannot occur. The corresponding 
entries in the next-state table arc marke d as don 't-cares. 

The Karnaugh maps and Boolean equations for the line converter arc derived 
from the STG, and are shown in Figure 3-28. The circuit schematic shown in Figure 3-29 
implements the Boolea n equations of the machine and stores its state in two nega· 
live edge-triggered D-type flip-flops. The simulation results in Figure 3-30 show the 
input (Bin) and output (Bout) waveforms for a samplc of data and also show the statc 
transitions of the machine that accomplishes the code conversion. Note that because 
the machinc's output is generated as a Mealy-type output. thcre is no latency betwccn 

110 011 

~ 
(.) 

Next llatcloutpl,ll 

State f--'---:::"';:''--'--'-----1 

(b) 

FlCURE 3-26 Meaty- type NR7.-to-Manehester encoder: (a) the $ta te transition graph and 
{b}the ncxt·sta te tablc. 



FUDdamentab or Sequential Logic Oesip 

State Next$tate Output 

" 
q l+ q{j' 

I " 0 I I Input Input 

1 0 5_0 I 5_1 '-" 00 01 \0 
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'-' \0 00 
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nC UKE 3-27 Mcaly"typc NRZ·I""Manchester encoder: (lI) Ihe SllI!e anignmentlable and 
(b)theencoded ncxl-5tale!oulputllible 

9J 

the waveform of the inbound bit stream and that of the output; that is the bit times of 
the input and the output coincide_ 

3.7.2 Design Example: A Moore-Type FSM for Serial Line-Code 
Conversion 

In general, the output of a Mealy machine might have glitches when the input bit 
stream changes. If this can not tie tolerated, a Moore-type machine should be used. A 
simplified STG (without impossible arcs) and a state table for a Moore machine NRZ­
to-Manchester encoder are shown in Figure 3-31, and the state assignment and 
encoded state table are shown in Figure 3-32. Note that the data transitions are syn­
chronized by the negative·edge transitions of clock_', and the stale transitions of the 
encoder and the sampling of B_in are synchronized by the negati ve-edge transitions of 
clock.,.). 

The Karnaugh maps and Boolean equations for the converter are derived from 
the STG, and are shown in Figure 3.33, with don't-care conditions denoted by " - " 
(for impossible patterns). The circuit schematic shown in Figure 3-34 implements the 

Boo 8 in 

qlq" qlqu 

IJI) 1_,4) 00 4) ~JI 
01 ~_ I ~_ I ~_t ~ I 

II 

10 ~ 2 ~ ! I' 1, ~ 2 

9. ' - 91 'Q.'8 1• 90· ~ q. '9.'B.' 

flGUKE 3-2.8 The Kamaugh maps and Boolean equalkml for the encoded Slale bill lind 
output bit (8_ ) of an NRZ- t""Manchoc:ito:r encoder with input bit 8 , •. 
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FIGURE.).29 The ciTCUil schematic of a Mealy-type NRZ-to-Manchester encoder. 

Boolean equations of the machine with negative-edge triggered flip-flops. The simula­
tion results in Figure 3-35 show the input (Bin) and output (Boul ) waveforms for a sam­
ple of data and also show the stale transitions of the state machine that accomplishes 
the code conversion. Note that the Manchester encoder must run al twice the fre­
quency of the incoming data and that the bit stream of the output of the Moore 
machine lags the input bit stream by o nc-half the cycle time input clock . The transi­
tions of the input data stream are made at the falling edges of clock_', and the state 

o 
Name 

120 180 

FIGURE 3-30 Simulation resul! ~ for the Mealy-type NRZ-to-Manchester eneoderY 

Illn general, it is not advisable to switch an input at the same time that a sequential machine makes a state 
transition. but in this circuit the samples that are made when the input is making a transition occur in states 
(i.e.,Sj and S....2) in which the input is treated a5 a don't-care. So the input will not affe<:t the transition from 
S_ I or S....2 to S_O. The scheme here effectively samples Bio in the middle of its bit time. and e liminates a cycle 
of latency in the output o f Ihe converter. 
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FlGURE 3-Jl Moon: maehine NRZ-to-Man~hesl er en~ode r: (a) Ihe $laIc-transition graph and 
(b) theneltt-slate/oUlpul lable. 

machine samples the input at the rising edges of clockJ - that is, in the middle of the bil 
time of the input. which corresponds to every other falling edge of clock...). The transi­
tions of the state of the machine coincide with the falling edge of clock...2. The latency 
between the output and the input is a consequence of the fact that the outputs of a 
Moore machine are dependent on o nly the state. ThUs. a change in the input must first 
cause a transition to a state before the encoder can asse rt an output that corresponds 
to the sampled/detected input. 

3.8 State Reduction and Equivalent States 

Two states of a sequential machine are equivalent (- ) if they have the same output 
sequence for all possible input sequences. Such states of the machine cannot be distin­
guished from each other on the basis of observed outputs. Equivalent states can be 

Slate NutS .. te Output 

q l+ qo' 

q, ~p~ 
I q, o I 1 5_0 00 OJ II 

10 S_OJ U 
5_1 01 IO 

53 II 00 

11 '-'1 53 '-' IO OJ 

(.) (b) 

nGURE 3-32 Moore-type NRZ-to-Manchcster encoder: (a) the $tale-assiInmenllabk and 
(b)encodedneltHtateloulpUl llble. 
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FIGURE J..33 The Karnaugh maps and Boolean equations for the encoded state bits 
and output bit (Bo",) for a NRZ-lO-Manchester- encoder implemented as a Moore machine 

witbinput bilBi " 

combined without changing the input-output behavior of the machine. Identifying and 
combining equivalent states usually simplifies the state table and the STG of the 
machine and leads to a reduction in hardware (because the equivalent states do not 
have to be decoded) without compromising functionality (8). In general , for every 
FSM. the re is a unique equivalent machine that is minimal. 

Example 3.4 

The state machine whose next-state table is shown in Figure 3-36 has two states that are 
equivalent: S_ 4 = 5_5. Both 5_4 and 5_5 have the same next states and outputs under 
the actions of the inputs. If the machine is in S_4 and an input sequence is applied, the 

q, 
q, 
q' 
B in 

B_, 

'/k~----t-~-<j> 

'tsf!Cb~----__ ==Y--
nGURE J..J.4 The circuit schematic of a Moore machine NRZ-to-Manchester encoder. 
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OJ ,'" 

F1GURE J..J5 Simulation re$ull$ [or the Moore m .. chine NRZ,to-Manchester encoder. 

outputs will be the same as if the machine was in S....5 and [he same input sequence is 
applied. The machine's STG. given in Figure 3-37(a), shows how S_4 and S_5 map into 
the same next sta te, and that they also have the same outputs for all assertions of the 
input. 

Two states of a sequential machine arc equivalent if their associated rows in the 
machine's state table are identical. The STG of a machine can be pruned by removing all 
but one of the states that are equivalent and redirecti ng the affected arcs to the remain­
ing equivalent state. Likewise, the next-state table can be simplified by eliminating one of 

NeXlllate Output 

Input Input 
Replace 

Slate 0 1 0 1 label 

~=~ ~~ ~~ ~ .-r:-
SJ SJ S_415J 0 1 [;Delete 

Eq~~~~ent If --1.)--- __ 5.z-2 __ __ {:l ___ -~-- -+-] 
S_6 S_O 5_1 0 

57 S_4 53 

F1GURE. J...J6 Next·state and output table with equivalent states S_4 and SJ. To simplify the table. 
replace the label SJ by the label S_4. and dele te the row [or SJ. 
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(.) (b) 

.1GURE J.J7 Slatc-lransi lion graph with equivalenl stales:: <a) graph wi lh 5_4 and SJ and 
(b) sia le-transition graph afle r removal o f SJ and redirection of arcs. 

the rows and replacing the labels of the deleted state by the label of its equivalent stale. 
But be careful - do not conclude that two states are not equivalent if their state-table 
rows are different. The condition of matching rows of the next-state table is a sufficient 
condition for the associated states to be equivalent, but is not a necessary condition to 
ensure their equivalence. Merely comparing the rows of a state table is not a foolproof 
way to identify equivalent states. Other states that are equivalent might not be detected 
by such an approach. 

A more general procedure for eliminating equivalent states relies on a recursive 
definition of equivalence: Two states are equivalent if they have the same output for 
each input value, and the states they reach for the same input value are equivalent. The 
procedure (1) forms a triangular array (see Figure 3-38) showing the possible pairwise 
combinations of distinct states, and (2) considers the conditions for the pair of states 10 
be equivalent (we already know that 5_4 and 5....5 of the original table are equivalent. 
so we do not consider 5....5). For example, 5_0 and 5_4 qm be equivalent only if the next 
states they reach are equivalent and if they have the same output under the action of 
each possible input value. The table entries in Figure 3·36 ind)cate that 5_0 and 5_4 
have the same outputs, but are equivalent only if 5_6 and 5_7 are equivalent, and if S~ 
and 5_3 are equivalent. Both conditions must be satisfied -we do not know in advance 
whether 5_2 and 5_3 are equivalent and whether 5_6 and 5_7 are equivalent. 
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u 

S.J !U·-S_4 

53 
5_1- 5_' 5_2 - 5_' 
S 6 - 5.) 5_4 - 5.) 

S_' 
S_' '-' 
5_3 - SJ 

S_' S_3-SJ 
5_7 - S_0 
5J-S_I 

'-' 5_6 - 5_4 5J-S_3 ~=~ = ~=; I 
S_O U S..2 S_' S_' S_. I 

FlGURE J.18 Triangular afTay ~owing pouible pairwise combinal ions of Ilales. 

Within a given cell corresponding to a row and column of the table, list the pairs of 
states that are reached from the states whose labels correspond to the row and column. 
For example, if the machine is in 5_1, its next state is 5_1 or 5_6 if the input is 0 or 1, 
respectively. Likewise, if the machine is in 53, it reaches 5_7 and 53 under the same 
applied input values. Thus, for 5j and S3 to be equivalent, it is necessary and sufficient 
that 5j and 5_7 be equivalent states. and that S_6 and S_3 be equivalent states, pro­
vided of course, that the outputs are the same. The cells of Figure 3-38 are annotated 
with the pairs of states that must be equivalent in order for the states corresponding to 
the row and column to be equivalent. If a pair of states has a different output for some 
input, the pair is eliminated and the cell is shaded to signify that the stales cannot be 
equiva lent. For example. 5_1 and 5_4 cannot be equivalent because their output asser­
tions do not match. Next, any cells containing the labels of a state pair corresponding to 
a shaded state pair are lined out, as shown in Figure 3-39. For example, the cell containing 

u 

" GURE).J9 Triangular array showing possible paifwir.e rombinatiolU of Ilales.. 
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AGUkE).4(I Completely pruned s' atc-Iransition graph 

the pairs (5_1, S] and 5_3, 5_6) is lined out because Sj and S] cannot be eq uivalent. 
When this process is completed, the remaining labeled cells identify equivalent states. 
The results in Figure 3-39 indicate that 5_4 = 5_5. 5_0 = 5_7, L2 = 5_2, and 
5_4 = 5_6. This leads to the simplified STG shown in Figure 3-40, having only four 
states, instead of eigh t. 

End of Example 3.4 
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1. Using D-type flip-flops. design a synchronous Moore finite-state machine that 
monitors two inputs, A and 8. and asserts a scalar output if the number of Is 
observcd on (he inpUis is a multiple of 4. 

2. Using D-type flip-flops. design a Moore machine whose output indicates the 
even parity of its serial bit stream of inputs since reset. 
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3. Using O-type flip-nops, design a 3-bit counter that will eount in the cydie pat­
tern of even numbers: Olo 2 10 410 610, 

4. Draw the state-transition graph of a Mealy machine that samples a serial bit 
stream and asserts an output if the last three samples are 1. Assume thaI the 
samples a re made at the inactive edges o f the d ock. Design the machine with 
Ootype flip.flops. 

5. Draw the slatc-transiti()n graph of a Moore machine that samples a serial bit 
stream and asserts an output if the last Ihree samples are I. Assume that the 
samples are made at the inactive edges o f the d ock. Design the machine with 
D-type flip-nops. 

6. Examine the Mealy machine described by Ihe K-ma ps in Figure 3-28 and iden­
tify possible glitches that could occur when the input makes a transition. 

7. Draw the slate-transitio n graph of a Moore-type state machine that receives a 
serial bi t stream and generates a serial output in which the output (1) is 
asserted for one clock cyde if the input pattern 011 1 is recognh-:ed. (2) remains 
de-asserted until the pattern 011 1 is recognized again. and (3) re-asserts on 
detecting Ihe second occurrence of 0111 2• and so forth. continuously. (a) 
Assume that the LSB (right-most bit of the binary value) of the indicated pat­
tern (D il tz) arrives firs t in the data st ream. (b) Alternatively. assume that the 
patte rn indicates the left-to-rightlime sequence of arriving bits. and that 0 is the 
LSB and arrives fi rst. 

8. Draw the stale-transition graph of a machine tha t behaves like Ihe machine in 
Problcm 7, hut terminates its activity after it has detectcd six occurrences uf 
0111. until a reset condition is asserted. 

9. Draw thc state-transition graph of a Moore machine that converts a NRZ bit 
st ream into a NRZI bil stream. 

10. Draw the state-transition graph (STG) of an NRZlline encoder implemented 
as (a) a Mealy machine and (b) a Moore machine. Using the STGs, draw output 
waveforms for the waveform of B_in shown in Fig. 3-24. Identify and compare 
latency and valid bit times of the output waveforms of the Mealy and Moore 
machines. Call/ion: Avoid the trap of attempting to read the data bits on the 
clock edge thaI synchronizes the ir transitions. 

I I . Repeat Pro blem 7 using an ASM chart instead of an STO. 
12. Repeat Problem 8 using an ASM chari instead of an STo. 
13. Draw the STG of a Moore machine that implements a BCD to Excess-3 code 

conve rte r. 
14. In the STG shown below, (a) de te rmine whether staless_O and 5...2 are equiva­

lent . and (b) determine whether states s..J ands_3 are equivalent . 

bi, 

FlGVREPJ.-14 
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15. Find the equivalent slates of the STG shown below, and draw the STG or the 
redllced machine. 

nCUR.E P3-15 



CHAPTER 4 Introduction to Logic 
Design with Verilog 

Designers of application-specific integrated circuits (ASICs) use hardware description 
languages (HOLs) at key steps in the design flow of a circuit. An HDL model is devel­
oped; synthesized into a physical circuil; and verified for functionality, timing, and fault 
coverage. HDL<; have some similarity to o rdinary, generaJ-purpose languages like C, but 
they have additional features for modeling and simulating the functionality of combina­
tional and sequential circuits. TWo languages are in widespread use: Verilog and VHDL 
Both arc Institute of Electrical and Electronic Engineers (IEEE) standards. and both 
have enthusiastic users. Rather than compare, contrast, and even argue the relative me ri ts 
of the languages, our focus will be on digital design with the Verilog HDL 

Designers using an HDL (1) write a text-based description (model) of a circuit, 
(2) compile the description to verify its syntax. a nd (3) simulate the model to verify the 
functionality of the design. Verification by simulation requires that designers write a 
testbench containing descriptions of stimulus waveforms that are applied to exercise 
the functionality of the circuit. Simulators display waveforms by exercising the circuit's 
behavior, and some can analyze the waveforms to de tect functional errors. 

Verilog gives designers several alternative ways to describe a circuit. Familia r 
tools such as schematics, truth tables, and Boolean equations have simple Verilog coun· 
terparts. Some designs can be entered easily as a structural description in which logic 
gates are connected to other gates, just as they would be on a schematic. Truth tables 
and Boolean equations are also commonly used, but other styles of design can be more 
abstract. such as an algorithm that describes the impulse response of a lowpass digital 
rilter. We will see that Verilog accommodates abstract models of behavior too. 

The Verilog HDL serves as a vehicle for designing, verifying, and synthesizing a 
circuit [I]. It is also a medium for exchanging designs between designers. Intellectual 
property encapsulated as a Verilog description can be exported and embedded in other 
designs. 
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Today's designs arc so large that they must be designed with a top-down methodol­
ogy that systcmaticaUy partitions a complex circuit into smaller functional unils that can 
be designed and verified individually and more easily, before reintegrating them and re­
verifying the aggregate. Verilog lets designers create a design hierarchy of functional 
uni ts. In loday's global design environment, the partitioned design can be distributed 
across multiple teams located in the same lab or anywhere on the World Wide Web. 

Chapte r 2 summarized three common descriptions of combinational logic: 
schematic/gates, truth tables, and Boolean equations. Verilog includes constructs for 
each of these, and abstract models too. This chapter will present Veri log constructs cor­
responding to gate-level and truth-table descriptions of combinational logic. 

4.1 Structural Models of Combinational Logic 

A Veri log model of a circuit encapsulates a descript ion of its functionality as a structural 
or behavioral view of its input-output (110) relationship. A structural view could be a 
ne tlist of gates or a high-level architectural partition of th e circuit into major functional 
blocks, such as an arithmetic and logic unit (ALU). A behavioral view could bc a simple 
Boolean equation model, a register transfer level (RTL) model. or an algorithm . We will 
begin o ur introduction to HDLs by considering how Verilog supports structural design. 
We will introduce basic concepts h ere before moving to the abstract models. 

Structural design is similar to creating a schematic. Figure 4-1 shows a gate-level 
schematic of a half adder circuit, along with its Verilog description. A schematic consists 
of icons (symbols) of logic gates, lines representing wires that connect gates, and labels 
of relevant signal names at 110 pins and internal nodes. Similarly, an HDL .uruClUra/ 
model consists of a list of declarations, or statements, that specify the inputs and outputs 
of the unit and list any gate primitives (e.g., "or, and) that are interconnected to imple­
ment thc desircd functionality. The primitives that are listed in a declaration within a 
module are said to be instantiated in the design. 

4.1.1 Verilog Primitives and Design Encapsulation 

Verilog includes a set of 26 predefined functional models of commo n combinational 
logic gates., called primitives. Primitives are the most basic functional objects that can 
be used to compose a design. Their functionali ty is built into the language by means of 

module Add_half (output c_out. sum. Input ii, b); 
lIor (sum, a. b); 
ilnd (c_out. a. b): 

endmodule 

flGURE .... 1 Schemat ic and Vcrilog description of a half adder 
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TABLE 4. , Veri log primitive~ for modeling 
combinationallogiegales. 

bof 

nand 

burito 

burin 

notifO 

nolin 

lOS 

internal truth tables that define the relationship between the scalar (i.e., a single bit) 
output(s) of each primitive and its scalar input(s). Table 4-1 shows an abbreviated list 
of the predefined primitives and their reserved keywords. ! Their names suggest their 
functionality (the not primitive corresponds to an inverter). The primitives in Tablc 4-1 
are called n-input primitives because the same model keyword (e.g .. nand) automat;­
cally accommodates any number of scalar inputs, rather than only a pair of inputs. The 
n-output primitives (e.g., the buffer primitive, buf) have a single ;nput but can have 
multiple scalar outputs (to model a gate that has fanOUI to more Ihan one location). 
The primitives buflfO and bufifJ are three-state buffers; notijO and notifJ are three­
state inverters. 2 There are no pre-defined s~quentia l primitives in Verilog. 

MODELING TIP 
The output port of a primitive must be first in the list of ports. The instance name of 
a primitive is optional. 

Each primitive has ports (corresponding to hardware pins/terminals) that con ­
nect to its envi ronment. Figure 4-2 shows a 3-input nand primitive and a Verilog state­
ment that would imply the use of this primitive in a circuit in which il is connected to 
input signals a, b, and c and has output signal y. The list of ports is placed immediately 
to the Tight of the primitive name as a comma-separated list enclosed by parentheses 
and terminated by a semicolon (;). The output port(s) of a primitive must be first in the 
list of ports, followed by the primitive 's input port(s). A primitive is instant iated within 
a module by a statement declaring its keyword name, followed by an optiona l instance 
name and by a parentheses·e nclosed list of its terminals.·1 All identifiers (names) in 
Verilog have a scope (i.e., domain of definition) that is local to the module. function. 
task , or named block in which they are declared. They have meaning within that scope 
and cannot be refere nced directly from outside it.4 

' Key ... ·ords have a fixed. predefined meaning and may nOI be used for any oliler purpose. 
'The complete sel of primitives is described in Appendi~ A. 
-'See Appendix F for a (onnal deseript ion of the language Iyntn. 
' Verilog has a meehanism for hierarchical dereferencing of an Kknlifier in a de,ign. See Appendix G 
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:~Y ~~nd (y, .,b,c): 

FIGURE 4.2 A three.input fl/lIId late and an example of its instantia tion as a Verilog primitive. 

A simulator uses built-in trUlh tables to fonn the outputs of primitives during simu­
lation. The values of the inputs attached to a primitive are detennined by the circuitry 
external to the primitive. just as the output of a combinational logic gate is determined by 
the values of its inputs. Figure 4-3 shows a list of instantiated primitives that are connected 
by wiress to have the functionality of a fi ve-input and-or-invert (AOI) circuit. 

A list of primitives describes the functionality of a design. with a fixed set of sig­
nal names. By itself, the list would require that the model be used only in an environ· 
ment that has the same signal names. The list does not havea name eithe r, but it would 
be helpfu l if it had a descriptive name by which we could identify its functionality. To 
circumvent these limitations, the functionality of a design and its interface to the envi­
ronment arc cncapsulated in a Verilog module. A module is declared by writing text 
that describes (I) its functionality, (2) its ports to/from the environment, and (3) its lim­
ing and other attributes of the design, such as the physical silicon area, tbat would be 
needed to implement it in on a cbip. 

Veri log is a standard HOL ( IEEE 1364-1995,2001,2(05). As sucb, it undergoes 
regular scrutiny by an industry-based committee to incorporate enbancements. The 
revisions adopted in 2001 incorporated A NSI-style syntax to reduce verbosity and 
increase clarity of descriptions. Fortunately, the evolved versions of the language all 
accommodate the syntax of the ir predecessors. Verilog modules using the 1995 syntax 
have the text format shown in Figure 4-4. The keywords module and mdmodule encap­
sulate the text that describes the module having type-name my_design . A module's 
type-name is user-defined and distinguishes the module from others. The ports of tbe 
module are listed beside my_design in a comma-separated list enclosed by parentheses 
in Figure 4-4. Unlike primitives, modules do not have a restriction on the relative 
ordering of UO poru in the list. The inputs and outputs can be listed in any order. The 
circuit in Figure 4-1 is an example of this syntax. You will notice tbat the declarations of 
the pons require redundant infonnation - tbe list in parentheses contains tbe names or 

'-"'I~I xJ,,2 
Y_OUI 

x_I,,) 

xi,,4 

x~"'5 y2 

wI .. 
"., 
,"d 
nlnd 

y1 .y2: 
(Y_OIJI,y l ,y2): 
(y1.JLin 1 ..... ln2): 
(y2, JLln3, ICIn4,x_Jn5); 

FlGURE 4-3 A lis t of declara tions of ",ite-wnnecteo primi tives havin, the functionality of 
a fivc·input AOI gate. 

·'wc ... il1oce thatlhcdata.type wlryinVeriloli5U6Cd lonlabli1bconn«tivityinadclign.,julIas. phyucal 
wirceslablishesconncclivitybcl ... ecnla!u 
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module my_design (mocIula..J)Ortl); 
... II Declarations of portS go here 
... fl Funetlonaldetailsgohere 
,ndmodula 

nGURE 4-4 The format of a Verilog module. with modlllf! .. f!ndmodulf! 
keywordcncapsulation. 
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ports, and a separate list contains a declaration of the mode and name of each port. The 
ANSI-style syntax approved by IEEE in 2001 has the fonn shown below and elimi­
nates redundant teltt. 

module my-design ( " Declarations of port mode and name go here'l); 
II Functional details go here 
endmodule 

This edition of the teltt will usc the 2001 syntax in most of ils examples. Other changes 
in syntax will be presented and discussed where appropriate. The standard adopted by 
IEEE in 2005 made some clarifications but did nOI make additional changes to the syn­
tax of the language. The declarations placed within a module determine whether the 
module will be structural. behavioral. or a combination of these. All the examples in 
this chapler will be struClural models. 

4.1.2 Verilog Structural Models 

A structural model of a logic circuit is declared and encapsulated as a named Verilog mod­
ule, consisting of (I) a module name accompanied by its ports, (2) a declaration of the 
operational modes of the ports (e.g., input), (3) an optional list of internal wires and/or 
other variables used by the model, and (4) a list of interconnected primitives and/or other 
modules,just as one would place and connect their physical counterparts on a PC board or 
on a schematic. The primary inputs and outputs of a physical circuit connect to its envi­
ronment, and are the named ports of the model. In operation and in simulation, signals 
applied at the primary inputs interact with the internal gales to produce internal signals 
and the signals at the primary outputs. A designer could apply signal generators to the 
inputs of the actual circuit and observe the inputs and outputs on an oscilloscope or logic 
analyzer. A declared module can be referenced (instantiated) within the declaration of 
some other module to create more elaborate and complex structural models. 

A complete Verilog structural model of a five-input AOI circuit is listed in 
Figure 4-5 in the 1995 and the 200112005 syntaxes to illustrate some Veritog termi · 
nology. (All keywords in the text are shown in boldface italic type.) The keywords 
module and endmodule enclose (encapsulate) the description.6 The text between 
these keywords declares (1) the interface between the model and its environment 
(by declaring the port list and the mode of each port), (2) the wires th at are used to 
connect the logic gates that model the circuit (by declaring yl and y2 to have type 
wire), and (3) the logic gate primitives and the configurations of the port signals that 
connect them together to form the circuit (by listing the gates and their ports). 

'Appendix B contains • lilt o(Verilol keywords. 
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Modulcnam~ 

~ 

(,) 

module AOI_st,-200S (output Lout, input >cinl, xJ n2. x.Jn3, lCin4 , x_in5); 
wire yl , y2; 

nor (y_out,yl,y2); 
and (yl.leln1, lCln2); 
and (y2. K....in3,IUI'I4, K_in5) ; 

endmodule 

(b) 

FIGURE .... 5 An AOI circuit and its Vcrilogmodel: (a) IEE E 1364-1995 syntax 
and (b) IEEE 1364·2002. 2005 syntax 

4.1.3 Module Porls 

The ports of a module define its interface to the environment in which it is used. The 
mode of a port determines the direction that information (signal values) may flow 
through the port. A port's mode may be unidirectional (input, output) or bidirectional 
(;nouJ). Signals in the environment of a module arc made available through its input 
ports; signals generated within a module are made available to the environment 
through its output ports. Bidirectional Unout) ports accommodate a flow of infonna­
tion in either direction. The mode of a module port is declared explicitly and is not 
determined by the order in which a port appears in the port list (but recall that outputs 
are the leftmost entries in the port list of a primitive). 

The environment of a module interacts with its ports. but does not have access to 
the internal description of the module's functionality. Those details are hidden from 
the surrounding circuitry. The listing of declarations within a Verilog module tells a 
simulator how to form the output of the circuit from the values of its inputs. We will 
discuss simulation in more detail below. 

4.1.4 Some Language Rules 
Verilog is a case-sensitive language, so it matters whether you refer to a signal as 
C_oUf_bar or C_OUT_BAR. Verilog treats these as different names. An identifier 
(name) in Verilog is composed of a case-sensitive, space-free sequence of upper and 
lower case letters from the alphabet, the digits (0, 1, .. . , 9), the underscore C), and the 
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$ symbol. The name of a variable may not bcgin with a digit or $, and may be up to 1024 
characters long.7 White space may be used freely, except in an identifier. 

Usually,cach line of text in a Verilogdescription must tenninate with a semicolon (;). 
An cxception is the terminating endmodule keyword. Comments may be imbedded in 
the source text in two ways. A pair of slashes, II, forms a comment from the text that fol ­
lows it on the same line; the symbol-pair ,. initiates a multi-line comment, and must be 
matched by the symbol-pair ., to terminate the S(;ope of the comment. Multi-line com­
ments may not be nested. 

4.1.5 Top~Down Design and Nested Modules 

Top-down design refers to the practice of systematically and repeatedly partitioning a 
complex system into simpler functional units whose design can be managed and exe­
cuted successfully. A high-level partition and organization of the design is sometimes 
referred to as an architecture. The individual functional units that result from the parti­
tion are easier to design and simpler to test than larger, equivalent aggregates. The 
divide-and-conquer strategy of top-down design makes possible the design of circuits 
with several million gates. Top-down design is used in the most modem and sophisti­
cated design methodologies that integrate entire systcms on a chip (SoC) [2J. The 
instantiation of a module within the declaration of a different!! module is referred to as 
a nested module. Nested modules are the Verilog mechanism supporting top-down 
design because nesting automatically creates a partition of the design. 

MODELING TIP 
Use nested module instantiations to create a top-down design hierarchy. 

Example 4.1 

A binary full adder circuit can be fonned by combining two half adders and an OR 
gate as shown in the schematic in Figure 4-6(a). The Verilog hierarchical model of the 
partitioned design (Figure 4-6(b)} contains two instances of the module Add--"aff. 

Modules may be nested within other modules, but not in a recursive manner. When 
a module is referenced by another module (i.e., when a module is listed inside the decla­
ration of another module), a structural hierarchy is fanned of the nesting/nested design 
objects. The hierarchy establishes a partition and represents relationships between the ref­
erencing and the referenced modules. The referencing module is called a parent module; 
the referenced module is called a child module. The module in which a child module is 
instantiated is a parent module. The two instances of Addjlalfwithin AddJull are child 
modules of AddJull. Note: Primitives are basic design objects. Although modules may 
have other modules and primitives nested within them, nothing can be instantiated 
(nested) within a primitive. 

lThe names of predefined system tasks begin with S. 
~Do notattemptrecur$ive declarations. 
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~ 
module Ad(Uull (output c_oot, sum, Input a, b, cJn); 

wire W1'W~2'w3; 
modulemstance 

Add_half M1 (w2, wI, a, b); name. 
Acid_half M2 (w3, sum. cJn, wI); 
or (c_out, w3. w2l; 

endmodule 

flCURE 4.(j Hierarchical dc/;:omlXl'ition of a full adder: (ll gale-level schematic and (b) Verilog model. 

A module hierarchy can have arbitrary depth. II is limited only by the capacity of 
the host computer's memory. Each instance of an instantiated module must be accom· 
panied by a module instance name that is unique within its parent module. An instanti· 
ated primitive may be given a name, but that is not required. 

End of Example 4.1 

MODELING TIP 
The ports of a module may be listed in any order. 
An instantiated module must have an instance name. 

Example 4.2 

A 16-bil ripple-carry adder can be formed by cascading four 4-bit ripple-carry adders in 
a chain in which the carry generated by a unit is passed to the carry input port of its 
neighbor, beginning with the le ast significant biL Each 4-bit adder is declared as a cas­
cade of full adders. Figure 4·7 shows the partition and the port signals that are associated 
with each unit of AddJCo.J6. 
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The complete text for AddJcu_16 is given below. 

module Add_rc3_16 (output c_out, output [1 5: 0) sum, Input (15: OJ, a, b, Input cJn); 
wire c in4, c in8, c in12, c out; 
Add_rca_ 4 M1 (~_in4, - sum[3: OJ, 
Add rca 4 M2 (c_in8, sum[7:4), 
Add=rca=4 M3 (c_in12, sum[11:8], 
Add_rca_ 4 M4 (c_outsum, sum[15:12j, 

c_out, a, b, 
c_in); 

endmodule 

a(3:0), 
a[7:4], 
a[11:8), 
a[15:12), 

b[3:0], 
b[7:4], 
b[11 :8], 
b[15:12], 

module Add_rca_ 4 (output c_out, output [3: 0] sum, input 13 OJ a, b, input c_in); 
wire c in2, c In3, c in4; 
Add_full Ml - (cjn2, 
Add_full M2 (c_in3, 
Add_full M3 (cJn4, 
Add_full M4 (c_out, 

endmodule 

sumIO], 
sum{1], 
sum[2], 
sum[3], 

module Add_full (output c_out, sum, input a, b, c_in) 
wire w1, w2, w3; 
Add half M1 (w2, wI, a, b); 
Add=half M2 (w3, sum, c_ in, WI); 
or M3 (c_out, w2, w3): 

endrnodule 

module Add_half (output c_out, sum, input a, b); 
xor Ml (sum, a , b); 
and M2 (c_out, a, b); 

endmodule 

End of Example 4.2 

aIO], bIO], c_in); 
a11J, bll], c_in2); 
a[2], bI2], c_in3): 
a[3], bI3], c_in4): 

4.1.6 Design Hierarchy and Source-Code Organization 
The hierarchical model for AddJca_16 illustrates how Verilog supports lop-down 
structured design by nesting modules within modules. Figure 4-8 shows the hierarchy 
for AddJco_16. The top-level functional unit is encapsulated in AddJca_16, and it 
contains instantiations of other functional units of lesser complexity, and so on . The 
lowest level of the hierarchy consists of primitives andlor modules that have no under­
lying hierarchical detail. All of the modules that compose a design must be placed in 
one or more text files that, when compiled together, completely describe the function­
ality of the top-level module. It does not matter how the modules are distributed across 
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FIGURE 4-8 Dcsign hierarchy of a 16-bit ripplc-<:arry adder 

multiple source code files, as long as their individual descriptions reside in a single file. 
A simulator will compile designated source files and extract the modules that it needs 
in order to integrate a complete description of any design hierarchy that is implied by 
the port structures and references to nested/instanliated modules. 

4.1.7 Vectors in Verilog 

A vector in Verilog is denoted by square brackets, enclosing a contiguous range of 
bits, e.g., sumf3:0J represents four bits from sum, which was declared in AddJca_l as 
a l6·bit signal. The language specifies that, for the purpose of calculatjn'g the decimal 
equivalent value of a vector, the leftmost index in the bit range is the most significant bit, 
and the rightmost is the least significant bit. An expression can be the index of a part­
select. If the indcx of a part-select is out of bounds the value )[ is returned by a refer­
ence to the variable,Q For example, if an 8-bit word veccwordf7:0J has a stored value 
of decimal 4, then veccwordf2J has a value of 1; veccword[3:0J has a value of 4; and 
vecCwordf5:IJ has a value of 2. 

"In Vcrilog's logic system. the symbol I represents an ambiguous (unknown) value, not a don't-care. 
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4.1.8 Structural Connectivity 

Wires in Veri log establish connectivity between design objects. They connect primitives 
to other primitives and/or modules, and connect modules to other modules and/or 
pri mitives. By themselves, wires have no logic. The variable type wire is a me mber of a 
family of nets, all of which establish connectivity in a design. 10 

MODELING TIP 
Use nets to establish structuraJ connectivity. 

Th e logic value of a wire (net) is determined dynamically during simulation by 
what is connected to the wire. 1£ a wire is attached to the output of a primitive (mod­
ule), it is said to be driven by the primitive (module), and the primitive (module) is said 
to be its driver. For example, in Figure 4-5,y_OIlf is driven by a nor gate (primitive). The 
logic of the gate and the va lues of its inputs determine y_out. In that example we 
explicitly declared y l and y2 to have type win, but did not have to do so. According to 
the 200//2005 symax, any identifier that is referenced without having a type declaration is 
by defallit o/type win.1 I. 12 Conseque ntly, the input and output ports have default type 
win too, unless we specifically declare them to have a diJfe rent type (e.g., we will see 
that a variable may have type ng). 

MODELING TIP 
An undeclared identifier is treated by default as a wilY, 

The ports of an instantiated module must be connected in a manner that is consis­
tent with the declaration of the module, but the names of the connecting signals need 
not be the same. In Example 4.2, the fonnal name of the second port of AddJlOlf(i.e., 
the name given in the declaration of Add_half) is Sum, but in instance M1 the actual 
name of the port is wL The actual ports were associated with the forma l ports by their 
position in the port list. This mecha nism works wen in models that have only a few ports, 
but when the list of ports is large, it is easier and safer to associate ports by their names 
using the fo llowing convention in the port list: '/ormaCname(actuaCname). This con­
nects actuaCname to formai....name, regardJess of the position of this entry in the list. The 
formaename is the name given in the declaration of the instantiated module, and 
actuaCname is the name used in the instantiation of the module. Association by name is 
more readable and less error prone than association by position. 

l'7hc Vcri log fami ly of predefined ne lS i. delCfibed in Appendilr C. 
" Caution: The 1995 lyn laJI is more retlrictive and in some cases requires Ihal an identifier be elrplicitly 
declared 10 have the type ofa net {$ee ISJ). 
' !-J"bedefault nel type can be changed by a compile r directive. 
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Actual name 

(.b(b), / 
.c_oot(w2). 

/ "(')' 
.sum(w1) 

Formal name ); 

fiG URE 4-11 Formal and actual names for port associat ion by name in module AddJuIl. 

Example 4.3 

1lS 

The first (Mt) instantiation of Add_hal/in AddJull can be written using port name 
association as shown in Figure 4-9. 

End of Example 4.3 

Our next example of a structural model will be used as a point of comparison 
with other examples to illustrate alternative styles of design with Verilog. 

Example 4.4 

A 2-bit comparator compares two 2-bit binary words, A and B, and asserts outputs 
indicating whether the decimal equivalent of word A is less than,greater than ,or equal 
to that of word B. The functionality of the comparator is described by the set of 
Boolean equations13 below, where Al andAO are the bits of A,and Bl and BO are the 
bits of B. 

A_ICB = AI' Bl + Al ' AO' BO + AO' Bl BO 

A....gcB = Al Bl' + AO Bl' 80' + At AO 80' 

A_eq_B = AI ' AO' BI ' EO' + AI' AOB1' BO + Al AOB1 BO + Al AO' Bl EO' 

The Kamaugh map methods of Chapter 2 can be used to eliminate redundant logic 
from these equations and produce the generic gate-level description of the comparator 
shown in Figure 4-10. This gate-level, combinational logic implementation of the com­
parator can be modeled by a structural interconnection of Verilog primitives. Their 
aggregate behavior is that of the comparator circuit. 

1.1+ denotes logical OR;' denotes logical complement. Al AO denotes the logicat AND of At and AO. 
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FIGURE 4-10 Schematic of a 2·bil binary oomparalor. 

A structural Verilog description corresponding directly to the schematic of the 2· bit 
companuor is shown below. Nolice that two of the instantiations of the and gale have 
three inputs, and the others have two inputs. This feature of the built-in primitives a llows 
the same primitive to be used freely to accommodate whatever number of inputs are 
required by the context of its usage. 

module Comp_2_str(output A~t_B. A_It_B, A_~B. inputAO, A1 , BO, B1); 
(A-lJI_B, A_It_B, A_~B): 

or (AJI_B, w1, w2, w3); 
and (A_8CLB, w4, w5); 
and (w1 , WS, B1); 
and (w2, we, w7, 80): 
and (w3, w7. BO, 81): 
not (we, Al ): 
not (w7. AO); 

(w4,A1. 81 ): 
xnor (w5, AO, BO): 

endmodule 

We will sec in Chapter 6 that a synthesis tool can automatically optimize a gate­
level description. remove redundant logic, and draw the resulting schematic. Next, we 
will usc the 2-bi! comparator as a building block to form a structural model of a 4·bit 
comparator. 

End of Example 4.4 
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FIGURE 4-11 Block diagram symbol of a 4·bit comparator. 

Exampie4.5 

A 4-bit comparator has the block diagram symbol shown in Figure 4-11 . The comparator 
compares two 4-bit binary words and asserts outputs indicating their relative size. It would 
be cumbersome to write the Boolean equations for the outputs, so we will connect the 
outputs of two 2-bit comparators with additional logic to generate the appropriate out­
puts that result from comparing 4-bit words. The logic for connecting the 2-bit compara­
tors is ba"ed on the observation th at a strict inequality in the higher order bit-pair 
determines the relative magnitudes of the 4-bit words; on the other hand, if tbe higher­
order bit-pairs are equal, the lower-order bit·pairs determine the output. The hierarchical 
structure shown in Figure 4-12 implements the 4-bit comparator, and the simulation 
results in Figure 4-13 display the assertions of the outputs for some values of the bits of the 
datapaths,with the vectors A _bus = {A3, A2, Al , AO } and 8 _bus = {B3 , B2, 81, EO} 
formed in the testbench for the purpose of simulation. 

The source code for module Comp_4_str is given below. It contains two instanti-
ations of the module Comp_2jtr that was declared in Example 4.4. 

module Comp_ 4_str ( 
output A.JIt_B, A_II_B, A_eeLB, 
Input A3, A2, A1, AO, B3, B2, B1, BO): 

wire w1,WO; 
Comp_2_str M1 (A_Qt_B_M1, A_ICB_M1, A_eCLB_M1, A3, A2, B3, B2); 
Comp_2_str MO (A.JIt_B_MO, A_ICB_MO. A_eQ...B_MO, A1, AO, B1, BO): 
or (A.JICB, A.JICB_M1 , w1); 
and (w1, A_8<L.B_M1, A.JI'-B_MO); 
and (A_8<L.B, A_eQ...B_M1, A_eILB_MO); 
or (AJt_B, AJ,-B_M1, WO); 
and (WO, A_8<L.B_M1 . AJt_B_MO); 

endmodule 
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flGURE 4-U Hierarchical structure of a 4-bil binary comparator composed o{2-bil comparators 
and gluc \ogic. 

Name 1266 ' 30; 

F1GURE 4-13 Simulation resuJu for a 4-bit binary comparator. 

End of Example 4.5 

4.2 Logic System, Design Verification, 
and Test Methodology 

Language-based models of a circuit must be verified to assure that their functionality 
conforms to the specification for the design. 1\\'0 methods of verification are used: 
logic simulation and formal verification. Logic simulation applies stimulus patterns to 
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a circuit and monitors its simulated behavior to determine whether it is correct. Formal 
verification uses elaborate mathematical proofs to verify a circuit's functionality with­
out having to apply stimulus patterns. Formal methods are used by industry to verify 
large complex circuits; we will consider only logic simulation. 

4.2.1 Four-Value Logic and Signal Resolution in Verilog 

Verilog uses a four-valued logic system having the symbols: 0, 1, x, and z. The lan­
guage's abstract modeling constructs and the truth tables of its built-in primitives are 
defined for all four values of a primitive's inputs. 14 A logic simulator creates symbolic 
input waveforms in this four-value logic system and generates the internal and sym­
bolic output signals for a circuit. 

In Verilog's four-value logic system, the values 1 and 0 correspond, respectively, to 
assertion (True) or de-assertion (False) of a signal. The symbols for a signal in an actual 
circuit will have only these values, but simulators can accommodate additional symbolic 
logic values. The value x represents a condition of ambiguity in which the simulator can­
not determine whether the value of the signal is 0 or 1. This happens, for example, when 
a net is driven by two primitives that have opposing output values. The primitive gates 
that are built into Verilog are able to model automatically this kind of contention 
between signals. (Yerilog also has models for open collector and emitter follower logic in 
which signal contention is resolved by the technology itself to form either wired-and or 
wired-or structures, respectively [I].) 

MODELING TIP 
The logic value x denotes an unknown (ambiguous) value. 
The logic value z denotes a high impedance. 

The logic value z denotes a three-state condition in which a wire is disconnected 
from its driver. Figure 4-14 shows the waveforms that a simulator would produce in 
simulating an and primitive that is driven by signals that range over all of the possible 
input values. The waveforms in Figure 4-15 demonstrate how a Verilog simulator 
resolves multiple drivers on a net. Note that the three-state primitives IS produce an 
output value of z when they are not enabled, and that the value of x is produced when 
a wirt is driven by opposing values. In practice, great care is taken to ensure that a bus 
does not have contending multiple drivers active at the same time. 

l"Appcndill A describes Verilog's built-in primitives and their truth tables in Verilog·s four-value logic syslem 
1JSeeAppendillA 
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FlGURE 4-15 Resolution of multip le drivers on a net. 

4.2.2 Test Methodology 
A large circuit must be tested and verified systemalically to ensure that all of its logic 
has been exercised and found to be functionally correct , i.e., that the model actually 
describes the functionality that we intend to implement. Later, in Chapter 11 , testing 
verifies that the timing specifications as well as the functionality, of the design are met, 
and that the circuit has no process-induced faults (defects). 
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A haphazard lest methodology makes debugging very difficult, creates a false 
sense of securi ty that the model is correct, and risks enonnous loss should a product 
fail as a result of an untested area of logic, In practice, design teams write an elaborate 
test plan that specifies the features that will be tested and the process by which they 
will be tested. The plan must also identify features that will not be tested. 

Examp/e4.6 

The partition of a l6-bit ripple-carry adder into four bit-slices of 4 bits each was shown in 
Figure 4-7. Each of the four-bit units was built as a chain of full adders, and each full 
adder was composed of a simple hie.rarchy of half-adders and glue logic. An attempt to 
verify the l6-bit adder by applying 16-bit stimulus patterns to its datapaths and an addi­
tional bit for its carry-in bit requires checking the results of applyingi>3 input patterns! It 
would be foolhardy to attempt this if a simpler strategy can be found. Applying 2'u pat­
terns consumes a lot of processing time, and any error that might be detected would be 
difficult to associate with the underlying circuit. A more clever strategy is to verify that 
the half adder and full adder each work correctly. Then, the 4-bit slice unit can be verified 
exhaustively by applying only 2'1 patterns! Once these simpler design units have been 
verified, the 16-bit adder can be tested to work correctly for a carefully chosen set of pat­
terns that check the connectivity between the four units. This dramatically reduces the 
number of patterns and focuses the debugging effort on a much smaller portion of the 
overall circuitry. (See the problems section at the end of the chapter.) 

End of Example 4.6 

We saw that modeling begins with a complex functional unit and partitions it in a 
top-down fashion to enable the design of simpler units. Systematic verification proceeds in 
the opposite direction, beginning with the simpler units and moving to the more complex 
units above them in the design hierarchy. A basic methodology for verifying the function­
ality of a digital circuit consists of building a testbench that applies stimulus patterns to the 
circuit and displays the waveforms that result. The user, or software, can verify that the 
response is correct. The testbench is a separate Verilog module that has the basic organi­
zation shown in Figure 4-16.11 resides at the top of a new design hierarchy that contains a 
stimulus generator, a response monitor, and an instantiation of the unit under test (UUT). 
The stimulus generator uses Verilog statements to define the patterns that are to be 
applied to the circuit. During simulation the response monitor selectively gathers data on 
signals within the design and displays them in a text or graphical fonnat. Testbenches can 
be very complex, containing a variety of pattern generators and additional software to 
perfonn analysis on the gathered data to detect and report functional errors. 

A simulator performs several essential tasks: it (1) checks the source code, (2) reports 
any violations of the language's syntax,16 (3) determines whether the number of ports 

16Appendix F presents Ihe formal synlax of the Verilog language. 
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FlGVRE 4-16 Organiution of 11 testbeneh fo r verifying a unit under tell. 

specified by a model are actually connected to it in an instantiation, and (4) simulates the 
behavior of the circuit under the application of input signals that are defined in the test­
bench. Syntax errors must be eliminated before a simulation can run, but be aware that 
absence of syntax errors does not imply that the functionality of the model is correct. 

Example 4.7 

The module below, CAddJlQlf. has the basic structure of a testbench for verifying 
AddJialf in a simulator baving a graphical user interface. 17 Notice tbat it contains an 
instantiation of the UUT, AddJlalf The waveforms that are to be applied to the UUT 
are not generated by hardware. Instead, tbey are generated abstractly by a single-pass 
Verilog behavior, declared by the keyword I,,/tlill and accompanied by statements 
enclosed by the block statement keyword pair btg/" . . . md. In this simple example, 
the user serves as the response monitor by comparing the output wavefonns to their 
expected values. Constructs used in a testbench are introduced in t....AddJealf, and will 
be explained in the nert section. 

module t_Add_half(); 
wire sum, c_out; 
reg a, b; 
Add_half M1 (c_out, sum, 8, b); II UUT 

I'Sec ~Scl«:tcd System Tasks and F\uu:tionsH al the companion web $lIes (www.pearsonhigl1ered.com/cilcni ) 
for built -in system tasu.such as ''''DIIlttH". which can be U5ed to display limulation rcsuill in I text fonnat. 



Introduction to Logic Design with Verilog 

initial begin 
#100 $finish; .n. 

Initial begin 
#10 a == 0; b == 0; 
#10 b = 1; 
#10a = 1; 
#10 b = 0; .n. 

endmodule 

End of Example 4. 7 

4.2.3 Signal Generators for Testbenches 

123 

II Time Out 

If Stimulus patterns 

A Vcrilog behavior is a group of statements that execute during simulation to assign 
value to simulation variables as though they were driven by hardware. The keyword 
initial declares a single-pass behavior that begins executing when the simulator is 
activated, at t sim = 0 (we use t sim to denote the time base of the simulator). The state­
ments that are associated with the behavior are listed within the begin. . end block 
keywords, and are called procedural statements. When each procedural statement 
(e.g.,b = 1;) in the testbench CAdd_halfin Example 4.7 executes, it assigns a value to 
a variable. Using the assignment operator, = , such statements arc called "procedural 
assignme nts." 

MODELING TIP 
Use procedural assignments to describe stimulus patterns in a testbencb. 

The time at which a procedural assignment statement in a begin . . end block 
executes depends on its order in the list of statements, and on the delay time preceding 
the statement (e.g., #10). The statements execute sequentially from top to bottom and 
fro m left to right across Jines of text that may contain multiple statements. ]n this 
example, each line is preceded by a time delay (e.g., 10 simulator time units) that is pre­
scribed with a delay control operator (#) and a delay value, for example, #10. A delay 
control operator preceding a procedural assignment statement suspends its execution 
and, consequently, suspends the execution of the subsequent statements in the behav­
ior until the specified time interval has elapsed during simulation. A single-pass behav­
ior expires when the last statement has executed, but (in general) the simulation does 
not necessarily terminate, because other behaviors might still be active. 

The general structure of a testbench consists of one or more behaviors that gen­
erate waveforms at the inputs to the UUT, monitor the simulation data,and control the 
overall sequence of activity. Note that the inputs to the UUT in cAdd_half are 
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assigned va lue abslraclly by a single-pass behavior and are declared by the keyword 
reg, which indicates tha i the variables (signa ls) 0 and b are gett ing their values fro m 
execution of procedural statements (just like in an ordinary procedural language. such 
as C, bUI interpreted as waveforms that evolve under the control of the simulator). 
Since hardware is not d riving thc value of an abstractly generated input, the Iype dec­
laration reg ensures that the value of the variable will exist from thc moment it is 
assigned by a procedural statement until execution of a laler procedural statement 
changes it. The outputs of Ihe VUl' 3rc declared as wires. Think of them as providi ng 
Ihc ability to observe the output ports of the UUT. 

The wave forms tha t result from simulating (...Add_hoi/a re shown in Figure 4-17. 
In Verilog, nets are assigned the va lue z when simulation begi ns,11I and they then 
inherit the val ue implied by the ir d ri ver. An un driven net will remain a t a value of z. 
A ll variables that have type reg arc given the value x wh en the simulation begins, 
and they hold that va lue unt il they are assigned a different value. The cross-hatched 
wavcfonn fill pattern in Figure 4-17 de notes the value x , wh ich results from bavi ng 
the inputs (of reg type) holding their in itia l value of x unti l time 10, when the first 
explicit assignment is made. Thc indicated simula tion tim e steps are dimensionl ess, 
un less a timesca le directive is used to associa te ph ysical units with nu merical va l­
ues.1'l Note the correspondence between th e waveforms specified by the stimulus 
ge nera tor in the test bench and t.he simulated wavefonns applied to the circuit. Exe­
cution of each statement is de layed by 10 time steps, so the final statement in the 
stimulus generator executes at time ste p 40 (i.e., in this example, the de lays accumu­
late). The tcstbench includes a separate behavior for a stopwatch that te rmina tes 
the sim ulation afte r 100 time steps. The stopwa tch executes a built-i n Verilog system 

FlGURE 4-17 Waveforms produced by a Simulation of Add..flfll[ . a O-delay binary haLf adder. 

"'Th ere is an e~eep[ ion, the so-called trl~1 ne t. which udau)ts to an in it ia l value of x. Thi5type of ne t has re I· 
evancc in swileh·level modeling. and wiU nOI be consio.lcrcd in Ihis leX\ 
" See Verilog's compikr directives at Ihe companion web silc (www.pcarsonhighend.oom/eikui) 
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task , Sjinish, which surrenders control to the operating system of the host machine 
when time step 100 is reached. A stopwatch is optional and not needed here, but. in 
general, it will prevent endless execution if the testbench otherwise fails to termi ­
nate the si mulation. 

MODELING TIP 
A Verilog simulator assigns an initial value of z to all ncts, which then inherit the 
value of their drivers; a simulator assigns an initial value of x to variables that have 
type reg. 

4.2.4 Event-Driven Simulation 

A change in the value of a signal (variable) during simulation is referred to as an 
"cvcnL"The one-pass behavior in CA ddJlQffprogrammed the inputs to Add_half to 
change at prescribed times, indcpendently of the signals in thc circuit. However, the 
events of the outputs of the UUT, sum and cout, depend on the occurrence of events 
at thc inputs to the device, just as the signals in a physical circuit change in response 10 

the signals at the input. By knowing (1) the schedule of events at the inputs and (2) the 
structure of a circuit, we can create a schedule for the events at the outputs [3]. 

The simulators used for logic simulation are said to be event-driven because their 
computational activity is driven by the propagation of events in a circuit. Event-driven 
simulators arc inactive during the interval between events. When an event occurs at the 
input to the UUT, the simulator schedules updating events for thc inte rnal signals and 
outputs of the UUT. Then, while time continues to advance, the simulator rests until 
the next triggering event occurs at the inpuLAIi of the gates and abstract behaviors are 
active concurrently [4,5], and it is the simulator's job to detect events and schedule any 
ncw cvents that result from their occurrence. 

4.2.5 Testbench Template 

Testbenches are an important tool in the design flow of an ASIC. Much effort is 
expendcd to develop a thorough tcstbench because it is an insurance policy against 
failure. A test plan should be developed before the testbcnch is written. The plan, at a 
minimum, should specify what functional features will be tested (e,g., the net circuit's 
three-state outputs) and how they will be tested in the testbench. It is also important 
for a test plan to identify what features are not tested by the test bench (e.g., simulation 
with x and z values applied at the inputs to the circuit). Testbenches are customized 10 

the UUT, but thc simple structure given below can be used to dcvelop test benches for 
the problems at the ends of the chapters. 

module I_DUTB_name ( ); 
,eo 

wire 

/I SUbstitute the name of the UUT 
1/ Declaration of register variables for primary 
/I inputs of the UUT 
/I Declaration of primary outputs of the UUT 
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parameter time out = 1/ Provide a value 
UUT _name MUnstanoe_name (UUT ports go here): 
initial Smo nltor ( ): 1/ Specification of signals to be monitored and 

1/ displayed as text20 
Initial #time_out Sflnlsh ; 1/ Stopwatch to assure termination of simulation 
initial If Develop one or more behaviors for pattern 

/I generation end/or error detection 
begin 

end 
endmodule 

4.2.6 Sized Numbers 

/I Behavioral statements generating waveforms 
II to the Input ports, and comments documeniing 
fI the test. Use the full repertoire of behavioral 
fI constructs for loops and conditionals. 

The values assigned to the stimulus wavefonns in the testbench in Example 4.7 are sized 
numbers. Sized numbers specify thc number of bits that are to be stored for a value. For 
example, 8' ha denotes an 8-bit stored value corresponding to the hexadecimal number a; 
the binary value in memory will be 0(:OLlOlO.21 Unsized numbers are stored as integers 
having length determined by the host simulator (at least 32 bits). Four fonnats are avail­
able: binary (b), decimal (d ), octal (0), and hexadecimal (h). The format specifier is not 
case-sensitive, and by default a number is interpreted to be a decimal value. 

4.3 Propagation Delay 

Physical logic gates have a propagation delay between the time that an input changes 
and the time that the output responds to the change. The primitives in Veri log have a 
default delay of 0, meaning that the output responds to the input immediately, but a 
non7..ero delay can also be associated with a primitive. liming verification ultimately 
depends on rea listic values of the propagation delays in a circuit, but simulation is com­
manly done with 0 delay to ve rify the functionality of a model quickly. Simulation with 
a unit delay is often done, too, because it exposes the time sequence of signal activity, 
which can be masked by Q..delay simulation. 

MODELING TIP 
All primitives and ne ts have a default p ropagation deJay of O. 

~nly OIW: SmoDilor sta tement can be active al a time. 
!l ln Verilog. the undersrore may be inserled in. the representation of a number 10 mate il more readable. 



Introduction 10 Logit Dellgn with VerilOJ U7 

Example 4.8 

The primitives within AddJufCuniCdelay and Add_half-uniCdelay are shown below 
with annotation that assigns to them a unit delay. The delay notation #1 has been 
inserted before the instaoce name of each instantiated primitive (# denotes the delay 
control operator). The effect of the delay is apparent in the simulated transitions of 
sum and com shown in Figure 4-18. Notice that the O-delay simulation results in 
Figure 4-17 do oot reveal whether coul is formed before or after sum. Both, in fact, 
appear to change as soon as the inputs change. The waveforms of the unit-delay model 
reveal the time-ordering of the signal activity in Figure 4-18. 

module Add_full_unit_deley (output c_out, sum, Input a, b, c_in); 

wire 

Add_helf_unlt_delay 

Add_helf_uniCdelay 

endmodute 

module Add_heICunit_delay 

and 

endmodule 

w1,w2,w3; 

M1 (w2, w1, a, b); 

M2 (w3, sum, w1, c_in); 

#1 M3 (c_out, w2, w3): 

(output c_out, sum, input a, b): 

#1 M1 (sum, a, b): 

#1 M2 (c_out, e, b); 

ASICs are fabricated by assembling onto a common silicon die the logic cells 
fIOm a standard-cell library. The library cells are predesigned and precharacterized so 
that their Verilog model includes accurate timing information, and synthesis tools use 
this information to optimize the performance (speed) of a design. Our focus in Ihis 
book will be on synthesizing gate-level structures from technology-independent22 

n GURE 4-18 Results of unit-de lay simulation of a l·bit full adder 

nTechnology.indepcndent behavioral modeb describe only the functionality of a circuit, not its propagation 
delay&. 
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behavioral models of circuits. using ei ther standard cells or fie ld-programmable gate 
arrays (FPGAs). The timing characterist ics of the latter are embedded within the syn­
thesis tools for FPGAs; the timing characteristics of the former are e mbedded within 
the model of the cell and are used by a synthesis tool to analyze the timing of a circuit 
in conjunction with selecting parts from a cell library to realize specified logic. Circuil 
designers do no t attempt to create accurate gate-level timing models of a circuit by 
manual me thods. Instead, they rely on a synthesis tool to implement a design that will 
satisfy liming constraints. We will address this topic in Chapte r 10,23 

End of Example 4.8 

Example 4.9 

The models of Add_half~SIC and AddJull....AS1C shown below usc parts (nor/201, 
in v{l OI , xor/201, and nanf2Ol) from a standard·cell Iibrary.24 Complementary metal· 
oxide semiconductor (CMOS) and gates are commonly implemented by combining a 
nand gate with an inverter; likewise, an or gate is implemented by a nor gate and an 
inverter. The Verilog timescale directive 'timescale Ins I I ps at the first line of the 
source file directs the simul ator to interpret the numerical time variables within the 
standard cells as having units of nanoseconds, with a resolution of picoseconds. 23 

'time.cale 1 os 11 ps module Add_hatCASIC 
modute Add full ASIC (output c_out, sum, input a , b); 

(output c=out~ sum, input a, b, cJ n); 

wire 
wire 
Add half ASIC 
Add=ha(ASIC 

""""" invf101 
endmodule 

wire 
xorl'201 

w1 , w2, w3; nant201 
c_out_bar; invf101 
M1 (w2, w1 , a, b); endmodule 
M2 (w3, sum, w1 , c_in); 
M3 (c_out_bar, w2, w3); 
M4 (c_out, c_out_bar); 

c_oul_bar; 
M1 (sum, a, b); 
M2 (c_out_bar, s, b); 
M3 (c_out, c_out_bsr); 

The models for norf201, invflO l ,xorf201, and nanf201 include propagation delays 
based on characterization of the physical standard ceUs. The effect of the realistic prop· 
agation delays is apparent in the waveforms produced by simulating Add.}II11...ASIC, 
as shown in Figure 4·19 . 

. l.'see "Additional Features of VerilosH at the eompanion web ,ite for additional infonnation about modeling 
propagation de lay. 
l'n,,,POI is a two·inputnoraate standard celJ;invf!Ol is an inverte r. x()rpO/isa two-inpulexcusive-or ga te 
standard ccll: and nanfZ01 isa two-input nand standard cell 
2.'5See "Compiler Directives" at the companion Web si le for a description uf time scales. 
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FIGURE 4-19 Results of simulating a I-bit full adde r implemented with ASIC cells 
havinglechnology-dependenlpropagation de1ays. 

End of Example 4_9 

4.3.1 Inertial Delay 

129 

Logic transitions in a digital circuit correspond to transitions in voltage levels caused 
by the accumulation or dissipation of charge at a physical node/net. The physical 
behavior of a signal transition is said to have inertia, because every conducting path 
has some capacitance, as well as resistance, and charge cannot accumulate or dissipate 
instantly. HDLs must be able to model these effects. 

The propagation delay of the primitive gates in Yerilog obeys an inertial delay 
model. This model accounts for the fact that charge must accumulate or dissipate in 
the physical circuit before a voltage level can be established corresponding to a 0 or 
a 1. If an input signal is applied to a gate and then removed before sufficient charge 
has accumulated the output signal will not reach a voltage level corresponding to a 
transition. For example, if all the inputs to a nand gate are at value 1 for a long time 
before one of them is changed momentarily to 0, the output will not change to 1 
unless the input is held to 0 for a long enough time. The amount of time that the input 
pulse must be constant in order for the gate to make a transition is the inertial delay 
of the gate. 

Yerilog uses the propagation delay of a gate as the minimum width of an input 
pulse that could affect the output; tbat is the value of propagation delay is also used 
as the value of the inertial delay. The width of a pulse must be at least as long as tbe 
propagation delay of the gate. The Yerilog simulation engine detects whether the 
duration of an input has been too short, and then deschedules previously scheduled 
outputs that were triggered by the leading edge of a pUlse. Inertial delay has the 
effect of suppressing input pulses whose duration is shorter than the propagation 
delay of the gate. 
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Example 4.10 

The input to the inverter in Figure 4-20 changes at l sim = 3. Because the inverter has a 
propagation delay of2, the effect of this change is to cause the output to be scheduled 
to change at t sim "" 5. However, for pulsewidth 6 "" 1, the input changes back to the 
initial value at l lim = 4. The simulator cannot anticipate this activity. The effect of the 
two successive changes is to create a narrow pulse at the input to the inverter. Because 
the pulsewidth is less than the propagation delay of the inverter, the simulator 
deschedules the previously scheduled output event corresponding to the leading edge 
of the narrow input pulse, and does not schedule the event corresponding to the trail­
ing edge of the pulse. Descheduling is required because the simulator cannot anticipate 
the falling edge and must wait until it occurs. On the other hand, the pulse with 6 "" 6 
persists sufficiently long for the output to be affected. 

In physical circuits, the propagation delay of a logic gate is affected by its internal 
structure and by the circuit that it drives. The internal delay is referred to as the intrin­
sic delay of the gate. In a circuit, the driven gates and the metal interconnect of their 
fanin nets create additional capacitive loads on the output of the driving gate and 
affect its timing characteristics. The slew rate of the input signal, which represents the 
slope of a signal's transition between logic values, can also have an affect on the transi­
lions of the output signal. Accurate standard-cell models of gates account for all these 
effects. 

End of Example 4.]0 

fiGURE ~10 Evenl dcsclieduling e.us.ed by an inerti.ll delay. 
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4.3.2 Transport Delay 

The lime-of-flight of a signal traveling a wire of a circuit is modeled as a transport dela),. 
With this model narrow pulses are not suppressed, and all transitions at the driving end 
of a wire appear at the receiving end after a finite time delay. In most ASICs. the physical 
distances are so small that the time-of-flight on wires can be ignored, because at the 
speed of light the signal takes only 0.033 ns to travel I cm. However, Verilog can assign 
delay to individual wires in a circuit to model transport delay effects in circuits where it 
cannot be neglected, such as in a multichip hardware module or on a printed circuit 
board. Wire delays are declared with the declaration of a wire. For example, win 112 
A_long_wire declares that A _long_wire has a transport delay of two time steps. 

4.4 Truth Table Models of Combinational and Sequential 
Logic with Verilog 

Verilog supports truth-table models of combinational and sequential logic. Although 
Verilog's built-in primitives correspond to simple combinational logic gates.a nd do not 
include sequential parts. the language has a mechanism for building user-defined prim­
itives (UOPs), which use truth tables to describe sequential behavior and/or more 
complex combinational complex logic. UOPs are wide ly used in ASIC cell libraries 
because they simulate faster and require less storage than modules. 

Example 4.11 

The text below declares AOCUDP, a truth table venion of the rive-input ADI circuit 
that was introduced in Section 4.1.2. 

primitive AOI_UDP (output y, Input x_inl. xJn2, xJn3. xJn4, x_inS); II Note: Verilog 
20011200S syntax 

table 
{{ xl x2x3x4xS : y 

00000 : 1; 
00001: 1; 
00010 : 1; 
00011 : 1; 
00'00 : l ' 
00101: 1; 
00 1 1 0: l ' 
00' , , : 0; 
01000 : 1; 

0100' : 1; 
010'0 : 1; 
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01011 1; 
01100 1; 
01101 1; 
01110 1; 
01111 0; 

10000: 1; 
10001 : 1; 
10 010: " 
10011 : 1; 
10100: l' 
10101 : 1; 
101 10: 1; 
10 11 1: 0; 

11000 : 0; 
11001 :0; 
110 10: 0; 
11011 : 0:. 
1 1 100 : 0; 
11 10 1 : 0; 
11110 : 0; 
1 1 1 1 1 : 0; 

.ndtabl. 
endprimltlve 

Ad,.anced Dizital Dnip with the Verilog H DL 

UOPs are declared in a source file in the same way that a module is declared, bUI 

with the encapsulating keyword pair primitive ... rndprlm itive. They can be instami­
sled just like bui lt-in primitives. with or without propagation delay. A UDP has on ly a 
single, scalar (single-bit), output port; also, the input ports of a UDP must be scalars. 

End of Example 4.11 

MODELING TIP 
The output of a UDP must be a scalar. 

The truth table for a UDP consists of a section of columns. one for each input. fol­
lowed by a colon and a fmal column that specifies the output. The order of the input 
columns must confonn to the order in which the input ports arc listed in the declara­
tion.26 A simulator references the table whenever one of its inputs changes and proceeds 
from the top toward the bottom of the table searching for a match. The search terminates 
at the first match, ignoring the remaining TOWS of the table. 

2f>see ~ Rul~ for UDPliH at the companion .... eb site ( .............. pearsonhighcrcd.oomfciJeui) (or additional fca· 
turesand rul« of use for UDP:s. 
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Example 4.12 

The Verilog UDP mux-l'rim. shown in Figure 4·21 describes a two·input multiplexer 
and includes comments citing some basic rules for VDP models. 

A simulator will automatically assign the (default) value x to tbe output of a VDP 
if its inputs have values that do not match a row of the table. An input value of z is 
treated as x by the simulator. The last two rows of the table describing the behavior of 
the multiplexer in Figure 4·21 reduce the pessimism that might result during si mulation. 
If both data inputs have the same value the output has that value, regardless of the value 
of the select input. When the value of select is x (ambiguous), the output is 0 if both 
inputs are 0, and 1 if both inputs are 1.U the UDP table overlooks this additional detail , 
a simulator will propagate a value of x to the output when ~'elect is x. It is generally 

primitive mu • ..J)Iim (output mux....ovt. Input select.a. b): IlGmwcprim mUj}ttl 
.~ b I 

II .elect mux_out 

lI.elect 
1 

enmable 
endprlmltlve 

0: IIOrderaftablerolumns .. portorderofinputs 
0: Jl Oneoutpul. multipleinputs, nainoul 
0 : II OnIy0. 1, xoninputandautput 
1 ; II A z input in simuiatloo is treated as x 
1 : fI by Ihe simulator 
1 : II Last column is Ihe oulput 

: mux..out 
0 , 
0 , 
0 , 

I, 

" " 
0: II Reduces pessimism 

" 
II Note: Combinations nat expl icitly specified will drive ' I(' 
Ilunder simulatioo. 

FIGURE .... 1J UDP for a two-input mull;pleiler. 
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desirable to reduce the situations under which a primitive propagates a value of :r 
because ambiguity may reduce the amount of useful information that can be derived 
from a simulation. 

End of Example 4.12 

The entries for the inputs in a truth table can be reduced by using a shorthand 
notation. The? symbol allows an input to take on any of the three values, 0, 1, and x. 
This allows one table row to effectively replace three rows. 

Example 4. J 3 

When the select input of a two-input multiplexer is 0 and the a channel is 0, the output is 
0, regardless of the value of the input at the b channel. When select is a I and the b chan­
nel is a 0, the output is a 0 when the a channel is a 0, J, or x. The? shorthand notalion 
substitutes 0, 1, and x in the table row and effectively implements a don 'I-care condition 
on the associated input. 

table 
" Shorthand notation: 
II ? represents iteration of the table entry over the values 0,1 ,x. 
II Le .. don't care on the input 

If select 
1/ 0 
1/ 0 
1/ 
1/ 
1/ 
1/ 

endtable 

End of Example 4.13 

: mux out 
-0 ; II? - 0.1,x shorthand notation. 

1 ; 
0 ; 
1 ; 
0; 
1 ; 

Hardware devices can exhibit two basic kinds of sequential behavior: level­
sensitive behavior (e.g., transparent latch), which is conditioned by an enabling 
input signal, and edge-sensitive behavior (e.g. , a Ootype flip-flop), which is synchro­
nized by an input signal. Level-sensitive devices respond to any change of an input 
while the enabling input is asserted; edge-sensitive devices ignore their inputs until 
a synchronizing edge occurs. Sequential hardware devices may have the behavior of 
one or the other, or a combination of both. 

A truth table that describes sequential behavior has input columns followed by 
a colon (:) and a column for the presen t state of the device, and another colon and a 
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column for its next state, that is, the state that will be caused by the present inputs. In 
addition, the output of the UDP must be declared to have type reg because the value 
of the output is produced abstractly, by a table, and must be held in memory during 
simulation. 

MODELING TIP 
The output of-a sequential UDP must be declared to have type reg. 

Example 4.14 

A truth-table description of a transparent latch is given below by latchJp. It describes 
transparent behavior and latching behavior, and also deals with the possibility that, 
under simulation, the input enable mjght acquire an x value. 

primitive latch_ rp (output reg tL,out, input enable, data); 
table 

1/ enable data state 
1 1 ? 

" Above entries do not deal with enable = x. 
II tgnore event on enable when data = slate: 

o 
, 1 

? 

" Note: The table entry '-' denotes no change of the output. 
endtable 

endprimitive 

CLout/next_state 
1 : 
0: 

The transparent latch modeled by latchJP exhibits level-sensitive behavior; that 
is, the output can change any time that an input changes, depending on the value of the 
inputs. The value that is scheduled for the output is detennined only by the value of the 
enable and data inputs. In contrast, a truth table describing edge-sensitive behavior will 
be activated whenever an input has an event, but whether the output changes depends 
on whether a synchronizing input has made an appropriate transition. For example, a 
flip-flop that is sensitive to the rising edge of its clock would have represent an edge 
transition of the clock by having an entry of (01) in the corresponding column of the 
table. UOPs can describe behavior that is sensitive to either the positive or negative 
edge (transition) of a clock signal , with built-in semantics for positive (posedge) and 
negative (negedge) signal transitions. A falling edge (negedge) transition is denoted by 
the following signal value pairs: (10), (Ix), and (xO); rising edges are denoted by (01), 
(Ox) , and (x l ). 

End of Example 4.14 
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Example 4.15 

The UDP d"'p,imJ in Figure 4-22 describes the behavior of an edge-sensitive D-type 
fli p-flop. The input signal clock synchronizes the transfer of dOla to q_out. 

The table-en tTy notation for a sequential behavior uses parentheses to enclose 
the defining logic values of a signal whose transit ion affects the output (i.e., the syn­
chronizing input signal). In the table in Figure 4-22. the (01) entry in the column for 
clock denotes a low-Io-high transition o f the signal clock - that is a value change. Note, 
also, th at the row corresponding to the entry of (10) for clock actual.ly denotes 27 input 
possibilities and replaces 27 rows of enlries. as there are two morc symbols ? in that 
row. For example. (?O) represents (00). (10) and (xO). Each of these is combined with 
three possibilities for the data; each of the resulting nine possibi lities is combined with 
th ree possibilities for the state. In effect, this row explicitly specifies that the output 
should not change in any of these situations. Since the model represents the physical 
behavior of a rising-edge sensitive behavior, the output should not change on a falling 
edge, or if there is no edge at all (00). Were this row omitted the model wou ld propa­
gate an x value under simulation. Remember, it is desirable that the UDP table be as 
complete and una mbiguous as possible_ 

End of Example 4. / 5 

A truth table ca n include both level-sensitive behavior and edge-sensitive behav­
ior to model synchronous behavior with asynchronous set and reset conditions. Because 
a simulator will search the truth table from top to bottom, the level-sensitive behavior 
should precede the edge-sensitive behavior in the table. 

pl'"lmltiv.d....Prim1( 
Ol,.ltputregq..out, 
i"put c:iock,dala 

); 

tlbl. 

(01) 
(01) 
(OX) 
(OX) 
(?O) 

."dtiblti 
e"dprlmltive 

(71) 

0 ; II Risirlg cloc:kedge 
1 ; 
1; 
0; 

If Falll"g or steady c:loc:k edge 

II Steooy c:loc:k. ignore dala 
II transitions 

FIGURE 4-22 Truth·table model or a D-type flip-flop 
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Example 4. 16 

A J-K flip-flop having asynchronous preset and clear with edge-sensitive sequenliaJ behav­
ior is described in figure 4-23. The preset and clear inputs are active-low, and the output is 
sensitive to the rising edge of the clock. The signal clock synchronizes the changes of q_out. 
Depending on the values of the preset and clear signals when the clock edge occurs. q_out 

primitive jk_prim (output reg CLout, Input elk, j, k, preset, cleat): 

table 
tI elk 
/I Preset logle 

? 

/I Clearlogie 
? 
? 

1/ Normal eloekil'lQ 
II elk J 

II j and kcases 
II elk 

1/ Reduced pessimism 

P 

P ,70, 
(1x) 
(1x) 
(h) 

endtable 
endprimltlve 

P" 
? 

'1-°"""."'-...... 0 : 1 : pret:1 

1 : i Q 

k 

: 0, elk Q' 
: 0, c1t:llr 

CL°utlnexLstate 

1 ; 

0; 
1; 
1; 
0; 

I' IGUKE 4-23 UDP for a J ·K flip- nop. 
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End of Example 4.16 
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For all of the problems requiring development and verification of a design, a test 
pian, a t« tbench (see Example 4·7 for an example of a testbench), and simulation 

resul ts are to be provided with the solution. Supporting materia l. such as a state­

trans ition graph or a truth table should be included 100. 

\. Using Verilog gate-level primitives, develop and verify a structural model for the 
circuit shown in Figure P4-1. Use the following name for your testbench. the 
model. and its port~ cComboJtT(), ComboJ tr (Y, A , 8, C, D ). NOle: The test · 
bench will have no ports. Simulate the circuit exhaustively (i.e. , for aU values of the 
inputs) and provide graphical output demonstrating that the model is correct. 
NOfe-. lf text output is desired, consider using the $monitor and $dJspJay tasks. 

FIGURE P4-1 

!'I Thc: symbol ' in a UDP table denotel all transitions o( ,m input. 
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2. Repeat Problem 4.1 and develop Combo~rim, a user-derined primitive imple­
menting a truth-table model of the logic. Then instantiate the UDP in a module, 
Combo_UDP. Verify t.hat the model is correct and that its response matches 
that of CombO,Jlr in Problem 1. 

3. Develop a testbench tnat contains patterns exercising the structural connectiv­
ity of the 4-bit units in AddJca.../6 (see Example 4.2). Verifying the structural 
connectivity assumes that the internal modules (Le., AddJcQ_4) are correct 
and do not need to be re-verified. However, to assure structural connectivity. it 
is necessary to verify Ihat the inputs and outputs to AddJcQ_ 4 are connected 
correctly, and thai tbe carry chains between the internal modules are con­
nectedcorrectly. 

4. Modify the UDP d-primi (see Figure 4-22) to develop a new UDP fo r a 
D-type flip-nop having an active-high reset input. then develop and verify a 
Verilog structural model for a circuit that converts a serial bit stream (LSB 
first) for a binary coded decimal digit into an Excess-3 encoded digit (see 
Figure 3-22). 

5. Develop and exercise a testbencn to verify the functionality of d-prim1 (see 
Example 4.15). Include a written test plan describing (I) the functional features 
that will be tested, (2) how they will be tested, and (3) features that will not be 
tested by your testbench. Annotate your test bench with comments to associate 
its elements with the test plan. 

6. Develop and exercise a testbench to verify the functionality of jkJ1rim (see 
Example 4.16). Include a written test plan describing (1) the functional features 
that will be tested and (2) how they will be tested. Annotate your testbench 
with comments to associate its elements with the test plan. 

7. Write a gate-level model describing tbe foUowing Boolean functions: 
YI(A, B, C, D) = Y m (4, 5, 6, 7, 11 ,12, 13), Y2(A, B, C. D) = Ym(l , 2, 4. 5). 

8. Develop and verify a UDP for a negative-edge triggered D-type flip-flop that 
has active-low reset. 

9. Develop and exercise a testbench that verifies the functionality of AOl,Jtr in 
Section 4.1.2. 

to. Develop and exercise a testbench that verifies tbe functionality of /atchJP in 
Example 4.14. 

11. Develop a small set of test patterns that will (1) test a half-adder circuit, (2) test 
a full-adder circuit, (3) exhaustively test a 4-bit ripple-carry adder,and (4) test a 
16-bit ripple-carry adder by verifying that the connectivity between the 4-bit 
slices arc connected correctly, given that the 4-bit slices themselves have been 
verified. 

12. Develop and exercise a testbench (including a test plan) to verify a gate ·level 
model of a full adder. 

13. DevelopD and exercise a testbeoch (including a test plan) to verify a gate -level 
model of an S-R (set-reset) latch. 

14. Develop and verify a Verilog module that produces 4-bit output code indicating 
the number of 1s in an 8-bit input word. 

15. Develop and verify a structural (gate-level) description of the circuit shown in 
Figure P4-15. 
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16. After modifying the circuil shown in Figure P4- 1S 10 have its output exhibit 
three-state behavio r, develop and verify a structural (gate. level) model of the 
circuit. 

17. Develop and verify a structural (gate.level) Verilog module of a bidirectiona14-bit 
ring counter capable of counting in either direction, beginning with the first active 
clock edge after reset 

18. Develop and verify a structural (gate-level) Veri log module of a decade 
counler- Ihal is., a counter whose count sequence is 0, 1. 2, .. . . 9,0, 1. 2 . 
repeatedly. Hint: conside r a user-dcrmed primitive o f a O-type flip-flop. 

19. The schematic shown in Figure P4-19 is for Dividc_byJ l . a frequ ency divider 
that divides elk by 11 and asserts its output for one cycle. The unit consists of a 
chain or toggle-type flip-flops wUh additional logic to rorm an output pulse 
every 11th pulse of elk. The asynchronous signal ncb is active-low and drives Q 
to I. Develop and verify a model of Divid~~by_JJ . Note: you will need to 
develop a model of a T-type flip-flop. 

FlGUREP4-19 



CHAPTER S Logic Design with 
Behavioral Models of 
Combinational and 
Sequential Logic 

In Chapter 2 we presented schematics, Boolean equations, and truth table descriptions of 
combinational logic, and Chapter 3 reviewed fundamenta l models and manual methods 
for designing sequential logic. Chapter 4 presented Vcrilog counterparts of schematics 
and truth tables.. This chapter will present Yerilog models based on Boolean equations and 
introduce a more general and abstract style of modeling for combinational and sequential 
logic. Algorithmic state machine (ASM) charts will be introduced for developing behav­
ioral models of finite-state machines. More general sequential machines consisting of a 
datapath and a control unit will be designed by algorithmic state machine and datapath 
(ASMD) charts, which link a state machine to the datapath that it controls. We will also 
present some results of synthesizing behavioral models of circuits. 

5.1 Behavioral Modeling 

Yerilog supports structural and behavioral modeling. Structural modeling connects prim­
itive gales andlor functional units to create a specified functionality (for example, an 
adder) just as pans are connected o n a chip or a circuit board. But gate-level models are 
not necessarily the most convenient or understandable models of a circuit, especially 
when the design involves more than a few gates. Many modem application-specific inte­
grated circuits (ASICs) have several millio n gates on a single chip! Also, truth tables 
become unwieldy when the circuit has several inputs and/or mu1tiple outputs, limiting 
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the utility of Verilog's user-defined primitives. In today's methodologies for designing 
ASICs and field-programmable gate arrays (FPGAs), large circuits are partitioned to 
fann an architecture-that is, a configuration of functional units that communicate 
through their ports- such that each unit is described by a behavioral model of its func­
tionality. Even though the architecture consists of simpier functional units than the 
whole, designers do not form gate-level implementations of the simpler units directly. 
Instead, they write so-called behavioral models, which can be synthesized 3U1omatically 
into a gate-level circuit (structure). 

Traditionally, designers have designed al the gate (structural) level. using 
schematic-entry tools to connect gates to form a circuit, but mode rn design methodol­
ogy uses a hardware description language (HDL) to decompose and represent a design 
at a meaningful level of abstraction. Synthesis tools automatically translate and map 
the HDL into a physical technology, such as an ASIC standard-ceillibrary, or a library 
of programmable parts. such as FPGAs. 

Behavioral modeling is the predominant descriptive style used by the indus­
try, enabling the design of massive cbips. Behavioral modding describes the func ­
tionality of a design - that is, what the designed circuit will do, not how to build it in 
hardware. Behavioral models specify the input-output model of a logic circui t and 
su ppress details about its low-level internal structure (arl;:hitecture) and physical 
implementation. Propagation de lays are not included in th e behavioral model of 
the circuit, but the propagation delays of the cells in th e t arget technology are con­
sidered by the synthesis tool when it imposes timing constraints on th e physil;:al 
realization of the logic. Behavioral modeling encourages designers to ( 1) rapidly 
create a behavioral prototype of a design (without binding it to hardware detail), 
(2) verify its functionali ty, and then (3) use a synthesis too l to optimize and map the 
design into a selected physical technOlogy, subject to I;:onstraints on timing and/or 
area. If the behavioral model has been written in a synthesis-ready style,1 the syn­
thesis tool will remove redundant logic, analyze tradeoffs between alternat ive 
architectures andlor multilevel equivalent circuits, and ultimately achieve a design 
that is compatible with area or timing specifications/constraints. By focusing the 
designer 's attention on the functionality that is to be implemented, rather than on 
individual logic gates and their interconnel;:tions. behavioral modeling provides the 
lIeedom to explore alternatives and tradeoffs before committing a design to 
production. 

Aside from its importance in synthesis, behavioral modeling provides flexibility 
to a design project by allowing portions of the design to be modeled at different levels 
of abstraction and completeness. The Verilog language accommodates mixed levels of 
abstraction, so that portions of the design that are implemented at the gate level (Le .• 
structurally) can be integrated and simulated with other portions of the design that are 
represented by behavioral descriptions. 

IChapter 6 will consider how 10 wrile . ynlhesis·ready models of combinational and scquenliallogic in 
Vcrilog. 
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5.2 A Brief Look at Data Types for Behavioral Modeling 

Before considering behavioral models, we must first understand how infonnation is rep­
resented and used in a Verilog modeL All computer programs represent infonnation as 
variables (e.g., integers and real numbers) that can be retrieved, manipulated, and 
stored in memory. A variable may represent a number used in computation (such as a 
loop index governing a repetitive sequence of steps), a value of data (such as a binary 
word). or a computed value (such as the sum of two numbers). In Verilog, a variable can 
also represent a binary-encoded logic signal in a circuit. A Verilog model describes how 
the waveforms of variables will evolve in a simulation environment. For example, the 
sum and C_OUl bits of the half adder described in Chapter 4 evolve in the manner speci­
fied by the interconnection of primitives in the mode\. Variables are declared and used 
according to rules that govern the data types2 supported by the language. 

All variables in Verilog have a predefined type, and there are only two families of 
data types: nels and registers. Net variables act like wires in a physical circuit and establish 
connectivity between design objects that represent hardware units. Register variables act 
like variables in ordinary procedural languages- they store infonnation while the program 
executes. Not all data types are useful in a synthesis methodology, and we will use mainly 
the net type win and the register types ng and integer. A wire and a rrg have a default size 
of 1 bit. The size of an integer is automatically fixed at the word length supported by the 
host computer. at least 32 bits. 

5.3 Boolean Equation-Based Behavioral Models 
of Combinational Logic 

A Boolean equation describes combinational logic by an expression of operations on 
variables. Its counterpart in Verilog is the continuous assignment statement. 

ExampleS.l 

The five-input and·or-invert (AOI) circuit that was shown in Figure 4-7 can be described 
by a single continuous assignment statement that forms the output of the circuit from 
operations on its inputs, as shown in AOI.5_CAO below. 

mod ute AOI_S_CAO ( 
input x in1 . x in2. x in3, x in4. x inS. 
output y=out - - - -

): 
assign y_out '" !((x_in1 && x_in2) II (x_in3 && xJn4 && x_ inS»); 

endmodule 

End of Example 5.1 

lSCe Appendix C for a discussion of Veri log data type$. 
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The keyword assign declares a continUOU.f assignment and associates the Boolean 
expression on the right-hand side (RHS) of the statement with the variable on the left­
hand side (LHS) to declare how the value of the LHS variable depends on the value of 
the expression on the RHS. Verilog has several built-in operators for arithmetic, logical, 
and machine-oriented operations (e.g., concatenation, reduction. and shifting opera­
tors) that can be used in expressions. 

The expression in AOJ3 _CAO in Example 5.1 uses the logical inversion ( !) 
operalor,H the logical AND operator (&&), and the logical OR operator (II). The 
assignment is said to be sensitive to the variables in the RHS expression because any 
time a variable in the RHS changes during simulation (i.e., there is an event ), the Rf-IS 
expression is reevaluated and the result is used to update the LHS. A continuous 
assignment is said to describe implicit combinational logic because the RHS expression 
of the continuous assignment is equivalent to logic gates that implement the same 
Boolean function, but note that a continuous assignment can be more compact and 
understandable than a schematic or a netlist of primitives. 

ExampleS.2 

'I'be five-input AOI circu it can be modified to have an additional input, enable. and to 
have a three-state output, as described by AOeS_CAI below. 

module AOI_5_CA1 ( 
Input x_in1, xJn2 . xJn3. xJn4. x_inS. enable. 
output Lout 

): 
••• Ign LOut "" enable? lUx_in1 && x_in2) 11 (x_ln3 && x_in4 && x_in5» : 1bz; 

endmodule 

The con.diTional operator (? :) acts like a software if-then-else switch that selects 
between two expressions. In this example. if the value of enable is true in AOIJ _CAJ, 
the expression to the right of the? is evaluated and used to assign value to y _out; oth­
erwise, the expression to the right of the: is used.5This example also illustrates how to 

, write models that include three-state outputs. The value of y_out is formed by combi­
national loglc while enable is asserted. but has the value:: otherwise. This fu nctionality 
corresponds to the logic circuit shown in Figure 5-1. Note that the continuous assign­
ment statement is an implicit. abstract , and compact representation of the structure 
described by an equivalent gate-level schematic or netlist of primitives. 

End of Example 5.2 

A continuous assignment statement establishes an event..gcheduling rule between a 
target net variable and a Boolean expression. A module may contain multiple continuous 

' II. &&: and! dcno' es 'he 100ie. l operation$ QR.AND.NOT.respective\y.Wben the operands are sealar the 
corresponding bitwise operalO" may be used. but it is advisable to usc: logic:nl opera tors where the intent is 
loexpresslogk. 
4See Appendix D for a discussion and more examples o f Verilog operalorL 
'''''''e syntax of the conditional opera tor requires that both alternative expressions be speci fied. 
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FlGURE 5· 1 Equivalent circuil modeled by AOf..J_CAJ. 

assignments; the assignments are active concurrently with all other continuous assign· 
ments, primitives. behavioral statements, and instantiated modules,. just as all of the elec­
trical signals in a circuit are active concurrently. Continuous assignments can also be 
written implicitly and efficiently (without the keyword assign) as pan of the declaration 
ofawife. 

ExampleS.3 

The model described by AO/.....5_CA2 implicitly declares y_out to be of the type wir~ 
and associates with it a Boolean expression that defines the value of y_out. An output 
port that is not declared 10 be of the type rtg is implicitly of the type. wire, 

modu le ADI S CAl ( 
input - - xJn1, lUn2, x_in3, x_in4, x_inS, enable, 
output LOut 

); 
a ssign y_out " enable? !«xJn1 && x_in2) II (x_in3 && xj\4 && x_inS)) : 1'bz; 

endmodule 

End of Example 5.3 

A continuous assignment statement uses built-in Verilog operators to express 
how a signal's value is formed abstractly. Each operator has a gate-level counterpart,so 
such expressions are easi ly synthesized into physical circuits. 

Example 5.4 

A continuous assignment statement with a conditional operator provides a conve­
nient way to model the multiplexer circuit shown in Figure 5-2. In Mux-.2J2_CA an 
event for signa l selector fo r a selected datapath will cause mux_oUl to be updated dur­
ing simulation. 
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s~/«1 

tlGUKE 5-2 A ''A'o-channel mUll ...-ilh 32-m! dalapalhL 

module Mux_2_ 32_CA #(parameter word_size'" 32) ( 
output (word_size - 1: 0) mux out, 
input [word_size - 1: 0) data= 1, data_O, 
input select 

assign mux_out=select?data_1 : data_O; 
endmodule 

End of Example 5.4 

Note that the size of the 32-bit datapath in MuxJ_32_CA ;s specified by a para­
meter to make the model scalable, portable, and more useful. Parameters are constant 
values, and remain fixed during simulation. 

5.4 Propagation Delay and Continuous Assignments 

Propagation (inertial) delay can be associated with a conlinuou!5 assignment so tha I ils 
implicit logic has the same functiona lity and timing characteristics as its gate-level 
counterpart. 

Examp/e5.5 

The funct ionality of an AD) gate structure with unit propagation delays on its implicit 
gates is described below by AOI3_CA3. Each dcclaration of a wire includes a logic 
expression assigning value to the wire. and includes a unit time delay. The three continuo 
ous assigrunenlS are active concurrenliy during simulation. each having a monitoring 
mechanism, implemented by the simulator. which detects a change in its RHS expression 
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and schedules a change to update the LHS variable (subject to the propagation delay), 
just as the equivalent combinational logic would operate under the influence of its inputs. 

module AOL5 _CA3 (output Lout, input xJ n1 , x_in2, x_in3, x_in4); 
wire #1 y1 "'x in1 &&x in2; 
wire #1 y2 '" x= in3 && x=in_ 4 ; 
wire #1 Lout'" !(yl II y2); 

endmodule 

End of Example 5.5 

Example 5.6 

As an alternative to the structural model of a 2-bit comparator that was presented in 
Example 4.4, the model Comp-'2_CAO given below is described hy three (concurrent) 
continuous assignment statements (implicit combinationaI10gic).6The model is equiv­
alent to Comp-'2Jtr but has no explici t binding to hardware or to primitive gates. 

module Comp_2_CAO ( 
input A1. AO, B1, BO, 
output A_ICB. A_Qt_B, A_e~B 

): 

anign A_lt_B '" (!Al) && B1 11 (!Al) && (lAO) && BO II (lAO) && B1 && BO; 
assign AJICB '" Al && (161 ) II AO && (IB1) && (IBO) II Al &&AO && (!BO): 
assign A_e~B '" (IA1 ) && (!AO) && (IB1)&& (!BO) II (IA1) &&AO && (IB1) && BO 

II A1 && AO && B1 && BO II A1 && (IAO)&& B1 && (IBO): 

endmodule 

End of ExampLe 5.6 

Note that continuous assignment statements suppress detail about the internal 
structure of the module, and deal only with the Boolean equations that describe the 
input-output relationships of the comparator. A synthesis tool will create the actual 
hardware realization of the assignment. 

The three Verilog language constructs corresponding to schematic, truth table 
and Boolean equation descriptions of combinational logic are show in Figure 5-3. All 

~e order in which multiple continuous assignments are listed in the source code is arbitrary; that is, the 
order of the stalements does not establish a precedence for their evaluati on and has no cffect on the results 
of simulation. 
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FIGURE 5-3 Verilog oounterpans of three common dClICI"iptionl of combination.llogic. 

three descriptions describe level-sensitive behavior; that is., variables aTC updated 
immediately when an input changes during simulation. None of the examples modeled 
feedback structures, but we will see that a continuous assignment with feedback is a 
synthesizable model fo r a hardware latch. 

55 Latches and Level-Sensitive Circuits in Verilog 

The level-sensitive storage mechanism of a latch (sec Chapter 3) can be modeled in a 
variety of ways. First, note that a set of continuous assignment statements has implicit 
feedback if a variable in one of the RHS expressions is also the target of an assign­
ment. For example, a pair of cross-coupled NAND gates could be modeled as 

... Ign Q = set -& qbar: 

••• Ign Qbar = rst -& Q: 

The implied behavior will still be level sensitive. but it will correspond to the feedback 
structure of a hardware latch. Synthesis tools do not accommodate this fonn of feed­
back, but they do support the feedback that is implied by a continuous assignment in 
which the RHS uses a conditional operator, as shown in Example 5.7. 
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Example 5.7 

The output of a transparent latch foUows the data input while the latch is enabled, but 
otherwise will hold the value it had when the enahle input was de-asserted. Example 4.14 
presented a truth table model of a transparent latch. Here, Latch_CA uses a continuous 
assignmcnt statcment with feedback to model this functionality. 

module latctLCA (output CLout, Input dataJ n, enable): 
... Ign CLout · enable 1 data_in: CLout; 

endmodul. 

Figure 5-4 shows the waveforms produced by simulation of Latch_CA. Note how 
q_out fo llows dma..in while enable is asserted, and latches q_OU( to the value of data_in 
when enable is de-asserted. The appearance of q_out in the RHS expression and as the 
LHS target variable implies a feedback structure in hardware. and will be synthesized 
as a latch. 

End of Example 5. 7 

When feedback is used in a continuous assignment statement with a conditional 
operator, a synthesis tool will infer the functionality of a latch and its hardware imple­
mentation. Chapter 6 will discuss descriptive styles that lead to intentional and accidental 
synthesis of latches. 

Example 5.8 

The latch model Latch..Rbar_CA below uses a nested conditional operator to add the 
functionality of an active-low reset to a transparent latch. Simulation of Latch..Rbar_CA 
produces the waveforms shown in figure 5·5, in wbich the actions of enable and rscb are 
apparent. 

FIGURE 5-4 Simulation results for a transparent tatch modeled by a continuous usignment 
statement with fcedbadc. 
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FlGURE 5·5 Simulation resull$ for a transpareotlatch .... ith active· low rf!Sf!/ and active·high f!nflbk 

module Latch_Rbar_CA ( 
output <Loot, 
input data_in, enable, rs'-b 

); 
assign <Lout::: I(rs,-b == 1'bO)? 0 enable? data_in: <Lout; 

endmodule 

End of Example 5.8 

Verilog supports mulliple descriptive styles that can define the same function­
ality. Continuous assignments are convenient for modeling small Boolea n expres· 
sions, three-state behavior, and transparent latches. Bul designers wriling large 
Boolean equation models (continuous assignments) are prone to making mistakes 
when there are several variables and large expressions. Also, th e Boolean expres­
sions might obscure the functionality of the design, even if they are written cor­
rectly. So, it is worthwhile to consider other language constructs that offer simpler, 
but more readable alternatives that describe edge-sensitive as well as level-sensitive 
behavior. 

5.6 Cyclic Behavioral Models of Flip-Flops and Latches 

Continuous assignment statements are limited to modeling level-sensitive behavior­
combinational logic and transparent latches. They cannot model an element that has 
edge-sensitive behavior, such as a flip-flop. Many digital systems operate synchro· 
nously, with activity triggered by an edge of a synchronizing signal (commonly called a 
clock). Verilog uses a cyclic behavior to model edge-sensitive functionality. Like the 
single-pass behaviors that are used to model signal generators in test benches (see 
Example 4.7),cyc1ic behaviors are abstract-they do not use hardware to specify signal 
values. Instead, they execute procedural statements to generate the values of variables, 



Logic Desip with Beha-noraJ Models of Comblniitionaliind Sequentilll Logic 

just as the statements of an ordinary procedural language (e.g., C) execute to extract, 
manipulate, and store variables in memory. They are called cyclic behaviors because 
they do not expire after their last procedural statement has executed; instead, they re­
execute. The execution of these statements can be unconditional or can be governed by 
an optional event-control expression or delay-control expression. Cyclic behaviors are 
used to model (and synthesize) both level-sensitive and edge-sensitive (synchronous) 
behavior (e.g., flip-flops). 

Examp/e5.9 

The keyword always in dLbehav declares a cyclic behavior corresponding to an edge­
triggered flip-flop. At every rising edge of elk the behavior's procedural statements 
execute, computing the value of q and storing it in memory. A continuous assignment 
statement forms q_bar from q immediately after q has changed? The nonblocking, or 
concurrent, assignment operator « == ) will be explained later. 

module dCbehav (output reg q, output ~bar, Input data, se'-b, reset_b, clk); 
assign ~bar = !q ; 
always @(posedge clk) "Synchronous set/reset 
If (rese'-b:::= 1'bO) q <= 0; 

else If (set_b:= 1'bO) q <: 1; 
elseq <= data; e,. 

endmodule 

End of Example 5.9 

In dLbehav the action of rscb is synchronous because it has no influence until 
the procedural statements are evaluated at the active edge of elk. The variable q retains 
its residual value until the next active edge of elk, as specified by posedge elk, because 
q was declared as a register variable of type reg. 

The operator « "') in a procedural statement is called a nonblocking assignment 
operator. A variable that is assigned value by a nonblocking assignment operator in a 
single-pass or cyclic behavior must be a declared register-type variable (i.e .• not a net). 
All register variables store information during simulation, but they do not necessarily 
synthesize a hardware register.8 

7The bitw~ operator - is commonly used to express an invener. Sincc q_bar is a scala r variable the opera· 
tor has the same effect as the operator !. 
8Chapter 6 will diJ.cuss whether a register variable in a model synthesizes to a hardware storage element. 
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5.7 Cyclic Bebavior and Edge Detection 

A cyclic behavior is activated a t the beginning of simulation, and it will execute its 
associated procedura l statements subject to timing control imposed by delay-control 
(' opera tor) and event-control expressions (Cit operator).9 Th e Verilog keyword 
posf!dgf! qualifies an event-control expression to execute its procedural statements 
only when a rising edge of the argument signal (e.g .. elk in Example 5.9) has 
occurred. Edge semantics for r ising (posf!dgf!) and falling (negedge) edges a re built 
into Verilog. 

A simulator automatically monitors th e variables in an event-control expres­
sion , and when the expression changes value, the associated procedural statements 
execute if the enabling change took place. When all the statements of a cyclic behav­
ior complete execution, the computational activity flow returns to the always key­
word and commences execution again, subject to its event-control expression. If a 
delay-control operator or an event-control expression is encountered in one of the 
statements being executed, the activity now of the behavior is suspended to wait 
until th e indicated time has elapsed or until the event-control expression detects the 
qualifying activity. The conditionals in the procedural statemen ts in the cyclic 
behavior in df_behav (If and else if) test whether the associated expression evalu· 
ates to /rue. 1f it does., the associated statement (or begin . . . end block statement) is 
executed. 

Example 5.10 

The reset action of a flip-flop can be asynchronous. The functiona lity modeled below 
by asynch_df_behav is sensitive to the rising edge of the clock, but also to the falling 
edge of rscb and sech, with priority given to rsch. The last clause in the conditional 
statement executes a t a rising edge of elk only if the asynchronous inputs a re not 
asserted. 

module asynch_df_bahav ( 
Input data. set_b. rst_b. elk, 
output r.g q. 
output q"bar 

always@ (posedge elk. negedgit set_b, negedge rsCb) 
if (rst_b == 1bO) q <: 0; 

9 A _It llatetnent will al$o suspend uccution. but it is not lynthcsizc:d by the leadin, Iynthcsiltoois and ",ill 
not bc dilCUllCdhere or U$C d in our models. 
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elsa if (set_b == l'bO) q <= 1: 
else q <= data; 

endmodule 

End of Example 5.10 

II synchronized activity 

153 

Note that elk and elock are not keywords in the Verilog language, so it is impor­
tant to place in the last conditional clause of the if statement the computational activity 
associated with the synchronizing signal oj a synchronous behavior. This coding disci­
pline allows a synthesis tool to correctly (1) identify the synchronizing signal (its name 
and its location in the event-control expression are not predetermined). and (2) infer 
the need for a flip-flop to hold the value of q between the active edges of tbe synchro­
nizing signal. 

The cyclic behavior in asynch_dLbehav is activated at the beginning of simulation 
and immediately suspends until its event-control expression changes. tO The expression 
is formed as an "event or" of set, reset, and elk. ll The Verilog language allows a mixture 
of level-sensitive and edge-qualified variables in an event-control expression, but syn­
thesis tools do not support such models of behavior. Be certain that your description is 
entirely edge sensitive or entirely level sensitive. 

Example 5. J1 

A transparent latch is modeled in t,_latch by a cyclic behavior whose level-sensitive 
evenl-control expression is sensitive to a change in enable or a change in dataP 

module tr-,atch (output reg q",oul, Input data, enable); 
always@ (enable, data) 
if (enable == 1'b1) <Loul <= data; 

endmodule 

When enable is asserted in tr_latch the behavior is activated, and q_out immedi­
ately gets the value of data. Then the activity flow returns to the always construct and 

IIiAnevent for clk occurs at the beginningofsimulation if it is assigned a value of I. 
IlVerilog 2001 (see Appendix I) introduced the option to form the event-eontrol exprC55ion more conve· 
niently as a comma·separated sensitivity li~t. Prior to Verilog 2001 the event..control expreSllion would be 
wril1en a5: enable or data. 
llThis is the preferred model of a transparent latch (1364.1 IEEE Standard for Verilog Regil;te r lhnsfer 
LevclSynthcsis) 
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suspends to await the next change of the event-control expression. If dara changes 
while enable is asserted. the cycle of q_our getting data repeats. The control flow of the 
ifstatement has no branch, so while enable is de-asserted lJ_Dut retains the value it had 
when enable was de-asserted. While enable is de-asserted the events of data react ivate 
the process. but no assignment is made to q_Dul. 

End of Example 5.11 

5.8 A Comparison of Styles for Behavioral Modeling 

We have already seen how the 2-bit comparator can be described by a gate-level struc­
ture (Example 4.4) and by a Boolean equation-based behavioral model (Example 5.6). 
Next. we compare simpler and morc re adable ahematives that a1so use continuous 
assignments, and then we contrast modeling stylcs based on (t) continuous assign­
ments, (2) register transfer level (RTL) logic, and (3) behavioral algorithms. 

5.8.1 Continuous Assignment Models 

A modeling style based on continuous assignments describes level-sensitive behavior. 
Continuous assignments execute concurrently with each other, with galc-Ievel primi ­
tives, and with all of the behaviors in a description. 

Example 5.12 

The function ality in Comp...)_CAJ is evident from the expressions in the continuous 
assignment statements.. Here, the Verilog concatenation operator ({ }) concatenates 
the bits of the datapaths to form 2·bit vectors. The Boolean value of the RHS expres­
sion determines the assignment of 0 or 1 to the LHS variable.13 Note Ihal the gate-level 
implementation is not apparent. 

module Comp_2_CAI (outputA_"_B, AJJt_B, A_8<LB , Input AI , AO, Bl , BO); 
••• Ign A_"_B :({Al,AO}« Bl , BO»: 
••• Ign A.....QCB = ({AI, AO}" (Bl , BO»: 
••• Ign A_8Q...B = «(At, AO) == (B1, BO}): 

endmodule 

End of Example 5. 12 

IJ lngeDCral.aVerilogexpreQionistrueifitevaluate5tothebin.ryequivalentof·apo$itive integer and false 
otherwise. 



Logic Design with Behavioral Models or Combinational and Sequential Logic ISS 

Another simple, and more elegant, implementation of the 2-bit comparator uses 
continuous assignment statements and the relational operators, with declared 2-bit 
vectors A and B, as shown next. 

Example 5.13 

The RHS expression of the continuous assignment statements in Comp_2_CA2 are 
sensitive to A and B and evaluate to 1 (true) or 0 (false). 

module Comp_2_CA2 (output A_lt_B, A_geB, A_eILB, input [1: 0] A, B); 
assign AJt_B = (A < B); 
assign A_9t_B '" (A > B); 
assign A_eILB :: (A::::: B); 

endmodule 

End of Example 5.13 

Suppose now that we want to extend this model to compare two 32-bit wo rds, 
as shown in Figure 5-6. It is not feasible to write the Boolean equations that compare 
32-bil words. 

Example 5.14 

A 32-bit comparator has the same functionality as a 2-bit comparator. So we modify 
the model from the previous example by declaring a parameter to size the word length 

A...geB 

compQn.32_CA A _feB 

FIGURE 5-6 Block diagram symbol for a 32-bit comparator. 
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of the datapath. The description also declares a comma-separated list of continuous 
assignments with one statement. The model is readable. understandable, compact , and 
extendable to datapaths of arbitrary sizes. 

module compare_32_CA -<pillrillmeter word_size:: 32)( 
output A_gee, A_It_B, A_~B, 

): 
input [word_size ·1 : 0) A, B 

... Ign A_gee:: (A,. B): 

.. sign A_leB = (A < B): 
assign A_eCLB '" (A === B); 

endmodule 

End of Example 5.14 

5.8.2 DataflowlRTL Models 

Dataflow models of combinational logic describe concurrent operations on signals. 
usually in a synchronous mach ine, where computations are initiated at the active edges 
of a clock and are completed in lime to be stored in a register at the next active edge. 
At each active edge, the hardware registers read and store the data inputs that were 
fonned as a result of activity that began at the previous clock edge, and then propagate 
new values to be stored in registers at the next edge. Dataflow models for synchronous 
machines are also referred to as RTL (register transfe r level) models because they 
describe register activity in a synchronous machine (1 ,2]. RTL models arc written for a 
specific architecture - that is. the registers, datapaths. and machine operations and 
their schedule are known a priori. 

A behavioral model of combinational logic can be described by a set of con­
current continuous assignments (see Examples 5.6, and 5.13) or by an equivale nt 
asynchronous (i.e., level-sensitive) cyclic behavior. Remember that cyclic behaviors 
are declared by the keyword always. execute statements in sequential order. and re­
execute inderinitely. 

Example 5. J 5 

The level-sensitive cyclic' behavior in Comp_2_RTL executes and updates the outputs 
whenever a bit of either datapath changes. 
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module Comp_2_RTL (output reg A_It_B, A-.QCB, A_e~B, input A1, AO, B1, BO); 

always@(AO, A1 , BO, B1) begin 
A_It_B = ({A1, AO) < (B1, BO}); 
A.-Q1_B'" ((A1. AO) > (B1, BO}); 
A_EKL..B = ((A1, AO) == (B1, BO»; 

.od 

endmodule 

End of Example 5.15 

The assignment operator in Example 5.15 is the ordinary procedural assignment 
operator ( = ). Consequently, the statements are executed in the listed order, with the 
storage of value occurring immediately after any statement executes and before the next 
statement can execute. Because there are no data dependencies between the variables on 
the LHS of the three procedural assignments in Comp...J._RTL , the order in which the 
assignments are listed does not affect the outcome. That is not always the casco 

Example 5. /6 

lhc shift register shown in Figure 5-7 is described below by a synchronous l-yc1ic behavior 
with a list of procedural assignments using the blOCking assignment operator (= ). 

dk 

~, 

module shmreg_PA (output reg A, Input E, elk, rst); 
reg B, C, 0; 
always@(posadge dk, posedge rst) beg in 
If (rst::= l'b1) begin A = 0; B = 0; C = 0; 0 = 0; end 
. 1 .. begin 
A= B; 
8 :C; 
C :: 0 ; 
0 :: E; 

.od 
. od 

endmodule 

~
D C 8'A 

DO DQ DQ DQ 

R R R R 

FlGU RE.5-7 A 4-bill<: rilllshif. register. 
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Now consider what happens if the order of the procedural assignments in the 
model is reversed, as in shiftreg_PAJev below. The list of statements executes in 
sequential order, from top to bottom. The effect of the assignment made by the first 
procedural statement is immediate. So D changes, and the updated value is used in the 
second statement , and so forth . The statements execute sequentially, but a t the same 
time step of the simulator. The list of four statements is eq uivalent to a single statement 
that assigns E to A. Synthesis tools recognize this form of expression substitution, and 
will synthesize a circuit consisting of a single flip-flop, shown in Figure 5-8. 

modulo shiftreg_PA_ f8v (output rog A, Input E, elk, rst); 
reg e, C, D; 

.tw.y. @ (po.edge elk, po.edge rst) begin 
If(rst . : 1'b1 ) begin A " 0; 8: 0; C = 0; 0 '" 0; end 
el .. begin 

0 '" E; 
C= D; 
8:: C; 
A = B; 

end 
end 

endmodule 

End of Example 5.16 

Procedural assignments using the = operator are called blocked assignments 
(or blocked procedural assignments). The statements that follow a blocked procedural 
assignment cannot execute until the statement with the blocking assignment operator 
(=) completes execution and updates memory. This sets the stage fo r expression sub­
stitution. Failure to appreciate the effects of expreSSion substitution can lead to incorrect 
models. 

An alternative Verilog dataflow model uses concurrent procedural assignments, 
also called nonblocking assignments (or nonblocking procedural assignments). 

Y
: A 

D Q 

• 
,/k 

"' 
FIGURE 5-3 Cirruillynlh«ized u a result or eJ:preuion 5ubsli tution 

in an incolTecl model of a 4_bil u: rial shift regi$ler. 
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Nonblocking assignments are made with the nonblocking assignment operator «==), 
instead of the == assignment operator. Nonblocking assignment statements effec­
tively execute concurrently (in parallel) rather than sequentially, so the order in which 
they are listed has no effect. Moreover, a simulator must implement a sampling mech­
anism by which all of the variables referenced by the RHS of the statements with non­
blocking assignments are sampled, held in memory, and used to update the LHS 
variables concurrently.14 Consequently, changes to the listed order of the nonblocking 
assignments do not affect the outcome of the assignments to the LHS variable because 
the assignments are based on the values that were held by the RHS variables immedi­
ate ly before the statements executed. 

Example 5.17 

An equivalent model of the 4-bit serial shift register shown in Figure 5-7 is described 
below with non blocking assignment operators « -). 

module shiftr8Q_nb_VOS ( 
output reg A. 
Input E. elk, rst 

); 
reg S, C, 0 ; 

always 0 (poaedge elk, po_dge rst) begin 
If (rst ='" 1'b1) begin A <= 0; 8 <= 0; C <= 0; 0 <= 0; end 
el •• begin 

A<'" 8 ; 
8 <'" C; 
C <= 0 ; 
0<= E; 

.od 
.od 

endmodule 

End of Example 5.17 

0 <= E; 
C <: 0 ; 
S <=C; 
A <= S; 

The commented (1/) non blocking assignments in shiftreg_nb have reversed 
order and would lead to the same results in simulation and will synthesize to the same 
structure. The statements in a list of nonblocking assignments execute concurrently, 
without dependence on their relative order. This style describes the concurrency that 
is found in actual hardware and the register transfers that occur within synchronous 
machines. 

l'lt is advisable to avoid havin& multiple behaviors assign value to the same variable because softwlre race 
conditions make the outcome Indeterminlte. See Appendix O. 
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When a cyclic behavior executes nonblocking assignments. the simulator evalu­
ates each of the RHS expressions before assigning values to their LHS largets. This, in 
general,prevents any interaction between the assignments and eliminates dependencies 
on their relative order. This is not the case for blocked procedural assignments because 
such statements execute in sequence, and only after the immediately preceding state­
ment has completed execution and updated memory. If the functiona lity being modeled 
by a cyclic behavior does nOI depend on the sequence in which the statements are writ­
ten, either blocking or nonblocking assignments can be used (see Example 5.15). How­
ever, if we arc modeling logic that includes edge-driven register transfers, it is strongly 
recommended that the edge-sensitive (synchronous) operations be described by non­
blocking assign ments and that combinational logic be described with blocked assign­
ments.. This practice will, in general, prevent race conditions between combinational 
logic and register operations. 

5.8.3 Algorithm-Based Models 

A behavioral model described by a circuit 's input-output algorithm is more abstract 
than an RTL description . The algorithm prescribes a sequence of procedural assign­
ments within a cyclic behavior. The outcome of executing the sta tements determines 
the values of storage variables and, ultimately, the output of the machine. The algo­
rithm described by the model does not bave expl.icit binding to hardware, and it does 
not have an implied architecture of registers, data paths. and computational resources. 
This style is most challenging for a synthesis tool because it must perform what is 
referred to as architectural ofynthesiof, which extracts the resources (e.g" determines 
actual requiremen ts for processors, datapaths. and hardware memory) lind scheduling 
requirements that support the algorithm and then maps the descript ion into an RTL 
model whose logic can be synthesized. 

Not all algorithms can be implemented in hardware. Nonetheless. this descriptive 
style is usefu l and attractive, because it is abstract. and eliminates the need fo r an a pri­
ori architecture. Also, the description can be very readable and understandable. The 
key distinction to remember is that the assignment statements in a dataflow (RTL) 
model execute concurrently (in parallel) and operate on explicitly declared registers in 
the context of a specified architecture; the statements in an algorithmic model execute 
sequentially, without an explicit architecture. 

Example 5.18 

By initializing all variables to 0, the algorithm in Comp_2_ aIga need assign only by 
exception to the original value, resulting in simplified code. Then the algorithm traverses 
a decision tree to determine whicb of the three outputs to assert. The non·asserted out· 
puts will retain the value that was assigned to them at the beginning or the sequence. 

modute Comp_2_algo (output reg A_It_B, A..JII_B, A_~B. Input (1 : OJ A, B); 
always G (A, B) II l evel-sensitive behavior 

""n 
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A_ICB" 0; 
A gt B =0; 
A=~B=O; 
if(A == B) 
elsa if (A > B) 
alse .,d 

andmodula 

End of Example 5.18 

A_~B" 1; /I Note: parentheses are required 
A.-QCB :1; 
A_lt_B = 1; 

161 

Figure 5-9 shows the gate-level schematic obtained by synthesizingl5 Comp_2_algo 
and targeting the implementation to generic gates. Note that the Verilog model of the 
algorithm has register variables to support its execution, but does not need hardware 
memory because it synthesizes to combinational logic. 

5.8.4 Naming Conventions: A Matter of Style 
Design teams in industry fo llow elaborate enterprise-specific rules that govern the 
style of their Verilog models. This is done to ensure that only constructs supported by 
synthesis tools are used. Other rules govern the use of upper- and lower-case text, and 
naming conven tions for signals, modules, functions, tasks, and ports, with the aim of 
increasing the readability and the re-usability of the code [3]. Signals should be given 
names thai describe their use (e.g., clock), and modules, functions and tasks should be 
given names that describe the encapsulated functionality (e.g., comparator). The exam­
ples in the rest of this book will generally follow a particular port-naming convention. 

nGURE 5-9 Syntbesis results derived from CnmpComp..J-.algo. 

,SWith Synopsys' IA:sign Compiier. Note thaI the tool represents vector ranges by the braces < > rather 
than I ]. 
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The ports will be ordered in the following sequence: (dat8path bidirectional signals, 
bidirectional con trol signals. dalapath outputs, control outputs, datapath inputs, control 
inputs, synchronizing and set/reset signals). Likewise, the instance names of modules 
can be named to clearly identify their functionality andlor location in a design hierar­
chy. However, for simplicity. we have almost excl usively used brie f. non-descriptive 
instance names. 

5.8.5 Simulation with Behavioral Models 

An event at the input of a primitive causes the simulator to schedule an updating event for 
its output. Likewise, an event in the RHS expression of a continuous assignment state­
ment causes the scheduling of an event for the assignment's target variable. In both I;ases, 
the scheduling is governed by any propagation delay associated with the primilive or oon­
tinuous assignment, whkh has the effect of scheduling the output/target event to occur at 
a future time step of the simulator, rather than in the Olrrent time step. Simulators behave 
differently, though, when a cyclic behavior is activated, Their assodated statements exe­
cute sequentially. in the same time step, until the simulator enl;ounters either (I) a dclay­
control operator (It), (2) an event-control operator@),(3)a wail construct, or (4) the last 
statement of the behavior. The first three have the effect of suspending the execution of 
the behavioral statement until a oondition is satisfied; the last possibility causes the activ­
ity to restart from the first statement of the behavior. Models for primitives and continu­
ous assignments cannot suspend themselves. They execute immediately. Cyclic behaviors 
can suspend themselves. When they do, their activity can cause other behaviors, primitives. 
and continuous assignments to be activated. But until an active behavior is suspended, the 
rest of the world waits for it to suspend. A consequence of this is that a cyclic or single-pass 
behavior that has a loop that does not include a mechanism for suspension of its activity 
will execute endlessly, and consume the attention of the simulator. Good modeling will 
prevent this from happening; otherwise, reach for the offbutton. 

If multiple behaviors are activated at the same time step. the orde r in which 
the simulator executes them is indetermin ate. Care must be taken to avoid having 
such behaviors assign value to the same register , because the outcome of the assign­
ments will be indeterminate. Synthesis tools will warn you of such features in your 
model. 

5.9 Behavioral Models of Multiplexers, Encoders, 
and Decoders 

In Chapter 3, we examined some of the basic building blocks of combinational logic: 
multiplexers, encoders, and decoders. H ere we present their Verilog models to illus­
trate alternative level-sensitive behavioral deSl;riptions and the results of synthesizing 
them into an ASIC Iibrary.16 

["'styles for wrilins synthesis-friendly model$ of combinational Ind sequential logic will be presented in 
Chapter 6. 
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Example 5. 19 

Mux_4.J2_case is a behavioral model of the four-channel, 32-bit, multiplexer shown in 
Figure 5-10 with a three-state output. The default case item covers cases that might 
occur in simulation in four-value logic system, and it is a recommended practice to 
avoid unintentional synthesis of hardware latches if a case statement is not full y 
decoded for all possibili ties that use 0 and 1. If the case items are not completely 
decoded , then the default assignme nt would be treated as a don't-care condition in 
synthesis and could lead to a smaller circuit. 

module Mux_ 4_32_C8se ( 
output 131: 0] 
input 131 : OJ 

1':0J 
. Input 

); 

mux out, 
dala::), data_2, data_I, data_O, 
~Iect, 

enable 

reg [31: 0] mux_int; 
a.slgn mux_out '" enable? mux_int : 32'bz: 
always @(data_3, data_2, data_ ' , data_O, select) 

case (select) 
0; ,; 
2; 
3; 
default· 

endeasa 
andmodule 

End of Example 5, / 9 

mux int = data 0; 
mux=int '" data=1: 
mux_int '" data_2: 
mux int '" data 3; 
mux =Inl '" 32'b;; /I For simulation 

32 

flGU R E 5- 10 A fOlJr-channcl. )2·bil mullipleller. 
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The Verilog case stateme nt is similar to its counterpart in other languages (e.g., 
the switch statement in C). It searches from top to bottom to find a match between the 
case expression and a case item. expressed as a value in Verilog's fou r-value logic sys­
tem. The case statement executes the first match found , and does not consider any 
remaining possibilities. 

The keyword always in Mu.c4_32_case declares a behavior, or process (computa­
tional activity flow) , that begins execution when the evenl'control expression (data_3, 
data-.2. data_I, data_D, select) changes during simulation. The behavior has a simple 
interpretation: whenever a datapath input or the select bus changes value, decode and 
update the value of an internal storage variable, mllxJm. A continuous assignment 
statement is included in Mllx_4_ 32Juse to describe a three-state output under the 
active-high control of enable. 

The @ opera tor in Mux_4J2Jase denotes event control, mea ning that the 
procedural statement(s) that follow the event -control expression do not execute 
until an activating event occurs. When such an event occurs, the statements execute 
in sequence. top to bottom. When the last statement completes execution, the com­
putationa l activi ty returns to the location of the keyword always, where the eve nt ­
control opera tor @ suspends the behavior until the next sensitizing event occu rs. 
Then the cycle repeats. A cyclic behavior becomes active in simulation a t time 0 , 
when the simu lat ion begins. but in this example the activi ty immediately suspends 
until th e event-control expression changes. Then the cas~ statemen t executes, 
assigns va lue to mllx_int, and immediately re turns control to th e event-control 
operator. 

Example 5.20 

An alternative model uses nested conditional statements (if) to model a multiplexer. 
The model MlIx_4J2.Jfalso includes a continuous assignment that forms a three-state 
output. 

modute Mux_ 4_323 ( 
output [31: OJ mux_out, 
Input [31 : OJ data_3, data_2, data_1, data_O, 
Input [1 : 0) select, 
Input enable 

reg (31: 0) muxJ nt; 
a •• lgn mux_out '" enable? mux_int : 32'bz; 
alway.@ (data_3, data_2, data_1, data_O, select) 

If (select:: 0) mux_int = data_O; el.e 
if (select == 1) mux_int '" data_ ' ; e l •• 
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If (select:'" 2) mux_int " data_2: .1 .. 
It (select:o::o: 3) mux_int" data_3: el •• mux_int" 32'bx: 

.ndmodul. 

End of Example 5.20 

Example 5.21 

,., 

Ncsted conditiona l assign ments, using the? : operator, are used in Mux_4~2_CA to 
model the same functionality as Mllx_4_32_if. 

modul. Mux_ 4_32_CA ( 
output (31: 0) mux_out, 
input (31: OJ data_3, data_2, data_1, data_O, 

); 

input 11: 0] select, 
input enable 

wire (31 : 0] mux_int: 
assign mux_out" enable? mux_ int : 32'bz: 
assign muxJ nt :: (select "" : O)? data_O : 

(select== 1) 1 data_1: 
(Sf)lect""" 2) ? data_2: 

select == 3)? data_3: 32'bx: 
endmodule 

End of Example 5.2 1 

The combinational encoders and decoders discussed in Chapter 3 can be mode led 
convcniently with cyclic behaviors. 

Example 5.22 

Two implementations of an 8:3 encoder are shown below. Neither decodes full y all pos­
sible patterns of Data, but both cover the remaining outcomes with a d~fault assign­
ment. The result of synthesis. shown in Figure 5·11 , is combinational. This model is 
intended fur applications in which o nly the indicated words of Data occur in operation . 
The default assignments will be interpreted as don 't·cares by a synthesis tool, and are 
needed to prevent synthesis of a circuit having latched outputs. 
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Dara(7:0} ~Cod<!(2:OJ 

Dllfa(4] , --+- -1---, 
Dafa(6} I-'+-l---' 

Dara(1J 1-++++---1--.... 
D'''151 ~~~ Daral3] 
Dara(2} 

Dllrap :o} -"'D':::",,[71!+-_ --' 

Cod<!{2:O} 

nGURE 5-t t Resul t of synthesizing an encoder described by ({Ita tements or a CGS<! statement. 
a$ ~hown in Example 5.22. 

module encoder (output reg (2: 0) Code, Input (7: OJ oala); 
alway.@(oata) 
begin 

If (Dala ::: 8'bOOOOOOO1) Code:: 0; e l.e 
if (Data:::: 8'bOOOOOO10) Code :: 1; .1 .. 
if (Data :::: 8'bOOOOO100) Code :: 2; el •• 
if (Data ::= 8'b00001OOO) Code:: 3: el •• 
if (Data:::: 8'bOOO10000) Code'" 4: el • • 
If (Data :::: 8'b00100000) Code:: 5: el .. 
If (Data :::: 8'b01000000) Code:: 6; el.e 
if (Data ::::: 8'b10000000) Code:: 7; el.e Code:: 3'bx: 

ond 
r AJlemalive description is given below 
.Iway. Q (Data) 

c • • a (Data) 
8'bOOOOOOO1 
8'bOOOOOO10 
8'bOOOOO100 
8'bOOOO1000 
8'bOOO10000 
8'bOO100000 
8'b01000000 
8'b10000000 

Code 0; 
Code 1 ; 
Code 2; 
Code 3; 
Code 4 ; 
Code 5; 
Code 6; 
Code 7; 

d.fault Code 3'bx; 
endca •• . / 

endmodule 

End of Example 5.22 
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Example 5.23 

Alternative behaviors describing an 8:3 priority encodcr are shown beIOW.17 The result 
of synthesizing the circuit is shown in Figure 5-12. Note that the conditional (if) state­
ment has an implied priority of execu tion, and that the casu statement combined with 
x in the case items implies priority a lso. The casu statement ignores x and z in bits of 
the case item (e.g., Data[6j) and the case expression (Dma) - they are treatcd as don't­
cares. The default assignments in both styles provide flexibility to the logic optimizer of 
a syn thesis tool. 

module priority (output r. g 12: 0] Code, output valid_data, input [7: 0] Data): 
assign valid_data = 10 ata; ff "reduction or" operalor 
always @ (Data) 

begin 
if (Oala[7]) Code'" 7; else 
if (Oala[6]) Code = 6; e l •• 
If (Oala[5]) Code = 5; e l •• 
If (Oata[4J) Code = 4; e l •• 
if (Oala[3]) Code = 3; else 
if (Oala[21) Code = 2; el. e 
if (Oala[1]) Code = 1; e lse 

Code'" 3'bx; 
e"d 

f"ff Altemative description is given below 
always@(Oata) 

ea&ex (Data) 
8'b1 xxxxxxx 
8'b01lO1JOO(X 
8'bOO1 xxxxx 
8'b0001xxxx 
8'b00001 xxx 
8'b000001 xx 
8'bOOOOOO1 x 
8'bOOOOOO01 
default 

endease 

. ndmodul. 

End of Example 5.23 

Code = 7; 
Code = 6; 
Code = 5; 
Code:: 4; 
Code '" 3; 
Code'" 2; 
Code'" 1; 
Code = 0; 
Code = 3'bx; 

171'hc reduction or operator is used to form the logic for va!uCdalll. The operator form s the or of the bits in 
a word. 
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~
. COI/t [2 :0] 

Da(a[7:01 Priority 
"D/id_dllitl 

FIG URE 50 1.2 Block. diagTam and circuit synthcliud for the 8:3 priorit)' 
encoder describcd in &ampJc S.23 

Example 5.24 

A 3:8 decoder is described by the alternative behaviors shown below. The decoders 
synthesize 10 the circuit in Figure 5-13. 

module decoder (oLltput re; [7: 0] Data, Input 12: 0) Code): 
always @(Code) 

bagin 
If (Code := 0) Data :: 8'bOOOOOO01 ; elsa 
il (Code == 1) Data:: 8'bOOOOOO10: el •• 
if (Code = 2 ) Data ,. 8'bOOOOO1oo; al .. 
if (Code == 3) Data = 8'bOOOO1000: els. 
If (Code:: 4) Data :: 8'bOOO10000: el •• 
if (Code:: 5) Data:: S'bQ0 100000; el •• 
if (Code:= 6) Data = S'b01000000; .1 •• 
if (Code == 7) Data'" 8'b10000000; el •• 

Data:: 8'bx; 
ond 

r Attemative description Is given below 
always @ (Code) 
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ca •• (Code) 
Data:: 8'bOOOOOOO1; 
Data :: 8'bOOOOOO1 0; 
Data = 8'bO00001OO; 
Data'" 8'bOO001 000; 
Data'" 8'bO0010oo0; 
Data '" 8'b00100000; 
Data :: 8'b01000000; 
Data ;; 8'b10000000; 

d.fault Data = 8'bx; 
. ndca •• . / 

endmodule 

End of Example 5.24 

. ~ r-==:l " Codt[2:01~DIIIII[7:01 

Codt(2) r-*---tttt---~{>o---mi 

Codt[O) +--4---t>---"l+-L..i 
Cod..,(1 ) 

CD<lt[2:0) '--'--'-....... --[:~-4-LJ 

nod_" 

Dar,,[1:O) 

Dllul[3) 

0(11,,[41 

D(lI/I[1) 

0(1111(2) 

0(11,,[5) 

D(lIQ[6j 

0111(1\0) 

Dala[1) 

FIGURE 5013 Block diagam and circuit synthesized (rom • behav1or. 1 model or a 3:8 decoder. 

'6' 
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Example 5.25 

The seven-segment light-emitting diode (LED) display depicted in Figure 5-14 is a useful 
circuit in many applications using prototyping OOards.. Module SeveIlJeg_Disp/tly accepts 
4-bil words representing binary-coded decimal (BCD) digits and displays their decimal 
value. The display has active-low illumination outputs,l& and can be implemented with 
combinational logic.19 The description synthesi7..es into a combinational circuit. Several of 
the input codes are unused and should not occur under ordinary operation. One JXlssibil­
ity is to assign don't-cares to those codes. However, Ihis would display an output if such an 
input code occurred. lnstead, the default assignment blanks the display for all unused 
codes. This prevents a bogus display condition, and. as we will see in Chapter 6. prevents 
the synthesis tool from synthesizing a latched output. Why? If the default assignment is 
omitted. an event of an input that is not decoded will be detected by the event-control 
expression of the cyclic behavior, bul will not cause Display \0 be an assigned va lue. The 
implication is that the output should remain at whatever value it had before the input 
event occurred; that is, it should behave like a latch! Consequently, the displayed value of 
Display would not correspond to the BCD. 

module Seven_SeQ_Display (output reg [6: 0) Display, input [3: 0] BCD); 
II abc_dBfg 
parameter BLANK " 7'bt11_ 1111 ; 
parametar ZERO" 7'bOOO_OOO1; 
parameter ONE "7'b1oo_ 1111; 
parameter TWO "7'b001_0010; 
parameter THREE " 7'bOOO_0110; 
paramatar FOUR :: 7'b100 1100; 
parameter FIVE '" 7'b010- 0100' 

::~::::~ ~~EN : ;:~=~: 
::~:::!:~ ~~~~T: ;:==~06; 
always @ (BCD) 

case (BCD) 
0, 

" 2, 
3, 
4 , 
5, 
6, 

Display := ZERO; 
Display'" ONE; 
Display:: TWO; 
Display" THREE; 
Display" FOUR; 
Display:: FIVE ; 
Display:: SIX; 

18AnaClive.low aignalisa.sscrted if ils value isO. 

II h01 
II Mf 
II h12 
f/h06 
f/ Me 
f/ h24 
II h20 
II hOt 
II hOO 
1l h04 

l""The underscore characle r is used in the parameters or &W'nJ~8-"ispltJy to make the repreKntation of a 
number more readable. 
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Display = SEVEN; 
8: Display'" EIGHT; 
9: Display'" NINE; 
default· Display = BLANK; 

andeas • 
• ndmodule 

End of Example 5.25 

5.10 Dataflow Models of a Linear-Feedback Shift Register 

RTL models are popular in industry because they are easily synthesized by modern 
tools for electronic design automation (EDA). The next example illustrates an RTL 
model of a synchronous circuit, an autonomous linear-feedback shift register that exe­
cutes concurrent transformations on a data path under the synchronizing control of its 
on ly input , a clock signal. 

Example 5.26 

Linear-feedback shift registers (LFSRs) are commonly used in data-compression cir­
cuits implementing a signature analysis technique called cyclic-redundancy check 
(CRC) [41. Autonomous LFSRs are used in applications requiring pseudo-random 
binary numbers. 20 For example, an autonomous LfSR can be a random pattern gen­
erator providing stimulus patterns to a circuit. The response to these patterns can be 

n GVRE 5_14 A sc\'cn·segmenl LED display, 

IOLFSRs arc also used as fast counlers when only thc IcnninaJ count is needed, 



Advanced Digital Desip with the Venloc HDL 

FIGURE S-lS LFSR with modulo-2 (exellUive.()f) addition. 

compared to the circuit's expected response and thereby reveal the presence of an 
internal fault (See buil t-in self testing in Chapter 11) . The autonomous LFSR shown 
in Figure 5-15 has binary tap coefficients C I , .... eN that de termine whether Y eN) is 
fed back to a given stage of the register. The struct ure shown has CN "" 1 because 
YINJ is connected directly to the input of the leftmost stage. In ge neral, if 
eN _ I ... 1 : I , then the input to stage j is formed as the exclusive·or of YU - II and 
YfN). fo r j : 2, .. . N. Otherwise. the input to stage j is the output of stage 
j - 1- yu) <"" YU - I). The vector of tap coefficients determines the coefficients 
of the charac:te ristic polynomial of the LFSR, which characterize its cyclic nature (2]. 
The characteristic polynomial determines the period of the register (the number of 
cycles before a pattern repeats). 

The Verilog code below describes an eight-cell autonomous LFSR with a syn­
chronous (edge-sensitive) cyclic behavior using an RTL style of design. Each bit of the 
registe r is assigned a value concurrently with the o ther bits; the order of the listed non­
blocking assignments is of no consequence. The movement of data through the register 
under simulation is shown in binary and hexadecimal format in Figure 5-16 for the ini­
tial state and three cycles of the clock. Note that this model is not fu lly parameterized, 
because the register transfers are correct only if Length = 8. 

module Auto_LFSR_RTL II( 
Length = 8, 

parameter 1 Length: 1) 
initial state:: 8'b1001 0001 , 1191h 
Tep_Coefficient '" 8'b1100_1111 

)( Input clock, reset_b. 
output r!IV 11 : Length) Y 

alwaya 0 (po.edge clock) 
If (r8$8t_b :'" 1'bO) Y <= InitiaLstate; II Active-low reset to Initial state 
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else begin 
Y(t] <"'YIS]: 
Y12] <: Tap_Coefficient[7]? Y11] A Y(S]: YI1]: 
Y(3] <:: Tap_Coefficient[6)? Y[2] A Y(S]: Y[2]: 
Y(4) <:: Tap_Coefficient[S)? Y[3] " YIS]: Y131: 
YIS) <:: Tap_Coefficient[4)? Y[4] "YI8} YI4J: 
Y(6) <= Tap_Coefficient[3) ? Y{S] " Y18) YIS]: 
Y(7) <= Tap_Coefficient(2)? Y[6) "YI8) YI6}: 
Y[8] <= Tap_Coefficient[1]? Y[7) " Y[8] YI7]: 

.nO 
endmodule 

End of Example 5.26 

173 

5.11 Modeling Digital Machines with Repetitive Algorithms 

An algorithm for modeling the behavior of a digital machine may execute some or all 
of its steps repeatedly in a given machine cycle, depending on whether the steps exe­
cute unconditionally or not. For example, an algorithm that sequentially shifts the bits 
of an LFSR can be described by a for loop in Verilog. 

Example 5.27 

The LFSR in Example 5.26 is modeled again here by Auto_LFSR..fiLGO, an algorithm­
based behavioral model that uses a for loop to sequence through the concurrent 

c[8"J) " [JHXU1 IIJ )11:8] 

~I 1+0 0 1+ 0+0 + 0 +1~ 

~I 1+0 0 O + 0+1+1+1~ 

'~~ 
~~ 

flGURE 5-16 Data movement in an LFSR with modulo-2 (exclusive·or) addition 
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(non blocking) register assignments onc at a time, beginning with the cell 10 the right of 
the most significant bit (MSB). The machine's activity in one clock cycle is determined by 
seven iterations of the loop, followed by a final assignment statement that updates the 
cell of the MSa The functionali ty of this machine is identical to that of the machine in 
Example 5.26. 

module Auto_lFSR_ALGO #(parame.er 
Length: 8, 

I; 

initial state :: S'b1001 0001 , 
par.;;'.ter(1: LenglhITap_Coefficient" 8'b1111_0011 
II 
input Clock, Reset, 
output reg 11 : Length) Y 

integer CeIIJllr, 

alway.@ (po.edge Clock) 
if (Rs,-b = .. 1'bO) Y <'" initiaLslale; II Arbitrary initial state, 91h 
el •• begin for (CeIU)!r:: 2; Call...,ptr <= Length; CellJltr:: CelU)tr +1) 

11 (Tap_Coefficient (Length - Cell. . ..Ptr + 1J == 1) Y(Cell..J)trJ <= Y(Cell..Ptr · 11" Y (Length): 
el .. Y[Cell..J)lr) <= YICellytr - 1]: 
Y11] <= YILengthl: 

end 
endmodule 

End of Example 5.27 

A for loop has the form: 

for (InitiaLstatement; control_expression; index_statement) 

At the beginning of execution of a /or loop, initia/Jtatement executes once, usually 
to initialize a register variable (i.e., an integer or a ng) that controls the loop. If 
controLexpreuion is true, the statementJor_execution will exccute.21 After the 
statementJor _execu.tion has executed, the indexJ tatement will execute (usually to 
increment a counter). Then the activity flow will return to the beginning of the/or 
statement and check the value of the controLexpression again. If controLexpression 
is false, the loop terminates and the activity flow proceeds to whatever statement 
immediately follows the statementJor 3xecution. (No te: The value of the register 
variable governed by controLexpression in the/or loop may be changed in the body 
of the loop during execution.) 

llSuntmOlI./or J~«Uricn can be a single 11atement or I block "Ilemeni (Le., bqIII .. end). 
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Verilog has three additional loop constructs for describing repetitive algorithms: 
npeal, while, and/onver. The npeat loop (see Eltample 5.28) executes an associated 
statement or block of statements a specified number of times. When the activity flow 
within a behavior reaches the repl!al keyword, an expression is evaluated once to 
determine the number of ti mes that the statement is to be executed. If the expression 
evaluates to x or z: , the result will be treated as 0 and the statement will not be exe­
cuted; that is, the execution skips to the next statement in the behavior. O therwise, the 
execution repeats for the specified number o f times. unless it is premature ly termi­
nated by a disable statement within the activity flow (see Example 5.33). 

Exampie528 

A r ep eat loop is used in the fragment of code below to ini tialize a memory array. 

word address'" 0; 
repe;t (memory_size) 

begin 
memory I word_address) = 0: 
word_address:: word_address + 1; 

eod 

End of Example 5.28 

Example 529 

In this example, the/or loop is used to assign values to bits within a register after it has 
been initialized to x. The results of executing the loop are shown in Figure 5-17. 

reg {15: OJ demo_register, 
integer K; 

for (K;:4; K; K:: K -1) 
begin 

demo_register (K + 10) ;: 0; 
demo_register (K + 2) ;: 1; 

eod 

At the beginning of execution the statement K = 4 executes and assigns the 
value 4 to K. Thus, the cOllfroCexpression, K, is a "TRUE" value. The assign ments to 
demoJegister arc made and then K is decremented. This process continues until a 
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flG URE 5-17 Register ~onle nts after execut ion of the/or loop. 

decremenlation assigns the value K = O. This condition produces a fa lse value for the 
expression that conlrols the loop (i .e., K) and con trol passes to whatever statement fol­
lows the for loop's sflIlementJor _execution. 

End of Example 5.29 

Example 530 

A majority circuit asserts its output if a majori ty of the bits of an input word arc 
asserted. The description in Majority_4b is suitable for a 4-bi l datapath, and uses a case 
statement to decode the bit patterns. However, this model is hardwired and becomes 
cumbersome for long word lengths. A parameterized alternative, Majority. uses a for 
loop 10 count the asserted bilS in Data. A final procedural assignment asserts Yafter 
the loop has competed execution, provided that count exceeds the value defined by the 
parameter majorilY, The parameters in Majorily provide fl exibility in sizing Data and 
count , and in setting an assertion threshold, majority, Figure 5·18 shows a segment of 
simulation results for Majority, 

module Majority_ 4b (output reg Y, input A, B, C, 0 ); 
always GI (A, B, C, 0) begin 

case «A, B, C, 0» 
7, 11 ,1 3,14,15: Y :s 1; 
default Y:O; 

endease 
end 

endmodule 

module Majority #(p2nmeter size = 8, max'" 3, majority '" 5)( 
input [size·1: 0) Data 
output reg Y 



tAlie Dnign with Behavioral Models of Combinational and Sequential Logie 

reg [max-1 : OJ count; 
integer k; 
alway. @(Dala) begln 

counl = O; 
for (k =0; k< size; k '" k+ 1) beg in 

if (Oala[k] == 1) count '" count + 1: 
onO 
Y '" (count >= majority); 

onO 
endmodule 

A Vcrilog whil~ loop has the form: 

while (expression) statement; 

End of Example 5.30 

177 

When the whil~ statement is encountered during the activity now of a cyclic or 
single-pass behavior. slaleme1lr2 executes repeatedly while a Boolean expression is 

o 
N,~ 

D"la[7:O] 

Dma!7] 

DQ/(/[6J 

Dala!5 ] 

D"la14J 
Dala(3) 

D"fQ[2J 

Dal.,[IJ 

100 

00 

FIGURE S-18 Simulation results for a paramelerlled majorirycireuit 

llSlalcmcnl can be a single Slalcmenl or a block stalcmcnt (i.e .. bl>¥ l .. .. , end ). 

ISO , 
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true. When the expression is fa lse the activity flow skips to whatever statement follows 
statement. For example, the statement below increments a synchronous counter while 
enable is asserted. 

while (enable) begin @(po.edge clock)count<=count+1;end 

5.11.1 lntellectual Property Reuse and Parameterized Models 

Models have increased value if they are extendable to more than one application. Use 
parameters to specify bus widths, word length, and other details that customize a 
model to an application. 

Example 5.3/ 

The model Auto_LFSR_Param describes the same functional ity as Allto_LFSR_RTL 
and AlIto_LFSRJlLGO (see Example 5.26 and Example 5.27), but uses a parameter­
ized/or loop, conditional operalors. and concurrent assignments to the register cells. 
Unlike Auto_LFSR_RTL, which was bard-wired to eight cells, Allto_LFSR...param is 
easily extended 10 an arbitrary length by changing only its paramete rs. 2J 

module Auto l FSR #( 
parameter­
parameter 
pl rl meter {1: l ength) 

)( Input 
output reg [1 : length] 

): 

length = 8, 
initiaLstate: 8'b1001_0001, 1/ Arbitrary initial state 
Tap_Coefficient:: 8'b1100_11 11 
Clock, Rst_b, 
y 

Integer k; 
_twey.@(po.edgeClock) 

i1 (RSI_b == 1bO) Y <: Initial_state; 
_I .. begin 
for (k = 2; k <= l ength; k: k + 1) 

.od 

Vlk] <= Tap_Coefficlent(Lenglh-k+ 1)? V[k-1 ] " Y[Length] Vlk-1]; 
V11] <: Yllength]; 

endmodule 

End of Example 5.31 

lJFor example, II le~lben("h could auip! I different initial I iaic. 
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Example 5.32 

The algorithm in the named block counc of-ls uses the Verilog right-shift operator 
(» ) in counting the number of 1s that are within a register, by counting the number of 
times that a 1 is observed in the least significant bit (LSB) as the word is shifted repeat­
ed ly to the right.24 The right-shift operator fills a 0 in the MSB position that is emptied 
by the shift operation. 

begin: count_oC 1s 
reg [7: Ojlemp_reg; 
count = 0; 

fI counCo,-1s dedares a named block of statements 

temp_reg = reg_a; fl load a data word 
while (temp_reg) 

begin 
If (temp_reg[Oj) counl = counl + 1; 
lemp_reg = lemp_reg::>::> 1; 

."d 
. "d 

An alternative description simplifies the logic by eliminating the if statement, as 
shown below; 

begin: counCoC1s 
reg [7: 0] temp_reg; 
counl = 0; 
temp_reg = reg_a; II load a data word 
while (Iemp_reg) 

begin 
count = count + temp_reg[O]; 
temp_reg = temp_reg::>::> 1; 

."d 
."d 

The right-shift operation will eventually cause tempJeg to have a value of 0, 
thereby causing the loop to terminate. 

End of Example 5.32 

2'ln general , the operator can be accompan ied by an integer value to shift a word by a specified number of 
positions, e.g .. the statement, word < '" word X> 3; will shift word by three bits to the right , and fill in with 
Os from the left . The left-shift operator (<K ) has similar effe<:t, but in the reven e direction as the right-shift 
operator. 
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5.11.2 Clock Generators 

Clock generators arc used in testbenches to provide a clock signal for testing the model 
of a synchronous circuit. A flexible clock generator will be parameterized for a variety 
of applications. The fonve, loop causes unconditional repetitive execution of stale· 
ments, subject to the disable statement, and is a convenient construct for describing 
clocks. 

Example 5.33 

The code below produces the symmetric waveforms in Figure 5-19 under simulation. 
The loop mechanism Jonller executes until the simulation terminates. This example 
also illustrales how the activity of an Inilial behavior may continue for the duration of 
a simulation , without expiring. The disable statement lerminalcs execution after 3500 
lime steps by disabling the named block cfockjoop.~ 

parameter halCcycJe = 50; 
parameter stop_time = 350; 
Initial 

a,.gln : clock loop II Note: clock_ loop is a named block of statements 
cJock =0; -
fo rever 

a,.gln 
#halC cycle clock = 1; 
#half_cycle clock::: 0; 

.nd 
.nd 

initial 
#stop_time dl.able clockJ oop; 

End of Example 5.33 

In many situations. loops can be constructed using any of the four basic loopi ng 
mechanisms of VeriJog, but be aware that some EOA synthesis tools will synthesize 
only the for loop. Also, note that always andfore .. er are not Ihe same construct, though 
both are associated with cyclic execution. First, the always construct declares a concur­
rent behavior. Theforet-'er loop is a computational activity flow and is used only within 

lSlngeneral, . n.medblocl:m.yoontain loc:alregistervari.ble" 
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1000 
100 300 

FIGURE 5·19 Qock waveform implemented with afo~~rloop 

a behavior. Its execution is nOI necessarily concurrent with any other activity flow. The 
second significant distinction is that forner loops can be nested; on the other hand, 
cyclic and single-pass behaviors may not be nested. Finally, ajorevu loop executes only 
when it is reached within a sequential activity flow. An always behavior becomes 
active and can execute at the beginning of simulation. 

The disable statement is used to prematurely terminate a named block of proce­
dural statements. The effect of executing the disable is to transfer the activity flow to 
the statement that immediately follows the named block or task in which disable was 
encountered during simulation. 

Example 5.34 

The findJirscone module below finds the location of the first 1 in a 16-bit word. 
When disable executes. the activity flow exits the for loop, proceeds to end, and 
then returns to the always to await the next event on trigger. At that time 
index_value holds the value at which A _word is one. The word is assumed to contain 
at least one 1. 

module find_fIrst_one (output reg [3: OJ index_value, Input [15: OJ A_word, Input trigger); 
always @ (posedge trigger) begin: search_for_1 

for (index_value = 0; index_value < 15; index_value = index_value + 1) 
if (A_word[index_valueJ == 1) disable search_for_1; 

end 
endmodule 

End of Example 5.34 
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5.12 Machines with Multicycle Operations 

Some digital machines have repetitive operations distributed over multiple clock 
cycles. This activi ty can be modeled in Verilog by a synchronous cyclic behavior that 
has as many nested edge-sensitive event-control expressions as are needed to complete 
the operations. 

Example 5.35 

A machine that is to form the sum of four successive samples of a datapath could store 
the samples in registers and then use multiple adders to form the sum, or it could use 
one adder to accumulate the sum sequentially. The implicit slate machine add_ 4cycle 
adds four successive samples on a data bus. 

module add_ 4cycle (output reg 15: 0) sum, Input [3: 0] data, input elk, reset); 
always @ (poaedge elk) begin: add loop 

If (reset ""= 1'b1) dlaable addJoop: elae sum <= data; 
@(poaedgeelk)lf(reset== 1'b1) dlaable add_loop; elae sum <= sum + data; 
@(posedgeelk) if (reset== 1'b1) disable add_loop; else sum <= sum + data; 
@(posedgeelk)lf(reset== 1'b1) dIsable add_loop; else sum <= sum + deta; 

eod 
endmodule 

The behavior in add_ 4cycfe contains four event-control expressions. The sum is 
initialized to the first sample of data in the first clock cycle. Four samples of data are 
accumulated after four clock cycles, before the activity flow returns to the first event­
control expression to await a new sequence of samples of data. Note that the disable 
statement is included within the reset statement in each clock cycle to ensure that the 
machine reinitializes properly, regardless of when reset is asserted [5]. A hardware 
realization of add_ 4cycfe is shown in Figure 5-20. It synthesizes a state machine26 to 
control the four-cycle operation and uses only one adder. 

End of Example 5.35 

USee Appendix H for a description of ASIC flip-flop standard cells used in the examples. 
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FIGURE S-lO Circuit synthesized for a four-sample adder. 

5.13 Design Documentation with Functions and Tasks: 
Legacy or Lunacy? 

Veriklg models are a legacy of their author. Whether a model is useful to anyone else 
depends on the correctness and clarity of the description. Even a correct model has 
limited utility if its credibility is compromised by poor documentation and style. Ver­
Hog has two types of subprograms that can improve the clarity of a description by 
encapsulating and organizing code into tasks and functions. Tasks create a hierarchi­
cal organization of the procedural statements within a Verilog behavior; functions 
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substitute for an expression . Tasks and functions le t designers manage a smaller 
segment of code. Both constructs facilitate a readable style of code. with a si ngle 
identifier conveying the meaning of many lines of code. Encapsulation of Ve ri tog 
code inlO tasks or functions hides the details of an implementation from the outside 
world. Overall, tasks and functions improve Ihe readabi lit y, parlability, and mainta in ­
ability of a model. 

5.13.1 Tasks 

Tasks are declared within a module, and they may be referenced only from wi thin a 
cyclic or single-pass behavior. A task can have parameters passed to it, and the 
results of executing the task can be passed back to the environ ment. When a task is 
called, copies of the parameters in the environment are associated with the inputs. 
o utputs, and inouts within the task according to the order in which the inputs, out­
puts. and inouts are declared. Th e variables in th e environ ment are visible to the 
task. Addition al, loeal variables may be declared within a task. A word of cauti on: a 
task can call itself, but the memory supporting the variables o f a task is shared by all 
calls. The original standard ( \995) language docs not support recursion, so antici­
pate side effects.27 

A task must be named, and may include declarations of any number or combina­
tion of the following: porom~t~r, input, f1utput, Inout, reg, integ~r, r~ol, time, r~llllime. 
and event. The variable types reol, time and ,-eilitime are additional members of the 
register fa mily of types (see Appendix D). The keyword even! declares an abstract 
event. Abstract events a re used in high-level modeling, but we will nOI use them in our 
examples because they arc not supported by synthesis tools. All of the declarations of 
va riables are local to the task. The arguments of the task retain the type they hold in 
the environment that invokes the task. For example, if a wire bus is passed to the task, 
it may not have its value altered by an assignment statement within the task. All the 
arguments to the task are passed by a value-not by a pointer to the value. When a task 
is invoked, its formal and actual arguments are associated in the order in which the 
task's ports have been declared. 

Example 5.36 

The module adder J usk contains a user-defined task that adds two 4-bit words and a 
carry bit. The circuit produced by the synthesis tool is in Figure 5-21. 

module adder task ( 
output reg c~ut. output reg [3: 0] sum, Input [3: 0] data_a, data_b, Input c_in, elk, reset 

); 

2?verilog.2001 adds IlUlomIJIi<" tasks and functions. which allocate unique stonKe to each call of a lask Ot 
function. thereby suppor1ina recursion. 
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always @ (po.edge clk, posedge reset) 
if (reset::: 1'b1 ) {c_out, sum} <:: 0; al.e add_values (c_out, sum, data_a, data_b, cjn); 

task add values ( 
output c_out, output 13: 0) sum, input (3: 0) data_a, data_b, input c_in 

); 
begin 
(c_out, sum} <= data_a + (data_b + c_in); e,. 

andta. k 
andmodule 

End of Example 5.36 

S.13.2 Functions 
Verilog functions are declared with.in a parent module and can be referenced in any 
valid expression-for example, in the RHS of a continuous assignment statement. A 
function is implemented by an expression and returns a value at the location of the 

FIGURE S_ll Circuit synthesized from addu-,ask. 
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function's identifier. Functions may implement only combinational behavior, that is, 
they compute a value on the basis of the present value of the parameters that are 
passed to the function.u Consequently, they may not contain timing controls {no delay 
control (#), event control (@),or wait statements), and may not invoke a task. How­
ever, they may call other functions, but not recursively. 

A function may contain a declaration of inputs and local variables. The value of a 
function is returned by its name when the expression calling the function is executed. 
Consequently, a functio n may not have any declared output or inout port (argument). 
It must have at least one input argument. The execution, or evaluation, of a functio n 
takes place in zero time, that is, in the same time step that the calling expression is eval­
uated by the host simulator. The definition of a function implicitly defines an internal 
register variable with the same name, range, and type as the function itself; this variable 
must be assigned value within the function body. 

Example 5.37 

The function aligned_word in word_aligner shifts « < is the left-shift operator) a word 
to the left until the most significant bit is a 1. The input to word_aligner is an 8-bit word, 
and the output is also an 8-bit word . 

module word_aligner #(parameter word_size'" 8)( 
output [word_size -1: OJ word_out. input [word_size -1 : 0) word_in 

): 
a •• ign word_out'" aligned_word(word_in); 

function [word_size -1 : 0) aligned_word: 
Input [word_size -1 : 0] wOf'd: 
begin 
aligned_word :: word: 
If (aligned_word I:: 0) 
while (aligned_word(word_slze -1) "'''' 0) allgnad_word '" aligned_word« 1; 

end 
endtunctlon 

endmodule 

End of Example 5.37 

2!\Afunctionmay nolcontainanonblockingaSllignmenl. 
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Example 5.38 

The Verilog model arithmetic_unit uses functions with descriptive names to make the 
source code more readable. The combinational circuit synthesized from arithmetic_lInit 
is shown in Figure 5-22. 

module arithmetic_unit ( 
output 
output 
input 

); 

[4: 0] result 1, 
(3: 0) resutC2, 
13: 0) operan<Cl, operancl_2 

assign resu"_ ' :z sum_oCoperands (operand_' , operand_2); 
assign resulC2'" largesCoperand (operand_I, operand_2); 
function (4: OJ sum_oCoperands (input (3: 0) operand_1, operand_2); 

sum_oCoperands :;: operand_' + operand_2; 
enclfunetion 
function [3: OJ largest_operand (input 13: 0) operand_I, operand_2); 

largest_operand = (operancl_1 >= operand_2)? operand_' : operand_2: 
enclfunetlon 

endmodute 

End of Example 5.38 

Functions and tasks arc used both to improve the readability of a Verilog model 
and to exploit re-usable code. Functions are equivalent to combinational logic. and 
cannot be used to replace code that contains event-control (@) or delay-control (If) 
operators. Tasks are more general than functions. and may contain timing controls. 
Tasks that are to be synthesized may contain event-control operators, but not delay­
control operators. 

5.14 Algorithmic State Machine Charts 
for Behavioral Modeling 

Many sequential machines implement algorithms (i.e. , multistep sequential computa­
tions) in hardware. A machine's activity consists of a synchronous sequence of opera­
tions on the registers of its datapaths, usually under the direction of a controlling state 
machine. State-transition graphs (STGs) indicate the transitions that result from inputs 
that are applied when a state machine is in a particular state, but STGs do not directly 
display the evolution of states under the application of input data. Fortunately, there is 
an alternative format for describing a sequential machine. 



, .. 
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A lgorithmic state machine (ASM) charts are an abstraction of the functionality 
of a sequential machine, and are a key tool for modeling their behavior [I. 2, 6, 7, 8] . 
They are similar to software flowcharts, but display the time sequence of computa­
tional activity (e.g., register operations) as well as the sequential steps that occur under 
the influence of the machine's inputs. An ASM chart focuses on the activity of the 
machine, rather than on the contents of all the storage clements. Sometimes it is more 
convenient, and even essential, to describe the state of a machine by the activity that 
unfolds during its operation, rather than by the data that are produced by the machine. 
For example, instead of describing a 16-bit counter by its contents we can view it as a 
datapath unit and describe its activity (e.g. , counting, waiting, ctc.). 

ASM charts can be very helpful in describing the behavior of sequential 
machines and in designing a state machine to control a datapath. We will introduce 
ASM charts in this chapter and make extensive use of them in designing sequential 
machines and datapath controllers in Chapter 6 and Chapter 7. 

An ASM chart is organized into blocks having an internal structure formed from the 
three fundamemal clements shown in Figure 5-23(a): a state box, a decision box, and a 
conditional box [21 . State boxes are rectangles, conditional boxes arc rectangles with 
round comers, and decision boxes are diamond-Shaped. The basic unit of an ASM chart is 
an ASM block , shown in Figure 5-23(b). A block contains one state box and an optional 
configuration of decision diamonds and conditional boxes placed on directed paths leav­
ing the block . An ASM chart is composed of ASM blocks; the state box represent.'i the 
state of the machine between synchronizing dock events. The blocks of an ASM chart are 
equivalent 10 the states of a sequential machine. Given an ASM charI, equivalent infor­
maiion can be expressed by a state-transition graph, but with less clarity about the activity 
of the machine. An STG uses two symbols, nodes and edges, but an ASM chart uses state 
boxcs,conditional boxes, edges. and decision diamonds. With more symbols, an ASM chart 
is a higher level of abstraction than an STG, and therefore is more easily understood and 
used. Another noteworthy comparison is that the order of mUltiple decision diamonds on 
a path in an ASM chart implies a precedence of the associated signals and/or conditions. 
The structure of the chart reveals this detail with clarity. 

Both types of state machines (Mealy and Moore) can be represented by ASM 
charts. The outputs of a Moore-type machine are usually listed inside a state box. The 
values of the variables in the decision boxes determine the possible paths through the 
block under the action of the inputs. The ASM chart for a vehicle speed controller (see 
Figure 5-23(c) has a Mealy-type output indicating that the taillights of the vehicle are 
illuminated while the brake is applied. 

Conditional outputs (Mealy outputs) arc placed in a conditional box on an ASM 
chart. These boxes are sometimes annotated with the register operations that occur with 
the state transition in more general machines that have datapath registers as weU as a state 
register, but we will avoid that practice in favor of the ASMD charts that will be discussed 
below. The decision boxes along a path in an ASM chart imply a priority decoding of the 
decision variables. For example, in Figure 5-23(c) the brake has priority over the accelera­
tor. Only paths leading 10 a change in state are shown, and if a variable does not appear in 
a decision box on a path leaving a state, then it is understood that the path is independent 
of the value of the variable. The accelerator is not decoded in state S_high in Figure 5-23(c). 
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f1GURE 5-23 Algorithmic Ila le machine tbarl5: (a) symbols. (b) an ASM block, and (t) an 
ASM ehart fora vehicle speed eontroUer. 



Logic Design with Behavioral Models of Combinational and Sequential Logic 191 

Note: A5M charts can become cluttered, so we sometimes place only the asserted value of 
a decision variable on the corresponding path and do not label paths with de-asserted deci­
sion variables unless the omission would lead to confusion. We also may omit showing 
default transitions and assertions that return to the same stale and paths that return to the 
reset state when a reset signal is asserted. 

5.15 ASMD Charts 

One important use of a finite-state machine is to control register operations in a more 
general sequential machine. For convenience, such machines are partitioned into a 
controller and a datapath. The controller is described by an ASM chart; the controller's 
outputs govern the operations of the datapath and/or communicate with its environ­
ment. Assertions of the machine's Moore outputs are indicated on the controller's 
ASM chart in state boxes; Mealy outputs are indicated in conditional boxes. Primary 
inputs (from the environment) and status inputs (from the datapath) are indicated in 
decision diamonds. To form an algorithmic state machine and datapath (ASMD) chart, 
annotate the ASM chart of the controller to indicate the concurrent register operations 
that occur in the associated datapath unit when the state of the controller makes a 
transition along the path and the indicated input signal is asserted. A complete ASMD 
chart contains the annotation describing the datapath operations and the identity of 
the signals produced by the controller to cause the operations. ASM charts that have 
been linked to a datapath in this manner are called ASMD charts. The annOiation that 
transfonns an ASM chart into an ASMD chart establishes a clear relationship between 
the controller and the datapath, without confusing the two units. 

ASMD charts are motivated by the finite-state machine-datapath paradigm 
(FSMD) that was introduced as a universal model that represents all hardware design 
[9]. ASMD charts help clarify the design of a sequential machine by separating the 
design of its datapath from the design of the controller, while maintaining a clear rela­
tionship between the two units. Register operations that occur concurrently with state 
transitions are annotated on a path of the chart, rather than in conditional boxes on the 
path, or in state boxes, because these registers are not part of the controller. The out­
puts generated by the controller are the signals that control the registers of the data­
path and cause the corresponding register ope rations that annotate the ASMD chart. 

The distinction between primary inputs and status signal inputs from the data­
path unit is apparent in the Verilog model of the machine. The primary inputs are 
inputs at the top level of the machine (i.e., from the environment). The status signals 
are outputs of the embedded datapath unit and are also inputs to the control unit. This 
suggests that the model should list ports in the following order: outputs, inputs, clock, 
reset. Within the list of outputs, vectors are listed before scalars, and primary signals are 
listed before status signals. This ordering in the Verilog description can be matched by 
the listings in the block diagram to facilitate communication about the design. 

In the examples that follow, we will adhere to a practice of indicating an asyn­
chronous reset signal by a labeled path entering a reset state, but not emanating from 
another state. An asserted asynchronous reset signal holds the state of the machine in 
its reset state until the reset condition is de-asserted. A synchronous reset signal will be 
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denoted by a decision diamond placed on the path leaving the reset stale. The diamond 
will have an exit path that returns 10 the reset state if the reset signal is asserted. Resets 
are checked al every Slale, hut their return paths to a reset Slate will not be shown. 

Example 5.39 

The internal architecture of the datapath and a block diagram of pipe..,.2srage, a 1wa­
stage pipeline that acts as a 2:1 decimator with a parallel input and output, are shown in 
Fig. 5-24 (a), identifying the interface signals between the controller and the datapath. 

Cd 

PI <_ DaM 
PO <- PI 

\ ~JfO:RO <. IP I.POI 
(b, 

Data 

(., 

FIGURE S.14 Th'tHtage pipeline rqister. (a) bkx:.k diaJ1Blll otpipeline arch.ilectUTe, (b) simplified 
ASMD chart,and (e) oomplele ASMD ebart. 
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Decimators are used in digital signal processors to move data from a high-clock-rate 
datapath to a lower-clock-rate datapath. They are also used to convert data from a par­
alle l format to a serial format. In the example shown here, entire words of data can be 
transferred into the pipeline at twice the rate at which the content of the pipeline must 
be dumped into a holding register or consumed by some processor. The content of the 
holding register, RO,can be shifted out serially, to accomplish an overall parallel-ta-serial 
conversion of the data stream. 

The simplified ASMD chart in Figure 5-24(b) identifies the output signals of the 
controller and the datapath operations that they cause to execute. The completed chart 
in Figure 5-24(c) places the output signals of the controller in conditional output boxes 
in th e ASMO chart.NThe machine has synchronous reset to SJ dle, where it waits until 
rst is de-asserted and En is asserted. Note that transitions that would occur from the 
other states to S_idle under the action of rst are not shown. With En asserted, the 
machine transitions from S_idle to S_I , accompanied by concurrent register operations 
that load the MSByte of the pipe with Data and move the content of register PI to the 
LSByte register (PO). At the next clock the state goes to SJull, and now the pipe is full. 
If Ld is asserted at the next clock , the machine moves to S_1 while dumping the pipe 
into a holding register RO. If Ld is not asserted, the machine enters S_wait and remains 
there until Ld is asserted, at whieh time it dumps the pipe and returns to S_1 or to 
S_idle, depending on whether En is asserted too. The data rate at RO is one-half the 
rate at which data bytes are supplied to the unit from an external datapath . The signals 
generated by the control unit to control the indicated register operations are named 
and added to the chart to obtain the complete ASMD chart shown in fig. 5-24(c) . The 
chart completely describes the machine by providing a description of the datapath 
operations and the finite-state machine that controls those operations. The Verilog 
model of the controller given below is described by two cyclic behaviors. The first , an 
edge-sensitive behavior, merely synchronizes the state transitions and responds to a 
reset. The second, a level-sensitive cyclic behavior, describes the combinational logic 
forming the next state and the outputs of the machine. Note that the reset action is 
described in the edge-sensitive behavior and is not part of the combinational logic. 
There are various ways to describe finite-state machines in Verilog, but this style is pre­
ferred because it is clear and synthesizes readily. 

module Controller (output reg Clr_P1_PO, ld_P1_PO, Ld_RO, Input En, ld, elk, rst); 
panllmeter S_idle = 2'bOO, S_1 = 2'b01, S_full = 2'b10, S_wait = 2'b11 ; 
reg [1: 0] state, nexCstate; 

always @ (posedge elk) 
If (rst) state <= S_idle; 
else state <: next_state; 

always@(state, En, ld) btlgln 
Clr_P1_PO = 0; 

t~=~b-:g:: 0: 

1<IUnconditionai outputs (i.e .. Moore outputs) are annotated within a state box. 
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ca .. (state) 
5_ldte: if (En) begin next_state '" 5_1; ld_P1_PO : 1; end 

else next_state'" 5_ldle: 

5_ 1: begin nexCstate '" 5_fulI; l d_P1_PO '" 1: end 

5_full : If (!ld) begin nexCstate '" 5_wait: l d_RO :z 1; end 
else If (En) begin next state" 5 1; ld P1 PO = 1; end 
else begin next_state ;; 5_idle; Cir_P":·PO -; 1; end 

5_wail: tf (lld) next_state=< 5_wait; 
else begIn 

endc •• e 
end 

endmodul. 

End of Example 5.39 

ld_RO: 1; 
If (En) begin ld~P1_PO: 1; next_state" 5_1; end 
el •• begin next state ;; 5 idle; Clr P1 PO '" 1; end 

.nd - - - -

The design of a datapath controller ( I) begins with an understanding of the 
sequential register operation s that must execute on a given datapath architecture, 
(2) defines an ASM chart describing a stale machine that is controlled by primary 
input signals and/or status signals from the dalapalh, (3) fonns an ASMO chart by 
annotating the arcs of the ASM chart with the datapath operations associated with the 
state transi tions of the controller, (4) annotates the state of the controller with uncon­
ditional output signals, and (5) includes conditional boxes for the signals that are gen­
erated by the controller to control the datapath. If signals report the status of the 
datapath to the controller, these are placed in decision diamonds too, to indicate that 
there is feedback linkage between the machines. This decomposition of effort leads 10 
separately verifiable models for the controller and the datapath. The fmal step in the 
design process is to integrate the verified models within a parent module and to verify 
the functionality of the overall machine. We will consider this methodology and the 
role of status signals fed back to the control unit from the datapath in more detail in 
Chapter 7. 

The register operations of ASMD charts are usually written in register transfe r 
notation (RTN), a set of symbols and semantics that compactly specifies the instruction 
set of a computer {2, 6, 7]. We will describe those operations by Verilog's operators, 
which correspond to common hardware operations, and will annotate the ASMO chart 
accordingly. Note the concatenation and nonblocking assignment operators in Figure 
5-24. Oatapath register operations made with a nonblocking assignment operator are 
concurrent, so the register transfers denoted by RO < = {Pt , PO} and {Pl, PO} <= 0 
are concurrent and do not race. 
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5.16 Behavioral Models or Connters, Shirt Registers, 
and Register Files 

195 

Counters.shift registers, and register files are imponant data path units and are used in many 
digital machines. The storage elements of counters and registers usually have the same syn­
chronizing and control signals:lO A counter generates a sequence of related binary words; a 
register stores data that can be retrieved andfor overwritten under the control of a host 
processor. The cells of a shift register exchange contents in a systematic and synchronous 
manner. Register files arc a collection of registers that share the same synchronizing and 
control signals. Behavioral descriptions of a wide variety of counters, shift registers, and reg­
ister fil es arc routinely synthesized by modem synthesis tools. The descriptions specify syn­
chronous register operations under the control of external input signals (presumably 
generated as the output signals of a control unit). The datapath and control uni ts can be 
designed and verified separately, before verifying their integrated operation. 

5.16.1 Counters 

Example 5.40 

Consider a 4-bit counter which can count up, count down ,or bold the count.The counter 
could be mode led as a state machine by choosing a state consisting of the content of the 
register holding the count, but instead we choose to associate the state with thc activity of 
the machine, which consists of idling, incrementing, or decrementing, rather than associ­
ating the state with the data that result from the machine's activity. This approach treats 
the counter as a datapath unit. rather than as a finite-sta le machine. Associating the state 
of the datapath unit with its activity allows us to model the counter independently of its 
word length and its data. It also reduces the machine to one having a single state, which is 
simply a single-cycle datapath unit. Implicitly, such a machine is controlled by an external 
agent. For example. the counter described here can be controlled by a finite-state 
machine having a 2-bit input word, up~dwn, which controls the activity of the datapath 
unit. Depending on up~dwn, the machine has options to count up, count down, or hold 
the count. The finite-state machine could also include an active-low asynchronous reset 
of the counter. Figure 5-25(a) shows a block diagram and a partial ASMD chart for the 
counter. The concurrent register operations that are linked to the state transitions of the 
control unit can be indicated by annotating the ASM chart of Figure 5-25(a) to produce 
the completcd ASMD chart in Figure 5-25(b). 

The activity of the counter has three states: idling (S_idle). incrcmenting (S_incr), 
and decrementing (S_decr) . The asynchronous active-low reset signal reseC drives the 
state to S_idle and its action is not confincd to the active edges of the clock. The signal 
resec is shown only at S_idle, to indicate that S_idle is reached (rom any state when 

:· 'An exception is a ripplecoun ter, ~hich connects lhc output ofaslage 10 the clock input of an adjacent 
stage [S]. 
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flGURE 5-25 ASM and ASMD charts for a behavioral model o f an up-down counter having 

synchronous reset: (a) wilhout conditional output OO)lC5., and (b) with conditional output boxes for regisler 
oper'liom outpulS gcocrated by the 11,lIe machine. 
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resec is asserted. The machine enters S_idle asynchronously from any state under the 
action of reseC and enters synchronously from S_decr and S_incr if up_dwn is 0 or 3. 
Otherwise. the count is either incremented or decremented. 

Notc that the charts in Figure 5-25 are independent of the word lcngth of the 
counter and that they capture the functionality of the machine. They can be adapted to 
a variety of applications. 

A controller and datapath implementation of a sequential machine based on 
Figure 5-25 would require a 4-bit register to hold count and a separate 2-bit register 
to hold the state. A closer look at the machine suggests even further simplification. 
The countcr can be viewed as having a single (equivalent) state, S-,unning,and there 
is no need for a statc register, only a datapath register for count. Two ASMD charts 
are shown in Figure 5-26, one (a) for a machine with asynchronous reset, and the 
other (b) for a machine with synch ronous resel. The action of resel_ is to drive the 
state to S-'Imning and nush the register holding count. resec is shown as a synchro­
nous cntry into S_rIImring in Figure 5-26(a). A decision diamond for reseC is shown 
in Figure 5-26(b) o n Ihe path leaving S-,unning to remind us that the machine 
ignores up_dw" if reseC is asserted. The relative location of the decision diamonds 
indicates that resec has priority. 

The Vcrilog model of the counter can be derived from the ASMD chart by noting 
that at every clock: edge the machine either increments the count, decrements the count. or 
lcaves the count unchanged. The cyclic behavior shown in Up_DownjmplicitJ describes 
the decision tree for the state changes and the opemtions on the datapath register. II sup­
presses the details of the control signals that will control the hardware datapath. In contrast 
to an explicit enumeration of states in the controller in Example 5.39, the state machine in 

CD"nI <~ O 

(.) (b) 

tl GURE 5-Ui A simplified ASMD chart for a 4-bit binary counter: (a) with asynchronous 
active ·low relet, and (b) syncmonous8ctive·!ow re$el. 
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this example is implicit. 1bis style of description is not recommended for large machines 
having more complex interaction between the control unit and the data path unit.]1 

module Up_Oown_lmplicitl (output reg 12: 0] count, input up_dwn, clock, reseU: 
alway. G! (negedge clock, negedge reseU 
if (reset_::: l'bO) count < : 3'bO; el •• 

if (up_dwn == 2'bOO n up_dwn := 2'b l1 ) count <= count; .Ise 
if ( u~utwn == 2'bOl) count < = count + 1: el •• 

If (up_dwn::: 2bl0) count <= count -I ; 
endmodule 

End of Example 5.40 

Example 5.41 

A ring counter asserts a single bit that circulates through the counter in a synchronous 
manner. The movement of dala in an B-bil ring counter is illustrated in Figure 5-27. 
Given an external synchronizing signal, clock, the behavior described by ring30unrer 
ensures the synchronous movement of the asserted bit through the register and the 
automatic restarting of the count at COUJ1t/OJ after count!7] is asserted at the end of a 
cycle. Note that the activity of the machine is the same in every clock cycle and that 
ring30unteris an implicit state machine. The synthesized circuit is shown in Figure 5-28. 

ro .. "r[7:0] 

01 01010 10101 01. 1 
o 1 0 1 0 I 0 1 0 1 0 I. I 0 
01010 I 0 0 I. 10 I 0 
01 01010 ,1 01010 
01 0 101' 0 I ojo I 0 
ojo I ' 10 0 I 0 I 0 I 0 

01'1010 ojololo 
1 1010 I 0 0 I 0 I ojo I 
010101010101 01,1 

FIGURE 5-17 Data movement in an S·b;1 ring counter. 

liThe limitations and utility of implicit S'-Ie machines will be considered in Chapler 6. 
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r-f Ht-_ ,_+ ,_"unt[7:0] 

FIGURE S·UI Ring counter syn thesiLo:d (rom a Ve rilog behavioral description (asynchrono us reset) 
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The D-type (lip-flops in the implementation are active on the rising edge of the clock. 
have gated data (i.e .• the datapalh of the flip-flop is driven by the output of a multi­
plexer whose control signal selects between the output of the flip-flop and the external 
datapath) , and have an asynchronous active-high reset. 

module rin~Lcounter I(p./"llmeter word_size = 8)( 
output TItg [word_size -1 : 0) count, Input enable, dodt, reset 

): 
. lways @ (po •• dge clock, posedge reset) 

It (reset) count <= {«word_size "Xl 'bOn, "bl}: 
el •• if (enable c= 1'b!) count <= (countfword_size -2: 0), countlword_size -1l}; 

endmodule 

End of Example 5.41 

Example 5.42 

Our last example of a counter is a 3-bi! up--down counter, but modified to include two 
additional reatures: a signal, counter_on, which enables the counter, and a signal, load, 
which loads an initial count from an external datapath. The description of the counter 
exploits Verilog's built-in arithmetic and implements the counter with an if statement. 
The synthesized circuit and block diagram are shown in Figure 5-29. In this implemen­
tation, the library cell d/frgpqb_Q is a Ootype flip-flop active on the rising edge, having 
internally gated data32 and asynchronous active-low reset. 

module up_down_counter ( 
output reg [2 : 0] Count, 
Input load, count_up, counter_on, elk, reset, 
Input (2: 0] Data_In 

): 

alwaye @ (poeedge elk, poeedge reset) 
If (reset:= 1'b1) Count <: 3'bO; .1 •• 
If (load:: 1'b1) Count <IE Data_in; elee 
lf (counter_on:: 1'b1) begin 

If (count_up := 1b1 ) Count <= Count + 1; 
el.. Count <= Count - 1; 

end 
.ndmodule 

End of Example 5.42 

l2eeD libraries include soch tlip--Oops beaouse tbe physieallayout of the mask fo r the in tegrated unit requires 
less area than connected, but dill tmct units that accomplish the same furw:cionality. The integrated unit ... iII 
also have l upe rior performance (smaller input-output propaga tion delays) . 
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5.16.2 Shirt Registers 

Example 5.43 

Shifcreg4 below declares an intema14-bit register, DotaJeg, which creates Dato_olll by a 
continuous assignment to the LSB o f the register and forms the register contents synchro­
nously from a concatenation of the scalar Daraj n with the three leftmost bits of the register. 
Notice that the register variable, Data_reg, is referenced by concatenation ({ }) in a non­
blocking assignment before it is assigned value in a synchronous behavior. This implies the 
need for memory, and synthesizes 10 the flip-(]ap structure shown in Figure 5-30. Also, recall 
that the values on the RHS o f the non blocking assignments are the values of the variables 
immediately before the active edge of the clock, and the values on the LHS arc the values 
formed after the edge. 

module Shift_reg4 #( parameter word_size = 4)( 
output Data_out, 
Input Data_In, clock, reset 

): 
reg (word_size -1: 0] Data_reg; 
a •• ign Data_out:: Data_reg[OJ; 
a lway. @ (po.edge clock, negedge reset) 

begin 
If (reset -= "bO) Data_reg <= {word_size {1'bO}}; 
el.e Data_reg <= {Data_in, Data_reglworcC size -1: 1D: 

.od 
endmodule 

End of Example 5.43 

D",O~" Do"""' DQ D Q DQ DQ -

R R R R 

C::t~ _: _ _ ---'>----___ -4-_ __ ---''-_ __ --" 

FIGURE 5·30 4·bi t shirl n:gbtcr synthcsized rrom a Vcrito, behavior. 
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Example 5,44 

In this example, a register with reset and parallel load is synthesized from the Verilog 
description of Par_loadJeg4, The structure of the synthesized result is shown in 
Figure 5-31, The muxes and flip-flops are implemented as library cells, 

module PaUoad_reg4 tl(parameter word_size:: 4)( 

); 

output reg [word_size -1: 0) Data_out, 
Input [word_size -1: 0) DataJn, 
Input load, clock, reset 

always @(posedge clock, posedg. reset) 
begin 
If (reset == 1'b1) Data_out <= {word_size {1'bO}}; 
.Is. If (load:::: 1'b1) Data_out <: Data_in; 

end 
endmodule 

End of Example 5.44 

fiGURE 5·31 4-bit register with paralle11oad, synthesized from a Verilo! behavior, 
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Example 5.45 

Barrel shifters a re used in digital signal processors to avoid overflow problems by 
scaling the input and output of a datapath operation. Scaling is accomplished by 
shifting the bits of a word 10 the left or to the right. Sh ifting a word to the right effec· 
tively divides the word by a powerof2, a nd shifting the word to Ihe left multiplies the 
word by a power of 2. Words are shifted to the right to prevent overflow that might 
result from an arithmetic ope rat ion, and then the {inal result is shifted to the left. The 
shifting aClion of a barrel shiher can be implemented with combinational logic, but 
the model presented below uses registered logic and circulates the word through a 
storage registe r. by exploiting concatenation , as depicted in Figure 5·32. The top reg· 
ister shows the pattern before the shift, and the bottom register shows the pattern 
that resul ts from the shift. The circuit synthesized from barreLshifter is shown in 
Figure 5·32. A more genera l barrel shifter can shift by a specified number of bits. 

module barreLshifter I( paremeter word_size" ex 
output reg Iword_slze ·1: 0) Data_out. 
Input [word_size ·1: 0) Data_in. 
Input load. dock. reset 

I: 

atw.y. @(posedge clock. posedge reset) 
beg'n 

If (reset"''' 1'b1) 
.Iself (load :: 1'b1) 
els. 

end 
endmodul. 

End of Example 5.45 

Example 5.46 

Data_out <= (word_size (1'bO)); 
Data_out <= Data_in; 
Data_out <= (Data_out[word_size ·2: 0]. 

Dat8_out[Word_size ·1]); 

A 4·bit universal shift register is an important unit of digital machines that employ a 
bit·slice architecture, with multiple identical slices of a 4-bit shift register chained 
together with additional logic 10 fonn a wider and more versatile datapath [8]. Its fea· 
tures indude synchronous reset, parallel inputs, parallel outputs, bidirectional serial 
input from either tbe LSB or the MSB, and bidirectional serial output to either the 
LSB or the MSB.ln the serial-in, serial·out mode the machine can delay an input signal 
for 4 clock ticks, and act as a unidirectio nal shift register. In parallel·in,serial-out mode 
it operates as a parallel·to·serial converter, and in the serial· in, paralle l-out mode it 
operates as a serial·to-parallel converter. Its parallel-in, parallel-out mode, combined 
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nGURE S-32 S·bit barrel shifler with registered output: (a) data movement, 
and (b) circuit synthesized from a Verilog behavioral mode l, barrel shiftCT. 

lOS 
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with sh ift opera tions, allows it to perfo rm any of the operations of Jess versati le unidi­
rectional shift registers. 

module Universal_Shift_Reg #(~ram.t.r word_size::; 4)( 
output reg[word_size ·1 : 0) Data_Out, 
output MSB Qui, LS8 Out, 
Input [word_size -1: 0] Oala':::-In , -
input MSB_ln, LSB_ln , 
Input 51 , sO, elk, rst 

); 

assign MSB_Out" Oata_OuijworcCsize -11: 
... Ign l SB_Out '" Oata_OullO]: 

always @(posedg. elk) begin 
If (rst:: 1b1) Data_Out <: 0; 
el •• case ({51, sO}) 

0: Data_Out <= Data_Out: II Hold 
1: Data_Out <: (MSB_ln. Dala_Out(word_slze -1: 1D: 1/ Serial shift from MSB 
2: Data_Out <:Ii: (Oata_Oul[word_size -2: OJ. LSBJn); /I Serial shift from LSB 
3: Data_Oul <- Data_In: /I Parallel Load 

andca •• 
• nd 

end module 

We can anticipale that Ihe gate-level machine will consist of four Ootype fl ip­
flops wi th steering logic to manage the datapaths supporting the specified features. The 
block diagram symbol and si mulation results verifying the fu nctionality of the model 
are shown in figure 5-33. The waveforms for Data_Out illustrate the right-shift, left­
shift. and load operations. For el(ample. when (sl , sO) = (1.0) the machines shifts bits 
from the LSB towards the MSB. 

End of Example 5.46 

5.16.3 Register Files and Arrays of Registers (Memories) 

Usually implemented by Ootype flip-flops, register fil es are not used for mass stor­
age because they occupy significantly more silicon area th an compiled memory. A 
com mon application com bines a register fil e in tande m with an ALU, as shown in 
Figure 5-34. The dual-channel outputs of th e register fil e form the data paths to the 
ALU, and th e output of the ALU is stored in the register fi le at a designated loca­
tion. A host processor provides the addresses for the operations and controls the 

:~~~::: 1~~:~i~:~W and writing to preven t a simultaneous read and write affecting 

l,\More complex register files have logic that allo.,.11 a read opera tion to retUrn the value CUITCctly written. 
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FIGURE ,5·33 4_bit universal shift regis ter: (a) b lock diagram symbol and (b) simulation TCSUlt~ 
verifying tbe 4-bit univenal shift register. 

Example 5.47 

207 

The single-input. dual-output register file modeled on the next page as an implicit state 
machi ne by Register_File introduces the concept of a Vcrilog memory. a provision for 
declaring an array of words. 34 By appending an additional array range ([31 ;0]) to the 

.1-< A word in a Verilog memory (i.e .. an array ()f words) can be addressed directly. A cell (bit) in a word can be 
addressed indirectly by first loading the word into a bufferregiste rand then addressing the bit of the word 
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FIGURE S-14 A 32-word register file in tandem with an ALU with a 32·bil datapalh. 

declaration of RegJile in the module RegisterJile, we declare 32 words of memory, 
with each word having 32 bits. The dual-output datapaths are fonned by continuous 
assignment statements using the 5·bit address provided by the host processor. The writ­
ing operation occurs synchronously under the control of Write-.$nable, and the proces­
sor must ensure that data is not read wh ile Write_Enable is asserted and Clock has a 
rising edge. Decoders are synthesized automatically by a synthesis tool, and are inside 
the register fi le, where they decode the addresses to locate a specific register. 

module Register_File '(parametllr WQrd_size :: 32, addr_size '" 5X 

); 

output {word_size -1: 0] Oata_OUt_' . Cata_Out_2, 
Input (word_size ·1: 01 Data_in, 
Input laddr_size ·1: 01 Read_Addr_1, Read_Addr_2, Write_Addr, 
Input Write_Enable, Clock 

reg (word_size.1: 01 R89..File [31 : 01; fI 32blt x32 word memory declaration 

••• ign Oata_0ut_1 '" Reg]ile(Read_Addr_1 ); 
••• ig" Oata_Out_2 = Reg_File(Read_Addf_2J; 

.Iw.y. @ (po .. dg8 Clock) begin 
If (Write_Enable == 1'b1) Reg_File [Write_Addr) <= Data_in; 

ond 
endmodule 

End of Example 5.47 

5.17 Switch Debounce, Metastability, and Synchronizers 
for Asynchronous Signals 

Sequential circuits use flip-flops and latches as storage elements. but both devices are 
subject to a condition called metastability. A hardware latch can enter the metastable 
state if a pulse at one of its inputs is too short, or if both inputs are asserted either 



Lolle DHip with Behavioral Models of Combinational and Sequential Logic: 

simultaneously or within a suffi ciently smalJ interval of each other. A transparent latch 
can go into a mctastable state too. if the data are unstable around the edge of the 
enable input. D-type flip -flops (edge-triggered) are formed from two cascaded Irans­
parent latches with complementary clocks. A D-typc flip-flop can enter the metastable 
state if the data are unstable in the setup interval preceding the clock edge or if the 
clock pulse is too narrow. Given the vulnerability of storage devices to metastabil ity, it 
is important that systems be designed to minimize the impact of signals that could 
cause the system to be upset by this condition. 

Many physical systems that are intended to operate synchronously have asyn­
chronous input signals. A signal is asynchronous jf it is not controlled by a clock or if it 
is synchronized by a clock in a different domain. In both cases, a signal transition can 
occur in a random manner with respect to the active edge of the clock that is control­
ling sequential devices. Traffic lights, computer keyboards, and elevator buttons have 
inputs that arrive randomly. If they happen to arrive during the setup interval of a flip­
flop they could cause the fli p-flop to cnter a metastable sta te and remain there for an 
indefinite time, upsetting the operation of the system. 

If a mechanical switch generates an input that drives a flip-flop of a circuit, the 
input signal could oscillate during the setup interval of the nip-flop and cause it to 
enter a metastable sta te (7- 101. Figure 5-35 illustrates a simple push-button switch con­
figuration in which the data line to the flip-flop is normally pulled down. When the 
spring-loaded button is pushed down, a connection is made to pull the line up to Vdd. 
The mechanical contact will vibrate momentarily, for a few milliseconds, creating an 
unstable signal on the line. There are various ways to deal with switch bounce, depend­
ing on the application. For example, the push-button switches on a typical student pro­
totyping board for an FPGA have a resistor-capacil0r (RC) lowpass filter and a buffer 
placed between the switch and the chip [11). 

n GURE Sol! A push-hunon input deyice with closure bounce. 
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Vdd 

FIGURE 5·)6 A NAND latch configuration for eliminating the effecu of switch closure bounce. 

As an alternative remedy, the circuit shown in Figure 5-36 uses a single pole-double 
throw switch to eliminate the effect of the bounce. With the switch initially in the upper 
position, the line driving the upper NAND gate is pulled down to ground. The connec­
tion between the ann of the switch and the circuit is broken momentarily when the arm 
moves from the top position to the bottom contact. The arm of the switch still bounces 
when it arrives at the bottom contact, but as long as it does no t bounce back to the top 
contact, the signal at the botlom input to the NAND latch can oscillate and not atreet 
the circuit because the top output of the latch has already made a transition from 1 to 0, 
thereby blocking the activi ty at the bottom switch contact from affecting the circuit. A 
similar actiOn occurs when the switch is thrown to the top position. Keyboards com­
monly have debounce circuitry built into the keys. 

A nip-flop may enter a metastable state if the data input changes within a finite 
interval before or after the clock transition. The output of the device has an output 
between a 0 and 1, and cannot be decoded with certainty. The physical situation is illus­
trated in Figure 5-37, where a ball must roll over a pinnacle before making a state tran­
sition . If it should be pushed with enough energy to only reach, but not pass, the 
pinnacle, it would reside there indefinitely. A circuit in the metastable slate will remain 

FIGURE 5-J7 An il1\Ulration of how metastability can happen in a physical lystcm. 
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there for an unpredictable time before returning to the state it had before the clock, or 
making a transition to the opposile state. Asynchronous inputs are problematic, 
because their transitions are unpredictable. Moreover, a flip -flop that enters a 
metastable state may still be in that state when its data is to be sampled, thereby prop­
agating erroneous data to receivers. 

If inputs are allowed to be asynchronous, metastability cannot be prevented, but 
its effect can be reduced. Experimental results have shown that the mean time between 
failures of a circuit with an asynchronous input is exponentially related to the length of 
time available for recovery from the metastable condition. Thus, high-speed digital cir­
cuits rely on synchronizers to create a time buffer for recovering from a metastable 
event, thereby reducing the possibility that metastability will cause a circuit to mal­
function. 35 

The first rule of synchronization is that an asynchronous signal should never be 
synchronized by more than one syncb.ronizer. To do so would risk having the outputs of 
multiple synchronizers produce different synchronized signals in the event that one or 
more of them is driven into the metastable condition. 

There are two basic types of synchronizer circuits, depending on whether the 
asynchronous input pulse has a width that is larger or smaller than the period of the 
clock. In the former case, a synchronizer consists of a multistage shift register placed 
between the asynchronous input and the circuit. Multiple stages are used because the 
clock periods are ever-shrinking as technology advances, making it more likely that the 
metastability of a single flip-flop might not be resolved in a single period. The circuit in 
Figure 5-38(a) treats the situation in which the width of the asynchronous input pulse 
is larger than the clock period. Two flip-flops are placed betwccn Asynch_in and the 
circuit; the second flip-flop operates synchronously, and the flip-flop driven by 
Asynch_in guards against metastability. Consider how the circuit operates: if the asyn­
chronous input signal reaches a stable condition outside the setup interval, it will be 
clocked through with a latency of two cycles. On the other hand, if Asynch_in is unsta­
ble during the setup interval (due to bounce or to a late-arriving input) there are two 
possibilities. Assuming that the circuit was in a reset condition, if the unstable input is 
sampled as a 0, but ultimately settles to a ], the 1 will appear at the output with a 
latency of three cycles. If the signal settles to 0, it will have arrived with a latency of two 
cycles. Thus, the maximum latency is 11 + I , where n is the number of stages in the syn­
chronizer chain. The second flip-flop does not see the instability; the only effect is at 
the entry stage, which could lead to one additional cycle of latency. Latency is tolerable 
because the asynchronous input itself does not have a predictable arrival time; but 
ambiguous output transition times resulting from metastability are problematic 
because they can cause upset of the system. Additional stages of flip-flops may be used 
if the condition of metastability does not resolve within a clock cycle. 

If the width of the asynchronous input pulse may be less than the period of the 
clock, the circuit in Figure 5-38(b) is used, with an additional cost in hardware. Note 
that the first flip-flop has Vcc connected to its data input and has Asynch_in connected 

)5Foran extensive treatment of synchronizcrs,sccRefercncc8. 
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in (b) ",iten lbe asynchrOl'lOUl input 5igna.l causes a metastablecoodition. 
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FIGURE 5·38 (Continued) 

to its clock input, and that the remaining two flip-flops are triggered by the clock of the 
system, i.e., the clock to which Asynch_in will be synchronized. A short pulse at 
Asynch_in will drive ql to 1; this value will propagate to Synch_out after the next two 
clock edges. When Synch_out becomes 1, the signal at Clr _ql_q2 is asserted, assuming 
that Asynch_in returns to 0 before Synch_outbecomes 1. Clearing qI and q2 constrains 
the length of the synchronized pulse to be one cycle of elk; otherwise, if only ql is 
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cleared the length of the pulse would be Iwo cycles of clk. The fli p-nap driving q2 may 
expe rience metastabil ity. but it is assumed to end and have no effect on the fl ip-nap 
driving Synch_out. In Figure S-38(c) , the pulse of Asynch_in docs not cause metastabil­
ity in the ci rcuit of Figure S-38(b), but the pulse in Figure S-38(d) causes metastabili ty. 
Figure S-38(c) shows waveforms from a simulation of the circuit in Figure 5-38 (b). 
Note that ql is asserted when AsyncJUn is asserted, and that q2 is asserted at the first 
edge after assertion of Alyndl_ifl; and that Synch_ollt is asserted at the second edge 
after Asynch_in is asserted. A lso.Synch_ow persists fo r exactly one cycle of clock . 

Synchronizers arc also used when a signal must cross a boundary between two 
clock domains (For a detailed discussion of synchroni7.ation across clock domains. see 
Example 9. 11 ). If clock_I in Figure S-39 is slower than clock_2. the synchronizer in 
Figure S-38(a) should be used to synchronize the in terface signals controlling data 
transfer between the domains. otherwise the synchronizer in Figure 5-38(b) should be 
used. Care must be taken to anticipate that more than one active edge of clock-2 will 
occur while asynch_in is asserted if asynch_in is synchronized to clock_I. that is. it has 
duration T.:/od:-' ;> TdlXk~.36 

5.18 Design Example: Keypad Scanner and Encoder 

Keypad scanners are used to entcr data manually in digil al telephones, computer key­
boards. and other digital systems. Cell phones. computers. automatic tellers, fuel dis­
penscrs, personal media devices, and other digital·based devices have a keypad. A 
keypad seanner responds to a pressed key and fo nns a code (hat uniquely identifi es the 
key that is pressed. It must take into accountthc asynch ronous nature of the inputs and 
deal with switch dehounce. Also. it must not interprct a key to be pressed repeatedly if 
it is pressed once and hcld down. 

C/" "._2 _ ___ -+_--'-' ___ _ ..J 

Clock domain 81 .. --/ '-- ... Clockdomain_2 

t1GURE 5.)9 A , ilualion requiring synchronizalion acr()$$ ctock domains. 

"'sco:Chaplcr 9. 
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Let us consider a scheme for designing a scanner/decoder for the hexadecimal 
keypad circuit shown in Figure 5-40. Each row of the keypad is connected to ground by 
a pull-down resistor. When a button is pressed, a connection is established between a 
row and a column at the location of t he bUlton; this connection will pull the row line up 
to the value of the column line corresponding to the iocation of the pressed key. If that 
column line is connected to the supply voltage, Ihe row that is connected to that col­
umn by the pressed button will be pulled to the supply too; otherwise, the row line is 
pul1ed down to O. The keypad code generator unit has control over the column lines 
and will exercise that control to systematically a~sert voltage on the column lines to 
detect the location of a pressed button, 

A keypad code generator must implement a decoding scheme that (I) detects 
whether a button is pressed, (2) identifies the button th at is pressed, and (3) generates 
an output consisting of the unique code of the butlon. The scanner/encoder wlll be 
implemented as a synchronous sequential machine with the button codes shown in 
Table 5-1. The outputs of the machin e are the column lines, the code lines, and a signal, 
Valid, that indicates whether the value of code is valid. We will use the synchronizer ill 
Figure 5-38(a) fo r the asynchronous input - the duration of a key press is long com­
pared to the period of the system clock. 

Grayhillon 
H ex Keypad 

Cod< 
Generator 

FlGURE 5-40 Scanner/encoder for a hexadecimal keypad 
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TABLE S· ! Keypadoodesfor a bcxadccimaJscanncr . 

.... ~{'I-~[.t~Ji!. ',<»!o..<Of'= l~O:idci'l<. 

0001 0001 0000 

0001 00 10 0001 

0 0 0 1 0100 00 10 

000 1 0011 

0 0 10 0001 0100 

0010 00 1 0 0 101 

0010 0 100 0110 

00 10 1 000 011 1 

0 100 000 1 1000 

0100 0010 1001 

0100 0100 1010 

0 100 1000 10 11 

1 000 1 100 

1000 110 ] 

] 000 1] 1 0 

1111 

To delect that a button is pressed, the machine can assert a 1 simultaneously on a ll 
of the column lines until detecting that a row line has been pulled up (by sensing that the 
O R of the row lines is a 1).The identity of the row line that is asserted is still not known. 
Then the scanner applies a 1 sequentially to each of the column lines, one at a time, until 
a row line is detected to be asserted. The location of the asserted column and row corre­
sponds to tbe key that is pressed. This information is encoded uniquely, for each key. We 
will assume that only one switch is closed at a time (only one key is pressed). 

The behavior of the keypad scanner/encoder is represented by the ASM chartJ7 

shown in Figure 5-41. The machine resides in state S_O, with all column lines asserted, 
until at least one row line is asserted. A signal formed from O R-ing the rows launches 
the activi ty of the machine. In S_1 only column 0 is asserted. If a row is also asserted, 
the output Valid is asserted for one clock and the machine moves to S-.5, where it 
remains with all of the column lines asserted until the row is de-asserted.3Il Then the 
machine returns to S_O for one cycle. No te that all of the columns are asserted in S-.5. 
although only the column corresponding to the key needs be asserted. This eliminates 
the need to add two more states to the machine as it moves from S_2, S_3 , and S_4 and 
awaits de-assertion of the row. 

The ASM chart implies that the decoding of the columns occurs in a priority 
manner, beginning with Column_O. If more than one column is asserted, the first one 

J'The asynchronous rese! is Ihown at only 5_0. but it is undenwod that asynchronous rese t drivel lbe stale 
!OS_O rrom any statc in the chart . 
JIIVlllid can be used to oontrottbc writing of dala 10. storage uni t,such as a fU"$t in, fll'St o ut (RFO) memory. 
Sec O1apten8and 9. 
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decoded determines the code. The decision diamond leaving 5_0 tests the synchronized 
row signal. The decision diamonds leaving the other states can test the unsynchronized 
signal because in those states the signal from the key has already settled. 

below~~~e:!~: S:;::;:i:;:n~:ul~~r~eSCS:~~~~r ~;~o i~ ~::~~~n:~th~~e t::~:;i~~~ 
environment, not on a physical prototyping board with a physical keypad. Therefore, 
the testbench shown in Figure 5-42 must include (1) a signal generator that will simu­
late the assertion of a key, (2) a module, Row_Signal, which will assert a row line corre­
sponding to the asserted key, and (3) Hex_Keypad_GrayhilC072,40 the unit under test 

-"'st3tes are encoded 3ll sized numbcrs of type reg; an inteter would Jead tosy nthcsisofa needlessly large 
hardware register . 
.ooSee~.grayhill.com 
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fi GURE 5-42 Testb(,nch organit .. tion for the Grayhill (f72 hcJtadeeimaJlceypad scanner/encoder. 

(UUT). Afte r the model of the keypad scanner has been verified, it can serve as a uscr 
in te rface in simulaling other systems, and can also be used in a physical environment 
with confidence that it should funclion correctly, which greatly reduces the scope of a 
search for the source of an error in the operation of a prototype. 

The signal generator for key assertions is embedded in the testbench, where a 
single-pass behavior as.~igns values to key within a/or loop, and a level-sensitive behavior 
reacts to changes in key by generati ng an ASCII string identifying the pressed key,41 This 
enhances the display of waveforms produced by the simulator. The module Row Jignal 
de tects assertion of a key and determines the row in which it is located. Its role is to 
replace the physical keypad driving the encoding unit. Synchronizer is a two-stage shift 
register whose output is a synchronized version of the OR of the asynchronous row sig­
nals. It asserts when any key is pushed. When lhe output of the synchronizer changes, 
the code generator unit detennines which of the possible keys was pressed. It contains a 
state machine that sequentially asserts columns, and a level-sensitive behavior that 
parses row and column data to assert a hexadecimal code. The testbench instantiates 
HexJ<eypad_GrayhilC072, Row _Signal, and Synchronizer. Note that the code generator 
is synchronized by the positive edge of the clock, so Synchronizer is sensitive to the 
fa ll ing edge. This eliminates a potential race condition in the hardware. The particular 
synchronizer type used he re is effective, provided that the duralion of a keystroke is long 
compared to the period of the clock. 

'I Verilogdoc:snothaveadatatypef{)lf 'tring:s.Strin~mustbe storedm.declared regiSler.aI 8bitspcr characler. 
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SlUu[5:0[ 20 OJ 

CQ/ [ 3:o]f-;;~~~;;;:;;;1;;;;;;;:;;~~;;;;;i;;;:;;~ilil~;;;;;i;;;:;;~:ili:~~~ Co113]F 
CoIl.2] 

Colt!) 
CQ~OI f------------, ,-----, 

JolGURE S-4J Simulation rc:sults for the Grayhill 072 hexadecimal keypad scanner/encoder 

The simu lat ion results are shown in Figure 5-43, with pressed k.ey val ues dis­
played in text fonnat; the signals A_Rowand S_Row are the input and output, respec­
tively.of the synchronizer. For example. Key_9 corresponds to column 2 and row 4. The 
transitions of S_Row exhibit a latency of 1 cycle compared to those of A _Row. Notice 
that valid signa ls completion of the operations by asserting for one cycle after the k.ey 
has been scanned and encoded. 

/I Decode the asserted Rowand Col 
/I Hex Keypad Grayhill 072 
/I CollO) CoI(1 ) CoI[2] Co113] 
/I RowjO) 0 1 2 3 
/I Row{l ] 4 5 • 7 
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Row[2) 8 
Row(3) C 

Advanced Digiial Design with the VerUog HDL 

9 
o 

A 
E 

module Hex Keypad Grayhill 072 ( 
output reg [3: 01 COde, CoC 

): 

output Valid, 
input (3: O) Row, 
Input S_Row, clock, reset 

reg [5: 0] state, nexI_state; 

1/ One-hot state assignment 
parameter S_O:: 6'b000001, S_ ' = 6'bO00010, S_2 = 6'b000100; 
parameter S_3 :: 6'b0010oo, S_ 4'" 6'b010000, S_ 5 : 6'b100000; 

assign Valid: «state ::: S_ ' ) II (state :: S_2) II (state::: 5_3) II (state:: S_ 4» 
&&Row; 

11 Does not matter if the row signal is not the debounced version. 
1/ Assumed to settle before it is used at the clock edge 

alway. @(Row, Col) 
ea.e ({Row, Col» 

S'bO001 _0001 : Code:: 0; 
Code = 1; 
Gode:: 2; 
Gode :: 3; 

S'bO001_0010: 
S'bOD01 0100: 
S'bOO01 - 1Ooo: 
S'b0010- 0001: 
8'b001 ( OO1O: 
S'b0010 0100: 
8'b001 0= ' 000· 
8'b0100_0001 : 
8'b0100 0010: 
8'b0100- 0100: 
8'bO'00- '000: 
8'b1000=OO01: 

Gode = 4; 
Gode = 5; 
Gode = 6; 
Gode = 7; 
Gode:: 8; 
Gode:: 9; 
Code:: 10; 
Code: 11; 
Gode :: 12; 

S'b1000_0010: Code:: 13; 
S'b1000 0100: Code:: 14; 
S'b1000= 1000 Code:: 15; 
default: Gode '" 0; 

endease 

II A 
li B 
li e 
110 
li E 
II F 
II Arbilrary choice 

always @ (posedge clock, posedge reset) 
if (reset::: 1'b1) state <:: S_O; el.e state <:: next_slate; 

always @(state, 5_Row, Row) II Next-state logic 
begin next_state :: 5_0; Got:: 0; 1/ DefauH values; assign by exception 

case (slale) 
1/ Assert all columns 
5_0: begin Gol: 15; if (5_Row) next_state:: S_ '; end 
1/ Assert col 0 
5_ 1: begin Col:: 1; If (Row) next_state:: S_5; else next_state: S_2; end 
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If Assert col 1 
5_2: begin Col .: 2; If (Row) nexCstate = 5_5; else next_state =: 5_3: end 
If Assertcol2 
5_3: begin Col " 4; If (Row) nexCstate '" 5_5; else neX1_state:: 5_4; end 
II Assert col 3 
5_4: begin Col:: 8; If (Row) neX1_state '" 5_5; else next_state'" 5_0; end 
1/ Assert all rows 
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5_5: begin Col:: 15; if (5_Row == 0) neX1_state = 5_0; else neX1_state:: 5_5; end 
default: next_state:: 5_0; 

endcase 
end 

endmodule 

module Synchronizer (output reg S_Row, input [3: 0) Row, input clock, reset); 
reg A_Row; 

fI Two-stage pipeline synchronizer 

always@(negedge clock, poudge reset) begin 
If (reset = .: 1'b1) begin A_Row <= 0; S_Row <= 0; end 
else begin 
A_Row <= (Row[O] 11 Row[l] II Row[2] II Row(3J); 
S_Row <= A_Row; 

.nd 
.nd 

endmodule 

module Row_Signal (output reg [3:0J Row, Input [15: 0] Key, input [3: 0] Col); 
If Scan rows for pressed key 

always@(Key, Col) begin 

/I Combinational logic for key assertion 
Row[0] = Key(O] && CoI[O]]1 Key[1] && CoI[l] II Key(2] && CoI(2) II Key(3) && CoI(3); 
Row[l) = Key(4) && Col[O] I! Key(5] && Col[l) II Key(6} && Col[2] II Key[7] && CoI[3]: 
Row[2] " Key(8) && Col[O)II Key(9] && CoI[1] 11 Key(10) && CoI(2) I! Key(ll J && CoI[3]; 
Row(3] = Key[12) && CollO) n Key[13] && CoI[1] II Key[14)&& CoI[2111 Key(15) && 
Col[3]; 

end 
endmodule 

module tesCHex_Keypad_GrayhilL 072 0; 
wire [3: 0] Code; 
wire Val id; 
wire (3: 0) Col; 
wire [3: 0) Row; ... 
reg [15: 0] 
integer 
reg[39: 0] 
parameter 

clock, reset; 
Key; 
j, k; 
Pressed; 
[39 : 0] KaLO = -KeLO-, 

KeL1 =-Key_1-, 
KeL 2 = "KeL2-, 
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Key~3 :: ·Ke~,-3· . 

Key~4= 'Key_4', 

KeL5 = "KeLS", 
Key_6 = "Key-S", 
KeL7 = "KeyJ", 
KaLa = "Key_S", 
Key 9 = "Key g", 
Key=A '" "Key ___ A", 

KaLB '" "Key-S", 
KaLe = "Key-C", 
KOLD ::: "Key_O", 
KaLE::: "Key-E", 
Key_F = "Key-F", 
None = "None"; 

always @ (Key) begin II ·one-hol" code for pressed key 
case (Key) 

16'hOOOO: Pressed .. None; 
1S'hOO01 : Pressed = Key-O: 
16'hOOO2: Pressed = KeL1; 
16'h0004" Pressed:: Key-2; 
1S'hOOO8: Pressed '" Key_3; 
16'hOO10: Pressed = Key_4; 
16'hOO20: Pressed ::: Key 5; 
161'10040: Pressed :: Key=S; 
1S'hOO80: Pressed = KOL7; 
16'h0100: Pressed" KeLa: 
16'h0200: Pressed :: Key-9: 
16'h0400: Pressed :z: KeLA; 
16'h0800: Pressed'" KeLB; 
161'11000: Pressed = KeLe; 
16'h2000: Pressed::: KeL D: 
16'h4000: Pressed z KeLE; 
16'h8000: Pressed'" Key_F; 
default: Pressed = None; 

endcase 
ond 

Hex_Keypad_Grayhil,-072 
Row Signal 
Sy;chronizer 

initial #2000 $flnl .... ; 

M1 (Code, Col, Valid, Row, S_Row, clock, reset); 
M2 (Row, Key, Col); 
M3 (S~Row, Row, clock, reset); 

initial begin dock :c 0; forever #5 dock'" -clock; end 
initial begin reset .. 1; #10 reset'" 0; end 
Initial begin for (k '" 0; k <: 1; k '" k+1) 

begin Key'" 0; #20 for 0 '" 0; j <= 16; j '" ]+1) 
begin #20 KeyO! '" 1; #60 Key:: 0; end 

end 
end 

endmodule 
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Note that the first action of the level-sensitive cyclic behavior describing the next-state 
logic and the value of Col in Hex_Keypad_Grayhill_On is to immediately assign value 
to nextJtate and to Col. Then the case statement decodes the state to make specific 
assignments to nextJtate and Col. The fonner assignments are referred to as default 
assignments. They guard against inadvertent omission of assignments in the remaining 
code, which could lead to accidental synthesis of latches (See Section 6.3). They also 
enable a more efficient coding style by allowing assignments to be made only by excep­
tion to the default assignments. 
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PROBLEMS 

Note: For all of the problems requiring development and verification of a design. a 
carefully written test plan, a documented testbench, and simulation results are to 
be provided with the solution. As a minimum. the test plan should describe (1) the 
fun ctional features that will be tested and (2) how they will be tested. 

1. Using a single continuous assignment, develop and verify a behavioral model 
implementing a Boolean equation describing the logic of the circuit below. Use 
the follOwing names for the testbench. the model, and its ports: cCombo_CAO 
and Combo_CA (1'; A. B, C; D), respectively. Note: The test bench will have no 
ports. Exhaustively simulate the circuit and provide graphical and text output 
demonstrating that the model is correct. 
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fiGURE P5-1 

2. Using continuous assignments, develop Combo_CA, a model of the circuit in 
figure P4-t. Then develop a leslbench ,-Combo-plI. a teslbench in which 
Combo...-slr, Combo_UDP, and Combo_CA, (see Problems 4.1 and 4.2) are all 
instantiated. In the t«tbench environment, name theiT outputs as Y...-slr, Y _UDP. 
and Y_CA, respectively. Simulate the models and produce graphical output 
showing their waveforms. Briefly discuss the results. 

3. Repeat Problem 2 after assigning unit delay to all primitives and continuous 
assignments. Discuss the results. 

4. Write a structural model that has the same functionali ty as A OI.5_CA I, (see 
Example S.2) and then write a testbench that confirms that the two models 
have the same behavior. 

5. Write a testbench and verify that tr_lmch (Example S.l1) correctly models a 
transparenthlt(:h, 

6. Develop a leslbench and verify a gate-level model of an SR-latch. 
7. Develop a testbench to verify the fu nctionality of Ihe user-defined primitive 

AOCUDP (See Example 4.11). The testbench is to simulate the primitive and 
compare ils output 10 that of a continuous assignment statement that describes 
the same functionality. The result of the comparison is to be reported by an 
error signal. 

8. Write Bnd verify a behavioral model of J-K flip-flop with active-low asynchro. 
nousreset. 

9. Write and verify a Veri log model thai will assert ils output if a 4-bi t input word 
is not a valid binary-coded dedmal code. 

10. Explain why the code fragment shown below wi ll execute endlessly, and recom­
mend an alternative description. 

r. g [3: 0) K 
for (K::O: K<=15: K:: K+1) tMgln 

ond 
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11. Using continuous assignment statements, develop and verify a model for 
Comp_ 4J2_CA, a circuit that compares four 32-bit unsigned binary words and 
asserts output(s) indicating which words have the largest value and which 
words have the smallest value. 

12 Using a level-sensitive cyclic behavior and a suitable algorithm, develop and 
verify a model for Comp_4J2,...ALCO. a circuit that compares four 32-bit 
words and asserts output(s) indicating which words have the largest value and 
which words have the smallest value. 

13. Verify the functionality of Universal..5hi!CReg in Example 5.45. 
14. Write a Verilog description of the circuit shown in Figure P5-15 and verify that 

the circuit's output, P _odd, is asserted if successive samples of V _in have an 
odd number of Is. 

15. Develop and verify a Verilog model of a 4-bit binary synchronous counter with 
the following specifications: negative edge-triggered synchronization, synchro­
nous load and reset, parallel load of data, active-low enabled counting. 

"'4-----1>," 

FlGUR.EPS·1S 

16. Modify the counter of the previous problem to have an additional output (ripple­
carry OUiput [RCO]) that asserts while the counter is at 11112, Cascade two such 
counters and demonstrate tbat the unit now works as an 8-bit counter. 

17. Develop and verify a Verilog model of a 4-bit Johnson counter. 
18. Develop and verify a Verilog model of a 4·bit BCD counter. 
19. Develop and verify a Verilog model of a modulo-6 counter. 
20. Write and verify a Verilog model of the datapath unit described by Figure 5-24. 
21. Write a testbench and verify the functionality of ring _counter in Example 5,41. 
22. Write and verify a Verilog mode l of ring _cormter-J'ar_load, by modifying the 

counter in Example 5.40 to have a paral\el load capability. 
23. Write a parameterized and portable Verilog model of an g·bit ring counter 

whose movement is from ils MSB [0 its LSB 
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24. Writ e: and verify a Vc:ri1og mode fo r a "jerky" ring counter having the 
registcr sequence shown in Figure PS.24(a): repeal for the counter in 
Figure PS.24(b). 

COUllfl1:O\ (0",, 1 7:0\ 

I 0 
0 o I 0 I 0 I 0 01 110 I 10 I I 0 I 0 o I 0 I 0 01 
0 010 I oio oio II I II oio I 0 01 0 I 0 01 
0 010 I oio I I oio I , 10 01110 010 I 0 01 
0 01 0 I 0 10 01 0 [I I II 01 010 o I 0 I 0 01 
0 oio I 0 II 010 01 [0 o I 0 [ I o I 0 I 0 01 
0 oio I 0 I 0 [0 I 0 I I I o I 0 0 o[ 0 I 0 01 
0[0 [0 [I [0 [0 [0 o [ 0 0[0 0 I 0[0 o [ 

01 0 I 0 10 10 I 0 I 0 I I I [0 I 0 0[0 01 0 [0 I 
oio II I 0 I 0 1010 01 o I 0 I 0 o I 0 11 010 I 

10 I 0 I 0 I 0 I 0 I 0 I 0 I I 110 I 0 01 0 01 oio I 
I 0 II I 0 I 0 I 0 I 0 I 0 01 01010 01 0 01 1101 
loioloioloio l o II II I 0 I 0 01 0 01 0 I 0 I 
111010101 0 I 0 I 0 01 I oio I 0 01 0 oio II I ,.) ,b) 

FlGVREPS-24 
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25. Write and verify a Ventog model for a counter with the IS-step e l8-steppattern 
cyclically unti l the counter is interrupted by a reset. 

cQunr[7:Q] 

I I I I 0 0 0 0 0 I I I 13 0 0 , 
010 010 + 1, 10 I 
01 0 010 o 1, 1 + I 
o I 0 01 0 ,10 I 0 I 0 I 
010 01 , 0 01 0 101 
01 0 , 10 0 01 + I 
01, 010 I 0 01 + I 
, 10 01 0 I 0 01 0 I 0 110 

01, 01 0 I 0 o I 0 I 0 I" 
01 0 , 010 010 01" 

I 0 I 0 0 , 10 010 0113 

1010 0 01, 01 0 01 14 

10 I 0 0 010 ,1 0 01·' 
1+ 0 010 01, 0116 
10 I 0 

0 010 I 0 I 0 , I" 
FlGUREP5-lS 
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26. The partially completed ASMD chart in Figure P5-26 describes a machine 
baving inputs nt, GO, Fl , and n , and scalar outputs Band C and the S·bi! 
dalapath, A. Develo p (a) a block diagram showing the datapatb unit , the con­
trol unit and the interface signals. (b) a complete ASMD chart, and (e) aVer­
ilog model for the partitioned machine:. Note: The machine has synchronous 
reset , and Ihe action of rst drives the stat e: to S_idle from every stale and 
clears registers A and C. The register operations and stale transi tions ar c: to 
be synchronized to the rising edge of a common clock. Ve rify the behavior of 
the machine. 

FlGURE PS-26 

27, Develop and ve rify an 8-bi! ALU having input datapaths a and b, output data 
path {c_oU/. sum } and an operand Op~r, and having the functionality indicated 
in Figure P5·27. 
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Subtract 
SubrrllcCa 
O,_ab 
And_ab 
Nor..ab 
Exor 
Exnor 

FlUlc:tIoa 

Q + b + c_1n. 
a + -b + c in 
b + - a + - c_;n 
{I 'bO.albl 
{I 'bO,a& bl 
I1'bO,(-a)&b1 
(i 'bO,a"bl 
{I 'bO, a - "b} 

F1GUREP5-27 

2,. 

2S. Combine the ALU from Problem 27 with an S-bit version of a register file to 
form an architecture like thai shown in Figure 5-34. Develop a testbench 10 ver­
ify each functional unit and the overall structure. 

29. For Ihe four-stage pipeline machine shown below, (a) develop the block dia­
gram for a partitioned machine showing the control unit. a datapath unit , the 
input and output signals, and the interface signals between the control and 
datapath units, (b) develop a complete ASMD chart describing the operation of 
the machine. and (c) develop and verify a Verilog model of the machine. The 
machine's output is the content of the 32-bit register RO. 

30. Modify Ihe machine described by the ASMD chart in Figure 5-24 by replacing 
Ihe registers PO and PI by an appropriately sized shift register, whose contents 
are shifted under the actions of En. and Ld. Devclop and verify a Verilog model 
of the machine 

31 A designer contends that the resel signal can be removed from the hexadecimal 
keypad machine presented in Section 5.IS if logic is added to direct unused 
states to 53, Discuss the validity of this claim. If it is true, what are the trade­
ofls between the two circuits? 

32, Modify the ASM chart for the keypad scanner circuit (see Section 5.18) to 
require that a key be held for 25 clock cycles before it is interpreted to be a 
valid keystroke. Write and verify a Verilog model of the revised design. 



230 Advuced OIIU" Vesip with the Verilol! HDL 

33. Write and verify a Verilog model of a programmable dod!: generator. Clock_Prog, 
having input ports En and r$l, an output port (clk), and the parameters Latency, 
Ojfter, and Pulsc_Widrh as sh.own in Figure PS-33.Thc default (declared) values of 
the parameters 8TC 100.75, and 25, respectively. CiockYrog is not in tended to be 
synthesized; it can be used to generate a clock signal for simulating other modules 
that aTe instantiated in a testbench, say t..$omc_UnicUnde,_Ttsr. To provide a 
mechanism for overriding the default parameters of ClockYrog in a particular 
application. include the following "annotation module" in your project. The anno­
ta tion module uses hic:ran.:hical derc:ferencing, where M l is the instance name of 
the unit under lest in r-.$omc_Unil_Under_Tf'Sf. The testbeneh must demonstrate 
that this works. The example below replaces th e: default ya lues o f Latency, Offset, 
and P/I{sewidth by IO,5.and 5, resp«;tiYely.The parameters represent time steps in 
the units used for the simulation. The input signal En is to be generated within the 
testbeneb to (optionaUy) simulate a condition in which the clock signal is not 
immediately provided to the unit under test. Note: The latency de termines the 
de lay between the assertionlde·assenion of rese t at any time after the stan of sim­
ulation and the aYaiiability of the clock. After the period of la tency expires the 
waveform defined by the cycle time is to be generated repeatedly for the dura tion 
of simulation. 

module annotate_Clock_ Prog 0: 
derperam t_ Some_UniCUnder_ TesI.M1 .Latency '" 40: 
defparam CSome_Unit_UndecTest.M1.Offset '" 15: 
defparam CSome_ UniCUnder_ TesI.M 1.Pulse_Width '" 5 : 

endmodule 

F1GURE P5-)J Parameterized wavefonn of a programmable clock generator. 
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34 Write and verify a YuHog module of a programmable 8-bit testbench pattern 
generator, Pauern_Gen_B8, having an output word, Slim_Pattern, and an 
input . enable. whieh aetivate5 the generator. Once the generator is activated. 
the bit patterns are to be generated exhaustively for a prescribed number of 
!;}'cles, provided that enable is asserted. The module is to have the following 
parameters: 

O[fsel: An initial oUset between the lime that cnable is am:rted and the time 
that the first pattcrn of Slim_Pal/em is asserted. 
Slim,Jize: The width of SlimJolfern. 
Cycfes: The number of times the enti re pattern set is to be repeated. 
Period:The interval between successive patterns. 

35. Hamming codes are used in computer memory systems to dctcct and correci 
errors in data 18]. Each infonnalion word is augmented by additional bits thai 
d istinguish valid encoded words from corrupted wordo;. A Hamming code wi th 
a minimum distance of 4 bits can correct a single-bit error in the encoded 
distance-2 word and detect. but not correct . any 2-bit error. Figure P5-35 lists 

ICword 

D_worJ Parity 
Bits 

0000 000 
0001 0 11 

00>0 

0011 

0100 

101 
a ll 

1011 001 
1100 001 
1101 010 

100 

flGU REP5-35 
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information bytes (D_word) and the parily bils that are appended to the data 
hits to form an encoded word (H_ wQrt/). (a) Develop a Vcri log module. 
Hfllllmi/lg~ncode'-flID3. that will produce a 7-bit value H_word from a4-hit 
value, D_word. (b) Deve lop a testbench to verify the functionality of 
lI(lmmins_£ncoderYDJ. (e) Browse the literalUre on pari ty circuits to find a 
decoder that will correct a s ingle-bil error in H_word. (d) Develop and verify a 
Vcrilog module. Hamming_DecoderflDJ, that will delect any 2-bil e rror in 
H_word and corrCCI any single-bit error. (e) Develop a leslbench that will sim­
ulale the encoder. introduce random J- and 2-bil errors in lCworrl. and take 
action to correci a single-bit error and signal the presence of (l 2-bit (uncor­
r~ctable ) error. (f) Demonstrate the decoder's behavior if a 3-bit (burst) error 
corrupts H_ .... ord. 

36. Using library cells with known setup and ho ld timing parame ters.. and develop 
and verify a model of the synchronizer circuit in Figure S-38(b). Explo re its 
operation with A synch_in being (a) a long pulse and (b) a short pulse rela tive 
to the clock. How does it behave if an asynch ronous pulse arrives within two o r 
more successive clock cycles? 

37. Using continuous assignments, develop and verify a model of a transparent 
latch having active-high enable. active-low rese t . and active-high set. Use the 
text below. 

endmodule 

38. Using d-prilJll (See Example 4.15) develop and verify a structural model o f a 
4-bi! shift registcr whose dat:lpath consists of a paralle1load of da ta and a seria! 
output of the least significant bit. 

39. The barrel shi fte r described in Exampte 5.45 forms Dat{/_o UI by rotating 
Data_in by one bit toward its MSB. Develop a more general barrel shifter that 
can rotate in ei ther direction by a specified number of bits.. 

40. Using state transitions graphs, develop and \'e rify Mealy and Moore behav­
ioral models (Verilog) of code convertcrs that produce an output waveform 
having an NRZI fo rmat (See Chapte r 3). For the waveform of B.Jn shown in 
Figure 3-24. identify and compare la tency and valid bit times of the output 
wav.::forms of the machines.. Caution: Avoid the trap of attempting to read the 
data bits on the clock edge that synchronizes their transitions. 

41. Design and verify a slructUJal (gatc -lev.:!) Verilog module of a decade counter ­
that is., a counter whose count sequcnce isO. 1.2 .... 9.0, 1.2 ."repeatedly. Hint: 
consider a user-defined primith'c of a Dotype nip-flop. 

42. Complete the partially drawn ASMD charts given in Figure 5-41. 
43. Draw an ASMD chart for the up-down counter described in Example 5.42. 
44. Draw an ASMD chart for the barrel shifter described in Example 5.45. 
45. Draw an ASM O chart for the univcrsal shift register described in Examplc 5.46. 
46. Using the conditional operator. write a continuous assignment statement 

that is equivalent to the cyclic behavior: II !W.)"S@ (data, enable) if (enable) y 
<- data; 

47. Develop an ASM chart and write a Verilog model of a Moore machine 
sequence dctcctor that. if enabled. will detect the first occurrence of the pattern 
101. then suspend activity until it is enabled again. Clearly stale allY assump­
tions needed for your design. 



Logic Design with Behavioral Models of Combinational and Sequential Logic 

48 Draw an ASM chart of a Mealy machine that samples a serial bit stream on the 
rising edge of the clock and asserts an output if the last four samples arc such 
that two ones are followed by two zeros. 

49. A pipelined datapath for a sequential machine is described by the datapath unit 
and the panially completed ASMD chart shown below. Under external control. 
the machine is to load successive S-bit words into a 16-hit register. and then pro­
duce a serial output. with the LSB leading the bit sequence. A coun":r. N. is to be 
used to (;ontrol the serial bit stream. The machine is to assert :l signal. Rr:(I(iy. 
while the machine is in the state S_hllr: . a signal. Full. for one cycle afte r the 16-bi t 
register is full. a signal. 8115)' . while the seria l OUl~ut is being transmitted. and a 
signal. DOlle. for one cycle after Ihe serial output has been sent. (a) Provide addi­
tional details 10 complete the ASMD chart. (b) nam.:: and lislthe signals Ihat will 
control the data path unit. (c) write and vuify a Verilog model for the datapath 
unit. (d) write and verify a Verilog model for the control unit , and (c) write and 
verify a Vcrilog model of Top_Vni/containing the datapath and control units and 
interfncing 10 Ihe environment. 

FIGU RE PS-49 
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SO. Draw the ASM chart of a Moore machine that <a) remains in a reset state until 
an extercal signal. En. is asserted. (b) samples a bit stream a t the ruing edge of 
a clock. (c) asserts an OUiput signal. Found. for one cycle if the last four samples 
are such that two Is are followed by two Os. and (d) pauses for two cycles before 
returning to the rese t state aher asserting FOllnd. 



CHAPTER 6 Synthesis of 
Combinational and 
Sequential Logic 

Chapters 2 and 3 reviewed basic concepts and Karnaugh maps for designing combina­
tional and sequential circuits by manual methods. This chapter presents an automated 
approach to optimizing the Boolean equations describing a multi-input, multi-output 
logic circuit. 

The design flow for an application-specific integrated circuit (ASIC) depends on 
software tools to manage and manipulate the databases that describe large, complex 
circuits. Among these tools, the synthesis engine plays a strategic role hy automating 
the task of minimizing a set of Boolean functions and mapping the result into a hard­
ware implementation that meets design objectives. Manual methods relying on Kar­
naugh maps cannot accommodate large circuits, and their use is error-prone, tedious, 
and time consuming. Automated software tools can optimize logic quickly, and without 
error. To use them effectively, a designer must understand a hardware description lan­
guage (HDL) and be skilled at writing descriptions that conform to the constraints 
imposed by the tool. Just as understanding Karnaugh maps is the key to manual design 
methods, understanding how to write synthesis-friendly Verifog models is the key to 
automated design methods. 

Synthesis tools perform many tasks, but the following steps are critical: (1) detect 
and eliminate redundant logic. (2) detect combinational feedback loops, (3) exploit 
don't-care conditions, (4) detect unused states, (5) detect and collapse equivalent 
states, (6) make state assignments, and (7) synthesize optimal, multilevel realizations of 
logic subject to constraints on area and/or speed in a physical technology. This last step 
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involves both optimization and technology mapping. The steps that were performed 
manually in Chapters 2 and 3 will be executed automatically by a synthesis tool. Th is 
will shorten the dcsign cyclc. reduce the burden placed on the designer. and increase 
the likelihood th at the design will be correct. 

HDLs arc the entry point for a modem synthesis-oriented design now for ASlCs 
and field·programmable gate arrays (FPGAs).A designer must understand how to use 
language constructs to describe combinational and sequential logic. and must know 
how to Wri te synthesis-friendly descriptions. In this chapter. we will present several 
examples that de monstrate how to write synthesis-ready models of combi national and 
sequenti al logic (that is.. models that can be used with a synthesis tool to produce a 
gate-level realization of the described functionali ty). The examples wi ll help the reader 
anticipate tbe results of synthesis- that is. know what circuit will be created from the 
description. 

6.1 Introduction to Synthesis 

Circuit design begins with specification of the circuit's functionality- what the circuit 
does-and ends with physical hardware that implements the functionality reliably. with 
sufficient performance and acceptable cost. Models of circuits can be classified accord­
ing to levels of abstraction and views [I). There are three common levels of abstraction: 
architectural. logical, and physical. A descript ion a t the architectural level of abstrac­
tion implies the operations th at must be executed by the circuit to transform a 
sequence of inputs into a specified sequence of outputs. but does not associate the 
operations with specific clock cycles. These operations will ultimately be implemented 
by distinct, interconnected, and synchronized functional units. hence our use of the 
term architecture. The design challenge here is to extract from the architectural 
description a structure of computational resources that implements the fu nctionality of 
the machine. 

A model at the logical level of abstraction describes a set of variables and a set of 
Boolean fu nctions that the circuit must implement. An architecturc of register 
resources and functional units and the sequential activity of a logic-level model arc 
part of its description. The design task here is to translate the Boolean descriptions into 
an optimized nellist of combinational gates and storage registers that will implement 
the circuit at a satisfactory level of performance. Synthesis tools are used fo r th is task. 
A geometrical model describes the shapes that define the doping regions of semicon­
ductor materials used to fab ricate transistors. HDLs do not treat geometric models. 

Design may begin at a high level of abstraction. but ultimately ends in physical real­
ity. Along the path between the two. an HDL can facilitate the design process by provid­
ing differe nt views of the circuit. There are three common views: behavioral. structural. 
and physical. A behavioral vicw of an architectural model could be an algorithm that spec­
ifi es a sequence of data transformations. A structural view of the same model might con­
sist of a structure of datapath elements (registers, memory. adders) and a controlle r that 
implement the algori thm. State-transition graphs (STGs). next state/output tables., and 
algorithmic state machine (ASM) charts are behavioral views of a logic-level model of a 
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circuit. A structural view of a logic-level model would consist of a schematic of gates that 
implement the functionality of the behavior described by the ASM chart in the behavioral 
view of models. Physical descriptions, the actual geometric patterns of the physical devices 
that implement the circuit, will not be considered here. 

Synthesis creates a sequence of transformations between views of a circuit, from 
a higher level of abstraction to a lower one, with each step leading to a more detailed 
description of the physical reality. Figure 6-1 shows a modified Y.chart [2} depicting an 
axis for the behavioral, structural, and physical views of a circuit. We have annotated 
the behavioral and structural axis to show Verilog constructs that can be used to create 
a view. The chart also shows a sequence of transformations, in which (1) behavioral 
synthesis transforms an algori thm (behavioral view) to an architecture of registers and 
a schedule of operations that occur in specified dock cycles (structural view), (2) a Ver­
ilog model of this architecture is fonned as a data flow/register transfer level (RTL) 
description (behavioral view), and (3) logic synthesis translates the data flow/RTL 
description into a Boolean representation and synthesizes it into a netlis! (structural 
view).The V-chart in Figure 6-1 has been annotated to represent these transfonnations, 
and to indicate which Verilog constructs (e.g., continuous assignments) describe the 
design at each stage of the activity. 

6.1.1 Logic Synthesis 
Logic synthesis generates a structural view from a logic level view (description) of a 
circuit [I]. The resulting structural view is a netlist of structural primitives. The logic­
level view is a set of Boolean equations described by a SCI of continuous-assignment 
statements in Verilog or an equivalent level-sensitive behavior. Logic synthesis includes 

FIGURE 6-1 A Y-d.arl representation ofVetilog constructs supporting synthesis activity 
in three views ofa circuil: behaviora!. structl1ral. and physical. 
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transforming a given nellist of primitives into an optimized netlist of Verilog primitives 
and mapping a generic optimal netlist into an equivalent circuit composed of physical 
resources in a target technology, such as the cells in an ASIC cell library. A logic synthe­
sis tool has the general organization shown in Figure 6-2. The tool forms a technology­
specific hardware realization from a Verilog RTL model or primitive netlist. 

The translation engine of a synthesis tool reads and translates a Veri log-based 
description of the input-output behavior of a circuit into an intermediate internal rep­
resentation of Boolean equations describing combinational logic and other representa­
tions of storage elements and synchronizing signals. Techniques for simultaneously 
optimizing the set of equations will remove redundant logic, exploit don 't-care condi­
tions, and share internal logic sub-expressions as much as possible to produce an opti­
mized, ge neric (technology-independent) multilevel logic implementation. 

In general, there may be multiple realizations of a multi-input, multi-output com­
binational logic circuit, but the transformations made in synthesis are guaranteed to 
maintain the input-output equivalence o f the circuit and produce a testable circuit [3].t 
The optimization process is based on an iterative search, not the solution of an analyt­
ical model, so the resuh is not necessarily the global optimum that could be found over 
the domain of possible circuits that bave equivalent input-output behavior. Logic opti­
mization is followed by performance optimization, which seeks a circuit that has opti­
mal performance in the physical techno logy, 

The translation engine creates an internal product-of-sums (POS) form of a 
Boolean expression by factoring the sum-of-products (SOP) form into expressions 
whose Boolean product is equivalent to the SOP fonn. When the POS representation 
for two or more outputs contains a common SUb-expression, the synthesis tool may 
minimize the internal logic needed to realize the circuit by generating the common 
sub-expression once and sharing it (through fanout) among output variables. 

FIGURf. 6·2 Synthesis- tool organization 

'We will consider testability. fault simulation, and test generation in Chapter 11 . 
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Techniques for simultaneously optimizing the set of equations will remove 
redundant logic, exploit don't·care conditions, and share internal logic sub-expressions 
[3] as much as possible to produce an optimized. generic (technology-independent) 
multilevel logic implementation. For example, a "?" entry in the input-output table of 
a combinational user-defined primitive (UDP) represents a don't-care condition that 
can be used in Boolean minimization. However, this may lead to a mismatch between 
the seed code's behavior and that of the synthesis product. 

The functional relationships between the inputs and outputs of a combinational 
Boolean circuit can be expressed as a set of two-level Boolean equations in either 
SO P or POS form, which must be optimized by the tool. A set of Boolean equations 
describing a multi -input, multi-output (MIMO) combinational logic circuit can 
always be optimized to obtain a set of Boolean eq uations whose input-outpUl behav­
ior is equivalent while contain ing the fewest lite rals (41 . Software tools exist to per­
form this optimization and to express the resulting Boolean equations with the 
resources of a technology-specific parts library. Consequen tly, a VeTilog description 
consisting only of a net list of combinational primitives without feedback can always 
be syn thesized. 

Espresso {5] is a com monly used software system developed at the University 
of California at Berkeley for minimizing the number of cubes in a single Boolean 
function. It performs scvera l transformations on a circuit to arrive at its optimal 
represen tation. For example, the transformation Expand replaces cubes with prime 
implicants that have fewer literals. lrredundant extracts from a cover of the function 
a minimal subset that also covers the function (i.e. , redundant logic has becn 
removed). Reduce transforms an irredundant cover into a new cover of the same 
function. 

Espresso minimizes a single Boolean function of several Boolean variables. but it 
does not provide a solution to the problem of optimizing a multi-input, multi-output 
combinational logic circuit. In general, the optimization of a set of Boolean equations 
is not obtained by applying Espresso separately to the individual functions in the set . 
Instead, a multilevel optimization program. such as mistl [31. must be used to simulta­
neously optimize the set of equations as an aggregate. 

Logic synthesis treats a set of individual Boolean input- outpu t equations as a 
multilevel circuit (see Figure 6-3). By removing redundant logic, sharing internal 
logic. and exploiting input and output don't-care conditions, a logic synthesis tool 
optimizes a multilevel set of Boole an equations and achieves a better realization 
(i.e., area·efficient) than could be obtained by merely optimizing the individual 
input-output equations. 

Like Espresso, the mislI multilevel logic optimization program performs several 
transformations on a logic circuit while searching for an optimal description of a digital 
circuit. Four transformations playa key role in the misll algorithm for logic synthesis: 
decomposition. factoring, substitution , and e limination. 

The operation of decomposition transforms the circuit by expressing a single 
Boolean function (i.e., the Boolean expression representing the logic value of a node in 
thc circuit) in terms of new nodes. 
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fiGURE 6-3 Multilevel eombillational logic. 

Example 6.1 

Figure 6-4 shows the schematic of a function, F. that is to be decomposed in terms of 
new nodes X and Y. The original fonn of F is described by the Boolean equation: 

F =- abc + abd + a'c'd' + b'c'd' 

The Espresso operation of decomposition expresses F in terms of two additional 
internal nodes, X and Y, to form the circuit shown in Figure 6-5. These internal nodes 
couid then be re-used to form other expressions and thereby achieve a reduction in 
hardware area. 

FlGURE 64 Circuit before decomposition 
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F = XY + X'Y' 
X - ob 
Y - c+d 

flGURE (;.S Circuit after deC(>mpo!!.ition 

End of Example 6.1 

241 

In contrast to decomposition, which represents an individual function in terms of 
intermediate nodes, 2 the operation of extraction expresses a set of functions in terms of 
intermediate nodes by expressing each function in terms of its factors and then detecting 
which factors are common to the functions. 

Example 6.2 

Figure 6-6 shows a directed acyclic graph (DAG) [1] representing the set of functions., 
F, G, and H, which is to be decomposed in terms of new nodes X and Y, with 

and X and Yare given by 

F = (a + b)cd + e 

G = (a + b)e' 

H = cde 

x = a + b 
Y = cd 

The nodes of the graph represent Boolean operations on the data that are associated 
with the edges that enter the node. The extraction process finds those members of the 
set of functions with the factor (a + b) and the factor cd. The factors arc extracted 
from those functions and replaced by the new internal nodes X and Y to produce the 
new DAG shown in Figure 6-7. 

End of Example 6.2 

2The nodes of the directed acycl ic graph represent operations thai are pcrfonned on data (e.g., addilion) . 
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G 

n GURE 6-6 OAG of l set of functions before u tra<:tion. 

G 

H 

n GURE 6-7 Directed leyd ic Vaph of a set of ful"lCtions after extraction. 

The optimization process seeks a set of intermediate nodes to optimize the cir­
cuit's delay and area. This step may lead to significant reduction in tbe overall silicon 
area, because the intermediate nodes correspond to facto rs that are common to more 
than one Boolean function, and therefore can be sbared to eliminate replicated logic. 
The task of finding the common factors among a set of functions is called factoring. 
Factoring produces a set of fu nctions in a POS form. II creates a structural lransforma­
tion of the circuit from a two-level realization to an equivalent multilevel realization 
that uses less area, but is possibly slower. 

Example 6.3 

Figure 6-8 shows a DAG representing a function, F, that is factored to identify its 
Boolean factors in POS form. The function represented by the DAG is described by 
the Boolean equation: 

F = ac + ad + bc + bd + e 
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FIGURE 6.8 The OAG of a function before facloring. 

The factored form of F is 

F = (a + b)(c + d) + e 

Factorization seeks the factored representation of a function with the fewest number 
of literals. The DAG of the factored form of Fis shown in Figure 6-9. 

End of Example 6.3 

The substitution process expresses a Boolean function in terms of its inputs and 
another function. Since both functions need to be implemented, this step provides a 
potential reduction of replicated logic. 

Example 6.4 

The DAG in Figure 6-10(a) represents the function F before the function G is substi­
tuted into it, where 

/I bed I! 

nGURE 6-9 The DAG of the faclored form of a function. 
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, b , 

~: 
~. 

(.j (b) 

flGURE 6·10 DAG of a function before (a) and after (b) substitution 

G = a + b 
F = a +b+c 

After substitution, F has the form: 

F =G+c 

and the DAG shown in Figure 6-1 O(b). 

End of Example 6.4 

Sometimes the process of decomposition has to be undone in the search for an 
optimal realization. Elimination removes (collapses) a node in a function and reduces 
the structure of the circuit. This step is also referred to as flattening the circuit. The 
transformation would ultimately eliminate the area-efficicm internal multilevel struc­
ture and create a faster two-level structure. 

Example 6.5 

The DAG in Figure 6-11(a) represents the function Fbefore the function G is elimi­
nated from it, where before elimination 

and after elimination: 

F = Ga + G'b 
G = c + d 

F = ac + ad + be'd' 

The new DAG for Fis shown in Figure 6-11(b). 

End of Example 6.5 
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(.) (b) 

flGURE 6-11 DAG of a function before (a) and afler (b) elimination nr an internal node. 

In general, there may be mUltiple realizations of a mu lti-input, multi-output com­
binational logic circuit, but the transformations in mistI are guaranteed to maintain the 
input-output equivalence of thc circuit and produce a testable circuit. Multilevel net­
works may be used because two-level networks might require higher fan-in than is 
practical. Multilevel circuits present an opportunity to share logic, but can be slower 
than a two-level counterpart. 

6.1.2 RTL Synthesis 

RTL synthesis begins with an architecture and converts language-based RTL state­
ments into a set of Boolean equations that can be optimized by a logic synthesis tool. 
This level of synthesis transforms a logic-level view described in terms of operations on 
registers in the context of a fixed architecture, and creates equivalent Boolean equa­
tions and synthesizes an optimal realization of the given architecture. 

RTL synthesis begins with the assumption that a set of hardware resources is 
available and that the scheduling aod allocation of resources have been determined ,) 
subject to the constraints imposed by the resources of the architecture. The RTL 
description represents either a finite-state machine (FSM) or a more general sequen­
t.ial machine that makes register transfers within the boundaries of a predefined 
clock cycle. RTL descriptions in Verilog use language operators and make synchro­
nous concurrent assignments to register variables (i.e., nonblocking assignments). 
The Verilog language operators represent a variety of register transfer operations, 
and are easily synthesized. Logic synthesis tools operate in this domain (Le., they 

l Rewur<:e alloca tion and $Che(iuling are d~ssed in Chapter 9. 
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generally lack t.he ability to a nalyze tradeoffs between scheduling and allocatio n of 
resources, and usc, instead, the implicit solulion imposed by the writer of the descrip­
tion}. Nonetheless, these tools have a broad and significant scope of usc. The synthe­
sis engine must minim ize and optimally encode the state of the RTL-described 
machine, optimize the associa ted com binational logic, and map the result in to the 
target technology. 

6.1.3 High-Level Synthesis 

High-level synthesis. also called "behavioral synthesis" o r "arch itectural sYnihesis." has 
the goal of creating an architecture whose resources can be scheduled and alloca ted to 
implement an algorithm , such as an algorithm fo r digital signa l processing (DSP).4 The 
a lgorithm to be synthesized describes only the fu nct ionality of the circuit; it does not 
explicitly declare a structure of registe rs and datapaths. ThUs. many different architec­
tures may implement the same functional specificat ion. 

The sta rting poi nt for high-leve l synth esis is an input-output algorithm, with no 
details about the implementation. A behavioral synthesis tool executes two main 
steps in order to create an architecture of data path elements,control units, and mem­
ory: resource allocation and resource scheduling. Dataflow graphs display dependen­
cies between data, and the alloca ti on step identifies the operators used in an 
a lgorithm (e.g., +) and infe rs the need for memory resources to hold data implied by 
Ihe sequentia l activity o f the a lgorithm . A llocation binds these opera tors and mem­
ory resources to datapath resources (e.g., multiplication operators can be bound to a 
multiplier cell). 

In scheduling, the operations in the behavioral description are assigned to spe­
cific clock cycles (implicit states) to implement the ordered sequential activity flow of 
the algori thm. For example, Figure 6- l2(a) [2] shows three procedural assignments th at 
execute sequentially in a Vcrilog cyclic behavior within a hypothetical algorithm . A 
compile r must fo rm parse trees from the statements, and then extract a dataflow graph 
from the set of pa rse trees. Figure 6-12(b) shows a DFG and a sequential schedule fo r 
its operators. The statements imply a time-ordered sequential activity, and a re allo­
cated to the clock cycles. 

Scheduling assigns the operations of the behavioral description 10 clock cycles. 
The da tafl ow graph shown in 6-12(b) can be used 10 infer memory read/writes and 
schedule activity in clock cycles using the available resources. This ultimately dete r­
mines the number of computat ional un its (operators) that will be used in a given dock 
cycle and shared between cycles. Because multiple a rchitectures might have the same 
functionality, a behavioral synthesis tool must explore architectural alternatives and 
conside r a number of trade-offs and/or constrainH; (c.g., data rates, input/output chan­
nels. clock period, pipe lini ng, t1atapath width, latency, throughput, speed, area. and 

' Wc will consider algorithm ~yntl"le$is in morc detail in Chapter 9. 
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(.) (b) 

nGVRt: 6-12 Rcpre5enrarion of a behavioral modc:l: (a) pane trees and (b) data now graph. 

power). High-leve l synthesis is an area of aClive research, although electronic design 
automation (EDA) 1001 vendors now offer tools for high-level synthesis. Coding styles 
and other details of these tools will not be presented here. 

6.2 Synthesis of Combinational Logic 

There are many ways to describe combinational logic with the Verilog HDL, but some 
are not supported by synthesis tools.3 Synthesizablc combinational logic can be 
described by ( I) a netlist of structural primitives. (2) a set of continuous-assignment 
statements, and (3) a level-sensitive cyclic behavior. UDPs and assign ... d~lJSSig" pro­
cedural continuous ass\gnments can also describe combinational logic, but most EDA 
vendors have chosen to not support these options. 

J.sce ~Additional Fealure~ ofVcrilog" at the companion web l ire for Ven tog COTl$tru&:t& that arc commonly 
supported by synthuis toou. and ronlilructs that arc not supponed. 
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A design that is expressed as a netl ist of primitives should be synthesized to 
remove any redundant logic before mapping the design into a technology. This pro­
vides a measure of safety to the design, because most designers have difficulty discov­
ering and removing redundant logic from any but the simplest circui ts. Synthesizing a 
netlist ensures tbat the logic has been minimized correctly. 

Example 6.6 

Figure 6-13( a) shows the pre-optimized schematic of the circuit described by the netlis t 
of primitives in boole_opt. The synthesized circuit shown in Figure 6-13(b) has a more 
efficient gate-level implementation (Jess area) than the generic circuit would have if 
parts from a cell library are subst ituted for the p rimitives. 

(.) 

d~ c 1 _ 0/.111 

: ""'flO! "" '[251 

_ 1_0 ,,12 

b_~~~ tlO' f2.S 1 

(b) 

flGUR E 6-13 Logic synthesis: (a) schematic for a nel list of primitives and (b) the circuil synthesized 
fromthe ne tlist 
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module boole_opl(output V_oull, Lout2, Input a, b, c, d, e); 
wire V1, y2, y3, y4, V5, V6, V7, V8; 
and (Vl, a , c); 
and (y2, a, d): 
and (v3,a, e); 

(y4, V1 , y2): 
or (V_out1, V3, y4); 
and (y5, b, c): 
and (y6, b, d); 
and (V7, b, e); 

(V8, V5, y6): 
or (y oul2, y7, y8); 

endmoduie 

End of Example 6.6 

249 

Continuous-assignment statements are synthesizable. The expression that 
assigns value to a net variable in a continuous assignment statement will be trans­
lated by the synthesis tool to an equivalent Boolean equation, which can be opti ­
mized and synthesized in physical hardware simultaneously with other continuous 
assignments in the moduJe.t. The designer must verify tbat the continuous assignment 
correctly describes the logic, and that the synthesized multilevel logic circuit has the 
correct functionality. 

ExampJe6.7 

lbe continuous assignment in or _nand synthesizes to the circuit in Figure 6-14. 

module of_nand (output y, input enable, x1, x2, x3, x4); 
assign y = -(enable & (x1 I x2) & (x31 x4»; 

endmodule 

End of Example 6.7 

A level-sensitive cyclic behavior wiU synthesize to combinational logic? if it 
assigns a value to each output for every possible value of its inputs. This implies that 
the event control expression of the behavior must be sensitive to every input and that 
every path of the activity flow must assign value to every output. 

"Remember, simultaneous opt imiza tion of Boolean equations discovers and exploits logic thai can be shared 
among them. 
' Fccdback-free and without latches 
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.'GURE 6- 1" Combinationa l logic synthelis:circuit synth«iud from ill continuous aUignlnefl t. 

Example 6.8 

Chapte rs 4 and 5 presented examples that described a 2-bi! compara tor by Boolean 
equa tions, and a netl ist of primitives (see Example 4.4), and a set of continuous assign­
ments (see Examples 5.6, 5.12, and 5.13) . The descriptions synthesize equivalent cir­
cuits. In the model below, comparator, a level-sensitive behavior describes the 
functionality of a 2-bit comparator. The algorithm in the model exploits the fact that 
the data words are identical if all of their bits match in each position . Otherwise, the 
most significant bit at which the words differ de termines the ir relative magnitude. This 
algori thm is not as simple or as elegant as the ones in Chapters 4 and 5, but it serves to 
illustrate the power of synthesis tools to correctly synthesize combinational logic from 
a level-sensitive cyclic behavior containing a loop construct.8 The synthesized circuit is 
shown in Figure 6-15. 

module comparator "(parameter size:: 2)( 1/ Alternative algorithm 
output reg a-9t_b, a_lt_b, a_~b, input [size ., : 01 a, b); 
Integerk; 
always G(a, b) begin : comparlUoop 
for (k :: size; k > 0; k II: k. ,) begin 

If (a(kJ 1= b{k]) begin 
a..Ql_b = alk1; 
a_"_b :: -ark); 
a eCLb=O· 
dT .. ble co';'pare_ IOOP; 

end II if 
end II fOf loop 
a~t_b= O ; 
a It b:: O· 
a=~b ::"; 

end /I compare_ loop 
endmodule 

KA cyclic behavior eKccutes repeatedly. subject 10 embedded timing control.!.. 
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bI2;! j 

tlI2;!] T Ill'-l::»--+-'"'Lf-' 

flG URE fi..t!'i Combinational logic synthes~; 2-bit comparator cin:uil synthesized from 
a Icvcl ·sc;nsit ive cydic behavior with af or loop. 

End of Example 6.8 

lSI 

A synthesizable Verilog model of combinational logic describes the fu nctionality 
of the circuit and is written indepe ndently of Ihe technology in which the physical cir­
cuit will be realized. Timing im poses a constraint on the speed of a circuit, but not on its 
functionality. The speed at which ASIC parts can operate is proportional to thc physi­
cal geometry of the part. Faster parts require more area. Technology-dependent timing 
constructs, such as gate propagation delays, are not to be included in the model of func­
tionality. Synthesis tools may require that the logic be free of feedback loops (e.g., no 
cross-coupled NAND gates). Functions and tasks will synthesize to combinational 
logic if they do not contain incomplete case statements or conditionals (If), and do not 
contain embedded timing controls ( It, @,or waU). 

A synthesis tool synthesizes combinational logic to implement the expression of 
the clJS~construct , and the expressions associated with a conditional operator. If a mul­
tiplexed data path has control logic other than a single select bus. the synthesis tool will 
create additional combinational logic on the control line of the mux to govern the 
activity of the multiplexer. 

Example 6.9 

The continuous assignment in mux_logic has logic determining whether sig_Q or sig_b 
is selected. The description synthesizes to the circuit shown in Figure 6-16. which has 
logic at the control line of the synthesized mux. 



252 Advanced Diptal Design with the VeriJol HDL 

FIGU RE 6-16 Circuil sYlllhe$iud hom a mux with se lector logic. 

module mux_logic (output 'I, input select, sig_G, sig_max, Sig_8, sig_b); 
••• Ign y '" (select == 1) II (sig_G :::= 1) 11 (sig_max == 0) ? si9_3 : sig_b; 
endmodule 

End of Example 6.9 

6.2.1 Synthesis of Priority Structures 

A case statement implicitly attaches highe r priority 10 the first item that it decodes 
than 10 the last one, and an ifstatement implies higher priority to the first branch than 
to the remaining b ranches. A synthesis tool will determine whether the case items of a 
case statement are mutually exclusive. If they are mutually exclusive, the synthesis tool 
will treat them as though they had equal priority and will synthesize a mux rather than 
a priority structure. Even when the list of case items is not mutually exclusive. a syn­
thesis tool might allow the user to direct that they be treated without priority (e.g., Syn­
opsys paralleLcase directive). This would be useful if only one case item could be 
selected at a lime in actual operation. An if statement will synthesize to a mux struc­
ture if the branching is specified by mutually exclusive conditions, as in Example 6.9, 
but when the branching is not mutually exclusive the synthesis tool will create a prior­
ity structure. 

Example 6.10 

The activity flow within mux_ 4pri is not governed by mutually exclusive conditions. 
This results in synthesis of an implied priori ty for datapath a because seLa decodes a 
independently of seLb or seLc, shown in Figure 6-17. The event control expression of 
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felJl--------~ 

t1GUR": 6-17 Circuit 5ynthesized from a mux with priority decode of input conditions. 

the cyclic behavior monitors all of the signals that are referenced within the behavior. 
Verilog 200l introduced a wild-card token, *, that automatically creates a sensitivity 
list that is sensitive to all of the variables in the behavior. This feature ensures that 
latches are not accidentally synthesized. 

module mux_ 4pri (output reg y, Input a, b, e, d, seLa, seLb, sel_c); 
always @ (seLa, seL b. sal_c. a, b, c. d) 
1/ always@(·) If Optional wildcard token for complete sensitivity list 

11 (sel_a == 1) Y = a; 
els8 if (sel_b == 0) Y = b; 
els8 if (sel_c == 1) Y '" c; 
els8y"'d; 

8ndmodule 

End of Example 6.10 

6.2.2 Exploiting Logical Don't-Care Conditions 

When case, conditional branch (if), or conditional assignment (? .. :) statements are 
used in a Verilog behavioral description of combinalionallogic, the behavioral model 
and the synthesized netlist should produce the same simulation results (except for 
time-dependent behavior) if the seed code has defat"t assignments that are purely 0 
or 1 values (i.e., the default does not explicitly assign an x or a z value). Simulation 
results may differ if the default or branch statement makes an explicit assignment of 
an x or a z. A synthesis tool will treat castx and casez statements as case statements. 
Those case items that decode to explicit assignment of x or z will be treated as don't­
care conditions for the purpose of logic minimization of the equivalent Boolean 
expressions, (i.e. , it does not matter what value is assigned to the object of the case 
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assignment under those input conditions}.9 The physical hardware will propagate 
either a 0 or a I, while the HDL model will propagate an l[ in simulation. This may 
lead to a mismatch between the results obtained by simulating the seed eode and the 
synthesis product. 

Synthesis l1p 
An assignment to xin a case or an {{statement will be treated as a don 't-care condi­
tion in synthesis. 

Exomple6.J / 

The counter and seven-segment display shown in Figure 6-18(8) are modeled below. in 
Verilog, by Lafched_Seven~eg_Display, with active low outputs. 1O The counter incre­
ments while Enable is asserted. The display is blank while Blanking is asserted. If Blanking 
is not asserted the display shows only even-valued numbers, and remains latched if BCD 
is the code of an odd number or an invalid number. The waveforms for Display_L and 
Display_R are shown in Figure 6-18(b), with values corresponding to the codes ror active­
low seven-segment displays. The latching action is implemented by not having a default 
item in the case statement. When the level-sensitive behavior is activated by a change in 
cOlml, the values of Display_L and Display_R change only when count decodes to an even 
number;otherwisc DisplayJ. and Disp/ay_R remain unchanged (latched). 

module latched_Seven_Seg_Dlsplay ( 
output reg [6: OJ DisplaLL, DisplaL R, 
Input Blanking, Enable, clock, reset 

); 
reg [3: 0] count; 

" parameter BLANK '" 
parameter ZERO '" 
parameter ONE '" 
parameter TWO '" 
parameter THREE '" 

abc_defg 
Tb l111111 ; 
7'bOOO - 0001 ; 1/ hOI 
Tbl00- "11 ; II Mf 
TbOO1-0010' 1/ h12 
TbOOO=OI10; 1/ h06 

~Sce Examples 5.22 (S-bit eneoder). 5.23 (S:3 priorit), encoder). lind 5.24 (3:8 decoder) in Chapler 5 ro r cir­
t ui" synthesized from tevel-llensitive cydic behaviors using default assignmenll in can and 1/ statements. 
I~e underscore character is used in the panmetcrs of /,tJlcllcdJevenJtK_Display to make the represen­
lation of anumberrnore readable. 
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parameter FOUR = 7'b100 1100; II Mc 
parameter FIVE = Tb010 -0100; II h24 
parameter SIX = Tb010=0000; 1/ h20 
parameter SEVEN = TbOOO 1111; 1/ hot 
parameter EIGHT = 7'bOOO=OOOO; 1/ hOO 
parameter NINE = TbOOO 0100; 1/ hD4 
always @ (posedge clock) -

If (reset) count <= 0; 
alse if (Enable) count <= count +1; 

always @ (count, Blanking) 
If (Blanking) begin Displa'Ll = BLANK; Display_R = BLANK; end else 
case (count) 

0: begin Display_l = ZERO; Display_R = ZERO; end 
2: begin Oisplay_l = ZERO: DisplaLR = TWO; end 
4: begin Display_l = ZERO; DisplaLR = FOUR; end 
6: begin Display_l = ZERO; OisplaLR = SIX: end 
8: begin Display_l = ZERO; DisplaLR = EIGHT; end 
10: begin Display_l = ONE; Disp!ay_R = ZERO; end 
12: begin Display_l '" ONE; Display_R = TWO; end 
14: begin DisplaLl = ONE; DisplaLR = FOUR: end 
IIdefault: begin Display_l = BLANK; DisplaLR '" BLANK; end 

andea •• 
endmodule 

End of Example 6.11 

The absence of defall/t assignments in the level-sensitive cyclic behavior in 
Lotched_Seven_Seg_Displuy latches the output and will cause latches 10 be imple­
mented by a synthesis tool. When default assignments are unconstrained, the synthesis 
tool can exploit them as don't-care conditions and reduce the logic needed to imple­
ment the circuit. The next example demonstrates how to exploit the don't-cares and 
how to form three-state outputs. 

Synthesis IIp 
If a conditional operator assigns the va1ue z to the right-hand side expression of a 
continuous assignment in a level-sensitive behavior, the statement will synthesize to 
a three-state device driven by combinational logic_ 
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BlankinK 

(,) 

Name 
NO 320 , 

H/(Jllk;n81---;:==========---_~'::::=~---

('",,,,1[3:0J 0 1 23456789 abcd e f01 23 4 S678 9a 

OiJl'lay_I. [6:O[ 4f 7f 01 

I);JpIGy_R!6:O] 01 11 4c 10 00 01 11 4c 01 7f 20 00 OJ 

(b) 

n Gl)RE 6-UI Seven-segmcnt LED display: (a) countcr and display units.nd (b) simulation results showing the 
action of N!$t:r, Blanking, and Enabl~, The values of Oisplay_L and Display_R correspond to the 7-bil cocles of the 

aClivc-lo\Ol !ievcn ,segmcntdispl3Y unilS for the va lue5 of <'Ollm, 

Example 6.12 

The leve l-sensitive cyclic behavior in alu_with_zl describes the eombinational logic of a 
simple arthimetic and logica.1 unit (ALU), and a continuous assignment describes a 
three-state output. The deJault assignments of the aut statement constrain the output 
of the ALU to be 0, A second version, alu_with_z2, which is not shown, has the same 
description, except the chJaul1 assignments of the case stalement are don 'I-cares (4' bx) 
instead of O. The synthesized circuits are shown in Figure 6-19. Both have three-state 
output inverters (which take less area than buffers). but the circuit for alu_witJ'-z2 has a 
simpler realization, because the synthesis tool is able to exploit the don't-cares implied 
by the default assignment of 4' bx in the case statement. 
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module alu_with_z1 ( 
output atu_oul, 
input 13: 0) data_a, data_b, 
input [2: 0) opcode, 
Input enable 

reg [3: 0] alu_reg; 
assign alu_out = (enable == 1)? alu_reg 4'bz; 
always@ (opco<le, dala_a, dala_b) 
case (opcode) 

3'b001: alu_reg '" dala_a [data_b; 
3'b010: alu reg:: data a" data b; 
3'b110: alu=reg" -data_b; -

257 

default: alu_reg :: 4'bO; 1/ alu_wilh_z2 has default: alu_reg " 4'bx; 
endeaso 

endmodule 

,.) 

d""_b[3 'OI~' ""- "''' 
opcod.-[2:0] 

lhnu_u[3:0] 

enable 

,b) 

FIGUR .. : 6-19 Circuits symhesized from (a) "/,, with 1I and (b)u/,, _whh_1, 2 

End of Example 6.12 
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6.2.3 ASIC Cells and Resource Sharing 

An ASIC cell library usually contains cells that are more complex than combinational 
primitive gates. !! For example, most libraries will contai n a model for a full-adder ce ll. 
Whether the synthesis tool exploits the available model or builds another circuit 
depends on Ihe designer 's Verilog description. The 1001 must share resources as much 
as possible 10 minimize needless duplication of circuitry. 

Synthesis np 
Use parentheses to control operator grouping and reduce the size of a circuit. 

Example 6.13 

A synthesis tool mapped the addition operator in the Verilog description below to a 
full-adder ASIC library cell to create the circuit shown in Figure 6-20(a). An alterna­
tive implementation shown in Figure 6-20(b) builds two different 5-bit adder blocks 
out of basic library cells in a structure that depends on the speed goal for the design 
(details not shown). The esdpupd device provides 0 (or 1) where needed. The leftmost 
adder forms A [3: 0] + 8[3: 0] The 5·bit result is one of the inputs to the right-most 
adder block. That block has a second 5-bit input formed by the C_in bit and four Os. The 
carry-in of each block is hard-wired to ground. 

module.badd_ 4 (output 13: OJ Sum. output C_out. input (3: OJ A, B, C_in); 
assign (C_out, Sum} . A + B + C_in: 

endmodule 

End of Example 6. 13 

A synthesis tool must recognize whether the physical resources required to 
implement complex (large area) behaviors can be shared. If the data nows within the 
behavior do not conflict, the resource can be shared between one or more paths. For 
example. the addition operators in the continuous assignment below are in mutually 
exclusive datapaths and can be shared in hardware. 

li llie fabrication masks or the eompJc", f;ell$ create a more e fficient and ruter implementa tion or the fune· 
tiona lity than an aggregate of ~implcr ccll$ with equivalent functionality. 
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(.) 

(b) 

FIGURE 6-20 Result of synthesizing the + operator (a) using libra ry full-adder cells. and 
(b) usingS-bit adder blocks with hard-wired inputs to accommodate 4-bitdatapaths 

a .... lgn v_out '" sal? data_8 + accum : data_a + dala_b; 

Consequently, the operators can be implemented by a shared adder whose input data­
paths are multiplexed. This feature is vendor-dependent. If the tool does not automati­
cally implement resource sharing, the description must be written to force the sharing. 

Example 6.14 

The use of parentheses in the description in resJ·hare forces the synthesis tool to mul­
tiplex the datapaths and produce tile circuit shown in Figure 6-21. 

module res_share (output [4: OJ LOut, input [3: 0) data_a, data_ b, accum, input sei); 
assign v_out = data_a + (sel ? accum : data_b); 

endmodule 

Failure to include the parentheses in tile expression for Y_OUl in res_share will 
lead to synthesis of a circuit that uses two adders. The most efficient implementation 
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fiG URE 6-2 1 Implementat ion of a dal3path with sh~ red r.:sourcc$. 

mUltiplexes the datapaths and shares the adder between them. ra ther than multiplex 
the outputs of separate adders. The important design trade-off is that the mux will 
occupy significantl y less area than the adder that it replaces. 

End of Example 6.14 

As a general guideline, if arithmetic functions arc to be inferred from language­
based ope rators. the operators should be grouped as much as possible within a single 
cyclic behavior to allow the s)'nlhcsis e ngine to share the hardware resources th at will 
be used to implement the functio n. 

6.3 Synthesis of Sequential Logic with Latches 

Lntches are synthesized in two ways: intentionally and accidentally. Latches thut are 
synthesized accidentally waste sil icon and may compromise the functiona li ty of the cir­
cuil. It is important to understand the conditions under which a synthesis tool infe rs a 
latch from a Ve rilog description . A designer who does not understand this relationship 
will be surprised when what was intended to be combinational logic is synthesized as 
latched logic. The topic is important enough, in practice, to wa rrant an elaborate trea t­
me nt. at the risk of belaboring the point and being verbose. 
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We have discussed three common ways to describe synthcsizable combinational 
logic: (1) nellist of primitives. (2) Boolean equations described by continuous-assign­
ment statements. and (3) a level-sensitive cyclic behavior. Can any or all of these styles 
lead to a circuit with latches? 

Synthesis lip 
A feedback-free nedist of combinational primitives will synthesize into latch-free 
combinational logic. 

Feedback-free net lists of combinational primitives will synthesize into latch-free 
combinational]ogic. Syn thesis tools may not allow a ne t lis! of primitives to have feed­
back (e.g .. cross-coupled NAND gates). so such a description will be flagged as an e rror 
condition and the code will not synthesize into anything. 

A set of continuo us assignments describing combin ational logic must not have 
feedback among them. For example . the pair of continuous assignments in Section 5.5 
describes a NAND-latch . but this model will not synthesize because it has structural 
feedback. 12 

Synthesis lip 
A set of feedback-free continuous assignme nts will synthesize into latch-free combi­
national logic. 

A continuous assignment that uses the conditional operator (? :) with feedback 
(i.e .. the target variable of the assignment appears in an expression of the operator) 
wi ll synth~size to a latch. This is one way to intentionall y model a latch. sllch as static 
random access me mory (SRAM). i.' and it will synthesize. 

Synthesis lip 
A continuous assignment llsing a condit ional operator with feedback will synthesize 
intoa latch. 

Example 6. 15 

The output of a cell o f an SRAM memory can be mode led by the following continuous 
assignment statement having feedback: 

assign data_out = (CS_b == O)? (WE_b == O)? data_in : data_out· 1'bz: 

! ~S ynthcsis tools may nOI in fe r la lchcs fr<lm s tructural feedback loops. 
I 'we will consider SRAMs in m<lrc detail in Chapler II 



262 AdYliRced Digitll DH lp with the VerilOi HOL 

The signals CS_b and W E_b implement the active-low chip-select and write-enable 
functions of the cell. If the chip is selected and W EJJ "". 0, data_out follows data_in 
(t ransparent mode), but when WE_b switches to 1. data_out = data_out (latched 
mode). Synthesis tools infe r the behavior of a la tch from this statement because the 
output of the device is not affected by dalo_in while W E_b= 1, and data_out holds the 
residual value that it had at the moment WE_b switched to J. If CS_b == 1, the cell is 
in the three-state, high-impedance condition. 

End of Example 6. 15 

6.3.1 Accidental Synthesis of Latches 

Example 6. J 6 

The model or4_beha v describes a four-itlput OR gate. The algorithm within the cyclic 
behavior initializes the output to 0, then tests the inputs sequentiall y. If an input is 1, 
the output is set to 1, and the sequence tenninates. The description synthesizes to com­
binational logic. The loop-index variable, k , is e liminated by the synthesis process and 
has no hardware counterpart. Note that the output variable,y. was declared as a regis­
ter variable but does n OI synlhesi7.e into a storage element. 14 

module or4_behav '(parameter wo('(Uength = 4)( 
output reg y, 
input IwordJ ength -1: 01 xJn 

): 
integer k; 

always @ x_inbegln : check_for_1 
y ""O; 
for (k "" 0; k <"" word_lenglh -1; k"" k+1 ) 

If (x inlkJ == ' ) begin 
y =- ' ; 
disable check_fOf_1; 

end 
end 

endmodule 

Now consider the description or4_behav_latch, whose event control expression is 
not sensitive to x_intO). This leads to synthesis of a latched output - the latch implements 

" Users of Veri Jog who do not realite thai "lithe variables thai arc assigned va lue by a procedural assignment 
arc registe r variables will be mysti rled by the results of synthesis if they a!.Sume that every tcgister variable 
wilisynthesitc lo aOip-nop. 
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the functionality that is implied by the description's ignoring x_in[O] and assigning value 
to the output only when the cyclic behavior is activated by a change in x_in[3: 1]. 

module or4_behav_latch #(parameter wordJength = 4){ 
output ... g y, input [wonUength -1 : 0] x_in 

): 
integerk; 

always@ (x_in[3: 1]) begi n : check_for_ 1 /I incomplete sensitivity list 
y"'O; 
for (k = 0; k <= word_length -1 ; k = k + 1) 
if (x_injk] == 1) begin 
y= 1; 
disable check_for_'; 

.nd 
end 

endmodule 

The circuits that implement the functionality of or4_behav and or4_behav_latch 
are shown in Figure 6-22(a,b). The value of x_in [O] is latched in or4_behav_latch, and 

(., (b) 

Name 

(., 
FIGUR E 6·22 Four·input OR ga te: (a) "if"uit synthesized from a level-sensitive cyclic behavior, 

(b) synthesized from II latch-inducing model. and (c) $imulation result s for bodl "ircuits. 
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the latch is controlled by OR.ing x_in[t 1, x_in [21. and x_in[3] . if any of these inputs is 
I , the value of x_infO] is passed to the OR gate formingy, But if these inputs all switch 
to 0, the value of x_in(01 is latched and the value of y is independent of changes in 
x_ill[O]. The simulation rcsults in Figure &'22(c) show the waveforms produced by sim· 
ulation of or4_behav, or4_behlH'_latch, y.....gate (the response of the gate-level circuit in 
Figure 6-22(b) , and y_or3~lIte, a three-input OR gate driven by x_in[I], x_in[2J, and 
x...Jn [3]. The waveforms demonstrate the latching behavior of or4_behllv_latch. 

Level-sensitive cyclic behaviors will synthesize into combinational logic if the 
description does not imply the need for storage. If storage is implied by the model. then 
a latch will be introduced into the implementation . How is the need for storage 
inferred from the Verilog description? To avoid latches, all of the variables that are 
assigned value by the behavio r must be assigned value under all events that affect the 
right·hand side expressions of the assignments that implement the logic. Failure to do 
so wi ll produce a design with unwanted latches. Conscquently, a ll inputs to a level·sen· 
sitive behavior that is to implement combinational logic must be included in the event 
control expression. The right-hand side operands of assignments within the behavior 
are inputs. Likewise, any control signals whose transitions affect the assignments to the 
target register variables in the behavior are considered to be inputs to the behavior. 

Remember: If the sensitivity list of a level-sensitive behavior is not complete. some 
variable will not be assigned value under every condition of the inputs, implying the need 
(or memory. In fact. the risk of failing to have a complete sensitivity list has been found to 
be SO great that the language wa~ expanded to include the wildcard token (.) to implicitly 
form a complete sensitivity list and relieve the designer of the responsibility for its com· 
pletcness. The constructs @(· ) and @· can be used in place of an itemized sensitivity list 
for a level-sensitive behavior. 

Signals that appear as operands on the right.hand side of any assignment in a 
level·sensitive cyclic behavior may not appear on the left-hand side of the expression. 
If this rule is not observed, the behavior has implicit feedback and will synthesize into 
a latch rather than feedback-free combinational logic [31. 

End of Example 6. /6 

Synthesis Tip 

A Verilog description of combinational logic must assign value to the outputs for all 
possible values of the inputs. 

Verilog case statements and conditionals (if) that do not include all possible cases 
or conditions are incomplerely lpecifted and may lead to synthesis of unwanted latches in 
the design because they admit the pos.~ibility that a variable will not be assigned value 
under all possible conditions of the inputs (i.e., the description implies that the output 
should retain its residual value under the conditions that were left unspecified). Caution 
must be taken to ensure that case and conditional branching (if) statements are com­
ple te, either explicitly or by default. if an expression associated with a conditional opera· 
tor in a continuous assignment assigns the target variable (Ieft·hand side {LHS)) to itself, 
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the statement will synthesize a latch, but an incomplete conditional operator will cause a 
syntaxerror. 15 

Example 6.17 

When a case statement is incomplete ly decoded, a synthesis tool will infer the need for 
a latch to hold the residual output when the select bits take the unspecified case item 
values. The latch is enabled by the event-or of the cases under which the assignment is 
explicitly made. In this example, the latch l6 is enabled when {seCa, seCb} == 2'blO 
or {seCa, seCb } == 2'bOl . Figure 6-23(a) shows a generic implementation, and 
Figure 6-23(b) shows an implementation using an actual cell library. The latter uses 
the library's 2-chan nel mux, and a model (esdpupd) for an electrostatic discharge 
pull-up/down device, which disables the hardware latch's active-low reset, rather than 

d~:~~"_ 
i..<J.lcn 

·'"Cb 

dala_Il------~ 

mux2..Jl 

$tCa 
JtCb-----,, _ ___' 

,,~dpupd 

(.) 

,b, 
FIGURE 6-23 lWCK:hanncl mux wilh latched outpul synthesi7.ed from an incompletely specified case 

statement using (a) generic parts and (b) parts from a cell library. 

' :>rhesyntaxofthe oondilionaloperator(? ) requires a stalemenl for the Ime oondilion and the falsc 
condition. 
' ''AppendixG describes the various lalches and flip-tlops shown in synthe sized circuits. 
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letting it float. Its internal structure consists of an instantiation of the pullup and 
pulldown primitives. Its outputs are the outputs of the two primitives. In this example 
the output of the pullup primitive is connected to the latch's reset input. 

module mux_latch (output reg LOut, input dala_a, data_b, seLa, seLb); 
always@(sel_a,sal_b, data_a. dala_b) 
case «seLa, seLb» 

2'b10: y_out = dala_a; 
2'b01: Lout = dala_b; 

endca •• 
• ndmodule 

End of Exomple 6.17 

6.3.2 Intentional Synthesis of Latches 
Threads of execution in a level-sensitive behavior that do not explicitly assign value to 
a register variable imply the need for the variable to retain the value it had before the 
behavior was activated. In general, a level-sensitive behavior may contain several such 
variables, and all of them will be synthesized as latches. The synthesis tool must identify 
the datapaths through the latches and identify their control signals. The control signal 
of a given latch will be the signal whose value controls the branching of the activity 
flow to the statements that do not assign value to the associated register variable. If the 
activity flow assigns value to a given register variable in all possible threads of the 
activity, a latch will be inferred only if a path assigns a variable its own value (i.e., self­
feedback) ; otherwise, in the absence of feedback, the behavior does not imply a latch. 

What determines the hardware for a latch? In synthesis. latches implement incom­
pletely specified assignments to register variables in case and conditional branch (if) 
statements in a level-sensitive cyclic behavior. If a case statement has a default assign­
ment with feedback (i.e., the variable is explicitly assigned to itself), the synthesis tool 
will form a mux structure with feedback. Likewise, if an ifstatement in a level-sensitive 
behavior assigns a variable to itself, the result will be a mux structure with feedback. 

Memory is inferred when the conditional operator (? .. . . . . ) is implemented 
with feedback, but the actual hardware structure chosen by a synthesis tool depends on 
the context. If the conditional operator is used in a continuous assignment, the result 
will be a mux witb feedback. If it is used in a level-sensitive cyclic behavior, the result 
will be a hardware latch. If the conditional operator is used in an edge-sensitive cyclic 
behavior, the result will be a register with a gated data path in a feedback configuration 
with the output of the register. 

Example 6.18 

The level-sensitive cyclic behavior in latch_ifl below has a complete sensitivity list, 
and assigns data_oU! with feedback in an ifstatement baving feedback. The result of 
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r/rlltUI1 [3;;.:O[1-+_+ f-LJ 

FIGURE 6-14 Latched circuit syntbe5iud from ItJluU!1 . 

synthesizing the latch circuit is shown in Figure 6·24, which has the structure of a mux 
with feedback .17 

module latch_ if1(output re" [3: 0) data_ out, Input [3: 0) data_In, In put latch_enable); 
alwaya@(· ) 
If (latch_enable) data_oul <= data_in: 

el •• data_oul <z: data_oul: 
endmodule 

End of Example 6.18 

11Note the use of the nonblockingassignment operator ( <- ). Intentional synthesis of a la tch is one excep­
tion to the genecal n de of using blocking assignments (- ) in level-sensitive behaviors and nonblocking 
assignments « _) in edge-liCnsi tive behaviors.. TIle e:teeption confo/llU to the IEEE Standard 1364.1 for 
Verilog RegisterTransfer l.evel Synthesis.. 
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Synthesis lip 
An iJstatement in a level-sensitive behavior will synthesize to a latch if the statement 
assigns value to a register variable in some, but not all, branches (i.e., the statement is 
incomplete). 

Example 6.19 

The event control expression of the level-sensitive behavior in latch_ij2 is sensitive to 
both fatch3nable and data_in, but the ifstatement is incomplete. This descriptive style 
maps preferentially to a hardware latch, shown in Figure 6-25, rather than a feedback­
mux configuration. 

module Iatch_1f2 (output reg [3: 0) data_out, input (3: 0) data_in, Input latch_enable): 
always @(Iatch_enable, data_in) 

if (latch_enable) data_out = data_in: II Incompletely specified 
endmodule 

End of Example 6.19 

FIGURE 6·25 Latches synthesued from /tllch_i{l, a description containing 311 incomplete ly specified 
conditional branch (Instatement. 
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The synthesis results in Figures 6-24 and 6-25 illustrate how a slight change in the 
be havioral description can influence the structure of the synthesized circuit. The struc­
ture in Figure 6-24 synthesized from a comple te conditional branch with feedback , 
whereas the description in Figure 6-25 synthesized from an incomplete conditional 
branch. The circuits are equivalent in simulation, but will have different area/speed 
trade-olCs in hardware. A n if statement that is completed with feedback is equivalent 
to the fo llowing conditiona l aSSignment stateme nt: 

••• ig n data_oul {3: 0):: lalch_enable? dala_in (3: OJ : dala_out{3: OJ; 

This statement wi ll synthesize to the same structure, and it is commonly used 10 describe 
a latch. Re member. the conditional operator must be completed with two expressions, 
one fo r the true condition, and the other for the false condition . 

Example 6.20 

An :m54170 register file consists of an array of four 4-bit words. Two address busses, 
wr jel and rd~'el provide addresses for write and read operations. Two enable lines, 
wr_enb and rd_enb contro l transparent-low latches. The level-sensitive behavior in 
sn54170 has an incomplete branching statement. The synthesi7.cd circuit in Figure 6-26 
has an a rray of latches holding lorched_data. 

module 5n54170 ( 
output [3: OJ data_out. 
input [3: 01 dataJ n. Input [1: 0] wr_sei. rd_sal. input wr_enb, rd_8nb 

): 
reg [3: Ol latened_data: 
always@(wT_enb. wT_sel, data_in) begin 
if (!wr_enb) latched_datalwr_sel] '" dataJn: 

. nd 
assign data out ;; (cd enb)? 4'b1111 : latched_data(rcCselj: 

endmodule - -

End of Example 6.20 

Incomplete case and conditional (if) statements in an edge-sensitive behavior 
synthesize register variables to fl ip-flops ; if the statements arc comple ted with feed­
back, the result is a registe r whose o utput is fed back through a mux at its datapath. (If 
the cell library has a cell wi th a gated datapath. the 1001 will seleci that part.) 

6.4 Synthesis of Three-State Devices and Bus Interfaces 

Three-stale devices allow buses to be shared among multiple devices. The preferred 
style fo r inferring a three-stale bus driver uses a continuous assignme nt statement that 
has one branch set to a three-state logic value (z). 



FIGURE 6-26 Circuit ,ynthemed from a Verilog model o f the sn54170 register file. 
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Example 6.2 J 

The circuit shown in Figure 6-27 is a typical configuration for integrating some core 
logic with a three-state unidirectional intetiace to a bus. Because an expression of the 
conditional assignment in UnCdir_bus assigns 32'bz to data_1o_bus, a synthesis tool 
will infer a 32-bit wide output with three-state drivers.. 

module Uni_dir_bus (output 131: 0] data_1o_bus, input bus_enabled); 
reg [31: 0] ckUo_bus; 
assign data_1o_bus = (bus_enabled)? ckt_to_bus : 32'bz; 

II Description of core circuit goes here 10 drive ckt_to_bus 

endmodule 

End of Example 6.21 

Example 6.22 

The circuit shown in Figure 6-28 has a bidirectional interface with an external bus. The 
port of the circuit is declared to be bidirectional (inoul) and a pair of continuous 
assignments is used to modeltbe inbound and outbound datapaths. 

module Bi_dlr_bus (Inout (31 : OJ dala_lo_from_bus, Input send_data, rcv_data); 
wire [31: 01 ekUo_bus; 
wire [31: 01 dala_fram_bus; 
as.lgn data_from_bus = (rev_data)? data_to_froffi_bus: 32'bz; 
assign data_to_from_bus = (send_dala)? ckCto_bus : data_to_from_bus; 

If Behavior using data_fram_bus and generating ck,-to_bus goes here 
endmodule 

End of Example 6.22 

FlGURE 6-rJ Unidirectional interface to a bus. 
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FIGURE 6-211 Bidirectional interface to a bidirectional bus. 

6.5 Synthesis of Sequential Logic with Flip-Flops 

Flip-flops are synthesized only from edge-sensitive cyclic behaviors, but nOI every register 
variable that is assigned value in an edge-sensitive behavior synthesizes to a flip-flop. 
What detennines the outcome of synthesis from an edge-sensitive behavior? This section 
will address this and the following related questions: How does a synthesis tool infer Ine 
need for a flip-flop? Or when does a register variable that is assigned value within an 
edge-sensitive behavior automatically synthesize to a flip-flop? A flip-flop is synchronized 
by a clock signal- how does the synthesis tool distinguish the synchronizing signal !Tom 
other signals, or must it be identified by a special word,like "clock"? If a design has multi­
ple flip-flops, how can the model be written to ensure that they function concurrently? 

A register variable in an edge-sensitive behavior will be synthesized as a flip-flop 
(1) if it is referenced outside the scope of the behavior, (2) if it is referenced within the 
behavior before it is assigned value, or (3) if it is assigned value in only some of the 
branches of the activity within the behavior. All of these situations imply the need for 
memory, i.e .• the residual value of the variable. The fact that these conditions occur in 
an edge-sensitive behavior dictates that the memory be a flip-flop, rather than a latch. 

Recall that an incomplete conditional statement (i.e., a If ... else statement or a 
case statement) in a level-sensitive cyclic behavior will synthesize to a latch. However, 
if the behavior is edge-sensi tive. these types of statements will not create latches, but 
they will synthesize logic that implements a "clock enable," because the incomplete 
statements imply that the affected variables should not change under the conditions 
implied by tbe logic, even though the clock makes a transition. 

The sequence in which signals are decoded in the statement that follows the 
event-control expression of an edge-se nsitive cyclic behavior determines which of the 
edge-sensitive signals are control signals and which is the clock (i.e., the synchronizing 
signal). Ii the event-control expression is sensitive to the edge of more than one signal, 
an If statement must be the first statement in the behavior. The control signals that 
appear in the event-control expression must be decoded explicitly in the branches of the 
iJstatement (e.g., decode the reset condition first). The syncbronizing signal is not tested 
explicitly in the body of the jf statement, but, by default, the last branch must describe 
the synchronous activity, independently of the actual names given to the signals. 
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Synthesis Tip 
A variable that is referenced within an edge-sensitive behavior befQre it is assigned 
value in the behavior will be synthesized as the outP~t of a flip-flop. 

Example 6.23 

The non blocking assignments to data_a and data_b in swap_synch describe a synchronous 
dala swapping mechanism. The statements a~sign ing value to data_a and data_b execute 
non blocking assignments concurrently. so both variables are sampled (referenced) before 
receiving value; both are synthesized as the output of a flip-flop in Figure 6-29. Note that 
setl and set2 are explicitly decoded fiTSt. The last clause of the if statement assigns values 
to dow_a and data_b. Those (nonblocking) assignments are synchronized to the rising 
edge of elk, which is not referenced explicitly in the ifstatement. 

module swap_syneh (output reg data_a . data_b. input set1. set2 , clk); 
alway. @ (po •• dge elk) begin 

if (set1) begin data_a <= 1; data_b <= 0; end el • • 
if (set2) begin data a <= 0; dala b <:: 1; end 
als e begin - -

dala b <= data a ; 
data=a <:: data=b; .,. 

e,. 
endmodula 

End of Example 6.23 

'- r - , I I _ JalUj l 

FlGUR E 6-29 Circ;:Uil .yn thcsizcd for s..,apJ ynch. with variables referenced 
before being assigned value 
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Example 6.24 

The funtlionality of a 4-bit parallel-load data register is described by DJeg4_Q. The 
positive edge of reset appears in the event control expression and appears in the first 
clause of the if statement; the positive edge of clock also appears in the event-control 
expression, but is not explicitly decoded by a branch of the "if' statement that follows 
the event-control expression. This enables the synthesis tool to correctly infer the need 
for a resettable flip-flop, active on the positive edge of clock. The value of Data_out is 
synchronized to the positive edge of clock, so the synthesis tool creates the 4-bit array 
of flip-flops shown in Figure 6-30. 

module D_reg4_8 (output reg [3: 0] Data_out, input [3: 0] Data_in, Input clock, reset); 
always @ (posedge clock, posedge reset) begin 
if (reset "'''' 1'b1) Data_out <'" 4'bO; 
els. Data out <= Data in; 

end - -

endmodule 

End of Example 6.24 

In general, the event-control expression of a cyclic behavior describing sequential 
logic must be synchronized to a single edge (posedge or negedge, but not both) of a sin­
gle clock (synchronizing signal). Multiple behaviors need not have the same synchroniz­
ing signal, or be synchronized by the same edge of the same signal, but the optimization 
process requires that all of the synchronizing signals (clocks) have the same period. 
Otherwise, it would not be possible to optimize the performance of the logic. 

Synthesis np 
A variable that is assigned value by a cyclic behavior before it is referenced within 
the behavior, but is not referenced outside the behavior, will be eliminated by the 
synthesis process. 

FIGURE 6.30 Synthesis circuit for DJ~84_a. a 4-bit parallel-load data r~gist~r. 
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It is important to realize that not every register variable that is assigned value 
in a cyclic behavior synthesizes to a hardware storage device. The 4-input OR gate 
that was described by a Verilog behavior (or4_behav) in Example 6.16 has a register 
variable, k , that is used within the behavior, but is not referenced outside the behav­
ior. 1t is not referenced before it is assigned value. The variable k merely provides an 
index within the algorithm and does not require hardware memory- it does not 
have a life beyond the computation performed by the behavior. It is eliminated by 
synthesis. The behavior correctly synthesizes 10 a hardware OR gate, without a 
memory element. 

Synthesis 11p 
A variable that is assigned value by an edge-sensitive behavior and is referenced 
outside the behavior will be synthesized as the output of a flip-flop. 

Example 6.25 

The behavior in empty_circuit assigns value to the register variable D_out, but D_out is 
not referenced outside the scope of the behavior. Consequently, a synthesis tool will 
eliminate D _out. If empty_circuit is modified to declare D _out as an output port, D _out 
will be synthesized as the output of a flip-flop. 

module empty_circuit (input D_in, elk); 
reg D_out; 
alway.@(po.edgeelk)btlgin 

D_out <= D_in; 
onO 

endmodule 

End of Example 6.25 

6.6 Synthesis of Explicit State Machines 

Explicit state machines have an explicitly declared state register and explicit logic that 
governs the evolution of the state under the influence of the inputs. In this section, we 
will present a recommended style for describing explicit state machines, will use that 
style to write Verilog models of the explicit state machines that were designed by man­
ual methods in Chapter 3, and then synthesize their implementation in hardware. It is 
recommended, for clarity, that explicit machines be described by two behaviors, an 
edge-sensitive behavior that synchronizes the evolution of the state and a level-sensitive 
behavior that describes the next state and output logic. 
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6.6.1 Synthesis of a BCD-to-Excess-3 Code Converter 
The circuit for a Mealy-type binary-coded decimal (BCD)-to-Excess-3 code converter 
was designed by manual methods in Example 3.2 to illustrate the basic steps of (1) form­
ing a STG, (2) defining a state table, (3) choosing a state assignment, (4) encoding the 
next state and output table, (5) developing and minimizing the Karnaugh maps fo r the 
encoded state bits and output, and (6) creating the circuit's implementation (schematic). 
Here we will revisit the code converter and demonstrate the simplicity of modeling and 
synthesizing it with Verilog. 

Beginning with the STG (see Figure 3-19), we write the behavioral model, 
BCD_to_Excess_3b. and verify that it has the same functionality as the previous design. 
Note that a significant amount of work is required merely to change the state assign­
ment in the original (manual) design, but the behavioral model requires only a change 
to the declared parameters defining tbe state codes. A synthesis tool will automatically 
reflect the change in the resulting gate-level structure. 

Synthesis Tip 
Use two cyclic behavioI1'i to describe an explicit state machine: (1) a level-sensitive 
behavior- to describe the combinational logic for the next state and outputs and (2) an 
edge-sensitive behavior to synchronize the state transitions. 

The model , BCD_lo_Excess_3b. has two cyclic behaviors. 1I1 An edge·sensitive 
behavior describes the state transitions and a level-sensitive behavior describes the 
next state and output logic. Note that the procedural assignments in the edge­
sensitive behavior are non blocking and that those in the level-sensitive behavior 
are blocked assignments. The Veri log language specifies that non blocking assign · 
ments and blocking assignments that are scheduled to occur in the same time step 
of simulation execute in a particular order. The nonblocking assignments are sam­
pled first . at the beginning of the time step (before any assignmen ts are made) and 
then the blocked assignments are executed. After tbe blocked assignments are exe­
cuted, the non blocking assignments are completed by assigning to the left-hand 
side of the statements the values that were determined by the sampling at the begin­
ning of the time step. This mechanism ensures that nonblocking assignments execute 
concurrently, independent of their order, and that race conditions cannot propagate 

INT! is sometimes convenient to use continuou.~ assignm"nts to describe the output combinotionallogic 
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through blocked assignments and thereby affec t the no nblocking assignmen ls. 
Nonblocking assignme nts describe concurrent synchronous register transfers in 
hardware. 

SyntheSiS 'lip 
Use the blocking procedural assignment operator (::::: ) in the level-sensitive cyclic 
behaviors describing tlle combinational logic of a FSM. 

Matching simulation results between a behavioral model and a synthesized 
circuit does not guarantee that an implementation of the circuit is correct. The wave­
forms in Figure 6-31 were obtained by simulating BCD_to_Excess_3b; th ey match 
those of the manually designed gate-level model in Figure 3-23. However, note that 
BCD_lO_Excess..3b does not include a defaUlt assignment in it s case statement. This 
induces latches in the synthesized circuit shown in Figure 6-32(a). On the other hand, 
with don 'I-care default assignments tonexlJ 'ale and B_out, BCD_lo_Excess_3c syn­
thesizes to the circuit in Figure 6-32(b), without latches. Figure 6-33(c) shows the sim­
ulation results for both circuits. The waveforms of both circuits match those of the 
manual design (Figu re 3-23) because the test bench exercises the circuit over only 
the a llowable input sequences. The don't-care assign ments of BCD_to_Exu$s_3c 
give greater flex ibility to the synthesis too l than the implied latcb structure of 
BCD_to_Excess..3b. thus it is advisable 10 include default assignments in a ll case 

5"" 870 

..,GURE 6-31 Rc!.ulU obtained frum simulation of BCD_'OpUSJ..Jb, a Verilog behavioral 
model of a 8CD-to-EJ.<XS.!I-3 code convener. 
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FIGURE 6-33 PbsHynthui$ simulatkm of the ASIC circuits syn thesi7.ed !Tom BCD_lo_ExuuJb 
and BCD_lo ExuJJJ e. 
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statements. Additionally, the latches in BCD_w_Excess3b waste hardware and sili-

Syntbesis Tip 

Use the oonblocking assignment operator ( <- ) in the edge-sensitive cyclic behav­
iors describing the state transitions of a FSM and the register transfers of the data­
patb of a sequenlial machine. 

module BCD_lo_Excess_3b (output reg B_out, input B_in, elk, resel_b); 
parameter 5_0 = 3'bOOO, /I State assignment 

'·0 

~-~ ~ ;:~~~~ ' 
5-3::: 3'b1 11' 
5-4::: 3'b011 , 

5=5::: 3b110: 
5_6::: 3'b010, 
donI care state::: 3'bx, 
doot::::care::::out;; l 'bx; 
stale, next_state; 

always @(posedgeelk, negedge reset_b) 
if (reset_b :::::: 0) state <;; S_O; el.e state <::: nexCstate; 

alway.@(state, BJn) begin 
Bout'" 0; If Default assignment; assign by exception 
c_5O(stale) 
5_0: If (B_ in :::::: 0) b eg in next_slate:: $_1; B_oUI:;; 1; and 

alsa If (B_in:;;= 1) next_state:;; $_2; 

$_1 : If (B_in :::;; 0) b agln next_state:;; 5_3; B_out:;; 1; and 
al.a If (B_in :;;= 1) begin nexCstale :;; 5_4; end 
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S_2: begin next_slate = S_ 4; B_out = B_in; end 

S_3: begin next_state '" S_ 5; B_out '" B_in; end 

S_ 4: If (B_in "': 0) begin next_state'" S_5; B_out '" 1; end 
else If (B_in "'''' 1) begin next_state:: S_6; end 

S_5: begin nexCstate = S_ O: B_out = B_in; end 

S_6: begin next_state:: S_O; B_out:: 1; end 

1* Omitted for BCD to Excess 3b version 
Included for BCOjo_Excess_3c version 

default: begin next_stale:: dont_care_state: B_out = dont_care_out; end 
"/ 
endcaae 

.od 
endmodule 

Synthesis Tip 
Decode all possible states in a level-sensitive behavior describing the combinational 
next state and output logic of an explicit state machine. 

If the states listed as case items in a CIlSe statement do not decode aU possible states 
in the level-sensitive behavior describing the next state and output logic of a state 
machine, the combinational logic describing the next state and the output will be synthe­
sized as the outputs of latches, the circuit may have more hardware (wastes silicon) than 
needed, and it may not function as intended. This outcome can be prevented by making 
a default assignment to the nexCstate at the beginning of the level-sensitive behavior 
that describes the next state. Likewise, default assignments can be assigned to the outputs 
of the machine to avoid their being synthesized as the outputs of latched. 

Synthesis tools impose some additional restrictions on how state machines can be 
modeled. The state register of an explicit state machine must be assigned value as an 
aggregate, i.e., bit select and part select assignments to the state register variable are 
not allowed by a synthesis tool. The entire register must be assigned value. Asynchro­
nous control signals (e.g., set and reset) must be scalars in the event-control expression 
of the behavior. Lastly, for synthesis, the value that is assigned to the state register must 
be either a constant (e.g., stareJ eg = start_state) or a variable that eva luates to a con­
stant after static evaluation (i.e., the state-transition diagram must specify a fixed rela­
tionship).The description of BCD_to_Excess_3b satisfies these constraints. 

A behavior describing the synchronous activity of an explicit state machine may con­
tain only one clock-synchronized event-control expression. This rule applies whether the 
same or some other behavior describes the machine's next state and output. The descrip­
tion of an explicit state machine will also include an explicitly declared state register vari­
able of type rqf. Only one such register may be identified for a machine, which implies that 
each assignment to the state register must assign value to the whole register, rather than to 
a bit select or a part select. The constraints on procedural assignments to the same register 
ensure that it is possible to associate a fixed-state transition diagram with the behavior. 
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6.6.2 Design Example: Synthesis of a Mealy. Type NRZ·to·Manchester 
Line Code Converter 

A serial line converte r that converts a non-return-to-zero (NRZ) bit stream into a 
Ma nchester encoded bit stream was designed by man ual methods as a Mealy-type 
fi nite state machine in Chapter 3 (see Section 3.7 .1 ). The same state machine is 
described here by a Verilog behavioral model, NRZ-.2_Manchester_Mealy, shown 
below. 

module NRZ_2_Manchester_Meaty (output reg B_out. input B_in, clock, reseC b); 
r.g [1: 01 state, next_state; 

paramet . r ~_~: ~:~' 

S=2 = 2'd2: 11 2'd3 is unused bit pattern 
dont care state = 2'bx, 
dont- care-out = 1 'bx; 

alwaya@(n.gedgeek>ck, ':;-egedge reset_b) 
if (reset_b """' 0) state <= 5_0; ela. state <= next_state; 

always @(state, B_in ) begin 
B_out::; 0; II Default assignment 
case (state) II Note: State register is partially decoded 

S_O: tf(B_in == 0) next_state a 5_1; 
ela.lf(B_in == 1) begin next_state = 5_2; B_out::; 1; end 

S 1: begin next_state = 5_0; B_out z 1; end 
S=2: begin next_state::; 5_0; end 
default: begin next_state" donCcsre_state; B_out::; donCcare_out; end 

endeaa • . ,. 
end module 

The si mulation result s shown in Figure 6-34 match those shown in Figure 3-30 
for the gate leve l (ma nual) design of the Mealy-type code converter. lll We note 
agai n that B_in is switching on active edges of clock_l in Figure 6-34, which coin­
cides with alternate active edgcs of clock_2. For those edges, B_in changes at the 
same ti me as the sta te. As a general rule. avoid having the inputs to a synchronous 
machine change at the sa me time that its state changes, unless it happens that the 
inputs are treated as don' t-cares a t those edges, as they are in this example. Th e 
netlist20 and schematic of the circuit synthesized from NRZ_2_Manchester_Mealy 
are shown in Figure 6-35. 

I~Problem 2 at the cnd of this chapler addrcsscs the postsynthcsis veri fication stcp in whlch the functionality 
of the synthcsized ci rcuit il shown to match that o f the behavioral model. 
"' 'The synlhe~i$ tool (i .c., Synopsys) genera tes names of wires and module instances using a more gcneral 
naming convenlion Iupporlcd by Verilog's ~s(;lJpcd idmlificn. These identifiers begin with a backslash (\) 
and cnd with white space; any printablc ASCII charactcr can be used in an escaped idenlifier. Herc thc 
iru.tance names of the flip-naps conespond 10 the hi" of the machine'l.tatc. 
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F1GUR~ 6-34 Resultsoblllined from simulation of NRZ....2_Mllncneste'fleIJly. a behaviora l model 
of 11 Mealy-type FSM of an NRZ-to-Manchester serial line converter. 

module NRZ_2....Manchester_Mealy (8_out. Bjn. clock, reseU: 
input Bjn,clock, reset: 
outputS_out; 
wlre\nexcstate<I>,\nexLstate<O>, \$tate<I>,\slete<Q>, n80, n81 ,n82,n63; 

buffl01 U26(.Al(n81) ,.O(nSO}): 
norf201 U27 (.A1(nS1), .Bl(n82), ,O(\nexLstate<I»): 
norf20t U28 (.At(S_in), .81(n80) •. O(\nexLstale<O»); 
blfOO101 U29 (.Al(n83), .B2(\state<I», .(C2(n82), .O(B_out)): 
nanf251 U30(.Al(\slate<I» , .B2(n83), .O(n81»: 
invfl01 U31 (.Al{B_in},.O(n82)) ; 
irwfl01 U32(.Al(\state<O» ,.O(n83» ; 
dfrf301 \slatej eg<l> (.OATAI(\nexLstate<I» .. CLK2(clock), .RST3( 

reset) .. O(\stale<I»); 
dfrf301 \state_reg<O> (.DATA1(\nexLstate<O», ,CLK2(clock), .RST3{ 

reset),.Q(\state<O>)): 
endmodule 

I') 

b~ 
dock 

rtstr..b 

Ib) 

FIGURE 6-3.5 ASIC circuit synthesized from NRZ")jlancht!slt r_Mtaly: (a) ne tlist (shown with 
pon connections made by names of formal and actual signals, and (b) schematic. 
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6.6.3 Design Example: Synthesis of a Moore~ 1YPe NRZ~to~Manchester 
Line Code Converter 

The explicit FSM describing the Moore-Iype NRZ-to-Manchester serial line code 
converter that was designed in C hapter 3 (see the STG in Figure 3-3 1) has the 
Verilog behavioral description below. The waveforms in Figure 6-36, produced by 
simulating NRZ-.2 _Manchester_M oore, arc iden tical to those of the gate-leve l 
model in Figure 3·35. The circuit synthesized from NRZ-.2_Manchesrer_Moore. is 
shown in Figure 6_37.21 

module NRZ_2_Manchester_Moore (output reg B_out, Input 8_in, clock. reset_b); 
reg (1:0) state. nexCstate; 
paraml ter 5_0 ::: 2'dO. 

~-~: ;:~~. 
5:3::: 2'd3; 

alway.@(nllglldgll clock, negedge reset_b) 
If (reset_b .... 0) state <= 5_0; elle state <:; next_state; 

alway. C (state, BJn ) btlgin 
B_out = 0; 1/ Default assignment 
e ... (state) 1/ Fully decoded 

S_O: btlgln If (B_ in == 0) next_stale:: 5_1; el •• next_state = 5_3; end 

S_I : begin next_slate::: 5_2: end 

5_2: btlgln B_out:: 1; if (B_ in ==0) nexCstate :: 5_': else next_state:: 5_3: end 

5_3: begin B_out:; 1; next_state:: 5_0; end 
ende •• e 

end 
endmodule 

FIGURE 6-36 Resuhs oblained from simulll.tion of NRZ..2j"(mch~Sf~r_MQOrt, a Vtrilog behavioral 
model of a Moorc·type NRZ-II)-Manehester $erial line convener. 

ll PToblem 3 at the end of lhi$ chapte r addresses tbe posllynlhesili veriflcalion stcp in which lhe functionality 
of the synthesiud circuit is $hown 10 match thai of lhe behavioral model. 
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nCURE 6-37 ASIC circuit symhesi2ed from NRZJ Mancht ster Moort. 

6.6.4 Design Example: Synthesis of a Sequence Recognizer 
A sequence recognizer asse rts an output, D _OIU, when a given pattern of consecutive 
bits has been received in its serial input stream, D_in [6]. The data is typically synchro­
nized by the opposite edge of the clock whose active edge controls the state transitions 
of the machine (i .e., the synchronization is said to be antiphase). Thus, data would be 
applied on the rising edge of the clock if the state transitions are to occur on the falling 
edge of the clock. and vice versa. Sequence recognizers can be realized as explicit 
FSMs of the Mealy or Moore type. 

We will follow two conventions to describe scquence recognizers. The first con­
vention clarifies the semantics of how the machine receives input bits. It sta tes that the 
output of a Mealy machine is valid immediate ly before the active edge of the clock con­
trolling the machine, and successive values are received in successive clock cycles. 22 

This has implications for interpreting when the output is valid. The output immediate ly 
before the active edge of the clock is valid, reflecting the sampled value of the input 
and the state of the machine before the edge. 

The second convention distinguishes between resetting and nonresetting machines. 
A nonresctting machine continues to assert its output if the input bit pattern is overlap­
ping (i.e. , the specified sequence of m bits has a nonempty intersection with a pattern 
fonned from bits that immediately follow the mth bit). For example, overlapping 
sequences of 11112 are present in the bit stream OOllllll~. A resetting machine that 
detects a pattern of length m embedded within a longer pattern must dc-assert when the 
m + 1st bit arrives, independently of its value. It then begins a new cycle of delecting the 
next m bits. 

llThc data must be ~Ia bl e prior to the aClive cdgc o r the clock ror at least the setup time of any flip· flop dri­
venby D_in 
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(b) (0' 

I'lGUR E 6-38 Sequence rccugn i.zer for de tecting three successive II: (a) input-<lutput block diagram and 
waveforms (or Mealy- and Moore-type outputs. (b) ASM ehart for a Mealy-type explici t FSM implementation. 

and (c) ASM chan for a Moore-type explicit FSM realization. 
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The sequence recognizer in Figure 6-38(a) is to sample the serial input. D_in on 
the falling edge of the clock and assert D_out if three successive samples are 1. The 
machine is to have a synchronous reset action and an enable signal, En, Ihal controls 
whether the machine is active or not. The ASM chart in Figure 6-38(b) describes a 
nonresetting Mealy-type FSM implementing the desired behavior, and the chart in 
Figure 6-38(c) describes a Moore machine vcr~ion. 

In the Mealy version of the machine. the signal reset places the slate of the 
machine in S_idle, where it resides until En is asserted.B After En is asserted the 
machine makes transitions to its other states. depending solely on D_in .1\vo successive 
samples of 1 will cause a transition to 5....2. where D_oul is asserted as long as D_in is 
held at 1. The structure of the ASM chart speci fics th~t the Mealy machine will remain 
in 5_2 until a 0 is received (i.e., the machine is nonreselting); similarly. the Moore 
machine will remain in 5_3. Note that the Moore machine has an extra state. because 
D_out in the Moore machine does not anticipate D_in and asserts D_oUl in the state 
reached after the third active edge of the clock (the Mealy machine anticipates D_in 
and asserts D_oUl before the third clock transition). 

The Verilog models of the explicit state machines (given below) implement their 
output combinational logic with a continuous-assignment statement (see Chapter 4). 
To illustrate their response to two different fonnats for a serial line code converter (see 
Section 3.7), the test bench includes two instantiations of each machine. One machine 
has a bitstream for D_in encoded in an NRZ format and the other has a return-to-zero 
(RZ) format [7]. 

Simulation results are shown in Figure 6-39. First. compare the waveforms of 
Mealy_NRZ and Moore_NR2. Note that MealyjlRZ asserts in 5-.2 (after two clocks) 
while DJn is I. and anticipates the third clock edge marking the end of the recognized 
pattern, but Moore_NRZ does not assert until after the third clock edge. 

The importance of the convention stating that valid outputs of a Mealy machine 
are determined by the value of the inputs immediately prior to the active edge of the 
clock is illustrated by the waveform Mealy_RZ. Note that the Mealy machine has an 
invalid assertion of its output when the input has an RZ fonnat. an apparent glitch. 
This assertion occurs immediately after the second clock and persists until D_in is 
possibly de·asserted in the next bit-time of the input. The valid output is 0, which is 
the value of Mealy_RZ immediately before the second dock. The value of Mea/y_RZ 
immediately before the third clock is I. which is a valid output. The processor that 
communicates with this machine would be responsible for interpreting Mealy_RZ 
correclly by detecting the value of the outpul immediately before the active edge of 
the dock. 

The lestbench also demonstrates the behavior of the machine if the input has a 
value of 1 'bx in simulation . The Verilog code was written to direct the machine to 
return to S_idle if the input is not a 0 or a 1. This situation cannol occur in the physical 

Z''Tbe structure of the ASM chart at S_il/le implies that the reset action is synchronous. because reser is te~ted 
at only the active edges of the clock. For simplicity. the ASM chart omits showing that reser will cause a Iran­
sitionfromanystaleloS-.Jdle 
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Name 0 

SI<lle[1:°1 

Moore_RZ 

'" 120 ISO 

51<11 .. (2:01 X 

F1GURE 6-39 Sequence re«>gnizer simulation results for behavioral models of Mealy and Moore 
machines LhaL detCCl three slICCCSliive Is in a seria l bit stream enwded in NRZ and RZ formal!>. 

machine, but the sta te could be assigned x in simulation. The circuits synthesized from 
the Mealy and Moore machines are shown in Figure 6-40. 

module 5e~Rec_3_1 s_Mealy (output O_oul, input D_in, En, elk, reset); 
parameter 5 idle"" 2'dO, II Binary code 

5=0 = 2'd1, 
5 1 = 2'd2 

~=; ~ ;:~!: 
reg (1: 01 state, next_state; 

always @ (negedge elk) 
if (resel ::= 1) slale <= 5Jdle; else state <:: nexl_stale; 

always@(state,En,D_in)begin 
next state =5 idle; 
ease(state) -
5_idle:lf ((En ::: 1) && (O_in == 1» next_state = 5_,; 

else if ((En == 1) && (OJn == 0» nexI_stale = 5_0: 
.1.. next_slale :: 5_idle: 
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5_0: If(D_in::O) 
., •• If (O_in == 1) ., .. 

5_ ' : If (O_in = .. 0) 
. , •• It (O_in "'" 1) 

.'se 
5_2: It (O_ln •• 0) 

d.tault: 
.ndea .. 

• nd 

., .. it (O_in == 1) ., .. 

next_state = 5_0; 
next_state:: 5_1; 
next_state'" 5_idle; 

next state = 5 0; 

~:~=::::: ~=~'e; 
nexCstate = 5_0; 
next state = 5 2; 
nexCstate:: 5::::idle; 

next_state'" 5_idle; 

a •• ign O_out .. ({state == 5_2) && (O_in == 1 »; /I Mealy output 
.ndmodul. 

modul. 5e~Ree_3_15_Moore (output O_out, input OJn, En, elk, reset); 
param.t.r 5_ldle = 3'dO, 

5_0 .. 3'd1, 
5 _ ' " 3'd2, 

~::::~:~:: ; 
reg (2: 0) state, next_state; 

atwaya 0 (n.ged". elk) 
if (reset::E 1) state <= 5_idle; .1 •• state <= next_state; 

atway.@ (state, En, O_ln) begin 
ca •• (state) 

5Jdle: It «En "'= 1)&& (O_in:::: 1)) 
It «En:::z 1)&& (O_ln =:: 0)) 
.1.. next_state = 5_ldle; 

next_state:: 5_'; .1 •• 
next_state'" 5_0; 

5_0: If (O_in:::= 0) next_state:: 5_0; ., •• 
1t(0_in"':::1) next_state =5_1; 
.1.. next_state'" 5_idle; 

5_1: If (O_in:::: 0) next_state::: 5_0; .' •• 
It (OJn u 1) next_state .. 5_2; 
.,.. next_state::: 5_kite; 

5_2,5_3: if (O_in """' 0) next_state'" 5_0; .1 •• 
it (O_in::: 1) next_state '" 5_3: 
.,.. next state = 5 idle; 

default: next_state:: S_idle; -
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endcase 
eod 

assign D_out = (state == 5_3); 
endmodule 

module C5eCLRec_3_1s 0; 
reg D_in_NRZ, D_in_RZ, En , elk. reset; 
wire Mealy-NRZ; 
wire Mealy_RZ; 
wire Moore_NRZ; 
wire Moore_RZ: 

/I Moore output 

5eq_Rec_3_1s_Mealy MO (MeaILNRZ, D_in_NRZ. En, clk, reset); 
5eq_Rec_3_1s_Mealy Ml (Mealy-RZ. D_in_RZ. En. clk. reset); 
5&<LRec_3_1s_Moore M2 (Moore_NRZ. D_in_NRZ. En, elk, reset): 
5~Rec_3_1s_Moore M3 (Moore_RZ. D_in_RZ, En, clk, reset): 

initial #275 Sfinlsh: 
initial begin #5 reset = 1: #22 reset'" 0; end 
initial begin elk = 0; forever #10 elk = -elk: end 
initial begin 
#5 En '" 1; 
#5{J En '" 0: 

eod 
initial fork 

begin #10 DJn_NRZ = 0; #25 D_in_NRZ ::: 1; #80 D_in_N RZ = 0; end 
begin #135 O_in_NRZ = I; #40 DJn_NRZ::: 0: end 
begin #195 DJ n_NRZ:: l'bx; #60 O_in_NRZ '" 0; end 
Join 

initial fork 
#100 in RZ = 0; 
#35 D=in=RZ '" 1: #45 D_in_RZ = 0; 
#55 O_in_RZ '" 1; #65 D_in_RZ '" 0; 
#750 in RZ::1;#85D in RZ=O; 
#95D- in- RZ=1;#1050 i~ RZ:O; 
#1350 i~ RZ=I;#1450 i~ RZ:0;#155D in RZ=I ; #165D in RZ=O; 
J~~95D=in=RZ=t'bX;#250-D=in_RZ:0; - - --

endmodule 

'!"he data bits of the sequence recognizer in Figure 6-38(a) were used to control 
explicit state machines. This led to implementations of Mealy and Moore sequence rec­
ognizers having extra logic that forces the machines to S_jdle if they enter an unused 
state, depending on the state assignment scheme. An alternative approach is to consider 
the sequence recognizer as a datapath unit in whlch the input bits are shifted through a 
register, with simple logic detecting whether the contents of the register match the pat­
tern of Is. The basic cores of two such implicit state machines arc shown in Figure 6-41. 
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(.) 

(b) 

.1GURE 6-41 Partial implementations of shift register-based circuits for (a) Mealy and (b) Moore 
sequence rccognizers for detecting threc successive Is in a serial bit stream. 

2., 

Both machines gate the datapath to the shift register, which is a slight difference from the 
machines described by SeqJ?ec_3_1s_Mealy and Seq_Rec_3_1s_Moore, which ignore 
En after their state has moved from S_idle. The Mealy-type machine in Figure 6-41 also 
gates D..Jn with the content of the register, has fewer slales, and requires one less flip­
flop than the Moore version. 

The circuits shown in Figure 6-41 lack the logic required to fix (recirculate) the 
contents of the register when En is not asserted. Yerilog models for the full implemen­
tations with shift registers are given below. They synthesize to the circuits shown in 
Figure 6-42, which are considerably simpler than those in Figure 6-40, where the 
machine's state is decoded to determine assertions of the output. In Figure 6-42 the 
data is stored and decoded directly. Thus, an explicit state machine implementation of a 
sequence recognizer is not necessarily the most effiCient implementation. Note that the 
simulations results shown in Figure 6-42(c) match those in Figure 6-39. 
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module SetLRec_3_1s_MeaILShft_Reg (output D_oul, input D_in, En, elk, reset); 
parameter Empty = 2'bOO; 
rag (1:0J Data; 

always @ (n.gedge elk) 
If (reset == 1) Data <= Empty; else if (En:::: 1) Data <: {D_in, Data!l]}; 

assign D_oul = «Data == 2'b11) && (D_in :: 1 »; /I Mealy output 
endmodule 

module SeCLRec_3_ 1s_Moore_Shfl_Reg (output D_oul, input D_in, En, elk, reset): 
parameter Empty = Z'bQO; 
reg [2: 01 Data ; 

always @ (negedge elk) 
if (reset ='" 1) Data <= Empty; else If (En == 1) Data <: {O_in, Data[2: 1]}; 

as.ign D_out" (Data;; 3'b111); II Moore output 
endmodule 

6.7 Registered Logic 

Variables whose values arc assigned synchronously with a clock signa l are said to be 
registered. Registered variables arc updated at the active edges of the clock and are sta­
ble otherwise (i.e., they cannot glitch). The outputs of a Moore-type state machine are 
not regi stered. but they cannot glitch with changes at the machin e's input. 

Example 6.26 

The output of mux J eg in Figure 6-43(a) is synchronized by th e rising edge of clock. , so 
the synthesis tool implements the combinational logic of a 4-channcl mux with 8-bit 
datapaths, but registers the outputs of the mux in a bank of D-type flip-flops, as shown 
in Figure 6-43. 

End of Example 6.26 

Figure 6-44 shows structures for registering the outputs of Mealy and Moore-type 
state machines.. The output of the storage register in the structures in Figure 6-44(a) 
and 6-44(b) lags the combinational values by one clock cycle (i.e., the output of the reg­
ister corresponds to the state of the machine in the previous cycle). The structures in 
Figures 6-44(c) and 6-44(d) can be used if it is important that the registered outputs be 
fanned in the same cycle as the state. The registered Mealy outpu ts are formed from 
the next state and inputs at the time of the active edge of the clock ; the value stored in 
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module mux_rag( 
output reg [7: O]y. 
Input [7: 0] a, h,c, d, select, clocII); 

always@(poHdgeclock) 
ca.e {6elect) 
O: y < - a: I/non·bJocklng 
1:y < ~ b: 
2:y < = c; 
3: y < - d: 
defauh y <- 8'b:.. : 

endease 
endmodule 

AdVIIDttd Dllital Design with the Vertl0l HOt 

,.) 
tlGURE 6-43 Mulliplexcr with registered OUtput; (I) struc1 ural b lock diagram 

. nd (b) synthesizedcircuit. 

the output register will correspond to the state reached at the clock transition and the 
inputs that caused the state transition. The registered Moore outputs are formed from 
the next state at the time of the active edge of the clock. The value stored in the output 
register will correspond to the slate that is stored in the state register. The output is a 
registered Moore-type output. 

Example 6.27 

The sequence recognizers in Example 6.26 did not have registered outputs. The simu­
lation results that were shown in Figure 6-42 had invalid assertions (glitches) of the 
output. The output of both machines can be registered. Include the following code in 
Seq_Rec_3~s_Meall4 : 

reg D_out_reg : 

always@ (negedge elk) 

If(resel:::: I)D_oucreg<=O; 

else D_out_reg <IE «state == S_2) && (nen_state:= S_2) && (D_in == 1 »; 
Notice that the clause (state = = S_2) is included in the logic to prevent a prema­

ture assertion while the state of the machine is 5_1 (see theASM chart in figure 6-38(b». 
Include the following code in Seq_Rec3_1s~oore: 

reg D_out_reg; 

always@(negedgeelk) 

If (reset == 1) D_out_reg <= 0; els. D_out_reg <- (next_state == S_3); 

~e pon declara lions o f eaeh machine musl be modified 10 include the registcred OUipul 
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IlGURE 6-43 Continued 

The waveforms shown in Figure 6-45 show both registered and unregistered outputs 
for NRZ and RZ formatted serial inputs to the machine. NOle that the unregistered 
output of the Mealy machine changes with the input, but the registered output does 
nOI , and that the value oflhe registered Mealy output corresponds to the value implied 
by the input and next state at the active (falling) edge of the d ock . The unregistered 
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RGVIlE 644 Registered outputs in (a) a Mealy machine, and (b) a Moore machine, 
(e) Mealy machine registered on Ihe nc:tt.slate function, and (d) Moore m achine registcred 

onthene:tt.statefWletion. 
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FIGURE fi...45 Simulations results showing registered and unregistered outputs of Mealy and Moore 
sequcnce reoognittrs that detect three successive Is. 

m 

output anticipates the clock ; the output of the registered machine does not. The wave­
forms of the registered and unregistered Moore outputs are identical. In the case of the 
unregistered machine, the output is formed by combinational logic; in the case of the 
registered machine, the output is the output of a register. 

End of Example 6.27 
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Example 6.28 

The waveform produced by a line converter that generates a NRZI waveform from a 
bit stream was shown in Figure 3-24 for Mealy and Moore machines. The Verilog 
model and testbench for a Mealy NRZI code converter is given below, and its state 
transition graph and simulation results are shown in Figure 6-46. The state machine is 
synchronized by clock_2, the fast clock, and its output is registered by clock_I, the 
clock that synchronizes the line bits. The testbench generates a bit sequence matching 
that of B_in shown in Figure 3-24. Notice that the signal B_out in Figure 6-46(b) does 
not match the waveform for N RZI M~al." shown in Figure 3-24. Observe, however, that 
the value of B_out in Figure 3-24 immediately before the rising edge of clock_1 does pro­
duce the bit values corresponding to N RZI Meal.v (denoted by the dots). The waveforms 

110 

I') 

lZO '"' 

nGURE 6-46 Line converter for generating a NRZI wavefonn: (a) state transition graph 
and (b) simulation results. 
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do not match because B_oul in Figure 6-46(b) exhibits glitches produced by 
changes in the va lue of B_in . The VeTilog model includes an additional output, 
B_oucreg, wh ich is obtained by registering B_out at the rising edges o f clock_I. 
Th e waveform of B_ouc,eg matches that shown in Figure 3-24, but with a latency. 
In a given state-time of the waveform, th e output value is obtained from samples of 
the state and input immediately before the clock (i.e. , t he previous state and input 
as in Figure 6-44 (a)). 

modul. NRZU.1eaty (output reg B_out, B_out_reg , 
input BJ n, clock_, . dock_2, reseCb); 
reg 11: 0) sta te. neICCstate; 
parameter $_0'" 0, 

~=~: ~ : 
dont care stale '" $ O. 
dont=care=out", 0; -

alway.@(po.edge clock_ ' or negedge reset_b) 
If (reset_b "' ''' 0) s tate <= $_0; .1 •• state <'" nexCstate; 

alway. G (posedge cIock_ ') B_ouc reg <'" B_out; II Registered output 

alway.@(state or B_in ) begin 
B_out:O; 
ca.e (stale) 

$_0: if (BJn "'''' 0) begin nexCstate = $_' ; B_out = 0; end 
el .. begin nexcstate : 5_2: 8_0UI = I ; end 

5_' : if (B_in ::= 0) begin next_state :: 5_ ' ; B_out = 0; end 
el •• begin next_slale ~ $_2; B_out '" 1; end 

$_2: if (BJn -= 1) begin next_state:: 5_1 : B_out = 0; end 
el.e begin next_state " 5_2: B_out = I ; end 

default: begin next_state ::: dont_care_state: B_out::: dont_care_out; end 
endca.a .n. 

endmodule 

module t_NRZLMealy 0; 
wire B_out, B_oul_reg ; 
reg B_in, clock_" clock_2, reset_b; 
parameter half_cycle_ , '" '0, half_cycie_2 '" 5; 
parameter cyde_l :: 2"half_cycle_ ' ; 

NRZL Mealy MO (8_oul, B_ouUeg, BJn. clock_ ' , dock_2, reseC b): 

Initial #500 $finl.h; 
initial begin clock_ I " 0; forever #haICcycIe_' clock_' '" Iclock_ ' ; e nd 
initial begin cIock_2 '" 0; forever #haIC cycle_2 cIock_2:: !clock_2; end 

initial begin #1 reseCb:: 1: #1 reseCb:: 0; #1 reset_b'" 1; e nd 
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initial begin 
B_in ::: 0; 
#(cycle_,) B_in '" 1; 
#(3"cycle_,) B_in '" 0; 
#(2"cycle_1) B_in ::: 1; 
#(cycl&_ 1) B_in = 0; 

ond 
endmodule 

End of Example 6.28 

6.S State Encoding 

Adva.eed Diattal Desi", with the Ve rilog HDL 

The design of a sequential machine uses a set of nip-flops to represent the states of Ihe 
machine and assigns a unique binary code to each slate. State encoding determines the 
number of £lip-flops Ihat are required 10 hold the stale, and influences the complexity 
of Ihe combinational logic used to realize the nexl state and output of a sYnihesized 
slate machine. The task of assigning a code to the slates of a machine is called state 
assignment or state encoding. Because the number of different state assignments grows 
exponentially with the dimension of the state, il is not feasible to enumerate the possi­
ble Slate assignments of any but the simplest machines. Various algorithms are embed­
ded within a synthesis tool to search for a good state assignment. Alternatively, the 
designer can assign state codes manually. 

There are some general guidelines for manually assigning a state code: (1) if two 
states have the same next state for a given input, give them logically adjacent state 
assignments, (2) assign logically adjacent state codes to the next states of a given state, 
and (3) assign logically adjacent state codes to states that have the same output fo r a 
given input. These guidelines increase the possibility, but do not guarantee, that the 
combinational logic required to implement the output and next-state functions will be 
minimal [6]. 

The number of flip-flops in a finite state machine must be sufficien t to represent 
the number of states as a binary number (e.g., a machine with eight Slates would 
require at least three flip-flops, and the state could be represented as a binary numbe r). 
Other encodings are possible. The designer can choose the state assignment or let the 
syn thesis tool optimize the assignment. Alternatively, the design of the state machine 
can be taken out of the hands of the general synthesis tool and passed to a special state 
machine design 1001 and companion optimizer. Table 6-1 lists several common state­
assignment codes. 

If the designer assigns the state code, the synthesis tool wiU treat the state 
machine like it trt!ats random logic, and make no attempt to find an optimal assign­
ment. A state machine with N states will require at least log2 N flip-flops to store the 
encoded representation of the state, but it could have morc. For example, a machine 
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TABLE 6-1 Commonly used slale-assignmenl codes. 

. Binary " ODE;Hot .~ "--;;';' -:Oiay , ','-~'J 

., 0 0000 0000000000000001 0000 

" 0001 0000000000000010 000 1 00000001 

... 2'/1 001\) OOOOOlOOOOOOOH). 0011 00000011 

3 001 1 OOOOOOIXXXXXllooo 0010 00000111 

~ .. ~~ 0100 0000000000010000 01\0 000011 11 

." 0101 0000000000100000 Olll 0001 11 11 

6 "Wi 0110 0000000001000000 0101 0011 11 11 

; 0111 0000000010000000 0100 0111 11 11 

l~r 
1000 0000000100000000 1100 11111111 

~ _ Jt.: 1001 0000001000000000 1101 11111110 

rik : 1010 0000010000000000 lllliiOO 

-itli'1 ~1 1011 0000100000000000 1110 111 11000 

~~~~ 1100 0001000000000000 1010 11 110000 

11 01 0010000000000000 10 11 11 100000 

i,:~~~ 1110 0100000000000000 1001 

100Il00000000000 1000 10000000 

with 64 states will require at least 8 fli p-flops to encode the state. A BCD format sim· 
ply adds one to a code to obtain the next code in the sequence. It uses the minimal 
number of flip-flops.. but docs not necessarily lead to an optimal realization of the com· 
binational logic used to decode the next state and output of the machine. If a machine 
bas more than 16 states, a binary code will result in a relatively large amount of next­
state logic; the machine's speed will a lso be slower than alternative eneodings. A Gray 
code uses the same number of bits as a binary code, but has the fea ture that two adja· 
cent codes differ by only one bit, which can reduce the electrical noise in a circuit. A 
Johnson code has the sa me property, but uses more bits. 

A code that changes by only one bit between adjacent codes will reduce the 
simultaneous switching of adjacent physical signal lines in a circuit, thereby minimizing 
the possibility of electrical crosstalk . These codes also minimize transitions through 
intermediate sta tes, when state changes occur in the operation of the actual hardware. 
The problem of intennediate transit ions arises because flip-flops in the state register 
do not change simultaneously. When more than one bit changes to make a state transi­
tion and the bits do not switch simultaneously, an intennediate state is presen t momen­
tarily in the state register. This could have undesirable consequences (see Section 9.7). 

A popular design methodology called one-hot encoding (for active.high logic, one­
cold for active-low logic) uses more than the minimum number of flip-flops; in fact, it uses 
one for each state. The decoding logic in a one-hot machine uses fewer gates because the 
machine has to decode only a single bit of a register rather than a vector pattern. 

One-hot statc cncoding uses more flip-flops th an other forms of encoding, but it 
usually leads to simpler (fewer levels) decoding logic for the next state and the output of 
the machine. The decoding logic for one-hot machines does not become more complex 
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as marc states are added to the design. Thus, the speed at which the machine can oper­
ate is not limited by the time to decode the state. One-hot machines can be fas ter, and 
the silicon area required by the extra flip-flops can be offset by the area saved by using 
simplified decoding logic. It is also quite easy to modify a one-hot design , because 
adding or removing a stale docs not affect the encoding of the other states. The design 
effort is reduced, too, because there is no need to encode a state-transition table, TIle 
STG is sufficient. 

One-hot encoding used with a case statement might not produce the same results 
as one-hot encoding with an ifstatement. A case statement implicitly references all of 
the bits in the case expression, so a one-hot encoding with an if statement th at tests 
individual bits might provide simpler decoding logic, 

One-hot encoding usually does not correspond to the optimal state assignment, 
but it has overriding merit in some applications. For example, programmable logic, 
such as a FPGA, will havc a fixed amount of flip-flop and combinational logic 
resources. Saving them does not necessarily provide a benefit. In the Xilinx architec­
ture discussed in Chapter 8, a configurable logic block (CLB) uses lookup tables to 
implemen t combinational logic. An app lication that requires more decoding logic than 
that available in a single CLB will have to use additional CLBs. An attractive alterna­
tive might be to use one-hot state assignment to reduce the number of CLBs used by 
the machine and to reduce the need to use interconnect resources between CLBs. One­
hot encoding is more reliable than binary encoding because fewer bits make transi­
tions. Be aware, though, that in large machines, one-hot encoding will have several 
unused states, in addition to requiring more registers than alternative encodings. 2~ 
Gray encoding is recommended for machines with more than 32 states because it 
requires fewer flip-flops than one-hot encoding and is more reliable than binary 
encoding because fewer bits change simultaneously. 

A word of caution: If a state assignment does not exhaust tbe possibilities of a 
code, then additional logic will be required to detect and recover fro m transitions into 
unused states, Such transitions should not occur, but noise could cause the state to 
change 10 an unexpected value. It is essential that tbe machine be able to recover from 
such a state and resume operation. This additional logic will have an impact on the 
overall area required to realize the design. 

6.9 Synthesis of Implicit State Machines, 
Registers, and Counters 

An implicit state machine has one or more clock-synchronized (i.e. , edge-sensitive) 
event-control expressions in a behavior. The synchronous behavior of an explicit FSM 
can contain only one such event-control expression, but an implicit FSM can contain 
multiple edge-sensi tive event-control expressions in the same behavior. The clock 
edges of an implicit FSM define the boundaries of the machine's state transitions (i.e" 
the machine is in a fixed state between clock transitions), It is essential, for synthesis, 

~is is not an issue in register-rich FPGAs. 
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that the multiple event-control expressions of an implicit FSM be synchronized to the 
same edge of the same clock, either posedge or negedge but not both. 

6.9.1 Implicit State Machines 

The description of an implicit FSM does not represent the value of its state by an explic­
itly declared register variable (reg). Instead, the state is defined implicitly by the evolution 
of activity within a cyclic (a/ways . .. ) behavior. Implicit FSMs may contain multiple 
clock-synchronized event-control expressions within the same behavior, and are consid­
ered to be a morc general style of design than explicit FSMs. These machines have a major 
limitation - e(lch state may be entered from onlv one other state, because states are deter­
mined by the evolution of the behavior from ~Iock cycle to clock cycle, and a clock cycle 
can be entered on ly from the immediately preceding clock cycle. Thus, the ASM charts of 
the sequence recognizcrs in Figure 6-38 cannot be implemented as implicit state machines, 
but the counters and registers described in Chapter 5 can aU be described as single-cycle 
implicit state machines. Likewise, the Verilog models of the shift-regIster-based sequence 
recognizers in Figure 6-41 are implicit state machines. Any sequential machine wilh an 
identical activity flow in every cycle is a one-cycle implicit state machine, and its 'activity can 
be described by one state, SJunning. The simplest example of such a machine is aD-type 
flip-flop. Typically, an implicit state machine can be described with fewer statements than 
a corresponding explicit machine, which must have an elaborate. explicit, STG descrip­
tion. The STG of an implicit machine is implicit, and could be constructed fTOm the behav­
ioral description , if necessary. 

Synthesis tools infer the existence of an implicit multi-cycle FSM when a cyclic 
(always) behavior has more than one embedded, clock-synchronized, event-control 
expression. The multiple event-(:ontrol expressions within an implicit FSM separate the 
activity of the behavior into distinct clock cycles of the machine. For example. the 
behavior below has register assignments to reg_Q and reg3 in the first clock cycle. and 
to reg...,g and reg_m in the second clock cycle. Both cycles must execute before the activ­
ity flow returns to the beginning of the behavior. Note that the event-control expres­
sions that arc embedded within the behavior are not accompanied by the always 
keyword. which declares a behavior and cannot be nested. The role of thesc embedded 
event-control expressions is to suspend execution of the simulation until the active edge 
of the clock. They condition activity on the specified clock edge. 

always @ (posedge clk) 11 Synchronized event before first assignment 
begin 

reg_a <= re9_b: 
re9_c <= re9_d: 
@(po.edgeclk) 
begin 

re9_9 <= re9_f: 
re9_m <= re9_r; ., . . ,. 

If Executes in first clock cycle 
11 Executes in first clock cycle. 
1/ Begins second clock cycle. 

If Executes in second clock cycle. 
/I Executes in second clock cycle. 

The states of an implicit FSM are not enumerated a priori. Each edge-sensitive tran­
sition determines a state transition. A synthesis tool that has the capability of synthesizing 
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an implicit state machine will use this information to detennine the size of a physical reg­
ister that will be synthesized to represent the state (e.g., the synthesized circuit will contain 
registers designated as "multiple wait states"). The tool will also extract and optimize the 
combinational logic that governs the state transitions in the physical machine. 

6.9.2 Synthesis of Counters 

A machine that is completely described by a single evcnt-control expression is also an 
implicit state machine. At each significant clock event, the machine executes register 
operations. but docs not make explicit state transitions. Synthesis tools easily synthesize 
a variety of counters and shift registers as single-cycle implicit state machines. Several 
were presented in Chapter 5. Even a ripple counter can be described and synthesized as 
a cascade of individual implicit state machines (one for each cell). 

Example 6.29 

A 4-bit ripple counter can be implemented with toggle (T-type) flip-flops. This type of 
counter has limited practical application because it takes excessive time to propagate 
changes through the cascaded chain of flip-flops. especially for long counters. The out­
put count is also subject to glitches during the transitions. The Verilog description 
ripplccoumer uses four behaviors to model the rippling effect, with successive stages 
of the counter triggered by the output of their immediately previous stagc. Thc tog­
gling action is controllcd by the input toggle. No ASM chart is developed because 
devices trigger on signals other than the clock. The circuit simulates correctly and syn­
thesizes. The wires cO, cJ, and c2 are required because the event-control expression 
must be a simple variable (not a bit-select) to comply with the style sheet for the syn­
thesis tool that produced the result. The structure of the counter and the synthesized 
result arc shown in Figures 6-47 and 6-48, respectively, 

module ripple_counter (output reg [3; 0] count, input toggle, clock, reset); 
wlr.cO, c1, c2; 
assign cO = count[O]: 
assign c1 '" count[1]: 
assIgn c2 = count[2]: 

always @ ( posedge reset, posedge clock) 
if (reset == 1'b1) count[O] <= 1'bO; else 
if (toggle == 1'b1) count[O) <= -count[O]; 

always @ ( posedge reset, neg edge cO) 
if (reset == 1 'b1) count[1 J <= ,'bO; else 
If (toggle =: 1'b1) count[1] <= -count[1]: 

always@(posedgereset, negedgec1) 
If (reset == 1'b1) count[2] <= 1'bO; else 
If (toggle == 1'b1) count[2] <= -counl[2]; 

always @ ( posedge reset, negedge c2) 
if (reset == 1'b1) counl[3] <= 1'bO; else 
if (toggle == 1 'b1) counl[3] <= -count[31: 

endmoclule 



Synthesb of Combinational and Sequential Locic 30' 

..,CURE ~7 Structure or a 4·bit ripple counter. 

.:0 .. nl[3:O} 

FIGURE 6-48 Synthesized circuit rOT a 4·bit ripple counter. 

End of Example 6.29 

Example 6.30 

The ring counter presented in Example 5.40 is a single·cycle implicit state machine. Its 
description is greatly simplified compared to an alternative machine based on an elab­
oration of all possible slates of an S-bit register sioring an explicit stale. 

End of Example 6.30 

6.9.3 Synthesis of Registers 
Storage elements in a sequential machine can be implemented with flip-flops or with 
latches, depending on the clocking scheme used by the machine. We will use the term 
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regisrer to mean a memory structure formed by a group of D-type flip-flops with a 
common c1ock.26 

Example 6.31 

The shift register described by shifter~ below includes combinational logic fonning 
the register variable new _signal. Since new J;gnal receives value within a synchronous 
behavior and is referenced outside the behavior, it will be synthesized as the output of 
a flip-flop, with the structure shown in Figure 6-49. 

module shiftec1 (output reg sig_d, new_signal, input Oata_in, clock, reset); 
reg 8i9_8, sig_b, sig_c; 

always @ (posedge reset, posed". clock) begin 
If (reset == 1'b1) begin 
si9_a <= 0; 
sig_b<:O; 
si9_C <= 0; 
si9-d <= 0; 
new_signal <= 0; .,d 

else begin 
5i9_8 <= Dataj n; 
silLb <= 5i9_a; 
si9_C <= sig_b; 

5i9_ d <= si9_ c; 
new_signal <: (- sig_a) & sig_b; 

e,d 
ood 

endmodule 

End of Example 6.31 

FIGURE 6-49 Generic struclUre of a shift regis1er with registered combinational logic 

2I'>Asyncruonous registers UlIing latches will be discussed in Chapter 7. 
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Example 6.32 

In shifter_2, new_signal is formed outside of the behavior in a continuous assignment 
and is synthesized as the combinational logic shown in Figure 6-50. 

module shiftor_2 (output reg si9.....d, output new_signal, input Data_in, clock, reset); 
reg Sig_3, sig_b, sig_c; 

always @ (posedge reset, posedge clock) begin 
If (reset == 1'b1) b.gin 
sig_a <:: 0; 
sig_b <::0; 
si9.....c <:O; 
sig_d <= 0; 

ond 
el •• ~in 

sig_a <: Data_in; 
sig_b <: sig_o; 
sig_c <= sig_b; 
sig_d <= si~LC; 

ond 
end 

assign new_signal:: (- sig_a) & sig_b; 
endmodul. 

End of Example 6.32 

Example 6.33 

An accumulator is an important part of an ALU of a digital machine. Here, an accumu­
lator fonns a running sum of the samples of an input. 'TWo versions, Add-Accum_l and 
Add_Accum_2 are shown below. Add....Accuffl_l fonns overflow _lone cycle after storing 
the results of an overflow condition, as shown in the simulation results in Figure 6-51(a). 

FIGURE 6-50 A shift register with separate, unregisteud combinalional logic. 
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Add~ccumJ forms overflowJ as an unregistered Mealy output. The machines 
synthesize differently, too, as shown in Figure 6-S I(b), where overflow~ is formed in 
Add-Accum_1 as a registered "ersion of overj1owJ, which is fanned in Add_Accum.....2. 

module Add_Accum_ , ( 

output reg (3: 0) accum, output reg overflow, 

input 13: 0) data, input enable, elk, reset b 
I: -

always@(po.edg. elk, negedge reset_b) 
if (reset_b """ 0) begin aceum <" 0; overflow <= 0; end 
el.e if (enable) {overflow, accum} <" accum ... data; 

endmod ule 

module AdcCAccum_2 ( 
output reg (3 : 0) accum, output overflow, 
Input 13: 0) data, Input enable, clk, reset b 

I: -
wire [3: 01 sum; 
a •• ign {overflow, sum} " accum ... data; 

alway.@(posedgeelk, negedge reset_b) 
If (reset_b == 0) accum <::: 0; 
else if (enable) accum <= sum; 

endmodule 

End of Example 6.33 

6.10 Resets 

Every sequential module in a dcsign should have a reset signal. Otherwise, the initial 
state of the machine cannot be controlled. A machine without a controllable initial 
state cannot be tested for manufacturing defects and cannot be operated predictably. 
Special care must be taken to describe the reset action of an implicit stale machine that 
contains more than one event-control expression. Such machines must be disabled by 
an external agent. The first statement in the behavior that is associated with a reset sig. 
nal must be a conditional statement that terminates execution of the behavior if the 
reset signal is asserted. Be careful:The dl$lJbl~ statement must ensure that the machine 
begins executing at the top of the behavior when the reset is de-asse rted. Incomplete 
resets will cause extra logic to be synthesized. Worse yet, the machine will reset to a dif­
ferent state, depending on when the reset is asserted. 

Asynchronous reset signals can glitch , so it is recommended that asynchronous 
reset inputs be synchronized.27 This can be done with a separate synchron izer. 

!7FPGA$ cornrrK.mly conserve rouling resources by "avins a global set/resellhal iii au tomalically wired to all 
or i l~ sequentia l devUs- The$!!: signal pattu may be sto ... -e r Ihan ro uled $ignal$ in more advanced leehnolo­
gie$ (e.g., Ihc XitirulVirtclIpartli). 
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650 19501 

FIGURE: 6-52 Simulation results for St'q_Rtcj.loor .. _imp. 

Example 6.34 

A Moore-type sequence recognizer that asserts D_out after two successive samples of 
D_in are both eithe r I or 0 is described by an implicit-state machine, and illustrates the 
care that must be taken with reset signa ls. The Veri log model, Seq_Rec_Moore_imp, 
uses a two-stage shift register 10 hold samples of the input bit stream, and generates the 
waveforms in Figure 6-52. Additional logic. in the form of a state machine, must pre­
vent the output from asserting prematurely (i.e., before two samples have been 
received). A variable, flag, will be sct after two samples have been received. We will 
illustrate start-up of the machine and explore the consequences of partially resetting 
the shift register. 

If only the last stage of the shift register is flushed under the action of reset, the 
description synthc.<;izes to the circuit shown in Figure 6-53. The synthesis tool forms a state 

tlGURE 6·53 Circuit synfhesized from St q..Rtc...Moort_imp. 
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register. multjple_waicstate. The machine lJushes /ascbit or loads this_bit at the [ust active 
edge of c/()(:k, depending on reset. An assertion of reset terminates the activity of machine 
until reset is de-asserted. Then this_bit is loaded with the first sample of the bit stream, and 
the machine enters a loop in which data is shlfted through the pipeline. flag is asserted at 
the second active edge of clock, and it remains asserted until the activity of the named 
block machine is tenninated by reset. Signal flag is used in the continuous assignment 10 

D _out to ensure that the machine will nOI assert prematurely after a reset condition. The 
entire behavior must be encapsulated as the named block wrapper Jar ..j~ynthesis to 
enable the synthesis tool to create an implementation of the circuit. 

module Se~Rec_Moore_imp (output D_out, input D_in, clock, resel); 
rag last_bit. this_bit, flag; 
always begin: wrapper_far_synthesis 

@ (posedge clock r or posedge reset·,) begin: machine 
if (reset:::: 1) begin 

last_bit <"'0; 
IIthis bit<'" 0; 
1I11ag-<::: 0; 
disable machine; end 

else begin 
If last_bit <= this_bit; 

forever 
@(posedgeclockrorposedgeresetO')begln 

if (reset == 1) begin 
!I last bit<: 0; 
"this=bit <= 0; 
flag <=0; 
disable machine; end 

else begin 
last_bit <= this_bit; 
this_bit <= D _in; 
flag <= 1; end /I second edge 

end 
end 

end II machine 
end 1/ wrapper_for_synthesis 

assign D_out = (flag && (this_bit == last_bit)); 
endmodule 

In Figure 6-53 two gated-input flip-flops (djjrgpqb_o) form a pipeline for Lasc bit 
and this_bit. When the gate input (G) of this type of flip -flop is low, the Q output is con­
nected to the D input through intcrnal feedback, while ignoring the external D input. 
Otherwise. the external D input is the input. A third gated-input flip -flop holds flag, 
which is gated logether with the difference of lasc hit and this_bit to form ouCbit. The 
activc-low input (RB) of all of the flip-flops is disabled by the esdpupd device. The syn­
thesis tool inserts a D-type flip-flop with multiplexed input (dffrmpqb_a) to hold 
multiple_waicstate (created by the synthesis tool) indicating whether two samples 
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have been received or not. The active-low RB (rc.~et) input of the flip-flop is disabled 
(for synchronous operation). and the active-low SL (set) is wired to reset. The DO and 
Dl inputs are wired to power and ground, respectively, through esdpupd and the 
active-low SL input, which is connected to reset. When SL is low (reset is not asserted) 
DO is selected, and when SL is high (reset is asserted). DJ is selected. 

Now consider the action of reset. While reset is asserted, its inverted valuc causes 
this_bit and lascbit to hold their value (through internal feedback); it also drives the 
NAND-gate at the input to flag to get the value of its external input , which is held to O. 
Thus, the reset conditions specified by the behavioral description are met for thi.f_bif, 
lasc bif, and flag. 

At the first clock after reset is de-asserted, the mulfipicwaicrtate gets 1, setting 
up the datapath from thisyilto last_bit on subsequent clocks. Also, this_bit gets in_bit 
after reset is de-asserted. 

Note that the first reset statement within the loop in $eqYec Moore_imp sets 
only flag to 0, not this_bit and lascbil. This implies that this_bit and [tisCbit are to 
remain unchanged by rel'et (i.e., the pipeline is not flushed). If the comments in the 
model arc removed to cause the reset action to flush the pipeline, the description syn­
thesizes to the simpler realization shown in Figure 6-54. When registers are not flushed 

Dj"~====~ 
FIGURE 6-54 Circuitlynlbesiud from !Kq..fi~cJtlQOu.Jnrp with commeol.5 removed 10 flush the 

pipclinc at reset . 
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on reset, additional logic is required to feed their outputs back to their inputs to retain 
their state under the action of the clock. This additional logic can be avoided by driving 
the register to a known value on reset. In this example, the flag register prevents unde­
sirable consequences of not flushing the registers and not fully loading the pipeline, but 
this style leads to needless logic of extra muxes andlor more complicated flip-flop cells. 

End of Example 6.34 

6.11 Synthesis of Gated Clocks and Clock Enables 

Designers avoid using gated clocks because they can lead to problematic timing behav­
ior of the host circuit_ On the other hand, low-power designs deliberately disable clocks 
to reduce or eliminate power wasted by useless switching of transistors. Improperly 
gated clocks can add skew to the clock path and cause the clock signal to violate a flip­
flop's constraint on the minimum width of the clock pulse. The recommended way to 
write a Verilog description that syn thesizes a gated clock is shown below. 

module best..9ated_clock (output reg a, Input data, data..9ate, clock, reset_); 
alwa)'$ @ (posedge clock, negedge reset~ 
it (reset_ == 0) a <: 0; 81.e If (data--'late) a <= data; /I Infers storage 

endmodule 

The description multiplexes t he data with the output of a flip-flop. When the sig­
nal d(/ta~ate is asserted, the data is presented to the input of the flip-flop. When 
data~ute is de-asserted, the output of the flip-flop is unchanged. This description syn­
thesizes into the circuit shown in Figure 6-55. The circuit is synchronized by clock, but 
datu-Kate gates the action of clock_ Cell libraries may contain an encapsulation of this 
structure as a library cell for a flip-flop. Note that the synthesis tool selected an inverter 
and a negative-edge-sensitive flip-flop based on the availability of cells in the library. 

Whether a synthesis tool infers a clock enable circuit from a Verilog description 
depends on the style of coding. For example, the cyclic behavior given below implies 

·~ff0¥T' , , , , , , 
clock I , , , , , , 
,e$~C I : 

1 _ ____ _ __ _ _____ ____ __ "' 

FIGURE 6-55 Synthesis result for the recommended structure of a gated clock 
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that q_out gets value conditionally, depending o n enable. This will synthesize logic to 
implement a clock enable. 

always @ (po •• dge clock) 
If (enable == 1)~out <'" Data_in: 

6.12 Anticipating the Results of Synthesis 

It is advisable to anticipate what the synthesis process will produce and then examine 
the results against those expectations. There arc more details about synthesis than can 
be covered he re, but this sectio n will cover some of the basic rules that will help the 
designer anticipate the resulls of synthesis and write Vcrilog descriptions that infer the 
desired resuil (8]. Each vendor's 1001 operates differently, so it is advisable to experi­
ment with a synthesis tool to learn how it handles particular styles of coding. 

6.12.1 Synthesis of Data Types 

A synthesis tool will retain primary inputs or outputs in the design, but it may eliminate 
internal nets. By eliminate, we mean that a synthesized circuit may not have a structural 
connection (i.e., wire) that was in the Verilog model from which the circuit was synthe­
sized. Integers are stored as 32-bit data objects, so use sized numbers (e.g., 8'bOllO_lItO) 
to reduce the size of the register required to hold a parameter. Do not usc explicit values 
of x or : in logical tests (e.g., A = = 4'bx). They have no hardware counterpart. 

6.12.2 Operator Grouping 

All of the predefined Verilog operators may be used in expressions forming a binary or 
Boolean value. Some operators may be treated in a special way by the technology map­
per that is part of a synthesis 1001. For example, the Verilogoperators +. -, <, >, and :: 
may be mapped directly 10 a library element if it is available. Otherwise, the synthesis 
tool will convert the operator into an equivalent set of Boolean equations that will be 
optimized. Be aware Ihat the operands of some Verilog operators must be restricted for 
successful synthesis. Shift operators « <, > » within a behavior are synthesi7.able. pro­
vided that the shift is by a constant number of bits. The reduction, bitwise, and logical 
connective operators (see Appendix O) ace each equivalent to operations perfonned by 
a logic gate. Thus, these operators arc translated into a set of equivalent Boolean equa­
tions and synthesized into combinationa110gic. The synthesis engine will optimize these 
equations and then map the generic description into the target technology library. 

The conditional operator (? ... :) synthesizcs into library muxes or into gates 
that implement the functionality of a mux. The expression to the left of ? is fonned as 
control logic for the mux. A conditional operator must be complete-an expression 
must be given for bolh the true and false conditions. When an expression has multiple 
operators, the architecture of the synthesized result will refl ect the parsing of the com­
piler (i.e., left-to-right) and the precedence of the operators. The designer can influence 
the outcome by using parentheses to form sub-expressions. 
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Example 6.35 

The continuous assignme nt 10 sum] in operator ---J;roup is equivalent to the continuous 
assignment to sum2, but sWI12 will synthesize to a faster circuit. 

module operator_group (output [4: 0] sum1, sum2, input a, b, c, d); 
assign sum1 = a + b + c + d; 
assign sum2" (a + b) + (c + d); 

endmodule 

End of Example 6.35 

The structures of the synthesized circuits are shown in Figure 6-56, The architec­
tural improvement created by the grouping of terms leads to trade-ofts in the synthe­
sized result. The logic for sum 1 has three levels, compared to two for sum2, so sum2 will 
be approximately 30% faster. The longest path forming sum] goes through three 
adders. If power is a consideration, input d forming suml could be used for the signal 
that changes more freque ntly. It can also be used to accommodate a late-arriving signal 
by having to pass through only one adder. Within these overall structures, the synthesis 
tool can also optimize the implementation of the individual adders. 

6.12.3 Expression Substitution 

Synthesis lools perform expression substitution to determine the outcome of a 
sequence of procedural (blocking) assignments in a behavior. The designer can often 

, d 

FIGURE 6-56 Architectural improvement resulting from operator grouping 
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writc an altcrnative and more readable description of the same functionality. If it is 
necessary for procedural assignments to be used, be aware that expression substitution 
will affect the result. 

Example 6.36 

The assignments in multipleJeg_Qssign execute sequentially, with immediate changes tei 
the target register variables, so data_a + data_b is substituted into the expression for 
data_ow2 and used in the subsequent assignment to data_outl. Figure 6-57(a) shows the 
effective data flow implemented by the fu nctionality. The behavior of expression_sub is 
equivalent to the behavior of mul{iplcreg_Qssign, but the fanner style makes the effect 
of expression substitution more apparent. Both versions synthesize to the circuit in 
Figure 6-57(b). A recommended style is given by expressionJub_nb, which implements 
equivalent logic with the nonblocking operator ( <:) 

module multiple_reg_assign ( 
output reg [4: 0] data_outl , data_out2, 
Input (3: 0) data_a, data_b, data_c, data_d, Input sel, elk 

): 
always@(posedgeelk) begin 

data out l = data a + data b: 
data=out2 ::;: data=outl + data_c; 
If (sel == l'bO) 

data_outt = data_out2 + data_d; 
end 

endmodule 

module expression_sub ( 
output reg (4: 0] data_out1, data_out2, 
input [3: 0) data_a, data_b. data_c, dala_d, input sel, elk 

): 
always @ (posedge elk) begin 

data oul2 = data a + data b + dala c; 
if (s~ == l'bO) data_oull =- data_a ;-dala_b + data_c + data_d; 
else data out1 = data a + data b; 
end- --

endmodule 

module expression_sub_nb (output reg (4: 0) dala_oullnb, data_ouI2nb, 
input [3: 01 data_a, data_b, data_c, data_d, input sel, elk 

): 
always @ (posedge elk) begin 

data out2nb <: data a + data b + data c; 
If (sal == l'bO) dala_-;;utlnb <=-data_a ;-data_b + data_c + data_d: 
else dala_outlnb <= data_8 + dala_b; 

end 
endmodule 

End of Example 6.36 
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6.13 Synthesis of Loops 

A loop in a cyclic behavior is said to be static, or data-independent, if the number of its 
iterations can be determined by the compiler before simulation (i.e., the number of 
iterations is fixed and independent of the data). A loop is said to be data-dependent if 
the number of iterations depends on some variable during operation. In addition to 
having a dependency on data. a loop may have a dependency on embedded timing con­
trols (Le., an event-conlroi expression). Figure 6-58 shows possible loop structures. In 
principle, static loops can be synthesized using repeat,Jor. while, andforever loop con­
structs. but a given vendor might choose to confine the descriptive style of a static loop 
10 a particular construct. The most like ly fonn is that of af orloop. Non-static loops that 
do not have internal timing con trols are problematic - they cannot be synthesized. 

6.13.1 Static Loops without Embedded 'liming Controls 

If a loop has no internal timing controls and no data dependencies, its computational 
activity is implicitly combinational. The mechanism of the loop is artificial - the com­
putations of the loop can be perfonned without memory instantaneously. The iterative 

tlGURt: 6-58 Po5sible loop Itructures that can be formed by proa:durai lla temenls in . cyclic behavlor. 
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computational sequence has a non-iterative counterpart tbat can be obtained by 
unrolling the loop, and the operations in the unrolled loop can occur at a single time 
step of the simulator. 

Example 6.37 

The loop in for _and_loop_comb does not depend on the data and does not have embed· 
ded event controls. II iterates for a fixed, predetennined number of steps and terminates. 
The description symhesizes to the anticipated combinalional circuit in Figure 6-59. 

module for_and_loop_comb (output reg [3: 0] out, Input [3: 0] a, b); 
reg [2:0) i; 

always @(a, b) begin 
for (i == 0; i <== 3: i == i+1) 

oul[i] ==a[i] & b[i]: 
eod 

endmodule 

The unrolled loop in Example 6.37 is equivalent to the following assignments: 

oullO) == a[O) & bIOI; 
outj1)== a[1) &b[1); 
oul[2] = a(2J & b[2): 
oUI[3) = a13] & b[3]: 

which correspond to a bitwise-and of two 4-bit datapaths. There are no dependencies 
between the assignments, so the order in which the statements arc evaluated does not 
affect the outcome of the evaluations. 

End of Example 6.37 

A tool that supports synthesis of a static repeat loop with no internal timing con­
trols will replace it by equivalent, synthesized combinational logic. The behavior of a 
for loop with static range is equivalent to a repeat loop with the same range, so some 
tools support only the for loop. 

' [3<[~ 
WOJ ffi],W I3,OJ 

nGURE 6-59 Synthesis of bilwise·and operations in a stalic/or loop. 
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Example 6.38 

Consider a sequential machine that receives a word of data in parallel fOmlat and then 
asserts an output that encodes the number of Is in the word. The functionality can be 
implemented by combinational logic, and, if the hardware is fast enough, can execute 
in onc clock cycle. The loop in the Verilog model count_ones_a below has no internal 
timing controls and is static - it does not depend on dora, The order in which the state­
ments in the cyclic behavior encute is imporront, and the algorithm in the model uses 
the blocked assignment operator (= ). 

Note that biccount asserts aher the loop has executed, within the same clock 
cycle in which the loop executes. Simulation results are shown in Figure 6-6O(a). Be 

Name 0 

Ump[l:OJ~~~=~~~~~~~;=~~=~~ 
cowuj2:ol 0 

biCCOlUIl[2:OJ 0 

('l --

(bl 

FIGURE fi...6O Results for (a) simulation of roru'COtVl .. , and (b) circuit Iynthesized from rounf_QllOi_" . 
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careful in interpreting the results, for the loop executes in one time step of simulation, 
vi rtual.ly instantaneously. Consequently, the displayed values of temp, count, and 
bit_count arc final values that result aft er any values generated in intermediate simula· 
tion cycles have been overwrilten. This version of the machine synthesizes into clock­
compatible combinational logic (i .e., the outputs are stable within one cycle of the 
d ock) with registered outputs. 

The synthesized circuit is shown in Figure 6-60(b). The contents of register vari­
ables index and temp do not have a lifetime outside of the cyclic behavior in which they 
are assigned value (i.e., they are not referenced elsewhere). Both variables are elimi­
nated by the synthesis tool. The only synthesized register is biccount. Signal biccount 
is registered because its value is assigned within an edge-sensitive cyclic behavior; 
biCcount is also an output port. The reset action is synchronous. and the reset inputs of 
the selected D-type fli p-flops are hard wired to 1 to disable them. 

modute count:.,..ones_8 #( parameter data_width ,. 4 , count_width = 3)( 
output reg [count_width -1: 0] bit_count, 

I: 

Input [dala_wldth -1: 0] data, 
Input elk, resel 

reg Icount_widlh-1: 0] count, index; 
reg [data_width-1: 0] temp; 

always @ (po .. dge clk) 
if (reset) begin counl = 0; bit_count = 0 ; .nd 
. Ise begin 

count :: 0; 
bit_count ,. 0; 
temp :: data; 
for (index" 0; index < data_width; index'" index + 1) begin 

count" count + lempIO): 
temp'" lemp » 1; .,. 

bit_count'" count; .,. 
endmodul. 

End of Example 6.38 

6.13.2 Static Loops with Embedded nming Controls 

If a static loop has an embedded edge·sensitive event-control expression, the computa­
tional activity of the loop is synchronized and distributed over one or more cycles of 
the clock. As a result, the behavior is thai of an implicit state machine in which each 



itcration of the loop occurs after a clock edge. The behavior may include additional 
computational activity that is placed in the cycle that immediately follows the loop's 
expiration. 

Example 6.39 

As an al ternative to the static loop without embedded timing controls, we will now 
consider three equivalent versions of the machine that counts the Is in a word of data, 
with each machine using a different static loop structure and having embedded timing 
controls. Mach ines councones_bO, councones_b l , and councones_b2 use forever, 
while, and for loops, respectively. Each loop structure has an embedded event-oontrol 
expression that is synchronized by an external clock signal. The loops execute for a 
fixed number of clock cycles, indcpendently of the data. The loops can be unrolled and 
controlled by an FSM (scquential logic) whose state transitions correspond to the 
ite rations of the loop. The simulation results shown in Figure 6-61 for a 4-bit data path 
demonstrate that the machines have identical functionality. Signals biccou!lt_O, 
bjccOlmc/ , and bit_count~ are the outputs of the machines coul/cones_bO, 
councones_b l , and cOiUlcones_b2, respectively. Only the styles in counl_ones_bO and 
councones_bl were supported by the synthesis tool.28 Only councones_b2 has the 

biU:ounl....0{2:OJ ,.: 
biU:ounU (2:Oj .' biu:ountJl2:OJ .' 

Load(~mp 

wi lhdUiIl 

f2 
2 

" 

FIGURE 6-61 Simulation of three venions of oormcollrs_b showing start-up witb reset. 
and rescton4he_f1y. 

ZKsynop!'YS Design CompilerlV was uw:d to obtain the synthe$;zed circuits.. It is common for EDA 10015 to 
lupporta reslricted descriptive style. 
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same functionality if non blocking assignments replace the procedural assignments in 
the models (sec Problem 45 at the end of this chapter). 

module coun,-ones_bO #( parameter data_width'" 4, count_width '" 3)( 
output reg [count_width -1: 0) bit_count. 
input [data_width -1: OJ data, 
input elk, reset 

): 

reg [count_width-1 : OJ count; 
reg [data_widlh-1:0J temp; 
integer index; 

always begin: wrapper for synthesis 
@ (posedge elk) begi-;;: ~achine 

If (reset) begin bit_count :::: 0; disable machine; end 
else 

:~~":r ~ ~:~:~n~: ~~;ndex ,. 0; temp .. data; 

if (reset) begin bit_count = 0; disable machine; end 
elsa if (index < data_width-1) begin 

count .. count + temp[OJ; 
temp = temp » 1; 
index = index + 1; 

eod 
else begin 

bit_count = count + temp(O]; 
disable machine; 

eod 
end (( machine 

end (( wrapper_for_synthesis 
endmodule 

module coun'-ones_b1 #{ parameter data_width = 4. count_width" 3)( 
output reg [count_width -I : OJ bit_count, 
input [data_width -1: OJ data, 
input elk, reset 

reg [coun,-width-1 : OJ count; 
reg (data_width-1 : OJ temp; 
integer index; 

always begin: wrapper_for_ synthesis 
@(posedgeelk) begin : machine 
If (reset) begin bit_count = 0; disable machine; end 
else begin 
count" 0; bit count = 0: index = 0: temp" data; 
while (index ~ dala_width) begin 
if (reset) begin bit_count" 0; disable machine; end 
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alsa if (index < data_width) && (tempIO] » 
count:: count ... 1; 
temp = temp » 1: 
index = index '+"1 ; 
@ (posedge elk): 

",d 
if (reset) begin bit_count:: 0; disable machine; end 
else bit counl = count; 

dlsabie machine; 
",d 

end /I machine 
end II wrapper_for_synthesis 

endmodula 

module counCones_b2 #( parameter data_width = 4, count_width = 3)( 
output reg [count width -1: 0] bit count, 
input [data_width -1: 0) data, 
Input elk, feset 

): 
reg [count_width-1: 0] count; 
rag [data_width-1: 01 temp; 
integar index; 

always begin: machine 
for (index = 0; index <= data_width: index" index +1) begin 

@ (po •• dge elk) 
if (reset) begin bit_count = 0; disable machine; and 
alse if (index:: 0) begin count = 0; biCcount = 0; temp = data; end 
elsa if (index < data_width) begIn count = count + temp[OJ; temp = temp» 1; end 
else bit_count = count + temp[O): 

",d 
end ff machine 

endmodule 

End of Example 6.39 

6.13.3 Nonstatic Loops without Embedded TIming Controls 

The number of iterations 10 be executed by a loop having a dala dependency cannot be 
detennined before simulation. If the loop does not have embedded liming control, the 
behavior can be simulated, but it cannot be synthesized. Under the action of a simula~ 
lor, the behavior is virtually sequential and can be simulated, but hardware cannot exe­
cute the computation of the loop in a single cycle of the clock. We will demonstrate this 
by the following example. 
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Example 6.40 

The computational activity of counting the Is in a word of data is wasted after the last 
1 is found. The data-dependent loop in councones_c implements a more efficient 
machine than councones_b. A t the first active edge of the clock after reset, the 
machine loads data into temp, and counts the number of Is in temp by repeatedly 
adding the value of the least significant bit (LSB) of temp to count, and shifting the 
word. This continues as long as the word is not empty of Is (i.e., until the reduction-or 
of temp, I temp, is false). So the data word 00012 will execute in fewer iterations than 
10002 because the reduction-or of the word that results from the first right-shift in 
counconeS3 is empty of Is. The computational activity occurs in a single cycle of the 
clock, so the efficiency would be apparent in simulation with long words of data. The 
simulation results in Figure 6-62 show the value of jndex at the end of the loop. Note 
that the final results (i.e. , those at the end of the clock cycle of computation) are dis­
played. Although this behavior is attractive for simulation, it cannot be synthesized. 
The task of counting the Is in a word is fundamentally combinational, but combina­
tionallogic cannot perform the sequential steps of tbe loop in one cycle of the clock, 
and at the same time terminate the activity if the word becomes empty of Is. The loop 
canno t be unro lled statically because its length is data-dependent. 

module count_ones_c #( parameter data_width == 4, count_width = 3)( 

I: 

output reg [count_width -1: 0) bit_count, 

Input[data_width-1:0] data, 
Input elk. reset 

reg [count_width-1: 0) count , index; 
reg [data_width-1: 0) temp; 

always @ (po.edge clk) 
If (reset) begin count" 0; bit_count = 0; end 
else begin 

counl = O; 
temp = data; 
for (index = 0; I temp; index = index + 1) begin 
if (temp[O) ) count := count + 1; 
temp = temp » 1; 

.nd 
bit_count = count; 

.nd 
endmodule 

End of Example 6.40 
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dala[3:o1~=:::I=r:=;=I=:L=:J=~=r:::::J;::=II:: 
rowu[2:0] 0 

Itmp[3:0] 

FlGURE 6-Q Simulation of COUIICOM .. 'U .... which has a data-dcpcndcnt loop, 
and cannot be synthcsiztd 

6.13.4 Nonstatic Loops with Embedded TIming Controls 

A nonstatic loop may implement a multicyclc operation. The data dependency alone is 
not a barrier to synthesis because the activity of the loop can be distributed over mul­
tiple cycles of the clock. However, the iterations of a nonstatic loop must be separated 
by a synchronizing edge-sensilive event control expression in order to be synthesized. 

Example 6.41 

The cyclic behavior in councones_d has edge-sensitive timing controls within a nonstatic 
while loop .. The sequential activity of the loop is distributed over multiple cycles of the 
clock. First, the data is loaded into a shift register. Then it shifts the data through the reg­
ister on successive clock cycles. After all of the data have been shifted, onc marc cycle 
elapses before biccount is ready. SimuJation results are presented in Figure 6_63.29 Note 
that when data '" 3H '" 0011 2, the loop tenninates after the second cycle. 

module coun'_ones_d #( parameter data_width = 4, count_Width = 3)( 
output reg [counCwidth -1: 0] bit_count, 
Input [data width -1 : 0] data. 
input - elk, reset 

2'lSee Problem 6.13 for an exercise requiring synthesis o( eounconu_d. 
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); 
reg [count_width -1: OJ 
reg [data_width ·1: OJ 

count: 
temp: 

always begin : wrapper_tor_synthesis 
@ (poaedge elk) 
if (reset) begin count == 0: bit count = 0; end 
elae begin : bit_counter -

count '" 0: 
temp; data: 
while (temp) 
@ (poaedge elk) 
if (reset) begin 
count = 2'b0: 
disable biCcounter: 

end 
elae begin 

count::: count + temp{O]: 
temp ::: temp » 1: 

end 
@ (po.edge elk) 
if (reset) beg in 
count - 0; 
di.able bit_counter: 

end 
el.e bit_count = count: 

end /I bit_counter 
end If wrappec for_aynthe. la 

endmodule 

140 2]0 I 

da/aj3:0] fx:==C=I==C="J.==:L=~=~== 
cowu[2:0J ~~MI¥2 ~·'Q:b~0!4<1 ~:¢:~Q:b~~~~*~ 
remp[3:0J " f 7 J ] 3 I 3 I b S 2 

bir_countj2:O] 

flGURE 6-6J Simulation of COUIII...Pllu_d . 
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The nexi version of a machine that counts the Is in a word of data,councones_SD, 
adds signals sturt and done to the port structure, and eliminates tbe data dependency in 
the loop. Asserting start launches counting.30 

module counCones_SD #(parameter data_width'" 4, count_width = 3)( 

): 

output reg [counCwidth ·1: 01 bit_count. 
output reg done, 
Input [data_width -1 : 0) data, 
input start, elk, reset 

reg [count_width-1: 0] count, index: 
reg [data_width.1 : 0) lemp: 

a lway.@(po •• dge elk)btlgln: bit_counter 
It (reset == ,'b1) begin count = 0; bit_count:: 0; done = 0; end 
e l •• If (start:'" 1b1) begin 

done ::0; 
count: 0 ; 
bit ooun! '" o· 
temp = data;' 
for (index = 0; index < data_width; index" Index ... 1) 

@ (po.edge elk) 
If(reset'"'' 1'b1 ) btlgln 

count:: 0; 

~~~~~t;=o; 
di.able bit_counter; end 

el •• begin 
count'" count + temp[O]; 
temp:: lemp » 1: 

end 
@ (poaedge elk) II Required for final register transfer 
If (reset::= 1'bl) begin count:: 0; bit_count:: 0: done:: 0; 

dl •• bl. bit counter; end 
.1 •• begin -

~~n~~t; ::unt; 
ond 

ond 
endmodule 

Note in tbe simulation results in Figure 6-64 that starr asserts for one cycle. Signal 
index increments at each edge of the clock until all bits have been counted. Then done 
is asserted. When reset is asserted in the middle of a counting sequence, the machine reo 
initializes the registers and restarts the sequence. 

End of Example 6.41 

lDsee Probleml4 at theendofthischapterforan exerci5crequiring theuseofaltemaliveIoopstruclures in 
count_ones.,.SD. 
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FIGURE 6-64 Simulation of cOIml_v>w,-SD. 

6.13.5 State-Machine Replacements for Unsynthesizable Loops 

Synthesis tools cannot support nonstatic loops that do not have embedded timing con­
trols. Such machines are not directly synthesizable, but their loop structures can be 
replaced by equivalent synthesizable sequenti al behavior. The key is to describe the 
behavior by an explicit finite state machine. 

Example 6.42 

The ASMD chart in Figure 6-65 describes a state machine that counts the Is in a word 
and terminates activity as soon as possible. The machine remains in its reset slate, 
S_idle, until an external agent asserts start. This action asserts the Mealy output. 
load_temp, which will cause data to be loaded into register temp when the state makes 
a transition to SJounling at the next active edge of elk. The machine remains in 
S_counting while temp contains a I. TWo actions occur concurrently at each subsequent 
clock: (I) temp is shifted toward its LSB and (2) lemp/Oj is added to biccount. When 
temp finally has a I in only the LSB, the machine's state moves to S_waiting, where 
done is asserted as a Moore output. The state remains in S_waiting until start is de­
asserted. The branches of the ASM and datapath (ASMD) chart show the control sig­
nals that are generated by the controller and are annotated with the register 
operations of the machine. Implicitly, those registers must remain unchanged for state 
transitions that traverse the other branches. 
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flG UKE 6-65 Block diagram and ASMD chari of couflcofluJM. 

The Verilog sequential machine counconesJM avoids the problem of having to 
synthesize a nonstatic loop. The waveforms of the behavioral model, shown in 
Figure 6-66, demonstrate that the machine terminates as soon as temp is detected to 
be empty of 15. The circuit synthesized from councones_SM is shown in Figure 6-67. 
The machine's datapath includes logic to hold and shift the data, and additional logic 
to count the ones in the data. The schematics shown in Figure 6-67 show the partit ion 
of the datapath unit to reduce the complexity of the drawings. Note that the signals 
busy and shift_add are identical outputs of the controller. Thisls a consequence of the 
ASMD chart 's assertion of busy and shift_add in only state S_counting. Both signals 
were preserved in the synthesis process, even though they are identical, because both 
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n GURE 6-66 Siml,llatioll o f CD"nt_DfltJJM demonstratiol behavior tquivalcnt to a Doostatic loop. 
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are ports of the controller. The machine can be simplified to remove one of the signals 
from the port. 

module count_ones_SM #( parameter word_size" 4, counter_size = 3)( 

): 

output [counter_size ·1: 0) bit_count. 
output busy, done, 
input [word_size ·1: 0) data, 
Input start, clk, reset 

wire load_temp, shift_add , clear; 
wire temp~_1; 

Control Unit 
resel): 

Datapath_Unit M1 (bit_count, temp_gt_1, data, load_temp, shift_add, clear. elk, 
reset); 

endmodule 

module Control_Unit ( 

): 

output reg busy, Ioad_lemp, shift_add, clear, done, 
Input start, temp.Jl,-1, elk, reset 

parltmeter state_size" Xd2 ; 
parameter S_idlfl = 2'dO; 
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paramater S_counting" 2'd1 ; 
parameter S waiting'" 2'd2; 
reg bit_count: 

Advuced Digilal Deliign with the Verilo. HDL 

reg [state_size-' : 0) slate, next_state; 
always @ (po •• dge elk) II state transit ions 

If (reset) state <: S_idle: alse state <= next_state; 

always @(state,start,temp_QC1)begln 
load temp = 0; 11 defaults· assign by exception 
shif(add ,. 0; 
clear=O; 
done = 0; 
busy=O; 
next_stale :: S_idle: 
case (stale) 

S_idle: 
S_counting: 

default: 
Bndcas • 

• nd 
andmodule 

If (start) begin next_state" S_counUng; load_temp'" 1; end 
begin busy = 1; 

If (lempJF._1) begin 
next_stata = S_counting; 
shift_add = 1; end 

el •• begin next_state " S_weiling; shift_add = 1; end 
•• d 
begin 
done'" 1; 
tf (start) begin next_state = S_oounting; loacUemp= 1;dea'"= 1; end 
el •• next_slate = S_waiting; 

.. d 
begin clear = 1; next_state" S_idle: end 

module Datapath_Unit '(parameter word_size:: 4, counter_size'" 3)( 
output reg {counter_size -1: 01 bit_count, 
output temp--lJt_1, 
Input [word size -1 : 01 data , 
input loadjemp, shift_add, clear, elk, reset); 
reg [WOfd_size-1: OJ temp; 
assign temp~_1:: (temp" 1); 
wire temp_O '" temp[01: 

always @ (posedge elk) II register transfers fO( data path logic 
If (reset) begin temp <'" 0; end 
else begin 
if (load_temp) temp <:: data; 
if (shif,-add) begin temp <:: temp >"1; end 

.nd 

always @ (po.edge elk) /I counter of ones 
if (reset == 1'b1 II clear :'" 1'b1 ) bit_count <: 0; 
els. bi,-count <:: bit_count + temp_a; 

endmodule 

End of Example 6.42 
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Note that in the previous example all of the outputs in the level-sensitive 
behavior were assigned va lue at the beginning of the behavior. Then only changes 
were assigned in subsequent states. This style makes the code more readable and 
prevents synthesis of unwanted latches. which will happen if a variablc in a lcvel­
sensitive behavior is assigned value in some, but not a ll , of the pat hs of the activity 
now through the behavior. 

Example 6.43 

O ur final example of a machine tha t counts the Is in a word of data is described by an 
implicit state machine. Its behavior (see Figure 6--(8) is eq uivalent to that of a nonsla­
tic loop, but it is synthesizable (see Problem 42 at lhe end of this chapter). 

module count_ones_IMP ' (parameter counter_size = 3, word_size = 3X 
output reg [counter_size -1 : 0) bit_counl, output rag start, done, 

); 
Input [word_size -1: 0] data, Input data_ready, clk, reset 

parameter n>. n>. Istate_size-1 : 0] 
[word_size-1 : 0] 

atways @ (po.edge clk) 

slate_siza" 2: 
state, next state; 
temp; -

if (resel) begin lemp<= 0; bit_count <= 0; done <- 0; start <= 0; end 
el •• If (data_ready && data && !temp) begin 

temp <= data: bit_count <= 0: done <'" 0; start <= 1; end 
else if (data_ready && (Idata) && done) begin biCcount <= 0; done <= 1; end 
.tse if (temp == 1) 
begin bit_count 0: bit_count + tempIO]; temp <- Iemp» 1; done <= 1; end 
else if (temp && Idone) 
begin start <: 0; temp <= lemp» 1; bit_count <= bit_count + tempIO}; end 

endmoc!ul. 

End of Example 6.43 

6.14 Design Traps 10 Avoid 

In general, avoid referencing the same variable in more than one cyclic (always) 
behavior. When variables are referenced in more than one behavior, there can be races 
in the software, and the post-synthesis simulated behavior may not match the pre-syn­
Ihesis behavior. Never assign value to the same variable in multiple behaviors. 
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FIGURE 6-68 Simulation results for cormconesjMP, an implicit state machine having behavior 
equiva(el1ttoanon~taticJoop. 

6.15 Divide and Conquer: Partitioning a Design 

335 

Very large-scale integrated (VLSJ) circuits commonly contain more gates (several mil· 
lion) than a synthesis tool can accommodate. It is standard practice to partition such 
circuits hierarchically into small functional units, which have a manageable complexity. 
This partitioning is done top-down, across one or more layers of hierarchy. Synthesis 
tools commonly synthesize circuits with about 10,000 to 50,000 gates, but beyond that 
the return diminishes as the run-time becomes large. Following decomposition, the 
lowest-level modules of the design can be synthesized individually. It is easier to mod­
ify the lower-level modules to make the design more amenable to synthesis and then to 
work with large modules. 

Structural modeling composes a circuit by connecting primitive gates to create a 
specified functionality (e.g .. an adder) just as parts are connected on a chip or a circuit 
board. But gate-level models are not necessarily the most convenient or understand­
able models of a circuit, especially when the design involves more than a few gates. 
Many modern ASICs have several million gates on a single chip! Also, truth tables 
become unwieldy when the circuit has several inputs, limiting the utility of UDPs. 
Architectural partitioning forms a structural model, but the functional units in the 
architecture have much more complexity than basic combinational logic gates and arc 
modeled behaviorally. 

Partitioning is not done randomly. Skill and experience playa role, and the 
designer's choice of hierarchical boundaries can have a strong impact on the quality of 
the synthesis product. and the cost of the effort . Partitioning the design into smaller 
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functional units can improve the readability of the description, improve the synthesis 
resul t, shorte n the optimization cycle, and simplify the synthesis process. 

[n general, a design should be partitioned along functional lines into smaller 
functional units, each with a common clock domain, and each of which is to be ve rified 
separately. The hierarchy of the design should separate the clock domains, thereby 
clarifying the interaction between multiple clocks and revealing the need for synchro­
nizer circuits. The logic in each clock domain can be verified separately, before inte­
grating the system. 

Functionally rda ted logic should be grouped within a partition, so that the syn­
thesis tool will be able to exploit opportunities (or sha ring logic, with a minimum of 
routing between blocks. If a module is used in multiple places in the design, it should be 
optimized separately for area and then instantiated as needed. This strategy will result 
in an overall design that is very efficient in its usc of area. 

It is also recommended that a module contain no more than one state machine. 
This will allow the synthesis tool to optimize the logic for a machine without the innu· 
ence of extraneous logic. Logic in different clock domains (e.g., with interacting state 
machines) should be encapsulated in separate blocks of the partition. Synchronizers 
should be used where signals cross between the domains. 

The partition of a design should group registers and their logic, so that their con· 
trol logic might be implemented effici ently. Othe rwise, splitting registers and logic 
across boundaries of the partition might lead to extra/duplicate control logic. Place the 
combina tional logic driving the datapath of a registe r in the same module as the desti· 
nation register. Likewise, any glue logic between module boundaries should be 
included within a module. If glue logic sits outside the modules, it cannot be absorbed 
by eithe r of them. 

Module boundaries are preserved in synthesis (i.e .• the contents of the modules 
are optimized separate ly) so combinational logic should not be distributed between 
modules. Placing the logic in a single module will allow the synthesis tool to achieve the 
maximum exploitation of common logic. Do not include clocks trees, input-output 
pads, and test registe rs (see Chapter 11) in a design th at is to be synthesized. Add them 
to the design after synthesis. 
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I. Synthesize the universal shift register that was presented in Example 5.45. Ver­
ify that the waveforms produced by simulation of the synthesized circuit match 
those of the behavioral model. 

2. Synthesize NRZ.J_Monchester_Mealy (see Section 6.6.2) and verify that the 
post-synthesis simulation results match those shown in Figure 6-34 for the 
behavioral model. Note the time delays that result from the physical cells. 

3. Synthesize NRZ_2_MoncheSler_Moore (see Section 6.6.3) and verify that the 
post-synthesis simulation results match those shown in Figure 6-37 for the 
behavioral mode\. Note the time delays that result from the physical cells. 

4. The sequence recogni'l.CTS described by the ASM charts in Figure 6-38 are 
nonreseuing-they assert after three successive ls are received and continue to 
assert until a 0 is detected. Develop ASM charts for resetting Mealy and Moore 
machines that will detect three successive 1 in a serial bit stream. asser! their 
output, and then return to the reset state, SJdle, where the outputs are de­
asserted, before processing additional bits. Develop and verify a Verilog model 
of each machine. Synthesize the machines and verify that the functionality of 
each synthesized mach ine matches that of its behavioral model. 

5. Develop ASM charts for resetting Mealy and Moore machines that will detect 
the pattern 10101010z in a serial bit stream (with the LSB arriving first). assert 
their output, and then return to the reset state, S_idle, where the outputs are de­
asserted, before processing additional bits. Develop and verify a Verilog model 
of each machine. Synthesize the machines and verify that the functiona lity of 
each synthesized mach ine matches that of its behavioral models. 

6. Develop ASM charts for nonresetting Mealy and Moore machines that will 
detect the pattern OOI~ in a serial bit stream, with the LSB arriving first. Syn­
thesize the machines and verify that the functiona lity of each synthesized 
machine matches that of its behavioral model. 

7. Develop ASM charts for nonresetting Mealy and Moore machines that will 
detect the patterns 0111 2 or 10Cl0:! in a serial bit stream, with the LSB arriving 
first. Synthesize the machines and verify that the functionality of each synthe­
sized machine matches that of its behavioral model. 

8. Develop an ASM chart for a nonresetting sequential machine that implements the 
majority function . The machine is to assert D_out if tbe serial input, D_in, contains 
two or more Is in the last 3 bits. Synthesize tbe macrunes and verify that the func­
tionality of each synthesized machine matches that of its behavioral model. 
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9. Critique the following code. 

module clock_Prog (elk, Pulse_Width, l atency, Offset); 

input Pulse_Width, Latency, Offset; 

output elk; 

reg elk, Pulse_Width, Latency, Offset; 

parameter Pulse_Width = 5; 

parameter Latency '" 5; 

parameter Offset = 10; 

parameter a_cycle'" Pulse_Width; 

IIparameter max_time::1000; 

initial 

clk=O; 

a lways begin 

#a_cycle elk = -elk; 

ond 

//initial 

1/ #max_lime $finish; 

endmodule 

to. Explain whether the circuit described below implements combinational logic 
with, or without, a latched output. 

module or4_something #(parameter word_length = 4)( 
output reg y, 
Input [word_length - 1: 0] x_in 

); 
integerk; 

alway.@x In begin 
y=O; -
if (xJ n(O] == 1)y= I ; 
else if (xJn(l ) == 1) Y = 1; 
el • • if (x_ln(2) == 1) Y = 1; 

ond 
endmodule 

11. The machine Seq_Rec.JJs~ea/y in ElI:ample 6.26 uses a binary code for the 
state assignment. Synthesize an alternative machine using a one-hot code. Com­
pare the new machine to the original machine. Discuss the trade-offs. 

12. The machine Seq_RfX_3_1s_Moore in Section 6.6.4 partially decodes the possible 
state codes and assigns next_state = S_idfe by default. Synthesize an alternative 
machine using the default assignment nexcstate = 3'bx. Compare the resu1t to 
the original machine and detennine whether assigning next_state = 3'bx actually 
reduced the logic that was synthesized. 

13. Synthesize councones_bO, counCones_bl and count_ones_d (set Examples 
6.39 and 6.41) and compare the results. 
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14. Use (a) while, and (b)/o,,",u loops to develop implementations of counl_ones_SD 
(see Example 6.41). Will either of these synthesize? 

15. Develop, verify. and synthesize COI4nI_onCSJTUUJlring, a sequential machine 
whose output is the length of the largest string of consecutive 15 in 32 bits of ser­
ial data. Act ion is to begin when Start is asserted: DOlle is to assert when the 
string is found. Consider the possibility of early termination of the search if the 
length of a string of found consecutive 15 exceeds the size of the sub-word of 
remaining bits. The machine is to be partitioned into a da tapath and a contro ller. 
Provide an ASMD chart and simulation results (pre- and post-synthesis) 

16. Develop, verify, and synthesize coul1l...gray_bin. a 4-bit counter that can count 
in Gray or in binary code. depending on an input mode. 

17. Design and synthesize a sequential machine whose inputs are elk and reser. and 
whose outputs are elk_by_ 4 and elk_by_8, (i .e .• clock divider outputs that divide 
elk by 4 and 8, respectively). 

18. Detennine whether a synthesis tool detects and removes equivalent states from 
the sequential machine described by the STG in Figure P6-18. 

19. Synthesize pipe,.)stage, described by the ASMD chart in Example 5.39. Verify 
that the synthesized circuit has the correct behavior. 

20. Synthesize a circuit that will detect an illegal BCD-encoded word. 
21. Digital switches are used in telephone central offices to sample local analog voice 

signals. convert them to digital signals. and mUltiplex them with other similar sig­
nals for digital transmission on the global phone network 17]. Figure P6-21(a) 
shows a configuration in which ana log signals are sampled al a rate of 8000 
samples per second. wi th each sample represented as an S-bit word. To achieve 
a substantial savings in copper wire and other circuitry. thiny. two 64-kbps 
voice channels are multiplexed onto a seria l channe l having a bandwidth of 
2.048 Mbps. Each bi t of a sample has a time of 488 ns. the period of the signal 
elock_488ns , and the words o f the sampled signals are interleaved in a 32-byte 
fram e, with each frame having a length of 125 p.S. as shown in Figure P6-21(b). 
A frame is synchronized by a pulse o f jrame...-synch , which occurs in the bit time 
immediately before the first byte slot of the frame. At the rece iving end of the 
serial line an 8-bit shift registe r receives the digitally encoded bi ts o f SeriaUn 
sequentially. beginning wi th the LSD and ending with the MSB. Then the byte is 
loaded into a holding register that drives a demulliplell:er In the "double­
buffered"scheme shown in Figure P6-21(a) the output of the demul tiplexe r has 
a latency of9 cycles of clock_488ns-8 cycles to load a shift register with a byte 
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of data, and one cycle to load the byte into the output register driving the 
demultiplexer. Holding the output in a register keeps the data available for 8 
cycles of clock_ 488ns instead of for only one cycle. Because the period of the 
bame synchronizer is 125 p.s and the total bit time of 32 bytes is 124.92 p.s, 
there is a gap of 72 p.s between the end of the last byte and the end of the frame . 
The action of jrameJynch is to keep the machine synchronized to the time 

~_Dlgual~"'lIch 

fromeJYl1Ch==~===============:;l 

(.) 

-1 -- 488ns ,... 8 clock ticks per byte --1f--72ns 

JUUUUUUUl JU1J1fUUU1Jl 
••• 1 byleslot31 I bytcslotO I I byte slot 31 II ··· 

32byteslotspcr Sample Frame 

(b) 

FlGVRE Pfi..ll Digital switch for a telephone s)'$tem: (a) block diagram for signal interleaving and 
(b) synchJOnized frame formal . 
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reference of the inbound data, and 10 eliminate tbe effect of the gap. With 
synchronization, the last cycle of cfock_488ns is elongated by 72 ns. The registers 
in the machine have active-bigh asynchronous reset. Each fram e of data trans­
mission is to be launched by the negative edge of frameJynch. Note: the action 
of reset will reset the registers of the machine, but will not synchronize the activ­
ity of the machine because framCJ ynch is used to reset the control unit. 

Develop, verify (before and after synthesis), and synthesize a Verilog 
module that encapsulates the functionality shown in Figure P6-21(a), where the 
outputs of the AID converters arc inputs to a module that interleaves the sample 
bytes. with separate submodules for the control unit, the mux. the demux, the 
parallel to serial converter, and the serial to parallel converter. Define additional 
interface signals as needed to complete the design. Model the multiplexer so 
that its outputs wi11 be registered. Carefully document your work. 

22. Synthesize a Verilog description of the combinational logic described by the 
following Boolean function. Compare the schematic of the synthesized circuit 
to (a) that of the original circuit and to (b) a simplified version of the function 
obtained by using Karnaugh maps. 

f(a , b, c, d) "" ~ m(O. 2.5,7.8.10, 13, 15) 
23. Develop a behavioral model that implements the functionality described by 

Dividc_byJ I (see Problem 4.18). Synthesize the circuit and compare the result 
to the circuit synthesized from the structural model shown in Figure P4-18 

24. Under what conditions will a synthesis tool create combinational logic? 
25. Under what conditions will a synthesis tool create a circuit that implements a 

transparent latch? 
26. Under what conditions will a synthesis tool create an edge-triggered sequential 

circuit? 
27. Discuss how to describe a synchronous fesef condition using Yerilog. 
28. Synthesize and verify a cell· based implementation of the circuit described by 

comparc_4_32_CA (see Problem 12 in Chapter 5). 
29. Synthesize and verify a cell-based implementation of the circuit described by 

compare_4_32..ALGO (see Problem 13 in Chapter 5). 
30. Synthesize and verify a cell-based implementation of the ring counter 

described in Problem 24a in Chapter 5. 
31. Synthesize and verify a cell-based implementation of the ring counter 

described in Problem 24b in Chapter 5. 
32. Synthesize and verify a ce ll-based implementation of the sequential machine 

described in Problem 26 in Chapter 5. 
33 Synthesize and verify a cell·based implementation of the 8-bit ALU described 

in Problem 27 of Chapter 5. 
34. Synthesize and verify II cell-based implementation of tbe sequential machine 

described in Problem 28 in Chapter 5. 
35. Synthesize and verify a cell-based implementation of the sequential machine 

described by the ASMD chart in Figure 5.24. 
36. Synthesize and verify a cell-based implementation of the keypad scanner 

described in Problem 32 in Chapter 5. 
37. Synthesize and verify a cell-based implementation of the programmable pat­

tern generator described in Problem 34 in Chapter 5. 
38. Synthesize and verify a cell-based implementation of Humming_Encoder_MD3, 

described in Problem 35 in Chapter 5. 
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39. Synthesize and verify a (:e ll-based implementation of the syncbronizer circuit 
described in Problem 36 in Chapter S. 

40. Synthesize and verify a cell-based implementation of the transparent latch 
dCSI;ribcd in Problem 37 in Chapter S. 

41. Develop, verify. and synthesize Binary_Coume,_lmp, an implicit-state machine 
implementing a 4-bit counter by executing a register transfer operation 
(count <- cuunt + t) conditionally in every clock cycle. depending on an 
inpUI signal enable. 

42. Synthesize counl_om:1_IMP ....EafCS and verify that the functionality of the syn­
thesized circuil matches that of the behavioral model, couIICones_IMP. given 
in Exarnple6.42. 

43. A token ring local area network (LAN) consists of a sel of computers orga­
nized in a ring topology, with each machine connected to a bus by a LAN 
adapter (see Figure P7-3). LAN-based machines communicate by transmitting 
and receiving packets of bits containing encoded source and destination 
addresses, and a message. The LAN adaptor executes handshaking protocols by 
decoding the address in a received packet and determining whether its host 
machine is the reCipient of the message or whether to pass the message on to 
the next machine on the LAN. It a lso transmits packets from the host machine 
to a target machine. The protocol fo r the ne twork specifies how the start of a 
packe t will be recognized, and how the source and destination addresses arc 
encoded. The adaptor must recognize the start sequence. decode the address. 
and acknowledge that it is the recipient. 

The pro tocol for the token ring shown in Figure P6-43 marks the start o f 
a packet by two successive Os. Suppose a LAN adapter is hardwired to recog­
nize eithe r the address I~ or 01~. The adapter is 10 assert a Moore-type out­
put. P _IN, if a packet arrives and decodes to the adaptor's addresses. Develop 

Workstation Worksl8lion 

FIGURE P6-4.3 
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an ASM chart for the packet detection and address decoding ci rcui t. write and 
veri fy a Verilog model of the machine, and synthesize the machine. Note 
whether the synthesis process has de tected and/or removed any equivalent 
states. Explore alterna tive state assigoments. 

44. The rotor of a conventional motor rotates continuously when power is applied. 
The rotor of a stepper motor can be controlled to move a prescribed number of 
steps or to rotate continuously at a prescribed speed. Stepper motors are widely 
used in computer numerical controL where they control precision machine 
tools. and in personal computers. where they control floppy disk drives and con­
trol the paper feed of line printers. and in numerous other applications in which 
accurate positioning without feedback control is a requirement. A simple step­
per motor has the configUration shown in Figure P6-44. in which a set o f fixed 
stator coils form c lectromagnets locatcd symmetrically about the perimeter of 
the motor assembly. A permanently magnetized rotor" is free to rotate on a 
ccntral axis under the influence of the magnetic fields tha I are created when 
the coils are energized. The angular position of the rotor is controlled by 
sequential ly energizing tbe coils to create a rotating magnet ic field thaI exerts 
force on the poles of the rotor magnets. The stalor coils can be energized 
sequentia lly to make the rotor move to a desired angular posi tion or to ro tale 
continuously al a selected speed. The angu lar acceleration o f the rotor can be 
controlled by varying the spacing between the pulses thaI energize the coils. 
The motor in Figure P6-44 has only four stator coils. so the rotor can be held 
stable in any of eight different positions (states), with an angular resolution of 
45 dcgrccs,(the motor steps in increments o f 45 degrees). Increasing Ihe num­
be r of coils increases the resolution of the position of the rutor. l2 The coils are 
energized individually. to hold the rotor at the posi tion of the energized stator, 
or in an adjacent/pairwise fash ion, to orient the slator al an angle midway 
between two adjacent stators.. For example, if coils CO and Cl are both ener­
gized, the rotor will move from the position of CO to Ihe position PI. Succes­
sively energizing (I) CO,(2) CO and C},(3) Cl. (4) Cl and C2,and (5) C2 will 
rotate the rotor clockwise to the position of C2. The speed at which the mOlor 
rOlates is determined by the time interval between the inputs. Design and syn­
thesize a Moore-type state machine to control the direct ion, speed, and angu­
lar acceleration of the motor's rotor, with inputs that program the machine to 
(l) advance by a specifi ed number of steps in a given direction. (2) spin at a 
specified rate, and (3) accelerate from rest to a specified angular velocity (with 
stepwise increments in speed). Pulse rates from 1500 to 2500 pulses per second 
are allowed . 

. ll AnOlher c1ass of stepper mOlors has a variabte reluctance 
-'2CommerciaJ motors have angular resotulion ranging from 0.72 10 90 degrees. 
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flGURE'6-44 Rotor and lIalor configuration of I four-polc steppcr motor, 

45. The scheme shown in Figure 6-44 (c) generates registered Mealy outputs by 
forming them from the n~xt.Jt(Jle rather than from the state of the machine. 
Modify the Verilog Model in Example 6.28 by replacing ils level-sensitive cyclic 
behavior with two level-sensitive cyclic behaviors.. One is to form next_state 
from SIDle: and B-.in; the otber is to fonn B_out from next_state and BJ n. Ver­
ify tha t the output of the modified model is registered and matches the wave­
form of NRZI_Mealy in figure 3-24 (with latency). Annotate the waveforms to 
show that the values of the registered output correspond to the present state 
and the input thai caused the transition 10 the present state. 

46. Explain the consequences of replacing procedural assignments by nonblocking 
assignments in Example 6.39 and Example 6.41. 



CHAPTER 7 Design and Synthesis 
of Datapath Controllers 

Digital systems range from those that are control-dominated to those that are data­
dominated. Control-dominated systems are reactive systems responding to external 
events; data-dominated systems arc shaped by the requirements of high-throughput 
data computation and transport, as in telecommunications and signal processing 1I]. 
Consequently, sequential machines are commonly classified and partitioned into data­
path units and control units. Examples in the previous chapters have included both. 

Most datapaths include arithmetic units, such as arithmetic and logic units 
(ALUs), adders, multipliers, shifters, and digital signal processors, but some do not, 
such as graphics coprocessors. Datapath units consist of computational resources (e.g. , 
ALUs and storage registers), logic for moving data through the system and between 
the computation units and the internal registers, and datapaths for moving data to and 
from the external environment. The datapath unit in Figure 7-1 is controlled by a 
finite -state machine (FSM) that coordinates the execution of instructions that perlonn 
operations on the datapath. Datapath units are characterized by repetitive operations 
on different selS of data, as in signal processing, image processing, and multimedia [2]. 
Architectures thai are dominated by control units will generally have a significant 
amount of random (irregular) logic, together with some regular structures, like multi­
plexers fo r steering signals and comparators. 

7.1 Partitioned Sequential Machines 

Partitioning a sequential machine into a datapath and a controller clarifies the archi­
tecture and simplifies the design of the system. The process by which the machine is 
designed is said to be application driven because the sequence of operations that must 
be perfonned by the datapath unit in a particular application determines the resources 
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Da!apa!hs 

Clock 

FIGURE 7-1 State-machin~ controller for a datapa!h. 

composing its architecture, the set of instructions that must be executed by the data­
path , and, ultimately, the FSM that controls the datapath. 

The sequence of steps in an application-driven design process is illustrated in 
Figure 7-2. Once the architecture of the datapath unit has been selected to support the 
instruction set of an application, sequences of operations (control states) that support 
the instruction set can be identified. The control states are used to schedule assertions 
of the signals that control the movement and manipulation of data as the machine exe­
cutes instructions. Then an FSM can be designed to generate the control signals. In this 
section, we will illustrate the design of datapath controllers for some simple functional 
units to prepare for the design of a stored-program reduced instruction-set computer 
(RISC) in the next section. 

Control units orchestrate, coordinate, and synchronize the operations of datapath 
units. The control unit of a machine generates the signals that load, read, clear, and shift 
the contents of storage registers; fetch instructions and data from memory; store data 
in memory; steer signals through muxes; control three-state devices; and control the 
operations of ALUs and other complex datapath units. In simple synchronous 
machines, a common clockl s}'Ilchronizes the activities of the controller and datapath 
functional units. Note that the control unit in Figure 7-1 is implemented as an FSM,and 
is itself controlled by external input signals (primary input signals) and by status sig­
nals from the datapath unit. The FSM produces the signals that control the operation 
of the datapath unit. 

Datapath units are commonly described by dataflow graphs; control units are 
commonly modeled by state transition graphs and/or algorithmic-state machine (ASM) 
charts for FSMs. Partitioned sequential machines can be modeled by an FSM and data­
path (FS~D),a combined control-dataflow graph, which expresses datapath operations 

tMor~ complu machines may have multiple clocks that synchronize particular activiti~s of the machine. 
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FlGURE 7-2 Appliealion-rlriven archi le<:lUre, inslruction se t, and control sequence [or 
adatapatheontToller. 
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in the context of a state-transition graph (STG). As noted in Chapter 5, we favor using 
an ASM and datapath (ASMD) chart, which likewise links an ASM chart for a control 
unit to the operations of the datapath that it controls. 

7.2 Design Example: Binary Counter 

Consider a synchronous 4-bit binary counter that is to be incremented by a count of I 
at each active edge of the clock, and whose count is to wrap around to 0 when the 
count reaches 11112, As a first view of the machine, we could describe the counter by 
an implicit state machine, Binary_Counter jmp, executing a register transfer opera­
tion (count <= count + 1) conditionally, in every clock cycle, depending on enable, 
and then synthesize a hardware realization directly.2 A second approach is to partition 
the machine into an architecture of separate datapath and control units, as shown in 
Figure 7-3 for Binary_Counter....Arch, with a specific architecture for the datapath. 

The functional elements of the architecture of the datapath unit consist of ( I ) a 
4-bit register to hold count, (2) a mux that steers either count or the sum of count and 
CMXI12 to the input of the register, and (3) a 4-bit adder to increment count. The signal 
enable must be asserted for counting to occur, and the signal rSf overrides all activity 
and drives count to a value of~. The input rst must be de-asserted and enable must 
be asserted for the machine to begin counting and to continue counting. The control 

~SeeElIamplc5.41 
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Binary_CounurJl,rch 
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flGURE 7.J An:hileclure for a synchronous 4-bil binary counter 

unit for this simple machine passes enable directly to the datapalh unit as the signa l 
enable DP. The signals elk and rsf arc shown in Figure 7-3 to accommodate a can­
trollcr for a more general specification of a counter.) 

Next, consider a third alternative in which the counler itself is an explicit-state 
machine, Binary_Counte,_STG, having state count (the contents of the counter), and 
inputs enable, clk , and rst. The simplified STG of the machine is shown in Figure 74, with 
count entered as the state label within each node. (The resct-directed arcs arc not shown, 
nor are the arcs that return 10 the current state if enable is not asserted.) The STO can be 
used to develop an explicit state machine with two cycl ic behaviors,one defining the next­
state10utput combinational logic and the other synchronizing the state transitions. Note 
that this approach to the design of the counter/machine can become unwieldy, because the 
size of the graph increases with the width of the datapath. lt is often true that the number 
of states of the data path registers is enormous compared to the number of states of the 
control unit. Partitioning the design eliminates the need to consider the state of the data­
path registers, except to generate status signals that are fed back to the control unit (e.g., a 
signal indicating that count has a particular value). 

The preceding three views of a 4-bit binary counter illustrate how partitioning a 
sequential machine into a datapath and a controUer can reduce the size of the state that 
needs to be considered in the design and simplify the control unit of the machine. Because 
the machine is simple, the task of writing and synthesizing a behavioral model is easy: 
managing the design of more complex machines becomes unwieldy unless the overa ll 

-'$ee PToblem 7-4allheend oflhethapler. 
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" CURE '.4 Simplified STG for a synchronou$ 4·bit binary countcr 

machine is partitioned into a data path unit and a control unit. In this example, the implicit 
slate machine has the simplest description; it expresses datapath operations in terms of 
language-based operators and suppresses explicil structural detail of the datapath, leaving 
il to the synthesis tool. The partitioned machine has the most structural detail, a simple 
controller, and a datapath architecture having a register whose state does not influence 
the design; the STG·based approach required a detailed STG and led to a state machine 
with 16 stales, because the state of the machine was the state of the register holding COIln/. 

This approach is unattractive because even a simple resizing of the data path requires 
redesigning the controller. The relative complexity of the Verilog models and the synthe­
sized hardware are trade-offs between the equivalent, but alternative machines. 4 

Yet another view of the binary counter is based on the counter's computational 
activiIy. The machine is described by mixing the ASM chart with datapath operations, as 
shown in Figure 7-5. Binary_Counter ..fi,SM has one state, S-,unning.s At every clock, 
enable is tested and a transition is made back to S]l.Uming; if enable is asserted, a condi­
tional register operation that increments the counter is executed concurrently with the 
state transition. The ASM chart describes the activity of more complex counters and 
other singJe-cycle machlnes that have a different relationship governing the register 
operations. For example, the function naCcounl could describe a Johnson counter.6 

Note that the description does not require an explicit state register because it remains in 
the same state. In fact, it reduces to the implicit state machine described above. Avoid this 
practice of mixing datapath operations with an ASM chart because (I) the control signals 
that cause the datapath operations are not explicitly identified and (2) the practice can 

'See Problems 10 and II at the end o(this chaptcr. 
~il machine is actually the &amc &5 Birwry _ColUllerjmp mcntioned above. 
"Sec Problem 17 in Chapter 5. 
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FIGU RE 7·S ASM chart for a synchronous 4·bit binary counter. 

FIGURE 7-6 ASMD chan for a datapath uoit,a synchronous 4·bit bioary couotcr, 
controlledbyastatemachinc. 

create confusion by suggesting that the datapath operation is part of the controller. A 
more clear distinction between the control unit and the datapath unit can be made. 

A fifth approach to designing the binary counter partitions the machine into a 
control unit and a datapath unit, but designs a register transfer level (RTL) behavioral 
model for the datapath unit, rather than a structural model (as we did in Figure 7-3). 
This style separates the design of the control unit from the design (and synthesis) of 
the datapath unit and simplifies the task of describing the datapath unit. 

We separate the unit that determines what happens to the data from the unit that 
determines when it happens. This effort might seem like overkill for this counter (and 
it is), but the style is critical to successful design and synthesis of more complex 
machines and is easily implemented in Verilog, Figure 7-6 shows an ASMD chan for 
Binary_Counter _ParcRTL, a counter partitioned into a datapath unit and a control unit, 
with signal enable_DP linking the controller to the datapath. The model's control unit 
passes enable through to the datapath unit. The state machine of the controller consists of 
only the pass-through logic. (In general. a controller consisting of only combinational 
logic can be absorbed by the datapath unit to form an implicit state machine.) The ASM 
chart identifies the inputs and outputs of the controller and is annotated with the register 
operations that are caused by the output signals,i.e., assertion of the Mealy output signal 
enable_DP controls the operation count <= nexccount. The operation executes at the 
clock edges that cause the state transition of the machine. 
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Example 7. 1 

The Veri log description Binary_Counter_Par,-RTL has two neSled modu les: 
Control_Unit and Datapath_Unit. The data path has becn described with flexibililY 
10 impleme nt codes for o lh er counters, indepe ndently of the control unit. ' The sim­
ulation results in Figure 7-7 show that counting begins at the first rising edge of elk 
after enable is asse rted , that counting continues whi le enable is asserted , and that 
enableD P replicates enable. The machin e also recovers from a reset on-thc-fly 
condition. 

o 
Name 

module Binary_Counter_Part_RTL #(parameter size =4) ( 
output (size -1: 01 count, 
input e nable, 
Input elk,rst 

); 
wire enable_OP; 

Control_Unit MO_Controlier (enable_DP, enable, elk, rSI); 
Oatapath_Unit M1_Dotapath (count. enable_DP, elk, rsl); 

endmodule 

module Control_Unit (outputeoable_DP, input enable, dk, rst); II elk, reset not needed 
assign enable_DP:: enable; 

endmodu le 

70 140 2\0 

<'nabl<,_DP 

coum[3:OJ ~o[!II2illj, ~'Xl,!X:'m:' ~8]]'~. ~b~'Id~. (IfCC[!II2illj' [ oIT!]1 3;2 [!'k'ill:' 

FlGURE 7-7 Simulation rewlts ror Birwry_Counru _RTL, a synchronous 4-bit binary 
counteroontrolled by a state machine. 

7We illust rate here the ou;.e or descriptive module irulance names (MO_COIIfrollu. M IJ)lJtapath) for lhe con­
troller and the datapa th . These names wiU appear explK:illy in the de$ign hierarchy displayed by a $imulation 
o r synthe$is 1001. makin, it easier to locale ~gnab. HO'fo'C"er, for our simpler examples, we will use simpler 
names (e.g.. MO and MI). 
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module Oatapath_Unit #(parameter size:: 4)( 

I: 

output reg [size-1: 0] count, 
input enable, 
input elk, rst 

always @ (po.edge elk) 
If (rst;;; 1) count <; 0; 

el •• if (enable == 1) count < = next_count(coun!); 

function [size-': 01 
input [size-1: 0] 
beg'n 

next_count = count + 1: 
end 

endfunction 

count: 

endmodule 

Next, we will redesign the counter to rann Binary_Counter_ParCRTL_by...J, which 
increments its count every third clock cycle. Only tbe control unit must change. One 
approach is to model the control unit by the implicit Moore machine shown below, The 
simulated activity of the machine is shown in Figure 7-8. 

module Control_UniCbL3 (output reg enable_OP, Input enable, elk, rst): 
always begin: Cycle_ bL3 
@(po.edge elk)enable_DP<= 0: 
if «rst == 1) II (enable != 1)) dis able Cyele_bL3; else 

@ (posedge elk) 
If (rst == 1) II (enable != 1)) disable Cyele_bL3; else 

@ (posedge elk) 
If «rst == 1) II (enable 1= 1») d isable Cycle_ bL3; 
else enable_ DP <= 1; 

end /I Cyele_bL3 
endmodule 

End of Example 7.1 

The Verilog module Binary_CounterYarCRTL_by...J, with the modified control 
unit, is synthesizable. We anticipate that two flip-flops will be needed to implement the 
implicit-state machine of the control unit, because the state evolves through three 
embedded clock cycles. One flip-flop will be needed to register enable_DP,and four flip­
flops will be needed to implement the register holding count in the datapath unit. -I'he 
synthesis results in Figure 7-9 confirm this use of resources for the control unit. However, 
the post-synthesis behavior of Binary_Counter _Part.flTL_by...J is problematic.1I 

85,,1' Problem 10 at the end of this chapter. 
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FIGURE 7-8 Simulation results for Bu.(lry_CQWtle~Yr"'_RTl......py..J with a control unit 
toineremcntthedatapathoountereverythirdeycle. 

nGURE 7·9 Circuit syn thesized for ConrroCUlli,_by.,). the control unit of 
Binary_Coul1lerJ'''rCRTLyy...). a 4-bit binary counter partitioned into a C(>fItrol unit 

and a datapalh unit . .. ·ith the counter incremcntingevcry thirdel<:x: kcycJc 

7.3 Design and Synthesis of a RiSe 
Stored· Program Machioe 

ill 

RISes are designed to have a small sel of instructions that execute in short clock 
cycles, with a small number of cycles per instruction. RiSe machines are optimized to 
achieve efficient pipelining of their instruction streams [2]. In this section, we will model 
a simple RiSe machine. Our companion Web site (www.pearsonhighered.comlcilctti) 
includes the machine's source code and an assembler that can be used to develop pro­
grams for student projects. Thc machine also serves as a starting point for developing 
architectural variants and a more robust instruction set. 
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Designers make high-level trade-offs in selecting an architecture that serves an 
application. Once an architecture has been selected, a circuit thai has sufficient perfor­
mance (speed) must be synthesized to implement the machine. Hardware description 
languages CHOu) playa key role in this process by modeling the system and serving 
as a descriptive medium that can be used by a synthesis tool. 

As an example, the overall architecture of a simple RISe is shown in Figure 7-10. 
RISC-.sPM is a stored-program RISe-architecture machine [3, 4] - its instructions arc 
contained in a program stored in memory. 

RIse SPM -

Control/er Pf'OU$sor 

L<xuI_RO H RO =2BJ Load..,.Rl ::I R' IR 

L<xuIJ/2 ::I R2 

Lo<>dJ/3 ~ 11 LoadYC 

Inc~PC 

inslruCiion 
O1TI4 

&1J]u.cl _Mux 
L.....M.u~ 

Lood.JR 8(.lS_1 

Load...AdlCReg 

~ L$r 
Load~tg_Y 

o::~~:o ALU mem word I ~ 

Load~eg_Z Reg-Z 0 I 2 ~ 
uro 

' M",_' 9 
&'-JJ(.lS~ Mux 

B~-' 

"'fl ft 

nGURE 7-10 Archite<:!ure of RISC..sPM , an RISe stored-program machine (SPM) 
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The machine consists of three functiona l units: a processor (datapath unit), a con· 
troller (control unit), and memory. Program instructions and data are stored in memory. In 
program-directed operation, instructions are fctched synchronously from memory. 
decoded, and executcd to (1) operate on data within the arithmetic and logic unit (ALU), 
(2) change the contents of storage registers.. (3) change thc contents of the program counter 
(PC). instruction registcr (IR).and the address register (ADD _R), (4) change the contents 
of memory, (5) retricve data and instructions from memory, and (6) control the movement 
of data on the system busses. The instruction register contains the instruction that is cur· 
rently being executed; thc program counter contains the address of the next instruction to 
be executcd; and the address register holds the address of thc memory location that will be 
addressed next by a read or write operation. 

7.3.1 RISe SPM: Processor 

The processor includes registers, datapaths, control signals. and an ALU capable of 
perfonning ari thmetic and logic operations on its operands, subject to the opcode held 
in the instruction register. A multiplexer, Mux_l . determines the source of data that is 
bound for Bus_I, and a second mux, Mux--1.determines the source of data bound for 
Bus_2. The input datapaths to Mux_l are from four internal general-purpose registers 
(RO. RI, R2, R3),and from the PC.The contents of Bus_1 can be steered to theALU.to 
memory, or to Bus_2 (via Mux..,). The input datapaths to Mux.,) are from the ALU, 
Mux_l . and the memory unit. Thus, an instruction can be fetched from memory. placed 
on Bus..,), and loaded into the instruction register. A word of data can be fetched from 
memory and steered to a general.purpose rcgister or to the operand register (Reg_y) 
prior to an operation of the ALU. The result of an ALU opcration can bc placed on 
Bus.,) , loaded into a register, and subsequently transferred to memory. A dedicated 
register (Reg_Z) holds a fl ag indicating that the result of an ALU operation is 0.9 

7.3.2 RISC SPM: ALU 

For thc purposes of this example, the ALU has two operand datapaths, dO/aj and 
data...), and ils instruction set is limited to the followi ng instructions: 

Ilistrudion 

ADD 
SUB 

7.3.3 RISC SPM: Conlroller 

~ 
Adds the dlitapatM to form dallel + da/a....2 

Subtracts the datapaths to form dO/Q_1 - dQ/II....2 

Takel the bitwise·and of the datapaths, da/Q_I &, do/a...) 

Takes the bitwise Boolean I:(lmplement o f da/Q_l 

The timing of all activity in thc machine is detennined by the controller. The controllcr 
must steer data to thc proper destination, according to the instruction being executed. 
Thus, the design of the controller is strongly dependent on the specification of thc 

~is ean be used 10 monitor a loop index. 
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machine's ALU and datapath resources and the clocking scheme available. In this 
example. a single clock will be used, and execution of an instruction is initiated on a sin­
gle edge of the clock (e.g., the rising edge). The controller monitors the state of the pro­
cessing unit and the in struction to be executed and detennines the value of the control 
signals. The controller's input signals arc the instruction word and the zero fl ag from 
the ALU. The signals produced by the controller are identified as follows: 

L<Xld_Add_R~g 

Load_PC 

f--OlldJR 

Sd_Bu£_I_Mux 

StCBuJ_2_Mux 

l..ctJd_RO 

Load_RI 

Load_R2 

Load_R3 

LoadJ?tK_Y 

Load Rt g_Z 

Loads the address registcr 

Loads BusJ to. the program counter 

Loads Rus_2 to the instruct ion register 

Increments the program counter 

Selects among the Program_Cou.nter. RO. Ri, R2. and RJ to drive HIU_' 

Selects among Alu_OIU, Bu.s_i. and memory to drivc BIU,...2 

Loadsgeneral·purposeregisterRO 

Loads gencral·purpoloC register Rl 

Loadsgeneral·purposeregisterR2 

Loads genera l·purpose register R3 

Loads Bus....2 to the register Reg_Y 

Stores output of ALU in register R~!LZ 

Loads Blls_l into the SRAM memory al the location specified b~ tht 
address register 

The control unit ( I) dete rmines when to load registers, (2) selects the path of data 
through the multiplexers, (3) detennincs when data should be written to memory, and 
(4) controls the th ree·state busses in th e architecture. 

7.3.4 RISe SPM: Instruction Set 

The machine is controlled by a machine language program consisting of a set of instruc­
tions stored in memory. So, in addition to depending on the machine's architecture, the 
design of the controller depends on the processor's instruction set (i.e., the instructions 
that can be executed by a program). A machine language program consists of a stored 
sequence of B-bit words (bytes). The format of an instruction of RlSC_SPM can be long 
or short, depending on the operation. 

Short instructions have the format shown in Figure 7-11(a). Each shon instruction 
requires t byte of memory. The word has a 4-bit opcode, a 2-bit source register address, 
and a 2-bit destination register address. A long instruction requires 2 bytes of memory. 
The frrst word of a long instruction contains a 4-bit opcode. The remaining 4 bits of the 
word can be used to specify addresses of a pair of source and destination registers, 
depending on the instruction. The second word contains the address of the memory 
word that holds an operand required by the instruction, Figure 7-11(b) shows the 2-byte 
format of a long instruction. 
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I 0 
Opood< I 50_ I~""~I Opood< I s.- Destination 

101' 10 01' , I 0 o ~ , l' 1 01 ' L °1':~' I~:" 
Address 

o I 0 I 0 I ' I ' I ' I 0 I ' 
(.) (b) 

FIGURE '-11 Instruction fonnat of (a) a short instruction and (b) a long instruction. 

The instruction mnemonics and their actions are listed below. 

Single-Byte JDlItnKrion 

NOP 

ADD 

NOT 

SUB 

RD 

BR 

BRZ 

~ 
No operation is perfonned: all registers retain their va lut'S. The 
Iddresses of the IOUrce and deltination register aredon'l-cares. 
lheyhavenoeffecl. 
Adds Ihe contents o f tbe 5OIIJ"ce and destination regislers I nd 
Ilorestherciultiniolhe destinalion registe r. 
Forms lhe bilwise-and oflhc oontcnlsoflhc$Ourceand dcs tina· 
tionregistersand$loreslhere$ull inlo the dellinalion regille r. 
Forms the bitwise oomplement of the conlent o f Ihe source regi!· 
ter and stores the result into the destina tion register 
SubtractstheoontentofthciOur« registcrfrOTn lhe deSlination 
rcgisterand stores lheresuil into the deatination regisler 

~ 
Fetches I memory ... ·ord from the location specified by the sec· 
ond bYle Ind loads the result into the destination register. The 
source register bits are don·t-cares (i.e .. unused). 
Writes the oontent5 of the IOlIJ"ce register to the word in memory 
specifled by Ihe address bekl in lhe secondhytc.Thedestinllion 
regisle rbit5aredon 'l-cares( i.e., unused). 
Branehes lhe aetivilyfiowbyloadingtheprogramoounterwith 
the word at the Joeation (addren) specified by the second byle o f 
the instruction. The source and destination bits are don'l --eares 
(i.e., unlaed). 
Bra.nches the aClivily flow by loading Ihe program oounler wilh 
the word at the location (address) specified by the second byte of 
theinstruclion ifthezero fl agregisleris asscrled. 

The RISC_SPM instruction set is summarized in Table 7· 1. 
The program counter holds the address of the next instruction to be executed. 

When the external reset is asserted. the program counter is loaded with 0, indicating 
that the bottom of memory holds the next instruction that will be fe tched. Under the 
action of the clock . for single-cyc1e instructions. the instruction at the address in the 
program counter is loaded into the instruction register and the program counter is 
incremented. An instruction decoder determines the resulting action on the datapaths 
and tbe ALU. A long instruction is held in 2 bytes and an additional clock cycle is 
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TABLE 1 t Inslrudion se l for the RISCJPM machine. 

I~Wonl ...... 
NOP 0000 ?1 

ADD 0001 des l dest <- sTc + desl 

SUB dC$I <_ dest - src 

AND 0011 desl < - src&dest 

NOT 0100 dCSl <--src 

RD· 0 101 

WR· 0110 memory[Add..,.RJ < src 

BR· 0111 PC <- memory[AlxCRJ 

BRZ· 1000 11 PC <- memory rAdd~1 

?' Hahscxtcutionuntilresct 

Requirc$ 3 second word of da ta; 1 deno tes a don't-care. 

required to execute the instruction. In the second cycle of execution, the second byte is 
fe tched from memory at the address held in the program counter and then the instruc­
tion is completed. Intermediate contents of the ALU may be meaningless when two­
cycle operations are being executed. 

7.3.S RISe SPM: Controller Design 

The machine's controlle r will be designed as an FSM. Its stales must be specified , 
given the architecture, instruction set , and clocking scheme used in the design. This 
can be accomplished by identifying what steps must occur to execute each instruction. 
We will use an ASM chart to describe the activity within the machine, R ISC_SPM, 
and to present a clear picture of how the machine operates under the command of its 
instructions. 

The machine has three phases of operation: felch, decode, and execute. Fetching 
retrieves an instruction (rom memory, decoding decodes the instruction, manipulates 
datapaths, and loads registers; exej;:ution generates I.he results of the instruction. The 
fetch phase will require two clock cycles- one to load the address register and onc to 
retrieve the addressed word from memory. The decode phase is accomplished in one 
cycle. The execution phase may require zero, onc, or two more cycles, depending on the 
instruction. The NOT instruction can execute in the same cycle that the instruction is 
decoded; single-byte instructions, such as A D D. take one cycle to execute, during 
which the results of the operation are loaded into the destination register. The source 
register can be loaded during the decode phase. The execution phase of a 2-byte 
instruction will take two cycles (e.g., RD)-one to load the address register wi th the 
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second byte and one to retrieve the word from the memory locat ion addressed by the 
second byte and load it into the destination register. The controller for RISC_SPM has 
the 11 states listed below. with the control actions that must occur in each state. ' 

S_idfe State entered after reset is asserted. No action. 
SJerl Load the address register with the contents of the program counter. 

(Note: PC is initialized to the starting address by the reset action.) 
The state is entered at the first active clock after reset is de-asserted, 
and is revisited after a NOP instruction is decoded. 

SJet2 Load the instruct ion register with the word addressed by the 
address register and increment the program counter to point to the 
next location in memory. in anticipation of the next instruction or 
data fClch. 

S_dec Decode the instruction register and assert signals to control data­
paths and register transfers. 

S3xl Execute the ALU operation for a single-byte instruction, condition­
ally assert the zero flag, and load the destination register. 

S]dl Load the address register with the second byte of a RD instruction, 
and increment the Pc. 

S]d2 Load the destination register with the memory word addressed by 
the byte loaded in S]dl. 

S_wrl Load thc address register with the second byte of a WR instruction, 
and increment the Pc. 

S_wr2 Write the data stored in the source register filed of the instruction 
register to the memory location loaded in the address register in 
S_wrl. 

S_brl Load the address register with the second byte of a BR instruction, 
and increment the Pc. 

S_br2 Load the program counter with the memory word addressed by the 
byte loaded in S_brl . 

5J1alt Default state to Irap failure to decode a valid instruction. 

The partitionedASM chart for the controller of R1SC_SPM is shown in Figure 7-12, 
with the states numbered for clarity. Once the ASM charts have been built, the designer 
can write the Vcrilog description of the entire machine, for the given architectural pani­
tion. This process unfolds in stages. First, the functional units are declared according to the 
partition of the machine. Then their ports and variables are declared and checked for syn­
tax. Then the individual units are described, debugged, and verified. The last step is to inte­
grate the design and verify that it has correct functionality. 

The top-level Verilog module R1SC_SPM integrates the modules of the architec­
ture of Figure 7-10 and will be presented first. Three modules are instantiated: 
ProcessinK_Unit, ControCUnit, and Memory_Unit, with instance names MO_ProcesJor, 
MI _Comroller, and M2_Mem , respectively. The parameters declared at this level of the 
hierarchy size the datapaths between the three structura l/functional units. 
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(., 
FIGURE 7-12 ASM charts for the controller OJf a procc:"or that implements the RISC_SPM 

instruction set: (a) NOP,ADD,SUB,AND, (b) RD,(e) WR,(d) NOT. and (e) DR, BRZ. 
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FIGURE 7-U Continued 
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( 0) 

flGURE 7·U Conlinued 
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I1GURE 7·U Continued 
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nGURE 7·12 Continued 



module RISC_SPM #(parame1er word_size'" 8, Sell_size'" 3, Sel2_size '" 2)( 
input clk, rst 

); 

(fOata Nets 
wire 1Sel'_size.1: 0) SeI_Bus_1_Mux: 
wire [SeI2_slze.1: O[ SeLBus_2_Mux; 
wire zero; 
wire [word_size ., ; 0) instruction, address, BuS_1, mem_word; 

II Control Nets 
wire load_RO, Load_R1, Load_R2, l 03c:CR3, load_PC. Inc_PC: load_IR, 

load_Add_R, Load_Re!LY, Load_Reg_Z, write; , 

Processing_Unit MO_Processor (instruction, address, Bus_ ' . zero, mem_word, 
load_RO, Load_R1 . Load_R2. Load_R3, load_PC, Inc_PC, SeLBus_, _Mux, 

SeLBus_2_Mux,load_IR. load_Add_R, Load_Reg_Y, Load_Rag_Z, elk, rat); 

ControLUnit M1 _Controlier (SeLBus_2_Mux, SeLBus_1_Mux, Load_RO, 
load_R1, load_R2,load_R3, Load_PC, Inc_PC, Load_IR, load_Add_R, 

Load_Reg_Y, load_Reg_Z, write,lnstruction, zero, elk, rst): 

Memory_Unit M2_MEM ( 
.data_out(mem_word), 
.data_in(Bus_1), 
.address(address), 
.clk(clk), 
.write{write»; 

endmodule 

The Verilog model of the machine's processor will describe the architecture, register 
operations. and datapath operations that are represented by the functional units shown in 
Figure 7·1 0. The processor instantiates several other modules, which must be declared too. 

module Processing_Unit #(parameter 
word_size '" 8, op_slze '" 4, Sel1_size = 3, Sel2_size '" 2)( 
output [word_size ·1: OJ instruction, address, Bus_1, 
output Zflag, 
Input (word_size ·1: OJ mem_word, 
input l08(CRO, L08c:CR1 . load_R2, Load_R3, load_PC, 

input (Sel,_size ·1 : OJ 
input (SeI2_size ·1: OJ 
input 
input 

wire (word_size ·1 : 0] 
w ire (word_size ·1 : 0] 

Inc PC, 
SeLSus_1_Mux, 
SeLBus_2_Mux, 
Load_IR, Load_Add_R. Load_Rag_Y, Load_R6iLZ, 
elk,rst 

Bus 2; 
RO_~ut, R1_out, R2_out, R3_out; 



wire [word_size · 1: 0) 
wire 
wire [op_size ·l : 0) 

Register_Unit 
Register_Unit 
Register_Unit 
Register_Unit 
Register_Unit 
D_f1op 

Address_Register 
Instruction_Register 
Program_Counter 

Multiplexer_5ch 

PC count, Y value, alu out; 
alu::::zero_na9; -
opcode = instruction [worcCsiz&-1: worcCsize-op_size); 

ALU 

(RO_out, Bus_2, Load_RO, elk, rst); 
(Rl _out, Bus], Load_Rl , elk, rst); 
(R2_oul, Bus_2, Load_R2, elk, rst); 
(R3_out, Bus_2, laad_R3, elk, rst); 
(Y_value, Bus_2, load_Reg_Y, elk, rst); 
(Zflag, alu_zero_f1ag, load_Reg_Z, 

elk,rst); 
(address, Bus_2, l oad_Add_R, elk, rst); 
(inslructiofl, Bus_2, Load_IR, elk, rst); 
(PC_count, Bus_2.load_PC, Inc_PC, 

elk,rst); 
(Bus_" RO_out, R1_out, R2_oUI, 

R3_out. PC_count, 
SeLBus_, _Mux): 
(Bus_2, alu_out. BuS_I , mem_word, 
Sel_Bus_2_Mux); 
(alu_out, alu_zero_flag, Y_value, Bus_1, 

opcode); 
endmodule 

module Register_Unit #(parame.er ward_size = 8) ( 
output reg (wofCCsize·1: 0) data_oul, 
input [word_size · 1: 0) data_in, 
input load, elk, rst 

); 
atway. @ (po.edge elk, negedge rst) 
If (rst "'''' l'bO) data_oul <= 0; else 11 (load) data_out <= data_in; 

endmodule 

module O_flop (output reg data_out, Input dataJ n, load. elk, rs!); 
alway. @ (posedge elk, negedge rsl) 
if (rs! == l'bO) data_out <'" 0; el.e if (load == ,'bl) data_out <= data_in: 

end module 

module Address_Register ~JNlrameter word_size'" 8)( 
output reg (word_siZe ·1: 0) data_out, 
input (word_size ·1 : 0) data_in. 
input load, clk, rst 

); 
atways @ (po.edge clk, nagedge rst) 
If (rst == l 'bO) data_out <= 0: else if (load >It l 'bl) data_out <= dataJn; 

endmodule 

module Instruction_Reglsler #(parame' er word_size '" 8)( 
output reg [word_size ·1: 0] data_out, 
input [word_size ·1: 0) data_in. 
Input load, elk, rst 
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); 
always @ (posedge clk, negedge rst) 
if (rst == l 'bO) data_out <= 0; else if (load == l'b1) data_out <= data_ in; 

endmodule 

module Program_Counter t#(parameter word_size = 6)( 

); 

o utput reg (word_size -1: 01 count, 
input (word_size -1: 0) data_in, 
input Load_PC, Inc_PC, 
input elk, rst 

always @ (posedge clk, negedge rst) 
if (rst == l'bO) count <= 0; 
else If (Load_PC == 1'b l ) count <= data_in; 

else If (Inc_PC == 1'b1) count <= count +1; 
endmodule 

module Multiplexer_5ch #(pa rameter word_size = ax 

); 

output [word_size-1 : 0] mux_out, 
Input [word_size -1: 01 data_a, dala_b, data_c, data_d, data_e, 
Input (2: 0] sel 

assign mux_out = (sel == 0) ? dala_a: (sel:::= 1) 
? data_b : (sel == 2) 
? data_c: (sel == 3) 
? data_d : (sel == 4) 
? data_e : bx: 

endmodul. 

module Multiplexer_3ch t#(parameter word_size = 8)( 
output [word_size -1: 0] mux_out, 
input [word_size-1 : 0] data_a. data_b, data_c. 
Input [1 : 0] sel 

); 

"" 

assign mux_out = (sel == O)? data_a: (sel == 1)? data_b : (sel := 2)? data_c: 'bx; 
endmodule 

The ALU is modeled as combinational logic described by a level·sensitive cyclic 
behavior that is activated whenever the datapaths or the select bus changes. Parame· 
ters are used to make the description more readable and to reduce the likelihood of a 
coding error. 

rALU Instruction 
ADD 
SUB 
AND 
NOT 
. / 

Action 
Adds the dalapalhs 10 form data_1 + data_ 2 
Subtracts the datapaths to form dala_' • data_2. 
Takes the bitwise·and of the data paths, data 1 & data 2. 
Takes the bitwise Boolean complement of data_ 1. -

If Note: the carries are ignored in th is model. 
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module A1u_RISC #(parameter word_size = 8,op_size :: 4, 
flOpcodes 
NOP :: 4'bOOOO, 
ADD :: 4'b0001, 
SUB :: 4'b0010, 
AND '" 4'bOO11, 
NOT = 4'b0100, 
RD =4'b010l , 
WR =4'bOl l0, 
BR ::4'b0111 , 
BRZ ::: 4'b1000 

)( 

); 

output reg (word size-1: 0] alu_out, 
output - alu_zero_flag, 
input [word_size -1: 0] data_1, data_2, 
input lop_size -1: 0] sel 

assign alu_zero_flag = -Ialu_out; 
always@(sel,dala_1,data_2) 

case (sel) 
NOP: alu_oul = 0: 
ADD: alu_out = dala_1 + dala_2; f( Reg_Y + Bus_1 
SUB: alu_out::: dala_2 - data_1; 
AND: alu_oul = dala_l & data_2; 
NOT: 
default: 

alu_oul = - daI8_2: 
alu_out = 0; 

f( Gets data from Bus_1 

andease 
endmodula 

The control unit is rather large, but its design has a simple fonn, and its develop­
ment follows directly [rom tbe ASM charts in Figure 7-12, First, declarations are made 
for the ports and variables needed to support tbe description, Then the datapath multi­
plexers are described with nested continuous assignments using the conditional (? .,.:) 
operator. Tho cyclic behaviors are used: a level-sensitive bebavior describes tbe combi­
national logic of the outputs and the next state. and an edge-sensitive behavior 
synchronizes the clock transitions. 

module ControLUnit #(parameter 
word_size = 8, op_slze '" 4, state_size:: 4, 

); 

src_size = 2, dest_size = 2, Sell_size = 3, SeI2_size::: 2){ 
output [SeI2_size -1: 01 Sel_Bus_2_Mux, 
output [Sel1_slze-1: OJ SeLBus_1_Mux, 
output reg Load_RO, Load_R1,load_R2, Load_R3,Load_PC, Inc_PC, 

Load_IR, Load_Add_R, Load_R8Q_Y, Load_R8Q_Z. write, 
input (word_size -1: 0) instruction, 
Inputzero,clk, rst 

If Slate Codes 
parameter S_idle:: 0, S_fet1 = 1, S_fet2 = 2, S_dec = 3, 
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S~ex 1 ;; 4, S_rd1 '" 5, S_rd2 '" 6, 
S_wr1 '" 7, S_wr2 =. 8 , S_br1 :;; 9, S_br2 '" 10, S_halt '" 11 ; 

II Opcodes 
parameter NOP '" 0, ADD = 1, SUB:;; 2, AND :: 3, NOT:: 4,RD = 5, WR:: 6, 

BR = 7,BRZ::8; 

fI Source and Destination Codes 
parameter RO = 0, Rl:: ' , R2::: 2, R3:: 3; 

reg (slale_size-l : 01 state, next_slale; 
reg SeLALU, SeL Bus_1, SeI_Mem; 
reg SeL RO, SeL R1 , SeLR2, Sel_R3, Sel_PC ; 
reg err_flag; 
wire lop_size -1 : 0] opcode = instruction [word_size- I : word_size - op_size]; 
w ire [src_size -1 : 0] src:: instruction [src_size + dest_size -1: dest_sizeJ; 
wire [desCsize -1 : 0] dest = instruction [dest_size -I: 01; 

II Mux selectors 
assign SeLBus_ , _Mux(SeI1_size -1: 0] = SeLRO? 0: 

Sel R1 ? 1: 
Sel- R2? 2: 
Sel=R3 ? 3: 
Sel_PC ? 4: 3'bx; 11 3-bits, sized number 

... Ign SeL Bus_2_MuK{SeI2_size-1 : 0) :: Sel_ALU? 0: 
Sel Bus ' ? l ' 
Sel=Me";:;?2: 2'bK; 

always@(posedge elk, "egedge mt) begin: Slate_transitions 
If (rst ::= 0) state <:: S_idle; else stale <'" nelrt_state; end 

,. atway.@(slale, instruction, zero) begin: Oulput_and_neKC slale 

Note: The above sensitivity list leads 10 inOOlTed operation. The state transition causes 
the activity to be evaluated once, then the resulting instruction change causes it to be 
evaluated again, but with the residual value of opcode. On the second pass the value 
seen is the value opoode had before the state change, which results in SeCPC = 0 in 
stale 3, Which will cause a retum to state 1 at the nelrtc:\ocl<:. Finally, opcode is changed, 
but this does not trigger a r&-evaluation because it is not in the event controi expression 
So, the caution is to be sure to use opcode in the sensitivity list. That way, the final eKe­
cution of the behavior uses the value of opcode thai results from the state change, and 
leads to the correct value of SeCPC. 

always@ (state,opcode, src, dest, zero) begin: Output_and_next-state 
Sel_RO = 0; Sel_Rl :: 0; SeL R2 = 0; Sel_R3 '" 0; SeLPC = 0; 

~==~~: g: ~=~~:~~ ~~~~:~R~~ Y = 0; ~~:~=~!g~~;", o~oad_PC = 0; 

Inc PC = O· 
Sel.Bus_ , '", 0; 
Sel ALU:: O' 
Sel=Mem "" 0; 
wrile "' O; 
err_flag'" 0; II Used for de-bug in simulation 
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next_state = state; 
ca •• (state) S_ ldle: 

S_fetl: 
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next state = S fell; 
begin -

next state'" S fet2; 
SeLPC = 1; -
SeLBus_, == 1; 
load_Add_R'" 1; 

."d 
begin 

next_state = S_dec; 
SeLMem = 1; 
Load_ IR" 1; 
Inc_ PC;. 1; 

ond 
S_dec: ca. .. (opcode) 

NOP: next state = S fel1; 
ADD, SUB~ AND: be9in 

next_state = S_8xl ; 
SeLBus_, '" 1; 
load_ Reg_Y = 1; 
ca.e (src) 

RO: 
Rl: 
R2 : 
R3: 
default 

endeas. 

Sel RO 1; 
Sel-Rl I; 
Sel- R2 I; 
Sel- R3 1; 
errjag 1; 

end J/ ADD, SUB, AND 
NOT: begin 

next state = S fetl; 
Load_ Re9_Z =- ,; 
Sel_ALU ::: I; 
ea.se(src) 

RO: 
Rl: 
R2: 
R3: 
default 

endca •• 
case (desl) 

RO: 
Rl: 
R2, 
R3: 
default 

endcase 
endll NOT 
RD: begin 

SeLRO = 1; 
SeLRl = 1; 
Sel R2: I ' 
SerR3=1 : 
err":=-f1ag= ,'; 

load_RO ::: 1 
load Rl = 1 
Load=R2 '" 1 
Load_R3 = 1 
err_flag = 1: 

next_stale = S_rdl ; 
SeLPC = I ; SeLBus_ ' = I; Load_Add_ R = 1; 
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WR: btlgin 

nelct_state:: S_wrl ; 
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Sel pc::, - Sel Bus 1" " l oad Add R = 1-
end ilWR . - - ' - - . 
BR: begin 

next_state:: S_brl ; 
SeLPC :: 1; SeL Bus_ ' '" 1; Load_Add_R = 1; 

end " BR 
BRZ: If (zero = .: 1) begin 

next state: 5 btl ; 
Sel PC '" 1- Sel Bus 1 = '-load Add R '" l ' 

end ii BRZ ' - - ' - - ' 

el • • begin 
nexLstale = S_fe!1; 
Inc_PC :: 1; 

.nd 
d.fault : next state · 5 halt; 
ande ••• 1/ (opcode) -

S_exl : begin 
next_state = S_fe!1 ; 
Load_Reg_Z:: 1; 

:!~~~~s7) 1; 

RO: begin SeLRO '" 1; load_ RO 1 end 
Rl : begin SeLRl = 1: Load_Rl 1 el'ld 
R2: begin SeLR2 z 1; Load_R2 1 end 
R3: begin See R3 • 1; load_R3 1 end 
default: err_flag . , ; 

andea •• 
• nd 

S_rdl : begin 
next state:: 5 rd2 : 

~dM=d=~;:' : 
tnc_PC = 1: 

.nd 
S_wrl : begin 

next_state :: S_wr2: 
SeLMem= 1; 
Load AcId R= 1; 
Inc_PC=:;; 

.nd 
S_rd2: begin 

next_slale = S_fetl ; 
Sel_Mom = 1: 
case (dest) 

RO: 
Rl : 
R2-

Load_RO = 1; 
load_Rl = 1; 
Load_R2 '" 1: 
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R3: Load_R3 '" 1; 
default err_Hag:: 1: 

andcase 
end 

S_wr2: begin 

endcas. 
end 

endmodule 

S_halt: 
default: 

next_state '" S_fetl: 
write: 1: 
case (src) 

RO: 
Rl: 
R2· 
R3: 
default 

endes •• 
end 

~::=:~ ~~: 
SeL R2'" 1: 
SeLR3'" I; 
err_nag'" I; 

begin next state = S br2; Sel Mem = 1: 
load_Add_R = 1: .;;-d -

begin next_state = 5_fell; SeLMem = 1; 
load PC'" I ; end 

nex,-State'" S_ halt; 
next_state:: S_idle: 

For simplicity, the memory unit of the machine is modeled as an alTay of O-type flip-flops. 
An alternative would be to use an external static RAM. 

module Memory_Unit #(parameter word_size = 8, memory_size = 256)( 
output [word_size -1 : 0] data_out, 
Input [word_size ., : OJ dataJn, 
input (word_size -, : 01 address, 
Input elk, write 

): 
reg [word_size -1: 0) memory (memory_size-1: 0); 

assign data_out = memory[address): 
always @ (posedge elk) 
if (write) memory[address] <= data_in: 

endmodule 

7.3.6 RiSe SPM: Program Execution 

A testbench for verifying that RlSC_SPM executes a stored program \lJ is given in page 374. 
leJI_R1SC_SPM defines probes to display individual words in memory, uses a one-shot 
(initiaf) behavior to nush memory, and loads a small program and data into separate 

lOAn ass.embler for the machine is located at the website for Ihis book,and can be used to generate programs 
for use in embedded applications of the proces.sor. 



DesigD and Synthesis or DafllplIIlh Controllers 

Name 0 

::::~::: t==========~==========1 
'''''''f.![7:01 t==========~==========1 
::::::::::t==========§===========1 

:::~~: : t==========~==========1 

FIGUItE 7-13 SImulation results produced by executing a stored program wIth RISC....sPM. 

areas of memory. The program (1) reads memory and loads the data into the registers of 
the processor, (2) executes subtraction to decrement a loop counter, (3) adds register 
contents while executing the loop, and (4) branches to a haJt when the loop index is O. 
This sequence of instructions demonstrates the machine's ability to execute a "for" 
loop. The results of executing the program are displayed in Figure 7-13. 
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module test_RISC_SPM #(parameter word_size = 8)0: 
regrst; 
wire cJk; 
reg [8: 0] k; 

Clock_Unit M1 (elk); 
RISC_SPM M2 (elk, rst); 

II define probes 
wire [word_siza-l : 0] wordO, word1, word2, word3, word4, wordS, wordS, 

word7, wordB, ward9, wordl0, wordl1 , word12, word13, 
word14,word12B, word129, word130, word131, wordl32, 
WOfd133, wordl34, word135, word136, word137, word255, 
wordl 3B, wordl39, wordl40; 

a •• lgn wardO = M2.M2_MEM.memory[O]. 
word1 = M2.M2_MEM.memorytl] , 
word2 = Ml.Ml_MEM.memoryj2]. 
word3 ::: M2.M2_MEM.memoryj3], 

word4 = M2.M2_MEM.memoryj4J. 
wordS::: M2.M2:....MEM.memory[5]. 
wordS'" M2.M2_MEM.memory[6]. 
word7 = M2.M2_MEM.memory[7], 
wordS = M2.M2_MEM.memory[8], 
ward9 = M2.M2_MEM.memory[9] , 
wordl0 = M2.M2_MEM.memory[10]. 
word1 1 = M2.M2_MEM.memory[11]. 
word12 = M2.M2_MEM.memory[12J, 
word13" M2.M2_MEM.memory[13] . 
word1 4'" M2.M2 MEM.memory[14J, 
word128 '" M2.M2_MEM.memoryI128J, 
word 129" M2.M2_MEM.memory(129]. 
wordl30" M2.M2_MEM.memory[130], 
word131 " M2.M2_MEM.memory{131], 
word132" M2 .M2_MEM.memory(132], 
word133 = M2.M2 MEM.memory{133], 
word l34 " M2.M2=MEM.memoryI134], 
word 135" M2.M2_MEM.memory(135], 
word 136 = M2.M2_MEM.memory[136], 
word137" M2.M2_MEM.memory[137]. 
word138 = M2.M2 MEM.memory[l38]. 
word140:: M2.M2=MEM.memory[140]. 
word255'" M2.M2_MEM.memory[255]; 

initial #2800 Sfinish ; 

II Flush Memory 
Initial begin: Flush_Memory 
#2 rst" 0; for (k=O; k<=255; k=k+1) M2.M2_MEM.memory[k] = 0; #10 rst = 1; 
end 
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initial begin: LoadJ)rogram 
#5 

M2.M2_MEM.memory[O] ::: 8'bOOOO_OO_OO; 
M2.M2_MEM.memory[l] == 8'b0101_00_10; 
M2.M2_MEM.memory[2]::: 130; 
M2.M2_MEM.memory[3]:::8'b0101 0011; 
M2.M2_MEM.memory[4]::: 131; --
M2.M2_MEM.memory[5) = 8'b0101_00_01; 
M2.M2_MEM.memory[6) = 128; 
M2.M2_MEM.memoryf7) == 8'b0101_00_00; 
M2.M2_MEM.memory(8) "" 129; 
M2.M2_MEM.memory(9) '::: 8'b0010_00_01; 
M2.M2_MEM.memory[10) = 8'b1000_00_00; 
M2.M2 MEM.memory[11] = 134; 
M2.M2=MEM.memory[12] = 8'bOOO,_,0_,,; 
M2.M2_MEM.memory[I3] = 8'bO"I _00_,, ; 
M2.M2_MEM.memory[14] = 140; 
II Load data 
M2.M2_MEM.memory[12B) ::: 6; 
M2.M2 MEM.memory[l29) = 1; 
M2.M2=MEM.memory[130) = 2; 
M2.M2_MEM.memory[131) = 0; 
M2.M2_MEM.memory[134) = 139; 
M2.M2_MEM.memory[139) = 8'bll" _00_00; 
M2.M2_MEM.memory[140] = 9; 

eo. 
endmodule 

module Clock_Unit (output reg clock); 
parameter delay = 0; 
parameter halCcyde:: 10; 

II opcode_src_dest 
/l NOP 
/I Read 130 to R2 

/I Read 131 to R3 

II Read 128toR1 

/I Read 129 to RO 

/I Sub R1-RO to R1 
II BRZ 
II Holds address for BRZ 
II Add R2+R3 to R3 
II BR 

II HALT 
/I Recycle 

initial begin #delay clock = 0; forever #half cyde clock = -clock; end 
end module -

7.4 Design Example: UART 

375 

Systems that exchange information and interact remotely via serial data channels use 
serializer/deserializer (SerDes) interfaces for conversion between serial and parallel 
formats of data. II There are many different architectures, coding schemes, and clocking 
schemes for such circuits. For simplicity, we will consider here a simple modem, which 
acts as an interface between a host machines/device and the serial data channel, as 
shown in Figure 7-14. A modem allows a computer to connect to a telephone line and 
communicate with a receiving computer [2,5). The host machine stores information in 
a parallel word format, but transmits and receives data in a serial, single-bit, format. 

"See, {or example. reference material al Nuional Semiconductor (www.national.com).or GoogJe SerDes. 
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" GURE 7-14 Procc5S0rlmodem communication over 11 serial channel 

A modem is also called a universal asynchronous receiver Qnd transmitter (VART), 
indicating tbal the device bas the capability to both receive and transmit serial data, 
and that the sending and receiving units aTe nOI synchronized to each other. This 
design example will address the basic modeling and synthesis of a UART's transmiuer 
and receiver. 

For this discussion , a UART exchanges lex:! data in an American Standard Code 
for Information Interchange (ASCII) format in which each alphabetical character is 
encoded by 7 bits and augmented by a parity bit that can be used fo r error detection. 
For transmission, the modem wraps this 8-bit sub-word witb a slart-bit in the least Sig­
nificant bit (LSB) . and a stop·bit in the most significant bit (MSB), resulting in the 
IO-bit word format shown in Figure 7-15. The first 9 data bits of the word are transmit· 
ted in sequence, beginning with the start-bit, with each bit being asserted at the serial 
line for one cycle (bit-time) of the modem clock. The stop·bit may assert for more than 
onecJock. 

7.4.1 UART Operation 
The UART transmitter is always part of a larger environment in which a host proces­
sor controls transmission by fetching a data word in parallel fonnat and directing the 
UART to transmit it in a serial format. The receiver must detect transmission, receive 
the data in serial format , strip off the start- and stop-bits. and store the data word in a 
parallel format. The receiver's job is more complex, because the clock used to send the 
inbound data is not available at the remote receiver- data arrives at the receiver asyn· 
chronously. The receiver must regenerate the clock locally to synchronize the sampling 
of inbound data using the receiving machine's clock rather than tbe clock of the trans­
mitting machine. 

The simplified architecture of a UARTpresented in Figure 7-16 sbows the signals 
used by a host processor to control the UART and to move data to and from a data bus 
in the host machine. Details of the host machine are not shown. 

" GURE '·15 Data rormat for ASClllexl Iransnnlled by a UART. 
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FlGU IU: 7-16 Block diagram ofa UART (transmlller and receiver). 

7.4.2 UART Transmitter 
The input- output signals of the transmitter are shown in the high-level block diagram 
in Figure 7-17. The input signals are provided by the host processor, and the output 
signal is the serial data stream, a status signal (read_nocready_our), and two error sig­
nals. The architeclUre of the transmitter consists of a control unit, a data register 
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Suio.Cour 

FIGURE 7·17 Interface signals for the logic of a stale machine controller for a UART transmitter. 

(XMLdatareg), a data shift register (XMT_shftreg), and a status register (biccount). 
which counts the bits that are transmitted. The status register will be included with the 
datapath unit. 

The controller has the inputs (primary/external and status (from the datapath» 
listed below. We note that the signal Load....J(MT _darareg could be passed directly to 
the datapath unit; instead, we pass Load....J(MT_datareg to the control unit and assert 
Load_XMT_DR conditionally when the state is idle and the external signal 
LoadJMLdalareg is asserted. The status signal, BC_1cBCmax. is asserted while bits 
are being sent, i.e., if Biccount < word....5ize _ 1. 

Lbyte 

assertion in state idle asserts Load_XMT_DR, which 
loads the content of the Data_Bus into XMT jiataJeg 
assertion causes Load_XMT ....5hftreg to assert, which 
loads the contents of XMT_daUlreg into XMT Jhftreg 
assertion initiates transmission of a byte of data, 
including the stop, start, and parity bits 
indicates status of the bit counter in the datapath 
unit 

The state machine of the controller fonns the following output signals that control the 
datapath of the transmitter: 

LoadJeMT_DR 
LoadJeMLshftreg 

shift 

clear 

assertion loads Data_Bus into XMT_datareg 
assertion loads the contents of XMT_dataJeg into 
XMT-.shftreg 
signals the start of transmission by dropping 
XMT_shftreg[O} to 0 
directs XMT J hftreg to shift by one bit towards the 
LSB and to backfill with a stop bit (1) . 
clears biCcount 
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The ASMO chart of the state machine controlling the transmitter is shown in 
Figure 7.18. The machine has three states: idle, waiting, and sending. When the active­
low, synchronous reset signal rscb is asserted, the machine enters idle, biCcount is 
flushed, and XMT_shftreg is loaded with Is. In idle, if an active edge of Clock occurs 
while Load_XMT_dotaJeg is asserted by the external host, the output signal 
LoadJ<MT _D R will load XMT _dataJeg with the contents of Data_Bus. The machine 
remains in idle until start is asserted to drop XMT_shftreg[O]. 

When Bytcready is asserted (with rsCb and Load_XMT_datareg de-asserted). 
Load..XMT_shftreg is asserted and next..state is driven to waiting. The assertion of 

Note: Only the branch corresponding to a true decision is annotated at a d«:ision diamond; 
signals tha t are de-asserted are not shown explicitly de-asserted. Conditional assertions are 
indicaled by Ihe name of the asserled signai 
Note: BCjcBCmax asserts if BiCcount <: word .. siU + 1 

FIGURE 7-18 ASMD chart for the state machine controller of the UART IransmiUer. 
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Load-..XMT_shftreg indicates that XMT_dotoreg now contains data that can be 
transferred to the internal shift register. At the next active edge of Clock. with 
Loadj(MT J hftreg asserted, three activities occur: (1) stare transfe rs from idle to 
waiting, (2) the contents of XMT_darareg are loaded into the leftmost bits of 
XMT J hfrreg, a (word_size + I)-bit shift register whose LSB signals the start and 
stop of transmission, and (3) the LSB of XMT_shftreg is re loaded with I, the stop-bit. 
The machine remains in waiting until the external host processor asserts T_byte. 

At the next active edge of Clock, with T_byte asserted, state enters sending, and 
the LSB of XMT_shftreg is set 100 to signal the start of transmission. At the same time. 
shift is driven to 1, and nextJuue retains the slate code corresponding 10 sending. At 
subsequent active edges of Clock, with shift asserted. statt: remains in sending and the 
contents of XMT J hftreg are shifted toward t.he LSB, which drives the exte rnal serial 
channel. As the data shifts occur. Is arc back-fill ed in XMT J hftreg, and biccount is 
incremented. With slate in sending. shift asserts while biccoullt is less than 9, i.e .. while 
BC_lcBCmax is asserted. The machine increments bit_cOlmt afl er each movement of 
data, and when biCcount reaches 9 (BC_IcBCmax is 0) clellr asserts, indicating that all 
of the bits of the augmented word have been shifted to Ihe serial output. At the next 
active edge of Clock, the machine returns to idle. 

The control signals produced by the state machine induce state-dependent 
register transfers in the dalspath . The activity of LOlld_XMT_DR (conditioned on 
the primary input Load_XMT_datareg), the other primary inpuls (Bytcready, and 
T_byte), and the other signals from the controller (Lolld_XMT J hftreg, start. shift, 
clear) are shown in Figure 7- 19 with biCcoltnt. along with the movement of data in 
the data pat h registe rs. Th e contents of the registers are shown at successive edges of 
clock , with a time axis going from the top of the fi gure toward the bottom. Transi­
tions of the active edge of clock occur between the successive rows di splaying con­
tcnts of XMT_datareg. Th e bits of the transmitted signal arc shown in the sequence 
in which they are tran smitted, with the rightmost cell of XMT_shftreg holding th e 
bit that is transmitted at th e serial interface at each step. The state of the machin e is 
shown, and the state transitions and data path registe r transitions that occur on the 
rising edges of clock arc shown in the registe r boxes. The values of the control sig­
na ls that cause th e register transit ions are also shown. The displayed values of the 
contro l signals are those they held immediately before the active edge of Clock and 
which cause the register transfe rs that are shown. The sequence of output bits is a lso 
shown, with Is being pushed into the MSB of XMT J "ftreg under the action of shift. 
The sequence of output bits of thc transmitted signal arc shown as a word at each 
time step, with the understandi ng that the LSB of the word is the first bit thaI was 
transmitted, and the MSB of the word is the most recent bit th at was transmitted a t 
the serial interface. 

The Verilog description , UART J(MTR, of the partitioned machine has three 
cyclic behaviors-a level-sensitive behavior describing the combinational logic for 
next state and outputs of the con troller, an edge-sensitive behavior to synchronize the 



~ 
-[" '-1 l;i :S <:> ;; 

~ ~ ~ !~. ~n ~ ~ 
:a i ~ = 2i ~~:; 2i -'! 
-: ~ 0 :; :; :; E S :; :s 

_ \ <:> :; :; :; Sli: S :; 
_ ~ <:> :; :; :; :; :; :; :; ! 

! ! iii G ffi ~ ; ~ II ~ ~ , , 
i ~ \~:~I[+ ~+ ~~ ~~ ;~ I~ ~~ !~ I~ ~+ ') :; :;:; :;:;:; a :; ;; :; :; :; - - ~ 

~ :; :; :;:;:;:;1,;2;:;:;S--- ~ 

! i~ - ~~- ~ ~ ~ ~ ~ ~ ~ ~ = = = = ] j •• • :;:; ••• ------ ~ 

~ ~ f\! ~ i i ~ ~ = = = = = = = ~ 
,Fcii cii GGGGGGGGGGGG 
~-G G GGGGGGGGGGGG 

1: !:-G G GGGGGGGG G GGG 
~~~--G G GGGGGGGGGGGG 

p~'--- G G GGGGGGGGGGGG 
~p--G G GGGGGGGGGGGG 
~, ~-- G G G GGGGGGGGGGGG 
3- - - G · .. G-··G G G G G G G G G G G G G 



,.2 Advanced DiAital Design with tbe VerilOi HDL 

state transitions of the controller, and another edge·sensitive behavior to synchronize 
the register transfers of the datapatb registers. 

module UART_XMTR #(parameter word_size = 8)( /I Size of data, e.g., 6 bits 

output SeriaLout, 
input [word_size - 1 : 0] Data_Bus, 

input 

Clock, 
rsCb 

{f Serial output to data channel 
If Host data bus containing data 

wo"' 
II Used by host to load the data 

register 
/I Used by host to signal ready 
II Used by host to signal start of 

transmission 
II Bit clock of the transmitter 
/I Resets internal registers, loads 

tho 
ff XMT_sM\reg with ones, 

Control Unit MO ( 
Load_XMT_DR, Load_XMT_shftreg, start, shift, clear, l oad_XMT_datareg, 

Byte_ ready, T_byte, BC_lt_BCmax, Clock, rst_b 

Oatapath_UnitMI ( 
Serial_out, BCJt_BCmax, Data_Bus, Load_XMT_DR, Load_XMT_shftreg, start, shift, 
clear, Clock, rst b 

I: -
endmodule 

module Control_Unit #( 
parameter one_ hol_counl = 3, /I Number of one-hot slales 

state count z: one hot counl, /I Number of bits in slate register 
slze_bit_count = 3~ - /I Size of the bit counter, e.g., 4 

output reg 

output reg 

output reg 

output reg 
output reg 

input 

Input 

/I Must count 10 word_size + 1 

Idle = 3'bOO1 , /I one-hoi slale encoding 
weiting = 3'b010, 
sending = 3'b100, 
all_ones = 9'b1_ 1111_ 1111 /I Word + 1 extra bit 

start, 

shift, 
clear, 

/I Loads Data Bus into 
XMT_data-;:-eg 

/I Loads XMT_datareg into 
XMT_shftreg 

/I Launches shifting of bils in 
XMT_shftreg 

/I Shifts bits in XMT_shftreg 
II Cears bi'-counl after last bit is 

sent 
Load_XMT_dalareg, /I Asserts Load_XMT_DR in 

slaleidle 
fI Asserts Load_XMT_shftreg in 

state idle 
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input 

Input 
Input 
Input 

I; 

BC It BCmax, 
C~k~ 
rst_b 

II asserts start signal in state 
waiting 

If Indicates status of bit counter 

reg [state_count -1 : 0) state, next_state; II State machine controller 

alway.@ (slale, Load_XMT_datareg, Byte_ready, T_byte, BC_It_BCmax) begin: 
Oulput_and_next_state 

Load XMT DR = 0; 
Load =XMT = shftreg :: 0: 
start:: 0; 
shift=O; 
dear:O; 
nexCslale : idle; 

ease (state) 
idle: tf (Load_XMT_datareg == I'bl) begin 

Load_Xf.n _DR :: 1; 

waiting : 

sending: 

default: 
endea.e 

.nd 

next_state = idle; 
end 
eJ.e tf (Byte ready ='" 1'b1) begin 

Load_XMT=shftreg = 1; 
nexl_state : waiting; 

.nd 
if (T_byte:: 1) begin 

start = 1; 
next_state = sending; 

end el.e next_state = wailing; 

if (BC_tt_BCmax) begin 
shift - I ; 
next_state:. sending; 

end 
el.e begin 

clear - I ; 
next_state:: idle; 

end 

next_slale :: idle; 

alway.@ (posedge CIock, negadge rst_b) begin: State_Transitions 
If (rst_b '== 1'bO) state <:. idle; e' .. state <:. next_state; end 

endmodule 

module Dafapalh_Unll #( 
parameter word size '= 8, 

size bit count :. 3, 

I( 
output 

alUlnas = {(word_size +1){1'b1}}/I 9 bits of ones 

Serial out, 
BC_It':BCmax, 
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input [word_size ·1: 0) 
input 
Input 
Input 
Input 
Input 

); 

input 
input 

reg [word_size -1: 0] 
rag [word_size: 0] 

Dala Bus, 
Load=,XMT_DR, 
Load_XMT_shftreg, 
start, 
shift, 
clear, 
Clock, 
rst_b 

XMT_ datareg: 
XMT_shftreg; 

... ign SenaLout '" XMT_shflreg[O]: 

II Transmit Data Register 
II Transmit Shift Register: 

(data, start bit) 
If Counts the bits that are 

transmitted 

assign BC_II_BCmax:: (biccount < word_size + 1); 

always @(po.edgeClock, negadaerst_ b) 
if (rst_b == 0) belgin 

XMT shftreg <: all ones; 
bil_c;;unt <: 0; -

.,d 
else begin: Register_Transfers 

If (Load_XMT_DR == l'bl)XMT_datareg <'" Data_Bus: /I Gellhe dala bus 

if (Load_XMT_shftreg "': l 'bt) 
XMT_shftreg <: {XMT_datareg,I'bl}; II load shift reg. 

j{ insert stop bit 

if (start == l'bt) XMT_shftteg(Oj <= 0; II Signal start of 

if (clear == 1'b1) bit_count <: 0; 

If(shift:: 1'b1) begin 

transmission 

XMT_shftreg <: {1 'b1 , XMT_shftreg(word_size:1D; 1/ Shift right, fill with 

biCcount <= biCcount + 1; 
.,d 

end II Register_Transfers 
endmodule 

", 

Some simulation results are shown in Figures 7-20 and 7-21 for aD 8-bit data word. 
The waveforms produced by the simulator have been annotated to indicate significant 
features of the transmitter's behavior, rrrst, observe the values of the signals immediately 
after rsCb is asserted. The state is idle, Note that Data_Bus initially contains the value 
a7h (101°_0111 2), a value specified by the testbench used for simulation. With 
ByteJeady not yet asserted, and with LoadjCMT_datareg asserted, the Data_Bus is 
loaded into XMT_datareg. The machine remains in idle until BytCTeady is asserted. 
When ByteJeady asserts, then LoadJ(MT J hftTeg asserts. lltis causes the state to 
change to waiting at the next active edge of Clock. The 9-bit XMT _shftreg is now loaded 
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'" 120 160 

SeriaCou.t 
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200 

3,7 

00 80 (:(l eO to f8 fc fe ff 1f bf df ef n 3b 9d 4e.7 d3 

FIGURE 1-ZO Annol. led limulalion resul ts for Ihe S·bil UART Iransmiucr 

with the value {a7h, I } ::t 1_0100_11112 = 14fh_ Note that the LSB of XMT.Jh[treg is 
loaded with a L The machine remains in waiting until T_byte is asserted. The assertion of 
T _byte asserts scan. The machine enters sending at the active edge of Clock immediately 
after the host processor's assertion of T _byte, and the LSB of XMT J hftreg is loaded with 
a O.The9-bit word in XMT J hftregbecomes 1_01oo_1110z = 14eh. TheOin the LSBsig­
nals the start of transmission. Figure 7-21 has been annotated to show the movement of 
data through XMT_sliftreg. Note that Is are filled behind, as the word shifts to the right. 
At the active edge of the clock after biccount reaches 9 (for an 8-bit word), clear asserts, 
biccount is flushed, and the machine returns to idle. 

For diagnostic purposes, the testbench includes a lO-bit shift register that receives 
SeriaCout (by hierarchical dereferendng). The eight innennost bits of this register are 
displayed in Figure 7-20 as sent_word[7: 0). Note that because sent_word is a registered 
output (loaded into a shift register) it has the value a7h in the clock cycle (bit time) 
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after bitJ OImt reaches 9. The results in Figures 7-20 and 7-21 demonstrate that (1) the 
content of the data bus was loaded into the XMT data register under the con trol of 
Loadj(MT_DR, (2) the 8-bit content of the XMT data register was loaded into the 
most significant 8 bits of the 9-bit XMT shift register under the control of 
Load_XMT J lljtreg, and (3) the start bit dropped and the contents of the XMT shift 
register were shifted out under the control of start. 

The circuit synthesized (rom UART..XMTR is shown in Figures 7-22 and 7-23. 
The Verilog model synthesizes as a unit, but for illustration and discussion. the descrip­
tion was partitioned and synthesized in two parts: one for the register transfen of the 
datapath unit and another for the combinational logic forming the next state and the 
control signals that govern the register transfers. The datapath unit consists of an B-bit 
register holding XMT_datareg, a 9-bit shih register holding XMTJ hjtreg, and a bit 
counter. The circuit uses dffrgpqb_a , a D-type nip-flop with a rising-edge clock , asyn­
chronous active-low reset, and internal gated data of the cxternal data or the output , 
and dffspb_Q, a D-type nip-flop with rising-edge clock. and asynchronous active-Jaw 
set. The shift registers have been highlighted in Figure 7-23. 

7.4.3 UART Receiver 

The UART receiver receives the serial bit stream of da ta, removes the start-bit, and 
transfers the data in a parallel formal to a storage register connected 10 the hosl data 
bus. The transmitter's clock is not available to the receiver, so. although the data arrives 
a t a standard bit rate. the data is not necessarily synchronized with the internal clock at 
the host of the receiver. This issue of synchronization is resolved by generating a local 
clock at a higher frequency and using it to sample the received data in a manner that 
preserves the integri ty of the data. 12 fn the scheme used here, the data, assumed to be 
in a IO-bi t fonnat , will be sampled at a rate determined by Samp1cclock, which is ge n­
erated at the receiver's host. The cycles of Sample_clock will be counted to ensure th at 
the data arc sampled in the middle of a bit time, as shown in Figure 7-24. 13 The sam­
pling algorithm must (1) verify that a start bit has been received, (2) generate sa mples 
from 8 bits of the data, and (3) load the sampled data onto the local bus. 

Although a higher sampling frequency could be used, the frequency of 
Sample_clock in this example is 8 times the (known) frequency of the bit clock that 
transmitted the data. This ensures that a slight misalignment between the leading edge 
of a cycle of Sample_clock and the arrival of the start-bit will not compromise the sam­
pling scheme. because the sample will still be taken within the interval of time corre­
sponding to a transmitted bit. The arrival of a start-bit will be determined by the 
detection of successive samples of value 0 after the serial input data goes low. Then 
three additional samples will be tak en to confirm that a valid start-bit has arrived. 
Thereafter,8 successive bits will be sampled at approximately the center of their bit 
limes. Under worst-case conditions of misalignment , the sample is taken a full cycle of 
Sampicclock ahead of the actual center of the bit time, which is a tolerable skew. The 

'1ypical1y.a pha5e-Jock-1oop is used to implement a local do<:k.1lIis circui t isouu idc the scope ofsynthc.sis tools. 
IJWe assume that the inbound data has been synchronized 10 the local dock o f the receiver. 
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FIGURE 7_24 UART reeeiver sampling {onnal for dock regene ration. 

datapath unit holds the counters which implement this scheme, and its status signals 
are reported to the control unit. 

The high-level block diagram in Figure 7-25 shows the input-output signals of a 
state-machine controller that will interface with the host processor and direct the 
receiver's sampling scheme. 
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FIGURE 7.25 Block diagram of UARLrtcti~tr, including the interface signals 
belwecntheoontmlunilandthedatapathunil 

The state machine has the following primary (external) inputs and status inputs: 

read_nocready _in 
Ser_in_O 
SC_eq_3 
SC_IC7 
BC_eq_8 
Sample_coumer 
Bir30unter 

signals that the host is not ready to receive data 
asserts while SeriaUn is 0 
asserts while SampieJounter = 3 
asserts while SampieJounrer < 7 
asserts while Bit_counter = 8 
counts the samples of a bit 
counts the bits that have been sampled 

The slate machine produces the following outputs: 

read_noc ready_out 
elr _Sample_counter 
inc_Sample_counter 
elr _Biccounter 
inc Bjecounter 
shift 
load 
Error! 

Error2 

signals that the receiver has received 8 bits 
clears Sample_counter 
increments SampieJoumer 
clears Biecounter 
increments Bjecounter 
causes RCV J hftreg to shift towards the LSB 
causes RCV _shftreg to transfer data to RCV _datareg 
asserts if host is not ready to receive data after last bit 
has been sampled 
asserts if the stop-bit is missing 



Nor~: Ser-.in_O a.serls if S~rilll-PtisO 
SC_eq_3asscrtsifSllmple_counter_3 
SCjl_1 aSSert. while Sllmple_coumer < 1 
BC"-eq_8;userts if Biccoumu" 8 

FIGURE 7·26 ASMD chan for UART reaivu. 
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The ASMD chart of a state machine controller for the receiver is shown in 
Figure 7-26. The machine has three states: idle, starting, and receiving. Transitions 
between states arc synchronized by Sample_elk. Assertion of a synchronous active­
low reset puts the machine in the idle state. It remains there until the status signal 
Ser_in_O is low and then makes a transition to starting. In starting, the mach ine 
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samples SeriaCin repeatedly to determine whether the first bit is a valid start-bit (it must 
be 0). Depending o n the sampled values, incSampleJounter and ciT JampleJ ountcr 
may be asserted to increment or clear the counter at the next active edge of Samp1c clock. 
If the next three samples of SeriaUn are 0, the machine treats the bil as a valid start-bit 
and goes to the state receiving. Sample_counter is cleared on the transition to receiving. In 
this state, eight successive samples are t aken (one for each bit of the byte, at each active 
edge of Sample_elk) , with inc 5ample_cowlter asserted. Then BiCcounter is incremented. 
If the sampled bit is not the last (parity) bit. ;ncBiCcounter and shift are asserted. The 
assertion of shift will cause the sample value to be loaded into the MSB of RCV J hftreg. 
the receiver shift register. and will shift the 7 leftmost bits of the register toward the LSB. 

After the last bit has been sampled. the machine will assert read_"ocready_out. 
a handshake output signal to the processor and clear the bit counter. At this time. the 
machine also checks the integrity of the data and the status of the host processor. If 
readJloc ready _in is asserted, the host processor is not ready to receive the data 
(Error1). If a stop-bit is not the next bit (detected by Ser_ill_O = 1)}. there is an error 
in the format of the received data (Error2). Otherwise. load is asserted to cause the 
contents of the shift register to be transferred as a parallel word to RCV_datareg, a 
data register in the host machine. with a direct connection to data_bus. 

The Verilog description of the 8-bit UART receiver is given below. The descrip­
tion follows directly from the ASMO chart in Figure 7-26. Note that the ports of the 
parent modules of a partition must be sized properly to accommodate vector ports in 
the child modules. Otherwise, the ports will be treated as default scalars in the scope of 
the parent module. 

module UART_RCVR #(parameter word_size = 8, halCword :: word_size 12)( 
output [word size -1 ; OJ RCV data reg, 
output - read=not_ ready_out, 

input 

I: 
Control Unit MO ( 

read_no,-ready_out, 
Error1, Error2, 
clr_Sample_counter, 
inc Sample counter, 
elr -Bit counter, 
inc- Bit counter, 
shift, -
load, 
read_not_ready_in, 
Ser_in_O, 
SC_eCL3, 
SC_It_7, 

Be_eCL8, 
Sample_elk, 

Error1 , Error2, 
Serial in, 
read_~ot_ready_in, 
Sample_elk, 
rst_b 
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rsC b 
); 
Oatapath_Unit M1 ( 

RCV_dalareg, 
Ser in 0, 
SC~ecL3 , 
SC It 7, 
BC=e~8, 
SenaUn, 
elf Sample counter, 
ine~Sample~counter, 
elr_Bit_counter, 
inc Bit counter, 
shift, -
k>ad, 
Sample_elk, 
",tb 

); -
endmodul. 
module Control_Unit #(parameter 

word size :: 8, half word :: word size 12, Num slate bits '" 2, 
idle ",- 2'b00, starting = 2'b01, receiving = 2'bl0- II one-hot assignment 

)( 
output rag read_flOt_readLout, 

Error1 , Err0r2, 
elr_Sample_counter, 
ine_Sampte_counter, 
elf_Sit_counter, 
inc Bil counter, 
shift, -
load, 

input read_noCready_in, 
Ser In 0, 
SC~ecL3, 
SC It 7, 
BC=~8. 
Sample_elk. 
rst_b 

reg (word_size-1: 01 RCV_shftreg; 
reg (Num_state_bits -1 : 0) slate, next_stale: 
alway. @ (polldga Sample_elk) 
if (rst_b :: l'bO) state <: idle; ., •• state <: ne)(t_state; 

alway. @(slate, Ser_In_O, SC_e~3. SC_It_7. read_not_readLin) begin 
read_not_ready_out '" 0; 
elr_Sample_counter'" 0; 
elr Bit counter" 0; 
ine~Sample_counter :: 0; 
inc Bit counter'" 0; 
shift = 0; 
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Error1 '" 0; 
Error2;; 0; 
load" 0; 
nexC state '" idle; 
case (state) 

Idle: if (Ser_in_O "': l'b1) next_ state = starting; 
else nexl state = idle ; 

starting: if (SeUn=O == , 'bO) begin 
next state = idle; 
elr_Sample_counter ::: 1: 

end els. 
if (SC_e<t...3 "': l 'b1) begin 
next_state", receiving; 
elr_Sample_counter'" 1; 

end elae begin inc_Sample_counter '" I ; next_state'" starting; end 

receiving: if (SC_II_7 == l'bt) begin 
inc_Sample_counter = 1; 
next_slale = receiving; 

ond 

els. begin 

elr_Sample_counter= 1; 
If (IBC_e~8) begin 
shift: I ; 
inc_Bil_counter'" 1: 
next_state::: receiving; 

el.8 begin 
next state == idle; 
read=not_ready_out = 1; 
clr_ Bi,-counter = I; 
if (read_nocready-in == ,'bl) Error1 = 1; 
else if (Ser_in_ O "'''' l'bl) Error2" 1; 
e lllil load '" I; 

.nd 
ond 

default: next_state'" idle; 
endeas. 

ond 
endmodule 

module Datapath_Unit #(parameter 
word_size = 8, half_word '" word_size 12, Num_counler_ bits = 4 

)( 
output reg [wor<Csiz9-1 : 0] 
output 

input 

RCV_datareg, 
Ser in 0, 
SC':=-ecL3, 
SC_" _7. 
BC_9CL8, 
SeriaUn, 
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reg [word_size-1: 0) 
reg [Num_counter_bits -1: 0) 
reg [Num_counter_bits: 0) 

a.sign Ser_ in_O = (SenaUn == 1'bO); 

clr Sample counter, 
i nc~Sample-=-counter, 
clr Bit counter, 
inc- Bit counter, 
shift, -
load, 
Sample_clk, 
rst_b 

RCV_shftreg; 
Sample_counler; 
BiCcounler; 

IIssign BC_~8 = (Bit_counter =: word_size); 
a.sign SCJtJ = (Sample_counter < word_size -1): 
a •• ign SC_9Q..3 = (Sample_counter == half_word -1); 

always @(posedgeSample_clk) 
If (rst_b == 1'bO) begin /I synchronous rsl_b 
Sample counter <'" 0; 
Bit cou~ler <= 0: 
RC-V_datareg <= 0; 
RCV_shftreg <= 0: 

end 
else begin 
if (elr_Sample_counter "'= 1) Sample_counter <= 0: 
el.e if (inc_Semple_counter := 1) Sample_counter <: Sample_counter + 1; 
If (elr_Bit_counter =: 1) Bit_counter <= 0; 
el.e If (inc_BiCcounter == 1) Bit_counter <= Bit_counter + 1; 
If (shift == 1) RCV_shftreg <= (SenaUn, RCV_shftreglword_size-1:1]): 
if (load == 1) RCV_datareg <= RCV_shftreg: 

ond 
endmodule 

'" 

The simulation results in Figure 7-27 are annotated to show functional features of 
the wavefonns. The received data word is b5h = 1011_°101 2, The reception sequence is 
from LSB to MSB, and the data move through the inbound shift register from MSB to 
LSB. The data word is preceded by a start-bit and followed by a stop-bit. With rscb 
having a value ofO, the state is idle and the counters are deared.At the first active edge 
of Samplcclock after the reset condition is de-asserted, with Ser_in_O_in having a 
value of 1, the controUer's state enters starting to detennine whether a start-bit is being 
received. Three more samples of seriaCin are taken, and after a total of four samples 
have been found to be O. the Sample_counter is cleared and the state enters receiving. 
After the eighth sample, shift is asserted. The sample at the next active edge of the 
clock is shifted into the MSB of RCV_shftreg. The value of ReV J hftreg becomes 
SOh "" l(XXUXXX)2' The sampling cycle repeats again, and a value of 0 is sampled and 
loaded into RCVJ hftreg, changing the contents of the register to 01O(U lOOO2 "" 4Ot,. 

The end of the sampling cyde of the received word is shown in Figure 7-28. 
After the last data bit is sampled, the machine samples once more to detect the stop 
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Error l r---------7-------+----

Sllmpli!'_coUnlltr{3:0J 

BiIJoLtllIi!'r{4:0] 

RCVJhjirt'g[7:0j 

RCV_dQ/llri!'g [7:0] 

I 123 123456701234567 

OJ 

1 00 1 ('80) 

First clock a{terrcset with SuillUn., 0 -- -------, 

Four samples with .fi!'riuUn ~ 0 deteet the : 
start.bi t andelear S(lmp/~-,ounler .---------------~ 

Shift sample into R CV J hjireg I 
00,.,.> 8Or, = 1000_00001 ---------------------------------, 

FIGUR E 7·27 Annotated simulation results for UART reCitivu. 
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148 168 188 

Error2 r-________ -:-___ + __ _ 
Sompl~JOunl~r13'01 5 6 1 0 I 2 3 4 5 6 1 0 I 2 3 4 5 6 1 0 I 2 3 4 5 6 1 

8i'-counl~r14:01 05 06 01 08 00 

RCV Jhft~gf1:01 a8 (b5 ~ 

RCV_d,IIQr~g[7:01 (b5~~ 

Shift eighth sample in RCV J hftu:g __ __ ___________ : 
6ah= 011O_ I 0 1 ~ ->IOI I _OI0 1 2 .. b5h 

Verify stop-bit _______________ ___ __ _____ _ 

Load RCV _dofOr~g with ROI J hfrreg 

FlGURE 7-28 1fansfcr of data word into RCV_dafQr~g at the end of sampling. 
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bit. In the absence of an error, the contents of RCV_shftreg will be loaded into 
RCV _datareg. In this example, the value b5h is fina lly loaded from RCV _shftreg into 
RCV _datareg. Other tests can be conducted to comple te ly verify the functionality of 
the receive r. 

The Verilog description of the partitioned receiver synthesizes into the circuit 
shown in Figure 7-29. 

The control unit in Figure 7-29(a) has two flip-flops and combinational logic. Its 
output signals control the datapath unit shown in Figure 7-29(b). The datapath unit has 
RCV~hftreg, which accepts the seria l input bits, RCV _da/areg, which holds the parallel 
word fonned by the contents of RCV jhftrcg, the sample counter and the bit oounte r. 
A small amount of additional combinational logic forms the status signals BC_cq_8, 
SC_cq_3, and SC_IC7. 

The machines use two types of flip-flops: the four-input dffrgpqb_o and the 
three-input dffrpqb_a. The fanner is a D-type flip -flop with internal gated data 
between the external datapath and the output. a rising clock , and an asynchronous 
active-low reset; the latter is a D-type flip-flop with data, rising clock , and asynchro­
nous active-low reset. Only the state register uses the dffrpqb_u flip-flop. 

,.) 
FlGURE 7_19 Circuit$synth ~i7..ed from UARTJ~c~iv~r : (a) control unit and (b) datapalh unit, 

including logic to generate status signals BC_eq_8, SC_~q_3. and SC_1C1. 
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Sample_elle 

seriJJ:;/;ft~~~j~~~~'!~~I~~!;~~~;t~~~~~Q nl_b _ 

=JI--1t--, 

(b) 

flGU RE 7-29 Continued 
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PROBLEMS 

A dl'lInced Digilal Design with the Verilog HDL 
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4. Heuring VP, Jordan HE Computer Systems Design and A rchitecture. Upper 
Saddle River, NJ: Prentice-Hall, 2004. 

5. Roth CW,1r. Digital Systems Design Using VHDL Boston, MA: CL-Engineering, 
1998. 

L Develop, verify, and synthesize ]olzllSo,,_Counler..,.ASMD, a Verilog behavioral 
module of a 4-bit Johnson counter based on a direct implementation of the 
ASMD chart in Figure 7-6. Hint: Usc a Verilog function to described next_count, 

2. The functional unit UART_Clock_Generatorin figure P7-2can be used to create a 
set of baud rate signal pairs for use in the UARTin Figure 7-16. Table P7·2 shows 

clk_Zf----------' '---------' 

(b) 

FIGURE M-2 
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TABLEP7-2 

SeCBaud_Rate Clock Sample_Clock 

000 307.696 38462 

"" 153.838 19231 
010 76,920 %15 

38,464 4IlO8 
100 18.232 1404 
lUI 9,616 1202 

'.80S 601 
2.404 300.' 

the pairs that are generated if Sys_Clock is an 8-MHz signal. The code for an exper­
imental version of Divide_by_13 is also given, with temp being a 4-bit counter that 
counts from 0 to 12 before recycling,at 1/13 the frequency of Sys_C/ock. The condi­
tion that register temp has a 1 in its MSB generates the signal Sys_ClockJly_13. 
which is tllle for the last five contiguous cycles.. The condition that temp has the 
value 12 generates the signal clk_l; clk...) is generated from the condition tha t temp 
is greater than 6 and produces a more symmetric wavefonn than the two others. 
(a) Synthesize three versions of Divide_by_13, one for each of the three 
possibilities illustrated by the waveforms in Figure P7-2, and compare their 
circuits. 
(b) Choose one of the methods for forming Sys_Clock_byj3, then develop, 
verify. and synthesize the complete description of UART_Clock_Generator. 

module Divide_by-13 (output Sys_Clock_by-13, input Sys_Clock. reseU; 
reg [3: 01 temp; 

allllign Sys_Clock_by_1 3 = temp[3]; 
IIw lre clk_ ' = (temp == 12); 
IIwlre clk_2 = (temp> 6); 
alwaYII@(posedge Sys_Clock,negedge reset_ ) 

if (reseC == 0) temp <= 4'bOOOO; 
else if (temp == 4'd12) temp <: 4'dO; 
else temp <: temp +'; 

endmodule 

3. A counter is said to enter an abnormal state if it enters a statc that is not explic­
itly decoded in its next·state function. A self-corrccting counter has the ability to 
recover from an abnormal state. The key is to choose default assignments that 
ensure recovery. Develop and verify a Verilog model of a self.correcting 4·bit 
Johnson counter using the next state 0001 2 if the current state is 0 --0, with "-" 
denoting a don·t-care. Demonstrate that the counter is self·correcting, and syn­
thesize the circuit, Hin .. Consider using Verilog's force . .. release construct pair 
in the testbench to drive the counter into an abnormal state. 

4. Modify the counter in Figure 7-3 to wait for three clock cycles after enable is 
asserted before asserting enable_DP . 

. 5, The register transfers of the UART transmitte r in Figurc 7·18 decode the con· 
trolling signals in separate if statements. Discuss whether the signals controll ing 
the datapath can be in conflict, and whether the controlling signals should have 
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been decoded by a priority decoder. Modify the data path unit to use a priority 
decoder and determine whether the synthesized circuit differs from the circuit 
that was synthesized from UART_Transmitter....Arch. 

6. Verify the models of Processing_Unit, COnJroCUnil. and Memory_Unit in 
RISC~PM and then demonstrate that the machine (see Section 7.3) correctly exe­
cutes its complete instruction set. After verifying the functionality of the machine, 
synthesize and verify siandard-«U-based realizations of the individual units and 
tben integrate the synthesized units to verify the synthesized model of RlSCJPM. 

7. Modify ALU_RISC in RISC3PM (see Section 7.3) to handle carries. Verify 
and synthesize the new machine. 

8. (a) Develop and ve rify Binary_Counrer....Arch, a Verilog model with the hierar­
chical partition. module names. and port structure (col/nt, enable, clock, 'Sf) 
shown in Figure 7-3. with cOl/nt having a parameterized width. Also, develop and 
verify the nested modules ControCUnit and Dataparh_Unit./lrch,as well as the 
child modules, Mux and Count..Register. (b) Synthesize Binary_Counter...,Arch 
and Binary_Counter_Behav.Jmp (an implicit-state machine behavioral model) 
for a 4-bit wide datapath. (c) Compare the synthesized circuits. (d) Compare the 
results of simulating the counters, using a common lestbench. 

9. Develop, verify,and synthesize Binary_Coumer ....5TG, using the STG in Figure 7-4 
as a guide. Compare to the results of Problem 8, 

10. The implicit Moore machine with a modified control unil in Binary_Counter_ 
Parr_RTL_by...} (see Example 7.1) increments the counter every third clock, but 
takes one extra cycle to recover from a reset condition (i .e., the first increment of 
the counter occurs at the fourth clock edge after reset is de-asserted). Using a test­
bench. verify this claim. Explain why this behavior occurs, then develop and verify 
an alternative (partitioned) machine that will recover from a reset condition after 
three clock edges and increment thereafter on every third edge. 

11. Modify Ihe datapalh and control units in Bina'Y_Counter_Parr_RTL (see 
Example 7.1) 10 implemenl Johnson_Counter_RTL_by_3, a Johnson counter 
thaI increments every third edge of Ihe external clock. Synthesize the behavioral 
model of the implicit state machine (control unit) or an equivalent explicit state 
machine, and verify the functionality of the synthesized circuit. 

12. The top level architecture shown in Figure P7-12a depicts Gap_Finder. a 
sequential machine that (1) loads a 16-bit word from a data bus, (2) finds the 
largest gap between two successive Is in the word, and (3) produces an output 
word, Gap, whose value is the binary equivalent of the gap size. The datapath 
unit (Dataparh) is controlled by a finite state machine (Controller) under the 
direction of an external agent. When Run is asserted the machine loads data 
from its external datapath, finds the largest gap between two ones, generates a 
4-bit output, Gap, the binary equivalent of the size of the largest gap, and 
asserts a handshake signal. Done. The signals generated by the state machine to 
control the datapath are shown in Figure P7-I2a. together with status signals 
that are fed back from the datapath to the controller. 

When loaded by the signal load_Data, the datapath register Data-.int 
holds the 16-bit word provided by the external bus. The word may contain 0,1 
or multiple gaps in its data pattern_ R egiSler tmp is a 4-bit word that holds t he 
size of a gap as the data is processed by a sequential algorithm. Register Gap 
holds the size of the largest gap that has been found, dynamically, as the process 
evolve~ At the end of processing,it holds the output of the machine. Register k 
is a 4-bit counter that addresses the bits of Data_int. 
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d' _ 
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Do", _ 

GtJP_Findu 
,----- clr_lmp 

incr_Imp 15 DtJftJ_} nt 

clr-" II I I I 
incrJc 

Controller cI,_Gap Dafapafh 

l(HldJ)a/a 

",II 
bit 

'mp f_GtJP 
~ 

3 Ie 0 3 Gap 0 3 Imp 0 

[[]] IT:JHIIl 

FIGURE P7-Ua Block diagram for Gap_Finder 

The partially completed ASMD chart in Figure P7-12b shows the data­
path register operations tbat occur concurrently with state transitions of the 
controller, but_ for simplicity. does not contain conditional output boxes that 
identify the (Mealy) output signals that arc generated by the controller to 
direct the activity of the datapath. Instead, an alternative annotation is used in 
which the control signal and associated action are denoted by the control 
signal- register action pair, e.g., clr jmp: Imp < - O. The status signals generated 
by the datapath unit are identified in the decision boxes of the chart. 

The machine (1) enters S_O synchronously (rom any stale under the 
action of rst, (2) initializes registers k, Gap, and rmp , and (3) idles in state S_O 
while rSt is asserted. With Run asserted, the machine transitions to S_1 at the 
first active edge after rst is de-asserted. The external datapath is loaded into an 
internal register, Data_int, during the transition to S_1, thereby freeing the 
external data bus for other activity. 

In 5_1, the datapath unit's bit counter, k, sequences through the bi ts of 
Data_im and skips any leading O's in the word until finding the first 1. If no bit 
is found to be 1 (full is asserted), the ma(:hine transitions to S_ 4, where the 
Moore output Done is asserted and the machine waits until Run is asserted 
again. Upon finding the first 1 in Data_im the machine transitions to S-.2, where 
a similar process skips over contiguous Is. Otherwise, the next string of Os is 
skipped until a I is found. At this point, the algorithm compares the current 
value of tmp to Gup. If Imp > Gap then tmp is loaded inlo Gup and the 
machine returns to S-.2 to continue searching for additional Gaps until the last 
bit of Dura_im has been processed. Note that the Moore-type output Done 
remains asserted in S_4,and does not assert in S_O. 
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Gap < - tmp 

im:....k: k<: k + 1 
lIleJmp:lmp < - Imp + 1 Tr----_ _ 

k < _ k + l 
Imp < - O 

____ Gup < - ImP 

FIGURE P7.1lb ASMD "harl fo r O"p_Findu. 

The output signals of the controller have (he foUowing fun ctionality: 

Done: /I ~rts when a lgorithm is done (i.e.. Siale is 5_5). 
elr jmp: /l Imp <'" 0 clears regisler Imp 
incr Jmp: /l Imp <= Imp + I increments register tmp 
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slOrctmp; /I Gap <= tmp stores the contents of register 
Imp in register Gap 

elr _k; II k <= 0 clears regis te r k 
incr -'C II k <= k + I increments bit counter register k 
elr _Gap; II Gap <= 0 clears register Gap 
load_Data; /I Data_int <= Data loads Dara_inr with extemal data 

The inputs to Conrroller are defin ed below: 

tmp..gt_Gap: /I asserted in the datapath unit when tmp > Gap 
full: /I asseTled in datapath unit when index k = 4'b ll li 
bit: /I value of Data_inl at index k 
Run; II initiates sequential algorithm 
elk; II I;lock for synchronous activity 

lI al;tivc-high rst 
(a) USing Figure P7·12b and the partiaUy completed code for the modules 
Gap_Finder, Datapalh, and COfllroller given below, develop a Verilog model of 
Gap_Finder. The code provided includes all signals that will be needed and 
includes partially declared cyclic behaviors that (I) synchronize the state transi­
tions., (2) generate the ne)[t state and outputs,and (3) control the datapath registers. 
(b) Using the lest bench below (also available at the web site), verify the 
design. Organize your graphical output to list the signals in the order shown in 
Figure P7-ISe. (Nole: data is shown in heudecimal (ormat; Gap, tmp ,and k are 
shown in decimal formal. ) 
The test bench, '_Gap_F;nder, considers: 
(I) Power·on rsl 
(2) A single gap shrinking from a ma)[imum size (14) to a.from left to right 
(3) A single gap shrinking from a muimum size (14) to a,from right to left 
(4) A single gap growing from 0 to a maximum size (14), from left to right 
(5) A single gap growing from 0 muimum size (14), {rom right to left 
(6) Recovcryfromrston-the·f1y 
(7) Recovery from cycling Run on-the.fly 
(8) Mi~ellaneous patterns having multiple gaps (growing and shrinking) 
(9) Allis 

(10) AliOs 
(II) Leading Os and no gap 
(1 2) Leading Is and no gap 

Note: Load_data anticipates the clock that loads the data, i.e., Load_dala 
is asserted in the previous cycle. The stimulus generator generates Data when 
triggered by the rising edge of load~a/a. Do/a is available for the datapath to 
consume it at the clock corresponding to the falling edge of /oad_D(l/a. The 
c)[peeted value of Gap is generated on the falling edge of load_Data. Gap and 
expeCled_Gap arc compared at the riSing edge of Done. The difference is 
reported as the signal error. 

It is eri tical that a testbench take into account latency in datapaths in 
order to maintain coherency between expected and actual values of signals. 
Since load_Dala and Done may assert at the same time (i.e.. in S_ 4), we pipeline 
Da/a to create old_Dala, for use in eliminating a race between data aDd Done in 
the standard output listing of the results. This is necessary because Data is 
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(",p[3:01 

up~·.:.,..d_Gap[ 3:0 1 

Gup(J:O] 

Self-checktng: error-free operauon 

n GUKE P7- lle S,mulatIOn resuhs demonstratmg error-free opera tion. 

updated on the rising edge of hmd_Datu, and Gap is updated at the same time. 
old_Data corresponds to the Gap that is listed, and the comparison is coheren!. 

Sample simulation results are presented in Figures P7-12e, d, and e. Note 
that the signals error and Done in Figure P7·12e indicate error-free operat ion. 
serving as a quick check for behavior. even though the resolution of the dis­
played data suppresses other deta ils of operation. 
(e) Confirm that your model is error free fo r the ent ire sct of pallerns pro­
vided and matches the output shown in Figure M -l2e, and the samples 
shown in Figures P7-12d, e. Produce simulation results for Data - 16'hOOOO, 
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flGURE P70lld Simulation re5ults {or [)mil = 8010,,, .. 1000 0000 OOO I_IXXXl:!; Gap - IO'D sa,,,. 

16'hffff, J6 'h8295, 16'ba441, and verify by observation that Gop and 
expected_Gap are correct and match. 
(d) Remove the comments on the signal rSf from the test bench and verify that 
your model reCOVCr5 correctly from asserting rsf on-Ihe.fly. Replace the com· 
ments that were removed above and remove the comments on the signal RUI! 
from the testbench and verify that your model recovers correctly from cycling 
Run on-the.fly. Verify that the standard output produced by your machine is 
Correel. (A ~mple is listed after the testbench.) 
(e) Synthesize your model of GapJinder. Indicate whether the synthesized 
circuit contains latches. Determine whether the synthesized circuit duplicates 
the simulation results of your behavioral model. 
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Name \3463 

D<lIUf I 5:{)1!~§;~!!~!i~~~~~~~§~~ Doto-1I11(15:O] a5a5 

k(3:G] 1314 15 0123 4 5 

/mp(3:O] S 6 7 0 1 2 0 1 0 

.. xpltcud_Gap(3:0] 

Gapf3:0] r-:=IL=:.::::~::,:====,,===:r=;=::::,,:=:: Don .. ~ 

module Gap_Finder (Gap, Done, Data, Run, elk, rst): 
II Declarations go here 

Datapath M1 
(Gap, tmp....QCGap, full , bit, Data, clump, incUmp, store_Imp. clr_k, incr_k, 

clr_Gap, load_Data . elk, rst) ; 

Controller M2 
(Done, elr_lmp, incr_Imp, store_Imp, cl r_k, incr_k, elr_Gap, load_ Dala, 

tmp-'lCGap, full, bit, Run, elk, rst): 
endmodule 
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module Oatapath (f" Declare ports here -I); 
/I Declarations go here 

assign bit= Oata_ int[k]; 
assign full '" (k :::: 15); 
assign tmP--9CGap = (tmp > Gap); 

alway. @ (poHdge clk) 
/I Your model of the Datapath operations goes here 

endmodule 

module Controller (Done, clr_tmp. incr_Imp. slore_Imp, clr_k, incr_k, clr_Gap, 
load_Data, tmpJJCGap, full, bit, Run. clk, rsl); 

If Declarations go here 
assign Done = (stale == $ _4); 

always @ (posedge clk) 
if (rsl == 1) slale <= S_O; 
else state <: nexCstate; 

always@(I" Your sensitivity list goes here -I) 
/I Your logic for stale transitions and outputs goes here 

endmodule 

module annotale_t_Gap_Finder 0; 
defparam CGap_Finder.M2.LATENCY:: 10; 
defparam CGap_Finder.M2.0FFSET '" 5; 
defparam t_Gap_Finder.M2.PULSE_WIDTH:: 5; 

endmodule 

module Clock_Prog (clock); 
output clock; 
reg clock; 
parameter LATENCY:: 100; 
parameter PULSE_WIDTH = 50; 
parameter OFFSET:: 50; 
initial begin 

#(J clock: 0; 
#LATENCY forever 

begin #OFFSET clock'" -clock; #PUlSE_WIOTH clock = -clock; end 
e"d 

endmodule 

module t_ Gap_Finder 0: 
wire eexpected_Gapeeexpected_Gap &and; Gap» && (Irsl); 

GapJinder M1 (Gap, Done, Data, Run, elk, rst): fl UUT 

... 

Clock_Prog M2 (elk); 1/ Programmable elock unit 
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Initial fork 
#1 Sdlsplay (WR); 
#1 $display (-Start of simu l ation~): 

#20000 Sdisplay (_0): 

Ad .... ced Olen" Deslga with tbe Vel'i.lot HDL 

#20000 $dlsplay (W End of simulation"): 
#20001 Sstop; 

Join 

Initial fork 
#5 rst " 1; 
#25 rst= O; 

join 

II initial rst 

Inltlal10rk II Test for Run action 
#5 Run = 0; 
#60 Run = 1; 
#14000 Run'" 0; 

join 
always@(negedgeMl.1oad_Data)old_Data=Data; 

alway. @(poaedge Done) 
#1 Sdisplay ($Ume,,"Data:: %b expected_Gap'" %d Gap = %d error:: %d", 
old_Data. expected_Gap, Gap, error); 

initial begin 
Data = 16'hOOO1 ; 
pointer=< 1a'haOOO; 
expected_Gap:: 15; 

1IIIIIIIIfIIJJJIIIIIII/IIIIIIJIIIIIIIII/I/lIIIIIIIIIJlIIIII/J/II1I 
#1$dlaplay r): 
Sdlsplay ("Test Patterns: shrinking Gap from left to right"); 
rflpeat (16) begin 
@(poa.dgeM1.load_Data) 
Data" l6'h0001 I pointer; 
@(negedgeM1 .load_Data) 
expected_Gap:: (pointer> 2)? expected_Gap -1: 0; 
pointer: pointer» 1; 

ond 

pointer: 16'hOOO1: 
@(po.edge M1.load_Data) 
Data: 16'hSOOO I pointer: 
@(negedge M1.load_Data) 
expected_Gap: 14: 
pointer: pointer « 1: 

IIfllllfllllflllllllllfllllfJlllfflllffllllflllllllllflllllllllflll 
$dl.play (-): 
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$display ("Test Patterns: shrinking Gap from right to left"); 
repeat (15) begin 

@(posedgeM1 .load_Data) 
Data = 16'h8000 I pointer; 
@(nege<lge Ml.Ioad_Data) 
expected Gap = (pointer < 32768)? expected Gap ·1: 0; 
pointer = Pointer « 1; -

end 

/I Crossover pattern between sets 
pointer: 16'h6000; 
@(posedgeM1.1oad_Data) 
Data: 16'h8000 I pointer, 
@(negedgeM1.1oad_Data) 
expected Gap '" 0; 
pointer'" pointer » 1: 

1IlIlIlIlflflflllflffllfflfffllfflllflJII/flIlIl/lJ/IIIII/l1I1I1I1I1II 
Sdi.play (~" ) ; 

$display ("Test Patterns: expanding Gap from left to right"): 
repeat (15) begin 

@(posedge Ml .1oad_Data) 
Oala = 16'h8000 I pointer; 
@(negedgeM1.load_Data) 
expected_Gap = (pointer < 16384)1 expected_Gap + 1: 0; 
pointer : pointer » 1: 

end 

/I Crossover pattern between sets 
pointer'" 16'hOOO1 : 
@(posedgeMl .load_Data) 
Data = 16'h0001 'pointer; 
@(negedgeMl.1oad_Data) 
expected_Gap = 0; 
pointer = pointer « 1; 

1I1111111111111111111111111f1l1ll1ll1ll1ll11lf/1/IfIIIJlllfllIlIlIlIlI 
Sdisplay("·); 
Sdisplay ("Test Patterns: expanding Gap from right to left"); 
repeat (15) begin 
@(posadgeMl .load_Dala) 
Data'" 16'h0001 I pointer; 

II Remove comments to include test 
IlSdisplay ("Test for recovery from rst on-the-fly"): 
fI Remove comments to include test 
/1#40 rst = 1: II machine should park In state 5_0 
/1#40rst:0; 

IISdisplay (-): 
IISdisplay ("Test for cycling of Run on-the-fly"); 

411 
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f/ Remove comments to Include test 
II #40 Run E 0; II machine should par1l: in slate S_ 4 
11 #200 Run'" 1; 

dII (negedge Ml .load_Data) 
expected_Gap:: (pointer> 2)1 expected_Gap + 1: 0; 
pointer'" pointer« 1: .0. 

C (posedge Ml.Ioad_Date) ; 
C (negedge Ml.1oad_Data) ; 

Sdlsplay (-): 
Sdlsplay (-Miscellaneous patterns"); 
@(posedgeMl .1oad_Data) Data '" 16'bOOO1_0000_0000_1000; 
C (negedge Ml .IoOO_Data) expected_Gap'" 8; 

G (posedge Ml .load_Data) Data '" 16'hOffO; 
@{negadgeMl.1oad_Data)expected_Gap=O; 

C (posedge Ml .load_Data) Data '" 16'bOOO1_0000_1000_0000; 
G (negedge Ml.IoOO_Data) expected_Gap'" 4 ; 

@(posedgeM1.load_Data)Deta=16'hOOOO; 
@(negedge M1.Ioad_Data) expected_Gap = 0; 

@!(po_edgeMl .load_Data)Data'" 16'llaaaa; 
@(negedgeMl .load_Data) expected_Gap'" 1; 

«II (posedge Ml.load_Data) Data '" 16'hffOO; 
@(negedge Ml .load_Data)expected_Gap"'O; 

@ (posedgeMl .load_Data)Data· 16't100tf; 
@(negedgeM1.Joad_Oata)expected_Gap"'O; 

o (posedge Ml .load_Data) Data'" 16'ha5a5; 
C (negedge Ml .Ioad_Oata) expected_Gap'" 2; 

C (posedge Ml .load_Data) Data'" 16'hfftf; 
@(nege<lge Ml .load_Data) expected_Gap'" 0; 

@(posedgeM' .loacCData)Data""6'h5a5a; 
@(negedge M1 .load_Oata) expected_Gap = 2; 

o (posedge Ml .loa<CData) Data '" 16'h5a5a; 
o (nege. Ml.1oad_Data) expected_Gap = 2; 

o (po.edge Ml .load_Data) Data = 16'hc22S; 
GI (negedge Ml .load_Data) expected_Gap = 4; 
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@(poa.dge M1.Ioad_Data) Data'" 16'h&443; 
@(negedge M1.Ioad_Data) expected_Gap'" 4; 

@(poeedgeM1.load_Data)Data= 16'h8121: 
@(negedgeM1.load_Data)axpected_Gap"'6: 

.0. 
endmodule 

A sample of the standard te~t output produced by the testbench is listed below. 

Test Patterns: expanding Gap from lert to right 
5666 Data ", lOOOOOOCKlOOOOOO expected_Gap", 0 Gap'" 0 error:: 0 
5836 Data .: 1100000000000000 e~pected_Gap '" 0 Gap'" o error '" 0 
6006 Data :: 1010000000000000 expected_Gap :: 1 Gap :: 1 error = 0 
6176 Data ", 1001000000000000 expected_Gap :: 2 Gap:: 2 error:: 0 
6346 Data ", HXlO10000000000Q expected_Gap", 3 Gap '" 3 error'" 0 
6516 Data '" 1000010000000000 expected_Gap:: 4 Gap'" 4 error'" 0 
6686 Data '" 1000001000000000 e~pected_Gap " 5 Gap'" 5 error'" 0 
6856 Data = I()()Q(X)()I()()()()())()() eJtpected_Gap" 6 Gap = 6 error = 0 
7026 Data :: 1000000010000000 e~pecled_Gap = 7 Gap :: 7 error:: 0 
7196 Dala = 1000000001000000 expected_Gap:: 8 Gap = 8 error :: 0 
7366 Data = 1000000000100000 expected_Gap = 9 Gap = 9 error = 0 
7536 Data = 1000000000010000 expected_Gap :: 10 Gap:: 10 error :: 0 
n06 Data ,. lOOOOOClOOOOOlOOO expected_Gap = I I Gap = I I error = 0 
7876 Data = l(xxxxxx)()oc(x)IOO expected_Gap:: 12 Gap:: 12 error = 0 
8046 Data = 1()Q()()()J()()(10 ex.pected_Gap:: 13 Gap = 13 e rror = 0 
8216 Data :: 1000000000000001 ex.pected_Gap:: 14 Gap = 14 e rror = 0 
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13. Develop. verify. and synthesize a frequency divider wilh a programmable divi­
sor for the base frequency, and a programmable duty cycle. 

14. Develop, verify. and synthesize a VeriJog model of a decoder that will decode a 
l6-bit address 10 determine in which of eight 8-k segments of a 64-k memory 
the word resides.. 

IS. Describe thc diffe rences between the circuits Ihat will be synthesized from the 
following Verilog cyclic behaviors: 

a lways @ (a,b,c,d) y '" a + b + C + d: 
a lways@(a,b,c,d)y = (a + b) + (c ... d): 

16. The instruction set of RlSC_SPM is limited and might not serve a particular 
application very well. Develop RISC-.5PM_e aod an enhanced version of 
RISC_SPM with additional instructions that would be useful if it is to be an 
embedded processor within a vending machine that is to accept currency, make 
change, and dispense coffee in response to seleclions made by the customer. 
The allowed selections are identified in Figure P7-16. The machine is to assert 
signals that (I) control dispensing units tbat blend the coffee according to the 
customer's choices. (2) accept currency and dispense change, and (3) send mes­
sages to a display panel . 
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17. Write, verify, and synthesize a partitioned Verilog model (separate controller 
and datapath) of the two-state pipeline described by Figure 5-24. 

18. The block diagram below shows the datapalh and coonoUer for a machine that 
(a) transfers two 16·bi! signed numbers in 2's complement representation into 
rcgistcTS AR, and DR, (b) divides the number in AR by 2 and transfe rs the result 
to register CR, iftbe number in AR is negative, (c) multiplies the number in BR 
by 2 and transfers the result to register CR, if the number in AR is posi tive but 
nonzero, and (d) if the number in AR is 0, c:lears register CR to O. Develop an 
ASMD chart for the mac:hine, write, and verify a partit ioned Verilog model of 
the circuit. Hinr: Consider using the arithmetic right shih operator. The reset 
ac:tion of thc machine is active-low. 

AN-RCO 

AR_leO 
16 

1.d..,AR_8R 
I I I I I .. I I I 

D ... ..,ARJ2_CR 

I I I I I I~f I 
M"CBRJ2_CR CR 

dQl1e I I I 

reucb 
clock 

CN 

JolGUREP7_J8 



CHAPTER 8 Programmable Logic 
and Storage Devices 

As technology advances, the density, complexity. and size of field-programmable gate 
arrays (FPGAs) provide an attractive. cost-efficient. and increasingly important alter­
native to semi-custom application-specific integrated circuits CASTCs). Mask charges 
for cell-based ASICs can cost several $l00k. eliminating these devices from the low­
volume end of the market. The opportunity to realize large circuits in FPGAs has cre­
ated pressure for a change in the method by which circuits are designed for 
FPGA-based applications. Historically. designers with sufficient experience could be 
productive and efficient using schematic entry tools when designs are small, but the 
clear trend today is toward complex and larger designs targeted for FPGAs. The 
language-based design methodology that has served the AS IC design flow is also 
essential to FPGA-based design flows, because it is the key to meeting ever-shrinking 
windows of opportunity for new products. As a result, FPGA vendors have greatly 
improved their support of language-entry tools for FPGAs, and designers have shifted 
from schematic entry tools to language-entry tools. This chapter will emphasize a 
design flow for FPGAs that is entirely Verilog-based. 

The technologies available for implementing digital circuits range from the dis­
crete gates and standard integrated circuits (lCs) used in low-density/low-performance 
applications, to cell-based and full-custom ICs for high-densitylhigh-performance cir­
cuits. Standard ICs can be manufactured cheaply, but they implement very limited, 
basic functionality at low levels of integration. Production of customized logic, having 
a small market, creates an inventory risk because the quantities that could be sold do 
not warrant the expense of their development and production, and Ie manufacturers 
cannot afford to stock multiple variants of specialized functiona l units, as they do with 



4.6 Advanc;ed Digital Dnip with the Vcrilog HDL 

standard parts. Inevitable progress in physical technology alone would render their 
inventory worthless before their investment could be recovered. This chapter will con­
sider programmable logic devices (PlDs), which lie between the two extremes of den­
sity and performance that characterize standard parts and semi- and full-custom 
circuits.. 

PLOs were born out of a necessity created by two conflicting reali ties: large, 
dense, high-performance circuits cannot be built practically. reliably or economically 
from discrete devices, and dedicated les cannot be produced economically and sold 
profitably to satisfy a diversity of low-volume applications. The resolution of these 
forces lies in PLDs. 

Although read-only memories (ROMs), programmable logic arrays (PLAs), 
programmable array logic (PAL), complex PLDs (CPLDs) , FPGAs, and mask­
programmable gate arrays (MPGAs) are all programmable. we will use the tenn PLD 
to indicate the low-density structures that were introduced to implement two-level 
combinational logic: PLAs, PAls, and similar vendor-named devices. PLDs are distin­
guished by their having a regular structure of identical basic funct ional units with 
fixed architecture, MPGAs are formed (rom a regular array of transistors. Unpro­
grammed MPGAs have an identical structure, They are programmed by adding layers 
of metal interconnects to compose and connect macros with a desi red functionality, 
On a local basis, the interconnect might establish, for example. the connectivi ty that 
fonns a NAND gate, and on a global basis establish the functionality of an adder. The 
architecture of the basic functional units remains unchanged, but the interconnection 
fabric (i.e., the layers of metallization) is unique to the application. In contrast, stan­
dard cell layouts do not have a fixed, basic architecture of function al units. There is 
regularity in the structure of the layout channels, but the functional units themselves 
are not uniform and do not have an architecturally determined placement. One cell 
may implement an inverter, another a flip-flop. The use and location of a given cell a re 
application dependent. Nor is a cell itself programmed (i.e., transistors are not con­
nected to establish a basic functionality). The overa ll architecture of a cell-based 
design is completely fl exible within the constraints imposed by layout routing chan­
nels and a library of cells. No ce ll pattern need be replicated in a cell·based layou t. For 
these reasons, we make a distinction between programming that overlayj· an intercon­
nection fabric on a given [lXed architecture of devices, and programming that estab­
lishes an architecture from fixed, pre-designed ond choracterized functional units, as is 
the cose wilh standard cells. We mean the fanner case when we use the term PLD and 
do not include standard cells in that category. 

Storage devices, such as ROMs, are considered to be PLDs because they can 
implement combinational logic by storing the values of a function at memory loca­
tions that are addressed by the inputs of the function. These implementations., of 
necessity, implement the fu ll truth table of the function. Memory-implemented com­
binational logic may be inefficient, because minimization techniques are not used to 
implement a fu ll truth table of a function, and device resources might not be fully 
utilized. 



Proll'ammable Logic and Stonle Devices 417 

8.1 Programmable Logic Devices 

PLDs have a fixed architecture, but their functionali ty is programmed for a specifi c 
application, either by the man ufacturer or by the end user. PLOs whose arch itecture 
is programmed by the manufacturer are referred to as mask-programmable logic 
devices (MPLDs); those that are programmed by the end-user are referred to as field­
programmable logic devices (FPLOs). The architecture of the basic functional unit of a 
PLO is fixed, and is not customized by the user. Consequently, the development and pro­
duction costs of PLOs can be amortized over a larger base of customers, and the range of 
applications for the devices can be very broad. This reduces unit costs for the consumer 
and procluction and inventory risks for the manufacturer, while at the same time allowing 
advances in processing technology to be incorporated into an evolving product line. The 
design cycle of a system that uses a PLO can be very short because pre-customized PLDs 
can be manufactured, tested, and placed in inventory in advance of their being chosen as 
a technology for an application. They are suitable for rapid prototyping of a design. 

Three basic characteristics distinguish PLOs from each other: (1) an architecture 
of identical basic functional units, (2) a programmable interconnection fabric, and (3) a 
programming technology. ROMs, PLAs, and PALs have the AND-OR plane structure 
shown in Figure 8-1. It implements Boolean expressions in sum-of-products (SOP) 
form: The AND plane forms product terms selectively from the inputs, and the OR 
plane forms outputs from sums of selected product terms. A programmable intercon­
nect fabric joins the two planes, so that the outputs implement SOP expressions of the 
inputs. Whether and how a plane can be programmed determines the particular type of 
PLO that is implemented by the overall structure. 

8.2 Storage Devices 

The architecture used to implement Pills can implement read-only or random-access 
storage devices. depending on whether the contenls of a memory cell can be written 
during normal operation of the device. The contents of a read-only memory (ROM) 

ProductteTTTUI 

~ 
Inputs 

AND Plane OR Plane 
Outpul~ 

FIGURE 8-1 AND-OR plane strvcture or . programmable logic device 
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remain unchanged during operation and after power is removed from the device. In 
contrast, the contents of a random-acx:ess memory (RAM) can be changed during 
operation, and they vanish when power is removed. There is another major distinction 
between ROMs and RAMs:The circuit of a ROM is structurally modified to program 
the device prior to its use, but the circuit of a RAM is nol programmed - it is fixed. 
Only the contents of a RAM are programmed, dynamically, during normal read and 
write operations of the circuit. 

8.2.1 Read-Only Memory (ROM) 
A 2" x m ROM consists of an addressable a rray of semiconductor memory cells orga­
ni7.ed as 2" words of m bits each. A ROM has n inputs, called "address lines," and m 
outputs, called "bit lines." The AND-plane of the structure shown in Figure 8-2 serves 
as an address decoder and is nonprogrammable. The address decoder implements a full 
decode of the n inputs, and each pattern of input bits addresses a unique decoded out­
put, called a "word line." Each input address word selects one of the 2" memory words 
to assert a word line, and each cell of a word stores 1 bit of information. Consequently, 
each word line corresponds to a minterm of a Boolean expression. 

ROMs can be manufactured in a variety of technologies: bipolar,complementary 
metal-oxide semiconductor (CMOS), n-channel MOS (nMOS), and p-channel MOS 
(pMOS). A mask-programmed ROM implemented in nMOS technology has the cir­
cuit structure shown in Figure 8-3. The bit lines form the output word, and n-channel 
link transistors connect the word Lines to the bit lines. A bit line is normally pulled up 
to V dd, but when a word line is pulled high by the address decoder, the n-channel tran­
sistors that are attached to it will be turned on. This action pulls the corresponding bit 
lines down. The set of masks that program the device holds the pattern of link transis­
tors attached to a given word, and determines the pattern of Is and Os that appear on 
the bit lines for the applied input address word. Given the three-state output inverters, 
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addr!n 1) 

nmputs 
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formed from mpUIJ 
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(NOllprogrammable) 
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tlGUR E8-1 AND·OR planes for a ROM. 
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tlGl,JRE 8-3 Circuit structure of a mask-programmed nMOS ROM. 
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the presence of a link transistor corresponds to a stored 1 at the location of the mem­
ory cell. The information stored in a ROM can be read under normal operation of a 
host circuit, but not written . The outputs of a ROM are normally three-stated, so that 
the device can be connected to a sbared bus serving multiple devices. In commercial 
ROMs, an additional chip-select input allows multiple devices to be connected to a 
common bus, each selectable by its unique address. If a ROM has been selected. a pat­
tern of Os and Is al its address inputs causes one and only one word line to be asserted. 

A 2n x m ROM can store m different functions of n variables (i.e., truth table 
storage). Figure 8-4 illustrates a 16 x 8 ROM having a 4-bit address word and a total 

~
DO 
Dl 

AD D2 
Al 16><& D3 
A2 ROM D4 
A3 DS 

D6 
D7 

CSjmr 

FIGURE 8-4 Schematic symbol for a 16 x 8 ROM. 
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TAB LE 8-1 Organi7..l1tion and density of c:onunem.1 
ROMI\. 

32K x 8 2S6Kbil 
64K X 8 512Kbi t 
l28K x 8 1Mbi! 
256K x 8 2M bit 
512K x 8 4Mbi! 
1024K x 8 8Mbi! 
64K X 16 

256K X 16 4Mbit 
512K X 16 8Mbil 

of 16 memory words of 8 bits each. Commercial ROMs are available in a range of orga­
nization and densities, as shown in Table 8-1. 

A ROM is a nonvolatile memory because the information remains stored when 
power is removed from the device. Mask-programmable ROMs are manufactured with 
a fixed, nonerasable memory pattern, usually for high-volume applications.. Their non­
recurring engineering (N RE) cost is relatively high compared to a fie ld-programmable 
ROM because the mask set that programs the chip is customized to a particular end 
user's application . The mask set can be produced in about a 4-week cycle. Mask­
programmed ROMs are used in applications in which a system needs stored data and 
has no need to alter the data in ordinary use. For example, they are used as data tables 
that hold the codes for characters that are to be displayed on the display of a handheld 
device, and hold the bootstrap program that executes immediately when the device is 
powered on. ROMs are widely used in electronic point-of-sale terminals in retail 
stores, instrumentation, domestic appliances, industrial equipment , video games, and a 
host of handheld devices (e.g., digital cameras). 

8.2.2 Programmable ROM (PROM) 

A field-programmable ROM (PROM) can be programmed (once) by an end user with a 
special apparatus called a PROM programmer. PROMs are nonvolatile and non­
erasable. Usually manufactured in a bipolar technology, a PROM initially has a pull-up 
device in the OR-plane at every crosspoint between a word line and the internal bit line. 
The pull-up device (diode or transistor) is also connected to a metal fusible link . as 
shown in Figure 8-5. A PROM programmer selectively applies a voltage (10-30 V) to 
cause current sufficient to vaporize the link, thereby disconnecting the pull-down device 
fTom the word line, and permanently causing a I to appear in that cell when it is decoded 
by a word line_ The output of the bit line is the inverted content of the memory cell. 

The bit line outputs of a PROM are driven by three-state inverters, and each 
inverter input is connected to ground by a pull-down resistor and is also connected to 
the internal bit line. In the absence of a signal on a word line, the bit line will be at 
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ground potential and the output will be high. The enable line in the circuit of Figure 8-5 
is active-low, and a high minterm line pulls a bit line output low. Cells having a blown link 
are not affected by their minterm line, and their output remains at 1, due to the action of 
the pUll-down resistor. Note that a bit-line can be pulled down by one or more cells. In 
this scheme, the presence of a link transistor implies a 0 in the output word when the 
word line is decoded. The programming is permanent (i.e., there is no way to restore 
the blown links and create a different program). A program can be modified however, 
if the modification affects only links that have not yet been blown. 

8.2.3 Erasable ROMs 

The architecture of an erasable PROM is similar to that of a PROM, but it uses a 
floating-gate nMOS transistor as the link device between a word line and the bit lines 
(Figure 8-6). A floating-gate translstor has an additional gate inserted between the 
operational gate and the channel. This gate is insulated from the operational gate by a 
high-impedance dielectric material. When special circuitry (not shown) applies a suffi­
ciently high voltage (e.g.,21 V) to the operational gate the insulator breaks down and a 
negative charge is pulled from the channel and becomes trapped on the floating gate 
whc::n the programming voltage is removed. The effect of the trapped charge is to turn 
off the transistor by depleting the channel of carriers, which effectively raises the 
threshold voltage of the transistor and breaks the link between the word line and the 
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bit line, allowing the bit line to float high and remain high independently of the 
affected word line. Subsequent reads of the cell arc 1. In this scheme, the presence of a 
programmed link transistor (Le., one that has trapped charge) implies a 0 in the output 
word when the word line is decoded. 

There arc two types of erasable ROMs: those that are erasable by ultraviolet 
(UV) light and those that are erasable by electricity. The former, called an EPROM or 
UVEPROM, have a quartz opening and rely on a mechanism by which the UV light at 
a specific wavelength causes a temporary breakdown of the insulation of the floating 
gate and allows photocurrents to remove the trapped charge and effectively erase the 
stored information. The latter type, called an EEPROM (electrically erasable PROM) , 
use electrical pulses to break down the insulated floating gate and erase the stored pat­
tern. Application of a high negative voltage to a minterm line will remove the trapped 
charge from the floating gate. The UV-erase mechanism of an EPROM is nonselective 
(also referred to as "bulk erase"'); all ofthe memory contents are reprogrammed to 1. 
A EEPROM, however, has additional circuitry providing a selective erase capability, 
allowing individual words to be selectively erased and reprogrammed. 

EPROMs are commonly used in the debug phase of firmware development for 
microprocessor-based systems. They require 5 to 20 minutes of exposure to UV light to 
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accomplish an erase. ROMs are substi tuted fo r production after the program is correct 
because their packages omit the quartz window and are cheaper. EEPROMs are 
altractive because they can be programmed in-circuit. can be erased with low current, 
and do not require the additional hardware and expense of a PROM programmer or a 
UVsource. 

Volatility and fatigue are two imponant considerations in applications of ROM 
technology. In the absence of UV light. an EP ROM is guaranteed to hold 70% of its 
charge for at least 10 years [I]. The insulating material in an EEPROM is thinner than 
that for an EPROM, and can deteriorate, so EEPROMs have a limited number of 
write/crase cycles, typically 1& to lOS. EEPROMs that have exceeded their fatigue 
limit may fail to hold a charge on the floating gate or may trap charge on the gate. 
Because they can be erased electrically, they erase much faster than an ordinary 
EPROM, making them suitable for prototype code development. They are also used 
in system applications that do not require a high number of write/erase cycles over the 
useful life of a product, such as storage of default configuration data in a personal 
computer [1]. EEPROMs are also available with low in-circuit programming voltages 
(e.g., Atmel AT49LV1024).1 

8.2.4 ROM·Based Implementation of Combinational Logic 

ROMs are commonly used in applications that require a truth table for combinational 
logic. They arc an attractive technology because a ROM can be programmed to imple­
ment any o f 22" different functions of n inputs, and a single ROM can implement any 
of those functions at any of its bit lines (standard logic would require a new circuit 
structure for each different function). A ROM-based design can be modified by sim­
ply replacing the ROM , without altering the external circuitry. The complexity of the 
logic be ing implemented does not have an impact on the effort to program the device, 
as it would in the case of discrete or building-block logic. ROMs arc usually faster 
than multiple large- and medium-scale integrated (LSIIMSI) devices and other PLDs 
in moderately sized circuit applications, and often they are faster than an FPGA or 
custom LSI chip in a comparable technology. On the other hand, for moderately com­
plex functions, a ROM -based circuit i.e; usually more expensive, consumes more 
power, and may run more slowly than a circuit that uses multiple LSIIMSI devices and 
PLDs or a small FPGA (1]. Their full address decoding circuitry ultimately limits 
ROMS to applications that have no morc than 20 inputs. Like other semiconductor 
devices, ROMs benefit from advances in technOlogy that are leading to cheaper and 
denser devices. 

8.2.5 Verilog System Tasks for ROMs 

Verilog has two file input-output (I/O) system tasks that can be used to load memory 
data from a text file. reducing the effort requircd 10 initialize a large memory. as an 
alternative to writing the individual words within thc ROM model. A si ngle ROM 

ISccwww.almcLcom 
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model can serve a variety of applications by substituting text files. The tasks $t'f!admemb 
and $readmemh load to specified locations in a memory the contents of a text file 
formatted as binary or hexadecimal words, respectively (see "Selected System Tasks and 
Functions" at the companion Web site: www.pearsonhighered.com/ciJeni). 

Example8.} 

The truth table of the 2-bi! comparator presented in Example 4.4 is shown in Figure 8-7 
with a symbolic diagram of the fuse links required 10 program a PROM-based imple­
mentation of the circuit with active-low enabled. three-stated outputs. Note that the out­
put column DO is unused, and that the pattern of links accounts for the inverted outputs 
of the device. 

The Verilog model ROM_16~_ 4 illustrates how to declare a memory of 16 words. 
each having a width of 4 bits. and how to load the memory ITom a text file of data. 

module ROM_16_x_ 4 (output (3:0] ROM_data. input (3:0] ROM_addr): 
reg (3:0] ROM (15:01; 
••• ign ROM_data '" ROM (ROM_addr]: 
initial $r .. dm.mb ("ROM_Data_2biCComparator.txt", ROM, 0, 15); 

endmodule 

The contents of a binary-formatted text file 2 for the 2-bit comparator would be 
listed from address 0 10 address 15 as: 

001> 
010x 
010x 
010x 
' 00, 
001> 
010, 
010x 
'00, 
'00, 
OOh 
010x 
. 00, 
H'o, 

."'" 
001> 

lA useful tip: simulation tools expeet the text file to be read by Srtfldnttmb Or $,"""""DrlII to be located in the 
same directory (folder) in whi<;h the project i, located. unless II palhname is specified 10 II different location. 



Denotes a stored I 
(Transistorhnk) 

Denotes a SloredO 
(No transiSlor link) 

Row A AIAO B B1Bj) A>BA<B A=B 

000 000 
o 00 I 01 
o 00 2 10 
o 00 3 11 
I 01 0 00 
I 01 1 01 
I 01 2 iO 

1 01 3 11 
2 iO 0 00 
2 10 1 01 

10 2 10 2 JO 
11 2 iO 3 11 
12 3 11 0 00 
13 3 11 1 01 
14 3 11 2 10 
15 3 II 3 II 

H GURE 8.7 Truth table and PROM fuse map for a 2-h,\ oomparator. 
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UnU.'lCd 

The simulation results in Figure 8-8 display the contents of the ROM as a word 
and as individual bits, illustrating that the unused bit is displayed in Verilog's 4-valued 
logic as an unknown (ambiguous) logic value (denoted by x). The actual fuse map 
would have to specify a 1 or 0 for the unused bits. 

End of Example 8.1 
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o 
N.~ 

A[2:0] 

JO 90 

ROM..daID[3:OJ~~=~j1~~~~~~~;;;;;~~=~=1 ROM_datQf3J ~ 
ROM..dl2la(2] 

ROM_dOlla[l] 

ROM_dIllIlIOJ 

FIGURE 8-8 Simulation results for a ROM-based 20bit comparator. 

8.2.6 Comparison of ROMs 
A variety of ROMs are manufactured by several commercial vendors. Table 8-2 com­
pares representative devices and lists some typical perfonnance attributes. The indi­
cated trend of the complexily and cost of ROMs is qualified by the fact that the unit 
cost of mask-programmed ROMs can be quite low, depending on the volume of parts 
that arc produced. The performance characteristics arc a moving target, linked to 
advances in process technology. 

8.2.7 ROM-Based State Machines 

ROMs provide a convenient implementation of a state machine and can be an eco­
nomical implementation if the attributes of the device match the application . The 
ROM-based state machine shown in Figure 8-9 uses a 2" X m. ROM to store the next­
state and output functions of a state machine. The state of the machine is stored in a set 
of D-type flip-flops, because they typically require fewer outputs from the ROM than 
would a J-K flip-flop. 

The method for designing a ROM-based slate machine is simplified because the 
truth table is implemented directly, without minimization. The size of the array depends 
on the number of inputs, not on the complexity of the implemented logic. We form a 
ROM table in which the row address represents the present state of the machine, and the 
contents associated with that address hold the output and the next state. 
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TABLE 8 2 Comparison of (a) RO M types and (b) performance attributes. 

EEPROM 
In-cireuit In-circui l 

I 
Inlcl2864 

8 yte-by·bytc ByIC.by-byte 8K x8 nMOS 

FLASH In-cireuit 
In-circuil AT49LVI024 

70ns' 64K x 16nMOS 

EPROM Out-of-.circuit 
Out-of-.circuit Intel 2732 

4SM Bulk.UVLight 4K x SnMOS 

TMS47C2S6 

PROM 
CUSlom by 

None 
32K X S CMOS 

150M 
U5Cr (OTP" ) AT27BV400 

2S6K X 160r S12K X 8 

ROM·" M . ", 

· Programming timc:SOOms. 
· ·One-timeprogrammablc. 
"'Requires high volume 10 offset NRE. 

(., 

..". 

T_ 
ReMcyde Wrikc:yde 

ROM NMOS. CMOS 100209 ns 4 weeks 
RO M Bipolar ",weeks 
PRO M Bipolar < l OOns IO- SO IlSl'byte 
EPROM NMOS. CMOS 2$-200 ns 100SOnWbyte 
EEPROM NMOS 5O-1JJO M 100SO J.lslbytc 

Adapted from Wakedy JF. Digil(J1 Du igl1 - P' ;l1ciplts (Jl1d P'(Jclice, 
Upper Saddle Rivcr. Nl: Prcnticc-Hall.2006. 

(b, 

Example 8.2 

A Mealy-type state machine describing a binary-coded decimal (BCD)-to-Excess3 
code converter was developed by manual methods in Example 3.2. Verilog models of a 
ROM memory and of the machine are listed below. The ROM model is external to the 
state machine model. In simulation, its contents are wriuen immediately by the Initial 
(single-pass) behavior that executes when a simulation begins. The listing identifies the 
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Outputs 

Inputs 

FIGURE 8-9 Block diagram for a ROM-based finite-state machine. 

contents stored at each ROM address. The comments identify the state associated with 
each address and hold the output and next state. A continuous assignment updates the 
address of the ROM (ROM_add,) whenever the state or the input of the machine 
changes, ensuring that the machine is of the Mealy type. The testbench specifies a sim­
ple input sequence for the purpose of illustrating the machine's behavior, shown in 
Figure 8-10, which matches the behavior of the manually designed gate-level machine 

flGURE 8-10 Simulation results for a ROM-based Verilog model 
of a BCD-to-Excess~ code convener. 
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shown in Figure 3-23, In this example, the contents of the ROM are listed within the 
ROM,) rather than in an external file. 

module ROM_BCD_to_Excess_3 (output [3: 0) ROM_data, Input [3: 0) ROM_addr): 
reg [3: 0) ROM [15: 0]; 
assign ROM_data:: ROMIROM_addr]; 

initial begin 
ROM[O] = 4'b1001 ; 
ROM(1 ) '" 4'b1111 ; 
ROMI2]:= 4'b1000; 
ROM(3)" 4'b1110; 
ROM(4) = 4'bxxxx; 
ROM(5) = 4'b0011; 
ROMI6] = 4'bOOOO; 
ROMI?] = 4'b0110; 
ROMI8} = 4'b0101 ; 
ROM[9] '" 4'b0011; 
ROMll0) '" 4'booOO; 
ROM(11) = 4'b0010; 
ROMI12] = 4'bJOOO(; 
ROMI13] = 4'b1011; 
ROM{14] = 4'b10oo; 
ROMI15] = 4'b1110; 

eod 
endmodule 

/I input state output next_state 

/I S 000001001 
/I 5 =10 0011 111 
11 5600101000 
11 5=400111110 
If not used 
11 520 101001 1 
/I 5=50 1100000 
1/ 5 301 11 0110 
II S- 01 0000 101 
11 5 - 110010011 
11 5 =610100000 
If 5 _41 011 0010 
If not used 
/I S_21 101 1011 
/I S 51 1101 000 
II S=311111110 

module BCD_to_Excess_3_ROM (output [3: 0] ROM_addr, output B_out, 
Input [3: 0] ROM_data, input BJn, elk, reset 

I: 
reg 12: 0] state; 
wire [2: 0] next_state; 

assign next_state = ROM_data [2: 0): 
assIgn B_out = ROM_data[3]: 
assign ROM_addr = {B_in, state}; 

always @ (posedge elk, negedg. reset) 
If (reset == 0) state <= 0; els. state <= next_state; 

endmodule 

module tesCBCD_to_Exeess_3b_Converter 0 ; 
wlre B out, elk; 
wire 13-:- OJ ROM_addr, ROM_data: 
reg BJn, reset; 

.J.rnis approao;:h would be impractkal for a large ROM 
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BCD_lo_Excess_3_ROM Ml (ROM_sddr, B_out, ROM_data, B_in, elk, reset); 
ROM_BCD_to_Excess_3 M2 (ROM_data, ROM_sddr); 
clock_gon M3 (elk); 

initial begin #1000 $finish; end 
initial begin 

#10 reset = 0; 
#90 resel = 1; 

eod 

initial begin 
#0 BJn" 0; 

:~~ :=:~:~: 
#1008 in" l ' 
#100 e=in = 0; 

eod 
endmodule 

End of Example 8.2 

8.2.8 Flash Memory 

Flash memory devices arc similar to EE PROMs, but have additional bu ilt-in circuitry 
to selectively program and erase the device in-ci rcuit, without the need for a special 
programmer. They have widespread application in modern technology for cell phones, 
digital cameras, set-top boxes. digital TV, telecommunications, nonvolatile data storage, 
and microcontrolle rs. Flash memory is cost-compet itive with a magnetic disk for capac­
ities under 5 MS. Its low consumption of power makes it an attractive storage medium 
for laptop and notebook computers. Flash memories incorporate additiona l circuitry 
too. allowing simult aneous erasing of blocks of memory. Like EEPROMs, flash memo­
ries are subject to fatigue, typically having about lIP block erase cycles. 

8.2.9 Static Random Access Memory (SRAM) 

Read-only memories are limited to applications that require retrieval, but not storage. 
of information during ordinary operation. Computers and other digital systems perform 
many operations that retrieve, manipulate, transform, and store data, and therefore 
need read/write memories. For example, an application program must be retrieved from 
a relatively slow storage medium , such as a floppy disk or a CD-ROM, and moved on 
demand to a location where it can be accessed quickly by the processor. ROMs arc not 
used to store large application programs, and they cannot dynamically store the data 
generated by a program 's execution. Storage registers and register riles support fast, 
random storage, but cannot be used fo r mass storage because they are implemented 
wit h flip-flops and occupy too much physical area in silicon to support applications that 
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generate and store vast amounts of data. Small register files may be integrated in an 
ASIC or an FPGA to avoid having to access an external (slower) memory device. 

RAM is faster and occupies less area than a registcr filc, and it serves the function 
of providing fast storage and retrieval of large amounts of data during the operation of 
a computer (e.g., a video frame buffer). The name random indicates that RAMs allow 
words of data to be written to or read from any storage location in any order.4 Most 
RAMs are volatile - the information they contain vanishes aher power is removed 
from the device. A newer and emerging technology, nonvolatile RAM, will be discussed 
later in this chapter. 

There are two basic types of RAMs: static and dynamic. Static RAMs (SRAMs) 
are implemented with a transistor-capacitor storage cell structure thai docs not require 
refresh; dynamic RAMs (DRAMs) arc slower, u..<.e fewer transistors, and occupy less 
physical area, but they require refresh circuitry to retain stored data. They provide the 
densest storage devices, but their contents must be refreshed every few milliseconds; 
therefore DRAMs require additional supporting circuitry.SRAMs are used as fast-cache 
memory in a computer. 

The circllit in Figure 8-11 shows the basic structure of an SRAM cell. A pair of 
inverters are connected in a closed loop and their outputs are tied to pass transistors 
attached to Bieline and its complement, Bieline_bar. SRAMs commonly use the 
6-transistor circuit5 shown in Figure 8-12. The gate of each pass transistor is connected 
to the word line of the circuit. Suppose that Word_enable is de-asserted, that tbe stored 
content of the cell has cell = 1 and cell_bar = 0, and that the inputs are changed to 
Bicline = 0 and Bic lillc bar = 1. When Word_enable is asserted, cell is driven to 0 
and cell_bar is driven to 1. The feedback structure forces the output of one inverter to 
be the complement of the output of the other inverter. 

The values of Bit_line and Bieline_bar control the read and write operations. 
An array of such storage cells is configured with sense amplifiers that are used to read 

flGURE 8-11 SRAM circuit structure. 

' In contrast. note that data are read serially rrom a tapc storage med ia. 
~Olher schemes use as few as four transistors by replacing the p-ehanncl pull-up transistors with depletion_load 
devicc.s that function as resistors and compensate for leakage current. 
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flGURE8-U Ttansislor·kvclSRAMccU. 

the conten ts of a cell. Data are written to the cell by precbarging Biclinc and 
Biclinc_bar to complementary values, and then strobing Word_enable. This forces the 
inverters to have the values imposed by the bit lines. To understand how reading is 
done, suppose that Bicline and Bictine_bar are both precbarged to a 1. When 
Word3 nable is strobed, the inte rna l node at which a 0 is he ld by an inverter will 
provide an n-channel pull-down path for the bitline to which it is attached by a pass 
transistor. The differential voltage between BitJine and Biciinchar can be detected 
by a sense amplifier and used to determine the configuration of the stored data {2]. 
The read operation is nondestructive. because the internal state of the stored data is 
not affected by the circuit activity durin g a read cycle. 

In the following examples, we will progressively develop a series of Verilog 
functional models of SRAMs, beginning with a model of a simple SRAM cell, and 
proceeding to larger memory blocks with unidirectional and bidirectional data ports. 

The basic RAM cell represented by the block diagram symbol in Figure 8-13 has 
active-low inputs for chip select (CS_b) and write enable (WE_b). The chip select 
signal is generated by a decoder that selects among multiple chips in the same system. 
Note the absence of a clock signa l. Storage registers and register fil es are implemented 
by flip-Oops, but the storage devices of RAMs are implemented as transparent latches, 
which support asynchronous storage and retrieval of data and minimize the time that a 
RAM requires service from a shared bus.. 

cs 

FIGURE 8-lJ SRAM c:c ll: block dil gTam symbol. 
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Example 8.3 

The level-sensitive Verilog description, RAMJtatic models a simple RAM cell, without 
accounting for propagation delays. With active-low signals denoted by the suffix _b, 
level-sensitive behavior is modeled here by a single continuous assignment declaration 
with nested conditional operators decoding the status of CS_b and WE_b. If CS_b is not 
asserted the output is in the three-state mode (has the value Verilog logic value z). If 
CS_b and WE_b are asserted (low), the cell is in transparent mode, and data_out follows 
data_in; if CS_b is asserted and WE_b is de-asserted, the cell is latched. The contents of 
the cell can always be read, but a host processor would access data_our only when WE_b 
is de-asserted. The functional schematic in Figure 8-14(a) fonns RAM-static; the simula­
tion results presented in Figure 8-14(b),demonstrates the cell 's behavior. 

module RAM_static (output data_out, Input data_in, CS_b, WE_b); 
fI Note: chip select and write are active-low 

••• Ign data_out'" (CS_b "''' O)? (WE_b "'''' O)? data_in: data_out : 1'bz; 
endmodule 

The Verilog description is synlhesizable, and is implemented by a single four-input 
lookup table (LUT) in a Xilinx FPGA. 

(.) 

d"'"_in 1------, ,------, 
dala_oul 

(b) 

FIGUR E 11-14 SRAM cell: (a) Xi linx.gencratcd functional schematic and (b) simulation re5ults 
illustrating chip select. write, and read behavior of RAMJlalic 

End of Example 8.3 
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Example 8.4 

The Verilog model of an SRAM cell can be modified to incorporate a single bidirec­
tional port for use in a bus-based architecture. An additional active-low signal, OE_b 
(output enable) is added to the block diagram symbol (see Figure 8-15) and controls 
the datapaths through the three-state 110 buffers. The datapath is reduced from two 
signal ports to one port. which renders a great savings of package pins and total area if 
the data port is a wide vector. The structure of the model is shown in Figure 8-16. where 
the latch is implemented by a mux with feedback. The data paths for a write operation 
are shown. OUiput enable (OE_b) is asserted (low) during a read operation, and write 
enable (WE_b) is asserted (low) during a write operation . If WE_b is asserted and 
OE_b is not, the value at data is transparent through latch_out and is held when WE_b 
is de-asserted (i.e., written to the cell). Conversely, when WE_b is not asserted and 
OE_b is asserted, the content of the cell can be read through data,as shown by the data 
paths in figure 8-17. 

cs 
RAMJtll /ieJjD 

WE .. ". 
O£....b O£ 

'----------' 

dll/Il 

FIGURE 1-1..5 SRA M ~II: block diagram 'ymbol witb a bidi rectional 
. dataportinterfa~to a$h.ared bus. 

FIGURE 1-16 SRAM cell with bidirectional data porI: configured 10 write external data 
throughabidir~I)ona[dataport to the intemaiceU (CSJ> - O. W £..b - 0.0£....b - t). 



FIGU RE 8-17 SRAM «II wilh bidireclional dall pon:configuced to read the «II OI)nlenl'i 
via the bidirectional dala port (CD.)) - 0, WE.)J - 1. 0£J> - 0). 

'" 

The Verilog model6 of the RAM cell with bidirectional data port, RAMJtaticBD, 
is given below. 

module RAM_stalic_SD (Inout data, Input CS_b, OE_b, WE_b); 
/I Note: the data port is bi-directional 
/I Note: chip select, output enable, and wme enable are active-low 

wire latch_out::: «CS_b c: 0) && (WE_b .:II: 0) && (OE_b "'.1»? data: latch_out; 

assign data '" «CS_b "':0) && (WE_b "",, 1) && (OE_b == O»? latch_out: ,'bz; 
endmodule 

'TWo additional modes are possible. With CS_b asserted (low), the control lines could 
be W E_b = O,OE_b := 0, and W E_b = I, OE_b "" L The configurations that resuil 
are shown in Figure 8-18. The cell is latched in both cases; its conlents are not affecled 
by the external data path. and latch_out does not affect data. The contents of the cell 
are not available at data. 

The functional schematic of RAM_static_BD,created by the Xilinx ISE synthesis 
tool,7 is shown in Figure 8-19. The schematic consists of a latch with additional logic to 
steer the 110 datapaths through a bidirectional data port. The synthesized and imple­
mented circuit has data mapped to an 110 block ( lOB) configured for bidirectional 
operation. 

The interface between RAM_staticBD and a bidirectional shared bus is illus­
trated in Figure 8-20, and the structure of the testbench for verifying RAM_s/aticBD 
is shown in Figure 8-21. A separately declared register variable, bus_driller, drives 
the bidirectional bus and sends data to RAMJ tatic_BD . The Verilog testbench, 
testJ?AM-,static~D, uses a continuous assignment to assign t.he value of bus_driller 
to data_bus if OE_b is asserted during a write operation. and to disconnect bus_driller 

"(AntinuoU$ ;usignments are used hen: to illustrate another Ityk for modeling kvel..erwtive behavior. The 
dc:faulttype of the target of the assignment is a wi",. (Some tool5 might requin: an explicit declaration of type.) 
l iSE is the Xilinx " Integrated Synthesis Environment," a tool for HDL-driven daign entry and synthesil. 
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(0) 

dQ(Q 

(b) 

tlGURE 8-18 SRAM cell with bidirectional data port: configured for latched dala and 
not reading or writing,(.) wilh (CS....b - 0, W£,"'p - O,OE-" '" 0) and (b) wi th 

(CSJJ - 0, WE...p - I,OE..P - I). 

-~ 
CS LMch 

WE "" 
OE 

FlGU RE 8-19 SRAM c:cll with bidin:ctional data port: prtoptimiut;on 
funclionalsche malic created by Xi lmx ISE lools. 
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CSJ> CS 

RAMJ raricJJD 

WE 

FIGURE 8.20 SRAM interface to a bidireCiional data pori 

, 

L=t=====::: g}~ : 
- - - - - - - - - -- -- ---- ---

FIGURE 8.2t Thstbcneb st ructure for SRAM cell with bidirectional data port. 

otherwise. Note that data_bus has two driver~ bus_driver from the testbench, and 
data, the value driven through the bidirectional port of RAM_staticBD. The assign­
ments from bus_driver to dataJJus must be synchronized by WE_b and OE_b to 
avoid bus contention (i.e., so that the bus has only one driver at a time). The bidirec· 
tional nature of the testbench is illustrated in Figure 8·21 , which shows 
RAM_sIatic_BD instantiated within the testbench, tescRAMJ tatic BD . The signals 
OE_b. WE_b,and CS_b are declared as register variables in the testbench. 

module test_RAM_static_BD 0; 
II Demonstrate write ( read capability. 

reg bus_driver; 
reg CS_b, WE_b, DE_b; 

wire data_bus = (WE_b == 0) && (DE_b == 1))? bus_driver: 1'bz; 

RAM_stalic_SD M1 (data_bus, CS_b, DE_b, WE_b); 
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Initial #4500 $finish; 
Initial begin 

Adl'lJIced Dilila! Desiga with the VeriJOi nOL 

CS_b:: 1: bus_driver '" 1; OE_b = 1; 
#500 CS_b = 0; 

:~ :~=~~~; : 0: 
#100 bus_driver '" 1; 
#300 WE_b '" I ; #200 bus_driver = 0; 

~~ g~-~:~: ~~ g~-:: ~: WE b,. Q' 

#200 WE- b =,.. #200 OE- b '" 0' #200 OE 'b"'" 
#500 CS":=-b E 1;' - ' - ' 

#500 bus_driver = 0: 
ond 

initial begin 
#36OOWE b: 1' OE b"'" 
#200 wej;: '" 0: oej; = 0; • 

ond 
endmodule 

The simulation results in Figure 8-22 show a sequence of values for CS_b, WE_b, 
and OE_b to demonstrate tbe modes of operation of RAMJ (QlicJJD. In the trans­
paren t mode, with WE_b = 0 and OE_b = I, the value of data is determined by 
bus_driver and lalch_out is the same as data; when WE_b de-asserts, the value of data 
is latched (i.e., data are wrillcn to the cell).8 When OE_b is asserted , with WE_b 

o 
Name 

CSj, 

WE-> 

ot: b 

Write 

Transparcntmode 
1420 

flGtJRE 8-22 SRA M ce ll with bidirectional data porI : simulalion results. 

"'The <)IIlput of the ccLLean also bc: latchedbydc-lS5Cning CS, bul thisis not the ordinaryway to cnd a write cycle. 
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de-asserted, the value of latch_out appears at data and at data_bus. When OE_b and 
WE_b are simultaneously asserted or de-asserted, the bus is nol driven and could be 
used by another client. 

End of Example 8.4 

Large SRAMs cannot be implemented practically as a simple array structure for two 
important reasons. Large SRAMs require wide input decoders, and the footprints of 
long rectangular arrays might not be as convenient as square arrays for physical layout 
in silicon. As an alternative, large SRAMs arrays are reorganized into nearly rectangu­
lar block structures using two levels of decoding. 

ExampleS.5 

A 32K x 8 SRAM can be organized in the structure shown in Figure 8-23, where the 
array has been partitioned into 8 blocks of size 512 X 64. A 32K memory requires a 
IS-bit address. The lower 6 bits of the address are passed to a bank of 8 muxes, each 
having a 64-bit wide datapath. The 6-bit address selects 1 bit from each data path to 
form an 8-bi t output word, Data_Our. These same 6 bits steer Datajn to 1 of 64 input 
lines connected to each of the 8 memory blocks. The upper 9 bits of the address are 
decoded by combinational logic to select one 64-bil word in each of the 8 blocks. In 
this reorganized structure, the address decoders have a practical size because they 
decode fewer outcomes, and the overall structure is nearly square, having a height of 
512 cells and a width of 512 cells. 

End of Example 8.5 

ExampleS.6 

The alternative architecture shown in the block diagram in Figu re 8-24 for a large 
SRAM has a bidirectional data port, where the column decoder. row decoder. and 
colum n lIO circuitry are represented by functional blocks adjaccnt to a 128 x 128 
array of memory cells holding 2048 eight-bit words. The upper 7 bits of the address 
word decode the 128 rows of the array, and the lower 4 bilS of the address decodc 
the 16 columns of words. The three-state devices that gale the bidirectional data­
paths are not shown, but are contained in the column 110 circuitry. The Verilog 
model of the SRAM, RAM_2048_8 is based on the organization of the data cells 
shown in Figure 8-25, where the address organization leads naturally to a row-by-row 
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FlGVRE8-14 A 16K SRAM partitioned into 128 x 128cclJs. 

liil~fr,~[I27· ISI"·O'd 
\b.t16J83 

,,' IGURE 8-25 Organil.lltion of data words m a 16K SRAM. 

sequential access, beginning at the upper rightmost cell and proceeding ultimately 
to the lower leftmost cell. The model will include timing parameters, describing the 
propagation delays of the device. and timing checks to detect violations of opera­
tional constraints during simulation. 
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FIG URE 11-26 l~scRAM....2fH8_8: Itructure of the Icstbench ror writing and 
Tcadingpaucmso(walking ll lhrougb asharedbi-directionalbu.s. 

The Verilog model RAM_2048_8 implements the structure illustrated in 
Figure 8-25. The model uses a parameterized two-dimensional array of words to 
represent the RAM. The structure of ils testbench, tf'sC RAM_2048_8, is shown in 
Figure 8-26. The unit under test, RAM_2048_8, and the Icstbench both incl ude 
bidirectional three-state 110,9 The active-low write-enable signal, WE_b, has prior­
ity over the active-low output-enable s ignal. OE_b (i.e., if W E_b = 0, the output is 
in the high-impedance condition independently of DE_b). This prevents bus 
con tention by not allowing simultaneous reading and writing. 

The testbench , cRA MJ tatic2048_8, includes a behavior that writes a pat­
tern of walking Is through each column of the memory, successively, and another 
behavior th at reads back the patte rns stored in memory. Patterns are included in 
the testbcnch for simulating with and without delay (the sfHClfy . . . mdspecify block 
con taining timing parameters and path delays can be commented out from the code).1 0 

"Note that we have simplified the schematic by .bowing a lingle three-.tate boffer instead of an actoal eon­
figora\ion having a buffer o n each bit line ofeaeh bus. 
""The de lay value. used are for iIlustuti.on and do not repracnl the (utest devices that are available "'Ilh 
the tnO$t advanced technology. They should be replaced by the parameteR of I specific part . 
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Name 
2477.94ns 2483.84ns 2495.64ns 

CLb 

WE~b 

OE~b 

wi 

row 87 88 89 90 92 9J " " addr[IO:O] 579 '89 5b9 '" 509 5,' 6" 
coCaddr[3:O] 

,ow~add"6:01 87 88 89 90 9I " 
04 '" 10 .. 80 

dala[7:0] zzSOzzOI "lZ02zz04zz08:u lOzz207.z40zzSO"lZOlzz02 

daraJromJlltmory[7:O] 

flGURE 8-27 RAM ..204S~8: simulation results fot writing a walking Is pallern to 
memory with l.ero de lay_ 
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The simulation results shown in Figure 8-27 show the patterns written in column 9. 
starting at row 88, for zero-delay simulation. The three-state action of the bus and 
the bidirectional datapath causes dota_bus and data to have the value zz" in the dis­
played waveforms when WE_b is L The results in Figure 8-28 show the patterns read 
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Name 6238.89ns 6242.4%1 6246.09ns 6249.691\J 

WE b 
OE_bf-______ ___ ______ _ 

~ M ~ ~ ~ ~ ~ " % ~ ~ ~ ""!!~ oddr( IO:O) S79 S89 S~ Sa9 Sb9 Sc9 Sd9 Se9 Sf9 609 619 629 639 

col....oddr[ 3:01 

row-Pddrj6:O] 87 88 89 90 91 92 93 ~ 9S % 97 98 ~ 

dQlOJO-",('mory(7:O] ~=======]OLI ======== 
dOlo_bu.s{7:0 ) 80 01 02 1)4 ()8 10 20 40 80 01 02 04 08 

datQ[7:o] 80 01 02 04 10 20 80 01 08 

10 20 40 80 01 08 

do/Q../rom..fll .. mory(7:0 ] 1S128=t~1 ~~~~'~~I6~32~64~=I2='t:':1 ~~~~~ I 
dO/Q../ .... /m..fll .. mory(7Jp 
oUr/Q_fronIJ .... moryI6] 1'-_ _ _ ___ _ --',---,L-____ __ 1 
da/a.../rom...ftlmloryIS] ;---"11-_______ 1 

dQIQ...frDm...ftlemory[4) r---1L-_ _ _ _ _ _ _ --'~ 

dQla../rom.J>l<!moryI3 ) . .li...1-_ _ ___ _ _ _ J" 

dQlo../rom...ftlemoryI2) r--1 .------,~ 

d/UQ../rDm..fllemoryll) ~L---------~--' ~ 
dalll.../rom...ftl .. moryl01 ~ ,...--, 

FIGURE 8-28 RAM...)048...JJ: simulation resullS for readin8 back a walking Is pattern 
from memory with zero delay. 

back (la ter) from the same locations. When nonzero propagation delays are 
included in the modeJ. the simulation results in Figure 8-29 are obtained ror writing 
to memory. When the inputs generated by the testbench have WE_b and OE_b 
simultaneously high, the data_bus is in its three-state mode. The wavdorms in 
Figure 8-30 are obtained by reading data from memory. The testbench includes an 



Prop ...... ble LoJIc alMl StOr1l&e Derica 

tOO39.71ns H1065.81DS 1009 1.91115 101l8.01DS 
om, 

CSb 
wO ~ 
00 

'0/ , 
row 103 10< lOS 106 107 lOS 109 110 III 1/2 113 114 

addrilO:Qj 679 '" '" 6., 6b9 ... "" .. , 619 '09 719 729 

col....JUIdr(3:G] , 
' ow_llddr(6:Gj 103 10< lOS 106 107 lOS 109 110 III 112 113 114 

dQtQJoJ71tmQryl7:Oj '" 01 02 04 llll 10 20 40 '" 01 02 0< 

dQIQJoJ71tmQry(7] 

dQIQJOJ71tmory ]61 

dQIQJOJ71tmory [5] ~ 

dQIQJOJ71tmory [4] ,---, 
dQ/QJO..JPU"mory(3] ,--, 
dalQJoJ71tmory(2) ,---, 

s-=::::::= dQ/QJO.J"tmory( l ] ~ dQ/QJo.J"tmory{O] -r-L-~ 

dQtD...bUS(7:O] '" 01 02 04 08 10 20 40 '" 01 02 0< 

d<llD[7:O] '" 01 02 04 08 10 20 40 '" 01 02 0< 

dQ/Q[7) 

OOIQ[6) ~nn"n" rr-R ""n 

dQ/D [5 ) '" ~ " " " "------,, '" n n " 
dQ/Q[4] ",--"",n n-n n rn n n n 

dD/QI 3] n""Jll."nrnnnn 
da/Q[2] nn,,":~ ~~~~ nJrO 
da/Ql l] ~"D n n "~ dQfQ(O] 

dD/D~II/[7:01 tt 

dQIQJ'OntJ71tmory[7:O] , 

n GURE 8-29 RAM~_8: simula!ion results for wri ting to memory a walking Is pauern with nonzero 
propagatiDndelay. 

... 
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Name 2690518ns 2700958n5 2106178ns! 

Wlt!!!!!!!!1 ~ddrtl0'(}1~ 
w'-"d'~3"J 

row_addr\6:0] 

data_lo_nlfmU,Y]7:01r========E:========1 

, "'" 
, w~l6I 

~'"_I",mfi"",'w'Y''''''1J ~"L-___________ ,-,~I 

'''"Jm"'_"''"''''yJ3J " L-_________ -=---'~ --
dQ/IlJmmY'''nlory[2) ...r-::--t.L-______ ~J ~ 

dllluJrorllJlu>tI1ory[l]-------.r-l.. IIL-___ I 
d",aJronuu .. mQry[OI~ ,..., 

FIGURE 8·30 RAMJ048.,fi: simulation results fur reading data from memory_ 

optiona l signal. wrife-probe, which reports the value that is Siored in memory at th e 
rising edge of WE_b and is used to verify the latching activity of the model. 

'timescale 1ns/10ps 

module RAM_2048_8 #(parameter 



Protnmmable Logic and StOr8l11e Del-ices 

word_size'" 8, 
addr_slze '" 11, 
mem_depth", 128, 
mem_width '"' 16, 
coI_addr_size: 4, 
row addr size: 7, 
Hi_Z-pal~m '" {worcCsize{,'bz}} 

I( 

I; 

inout (word_size ·1 : OJ data, 
input (addr_size ·1 : 01 addr. 
input CS_b, WE_b, OE_b 

reg [word_size·, : OJ data_int; 
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reg (word_size.1 : 01 RAM (0: mem_depth · 1] (0: mem_wldth ·1] 11 126 rows, 
16 columns 

wire (coLaddr_size · 1: 0] coI_addr" addrtcol_addr_size ·1 : 0]; 
wire [row_addr_size ·1 : 0) row_addr" addrtaddr_size ·1 : coLaddr_sizeJ; 

assign data: «CS_b "'''' 0)&& (WE_b "'''' 1) && (OE_b:: 0» 
? data_int: HLZ-pattem; 

always@ (data, coI_addr, row_addr, CS_b, WE_b, OE_b) 
begin 

dataJ nt '" HLZ-pattem; 
If «CS_b:: 0) && (WE_ b ;: 0» RAM [row_addr][coLaddrJ : data; 

else If «CS_b "" 0)&& (WE_b zz:: 1) && (OE_b "''' 0» If Read from memory 
dataJ nt:: RAM Irow_addrJ(coLaddrJ; 

end 

I· Comment out the model for a zero delay functiOflat test. 
II Also adjust stop time In lest bench 

specify 
II Parameters for the read cycle 

speep.ram t_RC '" 10; 11 Read cycie lime 
speeparam t_AA = 6; II Address access lime 
speeparam CACS '" 6; II Chip select access time 
speeparam I_Cll '" 2; II Chip select to outpul in low·z 
speeparam I_OE '" 4; II Output enable to output valid 
speeparam COLl :: 0; II Output enable to output in Iow·z 
speeparam CCHZ = 4; II Chip de·select 10 output in hi-z 
speeparam t_ OHZ = 3.5;11 Output disable to output in hi-z 
speeparam t_ OH ... 2; II Output hold from address change 

If Parameters for the write cycle 
speeparam I_WC ... 7; II Write cycle time 
speeparam t_CW '" 5; II Chip select to end of write 
specparam t_AW :II 5; 
speeparam CAS :II 0; II Address setup time 
speeparam t_ WP '" 5; II Write pulse width 
sptleparam t_WR " 0; II Write r&COvery time 
speeparam CWHZ '" 3; II Write enable to output in hl-z 
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specparam I_OW = 3.5;11 Data set up lime 
_pecparam t_DH = 0; II Data hold time 
.peeparam C OW = 10;" Output active from end of write 

/lModule path timing speCifications 
(addr·> data) == I_AA; 
(CS_b·> data) == (CACS, t_ACS, t_CHZl; 
(OE_b·> data) = (t_DE, COE, t_OHZ); 

/I Timing checks (Note use of conditioned events for the address setup, 
II depending on whether the write is controlled by the WE_b or by CS_b. 
!/width of writelread cycle 

Swidth (negedge addr, t_WC); 
IIAddress valid 10 end of write 

Ssetup (addr, posedge WE_b &&& CS_b """ 0, t_AW); 
Ssetup (addr, posedge CS_b &&& WE_b === 0, I_AW); 

IIAddress selup before write enabled 
Ssetup (addr, negedge WE_b &&& CS_b "'''' 0, CAS); 
Ssetup (addr, negedge CS_b &&& WE_b:== 0, CAS): 

hWidlh of write pulse 
Swidth (negedge WE_b, I_WP); 

/lData valid to end of write 
$setup (data, posedge WE_b &&& CS_b == 0, I_OW); 
Ssetup (data, posedge CS_b &&& WE_b "'''' 0, I_OW); 

/lData hold from end of write 
Shold (data, posedge WE_b &&& CS_b == 0, CDH); 
$hold (data, posedge CS_b &&& WE_b =;: 0, COH); 

!/Chip sel to end of write 
Ssetup (CS_b, posedge WE_b &&& CS_b == 0, t_CW): 
Swldth (negadge CS_b &&& WE_b "'''' 0, t_CW); 

endspaclfy ., 
endmodule 

module test RAM 2048 8 0: 
parameter ~rd_$i:te =-8; 
parameter addr_si:te '" 11; 
parameter mem_depth = 128; 
parameter num_col '" 16; 
parameter coLaddr_size '" 4: 
parameter row_addr_size '" 7; 
parameter Initial_pattern '" 8'bOOOO_OOO1 ; 
parameter Hi_Z---.P8ttern '" (WOrd_size{I'bz}); 

reg {word_size -1 : 01 data_Io_memory: 
reg CS_b, WE_b, DE_b; 

integer col, row; 
wire {coL addr_size -1 :01 coLaddr = col; 
wire (row_addr_size -1 :01 row_addr;: row; 
wire {addr_size -1 :O} addr::: {row_addr, coLaddr}; 



parameter t_WPC '" 8: 
parame'er t_RPC '" 12; 
parameter latency_Zara_Delay = 5000; 
parameter lalencLNon_Zero_Delay = 18000; 
paramete r slop_lime'" 7200; II For zero-delay simulation 

llparameter stop_time:: 45000; II FOf non-zero delay simulation 

" 9 

II Three-state, bi-directional UO bus 
wlr. (word_size·, : OJ dala_bus 0: «CS_b:: 0) && (WE_b "'= 0) && (OE_b:= 1» 

? dala_lo_memory: Hi_ZJ>8ttem; 

wire [word_size -1: 0] data_from_memory '" «CS_b:: 0)&& (WE_b;; 1)&& 
(OE_b "'; 0» 
? data_bus: HL ZJ)8ttem; 

RAM_2048_8 M1 (data_bus, addr, CS_b, WE_b, DE_b); II UUT 

Initial #stop_time $fini.h; 
III" 
1/ Zero delay tast: Write walking ones to memory 

Inftlal begin 
CS_b '" 0; 

~i~::~; 
for (coI= 0; col <= nurn_coI-1; col:: col +1) begin 

data_1o_memory '" initialyattem; 
for (row = 0; row < .. rnern_depth-l ; row ::: row + 1) begin 

#1 WE_b - O; 
#1 WE_b:: 1; 

data_1o_memory :{data_Io_memory[word_size-2:0]. data_1o_ memory 
[word_size -1]}; 

. nd 
ond 

ond 
11"/ 

11/* II Zero delay test: Read back walking ones from memory 
Initial begin 

#latency_Zaro_Delay; 
CS_b:: 0; 

6:::=~i 
for (col: 0; col <:: num_col-1; col : cot +1) begin 

for (row:: 0; row<:: mem_depth-1; row : row + 1) begin 
#1; 

.nd 
ond 

.nd 
iN 
/I Non-Zero delay test: Write walking ones to memory 



II Writing controlled by WE_b 
r 

Initial begin 
CS_b '" 0; 
WE_b: 1; 
OE_b= 1; 
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for (col: 0; col <: num_col-1: col: col +1) begin 
data_to_memory: initial---'pattem: 
for (row" 0: row <: mem_depth"-1: row: row + 1) begin 

#(t_WPC/8) WE_b: 0: 
#(CWPC/4): 
#(t_WPC/2)WE_b = 1; 
data_Io_memory "{data_Io_memory[wor<Csize-2: OJ. data_to_memory 

(word_size -1ll: 
#(CWPC/8): 

end 
end 

.nd 

" Non-Zero delay lest: Read back walking ones from memory 
initial begin 
#latency_Non_Zero_Delay; 
CS_b: 0: 
WE_b: 1; 
OE_b=O; 
for (col= 0; col <= num_col-1; col = col +1) begin 
for (row ,,0; row <= mem_depth-1: row '" row + 1) begin 

#t_RPC: 
.nd 

end 
.nd ", 

"Testbench probe 10 monilor write activily 
reg [word_size -1 : 0] write---'probe; 

alway.@(po.edgeM1 .WE_b)write---'pfobe = M1.RAM[row_addrJ[col_addr]; 
endmodule 

End of Example 8.6 

The timing parameters incorporated in the model for RAM_2048_8 govern the 
transitions of the output waveforms in response to changes of the input wavefornls and 
establish operational constraints that must be satisfied for correct operation of the 
device. For example, if the address is not stable when CS_h and W E_b are low, multiple 
memory cells can be affected while the device is in the transparent/write mode. The 
address access time is a key parameter that dictates the rate at which the memory can 
be read. Table 8-3 lists parameters describing the write cycle of a static RAM, and 
Table 8-4 describes the read cycle. 



TABLE 8] ParametC:11l for the WTilc cy<:Je of a slatic RAM 

ewe 

,_CW 

,-wp 

CWHZ 

U'W 

,-PH 

cOW 

SRAM Wrlte-Cyde hlamelen 

Write cyde lime: Specifics Ihe minimum period for successive writing of dala 
lomcmory. 

Chip Sodecl to tIIod of write: SpecifICs the minimum inlerval between Ihe falling 
edge of CS_b and Ihe rising edge of W£,jJ. 

Address vaHd to eDd of ...me: Specifies thc minimum inte rval bet .... een a change 
in the addle" and the cnd of write (the rising edge of WE_b). 

Address !>etap time before write: Specifics thc width of the interva l over which 
the address mWiI he stable prior to the falling edge of WE..b 

Write pulli<! .. idth: Specifies the minimum width of the write pulse.. 

Write recovery lime: Specifies the minimum interval bct ... ·een the rising edge 
of WEJJ and the end of the wrilecycle. 

Write cubit: to o utput ill h1p-.: Specifit'$ the minimum interval bet""ccn 
the falling edge of WE_b and thc outPl.lt cntcring the high-impedance slate 

Datil setup time: Spe.;ifics the minimum width of the interval over which 
the data must be stable prior to the rising cdge of WE...b 

Dataltold lime aftn ead o fwnte: Specifi« the minimum interval that 
the data must be I table after Ihe rising edge of WE...b . 

Ourp.llldivc trom eDel 01 wrile: Specifies the earliest lime that the output is 
available after thc rising edge of WEJJ. 
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The timing parameters of a write cycle are illustrated in Figure 8-31. Two cases 
must be considered: (I) the operationconlrolled by WE_b with CS_b "" 0 (the device is 
selected) and OE_b = 1 (the read cycle is not active) and (2) the operation controlled 
by CS_b with W E_b = 0 (write is enabled) and CS_b :: o. 

In the former case (shown in Figure S-31(a», the address must be stable and the chip 
must be selected before the falling edge of WE_b. The write cycle occurs over an interval 
of width twe. which includes the limes at which the address lines may be changed. The 
address setup time. lAS, establishes the minimum time between the stable addre.<;s and 
the falling edge of WE_b. This constraint ensures that the address-decoding circuitry is 
stable before the write is attempted. The enable input of a transparent latch must satisfy 
a minimum pulsewidth constraint (twp); similarly, the time from chip select to the end of 
the write cycle (tew) must also satisfy a pulsewidth constraint (tew). While WE_b is low 
the device is in the transparent mode and the three-state device driving datu_int is in the 
high-impedance state. The device enters this state, with a delay specified by tWIIZ, ..... hen 
WE_b is asserted. The data to be written to the SRAM must satisfy a setup time con­
straint l1 (tl}w) and a hold time constraint (tim) relative to the rising edge of WE_b. Note: 
Figure S-31(a) is drawn to illustrate the rising edge of CSJJ occurring after the rising edge 
of WE_b.t2 The address must be stable for the write recovery time interval (tWI~J. after 

I'We will consider timing constraints in more detail in ClIapter II. 
12If the rising edge o f CS OOCUB before the rising edge of WE the timing corn;trainls must be applied relative 
10 the rising edge of CS. 
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TABLE 8-4 Parameters for the read cycle of a static RAM 

rJlC Read-cyde time: Specifies the minimum period for successive reading of data 
from memory. 

t.,..AA Address a_ time: A key performance parameter specifying the minimum 
interval between a change in the addrc$S and the availability of valid data 
retrieved from memory. 

t...ACS CbIp select aecess time: Specifies the minimum interval between assertion 
of chip select and the availability of valid data from memory. aauming that 
OEy " OandWE_b - 1 beforeCS b - 0 

CCLZ Chip R lect low c; Specifies the minimum interval between assertion of chip 
selcct and Ihe output leaving the high-irnpedance state. 

COE Output enable to output nllcl: Specifies the minimum interval be tween (he 
falling edge of OE_b and the availability of valid data from memory. 

,-OLZ Output cuble to o.QpClt in loW' Z: Specifies (he minimum interval between 
the faUing edge of DE_b and the output leaving the high-impedanee state. 

,-CHZ ehlp deleled to owtpull .. biKb Z: Specifies the minimum interval between 
the rising edge of DE b and the output entering the high-impedance state. 

,-OHZ Owtput clJsable 10 oulptlt la hie" Z: Specifies the minimum interval between 
the rising edge of OEy and the output entering the high-impedance stale 

,-OH Output bold from adllnllll cltaa,t": Spedtks tk minimum Inten'a1 tlult the 
OUtputremaiD."aIldaftef.dIIt.,eilitbeadd~1IS. 

the rising edge of WE_b, and the bus becomes available after an interval (tow) expires 
from the rising edge of WE_b. The interval from the onset of a stable address to the end 
of the write cycle is represented by the parameter t AW. 

When WE_h is low before the falling edge of CS_b, and rises after the rising edge 
of CS_b, the SRAM is controlled by CS_b and is characterized by the waveforms in 
Figure 8-31(b). In this case, the setup and hold time constraints for the data on the bus 
arc relative to the rising (latching) edge of CS_b. 

The two modes of the read cycle are illustrated in Figure 8-32. In Figure 8-32(a), the 
data is determined by the address (withCS_b = 0 and WE_b = 1, and is valid tAA time 
units after the address is stable. In Figure 8.32(b), the data becomes valid after tACS 

time units from the falling edge of CS_b. 

8.2.10 Ferroelectric Nonvolatile Memory 

Ferroelectric materials are so named because their electrical characteristics resemble 
those of ferromagnetic materials. Despite the suggestion implied by their name, ferro­
electric materials have nothing to do with ferromagnetics. Their similarity is primarily 
in the fact that certain ferroelectric materials can exhibit a significant hysteresis effect. 
but it is not associated with magnetic properties. Instead. the hysteresis effect in a fer­
roelectric is due to the so-called spontaneous electrical polarization of a ferroelectric 



==f
------''' ------l-l 

oddr - ------"-.----,.-R1----
CSJ> 

10..... tDII 

d"' _____ ~~~b~~----

1---- -- ''' - - -----1
1 llddr==:t=============iC=== 

__ ---l=r---=:'."~,,-=:::t---t("W- IC-/--""W:.::-___'_~ _ _ _ _ 
CSJ> 

FlGVRE&.31 SRAM timing: (a)."Tite cycle controlled by W.E~,withCS_b " OandOe_b - I,and 
(b)writecyde~ontrolledby CS_b.wilh W£JI - OandOF....b - I. 
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material under the influence of an applied voltage. When power is removed the resid· 
ual polarization behaves like a bistable memory device. Ferroelectric memories hold 
the promise of replacing other nonvolatile memories, such as EEPROMs in applica­
tions that require short programming time, low power consumption, and low fatigue. 
Con tactless smart cards, digital came ras., and utility meters are considered to be appro­
priate applications for this technology. EEPROMs and flash memories are also non­
volatile and have lower power to read data than ferroelectrics.. Ferroelectric memories 
can also be embedded with other devices. lltis technology is expected to mature to 
have competitive circuit densities compared to other alternatives. See Sheilholeslami 
and Gulak 13) for a survey of circuits exploiting ferroe lectric technology. 
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Ad", ===tgj-,,, =:1-'-"' ---t,o,,~ 
DIlIIlI Previous data ~ Data valid ) 

(.) 

cs, --t:=;-,,,,-~-" ---t'm~ 
------~~~l&I!Sm~ Dat3valid >---

'b) 

FlGURE8-32 SRAM liming: (a) read cycle controlJcd by address chatJges, wjlh CS_b = O, O E_b ~ O. 
and WE_b ~ \ , and (b) rcad cycle oontrollcd by changes in CS b.wilhOEJJ - O, and W E_b '" I. 

8.3 Programmable Logic Array (PLA) 

PLAs were developed for imcgrating large two-level combinational logic circuits. Like 
ROMs, their architeclUre consists of two arrays. shown in Figure 8-33. One array imple­
ments the A ND operation that forms a product Icon (i.e., a Boolean cube, possibly a 
min te rm) and another array implements the OR operation that forms a SOP tenus. A 
PLA implements a two-level Boolean function in SOP fonn. 

inlO] 
inp] 

inll'! - I] 

ninpU1S 

p Product t~rms formed 

.-____ ,fro"\:;;.-____ _ 
A;;DXa~ray P[11 OR memory array 

(pXm) 
(programmable ) P[p _ II 

01l/!1I1 - / 

moulpulS 

FIGURE: 8-33 AND·OR plane structure or a PLA 

0 11/101 
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Unlike ROMs. both arrays of a PLA are programmable (mask-programmable or 
one-lime fi eld-programmable). Howeve~ the AND plane does not implement a full 
decoder. but instead forms a limited number of product terms. The programmable OR­
plane forms expressions by OR-ing together product terms (cubes). An n x p X m PLA 
has n inputs, p product terms (outputs of the AND plane), and m output expressions 
(from the OR plane). A 16 x 48 x 8 PLA has 48 producl terms. A 16-inpul ROM would 
have 216 = 65,536 input patterns decoded as min terms and available to form the outputs. 
A PLA would have 8 outputs formed from the 48 product terms (nol necessarily 
minterms). 

A PLA implements general product terms. not just minterms or maxtenns. Because 
it has limited AND-plane resources, minimal SOP forms must be found so that device 
resources might accommodate an application's requirements for product tenns. PLA 
minimization algori thms led to development of widely used synthesis algorithms having 
general application to ASICs [4]. 

The circuit structure of a PLA implemented in nMOS technology is shown in 
Figure 8-34. The AND-OR plane structure shown implements N OR-NOR logic, which 
reverts to equivalent AND-OR logic with inverted inputs and three-stated inverters at 

OUII", - 1) outjt) o .. tjO] 
_Outut!bitlines 

flGVRE 8-34 Circuit structure of a PLA. 
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the outputs. Each input is available as a literal in complemented and uncomplementcd 
forms. A programmable link in the.AND plane determines whether the associated 
inpulliteral (or its complement) is connected to a buffered word line. 

Programming determines whether inputs have a link 10 word lines and whether 
word lines connect to the output lines. A word line may be linked to an input or its 
complement, but not both. Each word line is connected to a pull-up resistor (active 
device). The aggregate of linked input literals and complements of input literals forms 
a Boolean cube at the word line to which the links arc attached. Unconnected inputs 
have no effect on a word line. In the absence of an asserted and connected input literal 
(or its complement). a word line is pulled up. In the absence of an asserted (high) level 
on its linked word lines, a column line is pulled high. An asserted input turns on a oon­
nected link transistor in the AND plane and pulls the word line to ground byoverrid­
ing its pull-up resistor. A oolumn line is asserted (high) if all of its connected word lines 
are de-asserted (low). An asserted word line turns on a connected link transistor in the 
OR plane. causing its connected word line to be pulled down. A column line is low if 
any of its connected word lines is asserted (high). If any word line is asserted (high). a 
connected column line is pulled down. A column line is asserted (high) only if all of its 
connected word lines are de-asserted (low). 

To see that the circuit shown in Figure 8-35 exhibits wired-AND logic at its word 
lines, note that 

WI = A ' B' 

WI ' = (A + BY 

W2 = CD' 

W2 ' ~ (C + D)' 

FIGURE 1-35 Wired-OR logic or I Pl-A. 
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Similarly, the column lines exhibit wired-OR behavior, where W is low if WI o r W"2 is 
high; otherwise W is high (pull-up): 

W ' == WI + W2 

W = (W1 + W2), 
Y = W' == WI + W2 >= A'B' + C'D' 
Y "" (A + B)' + (C + D)' 

The overall structure is that o f NOR-NOR logic. with 

y ' ~ I (A + B )' + (C + D)' J' 
The equivalent circuit is shown in Figure 8-36(a) and an equivalent OR-AND structure 
is shown in Figure 8-36(b). 

~~Y;:~Y 
C y ' C-

D D 
(.) (b) 

"'GURE 8-36 Equivalent ci rcuit structures (or PLA logic: (a) NOR·NO R Io,icand (b) OR-AND 
IOI!cwilhinvcrted inpul5. 

8.3.1 PLA Minimization 
The area of a PLA depends primari ly on the number of word lines (Le., distinct prod­
uct terms), so it is advantageous to find ways to reduce the number of product terms by 
sharing logic as much as possible. One approach would be to use Karnaugh maps or 
other minimization methods to reduce each Boolean expression. However, indepen­
dent minimization of individual Boolean functions does not necessarily produce an 
optimal PLA implementation. Minimization of a set of Boolean functions, as an aggre­
gate, can exploit don't-cares and opportunities to share logic because a product tenn 
th at is generated to fonn one output expression can be used in another output expres­
sion that uses the same term. AlternativelY,a common factor in a product of sums form 
can be shared by multiple functions that have the same factor. 

ExampleS.7 

Consider the three Boolean functions shown below, with their K-maps shown in 
Figure 8-37. Before minimization, the implementation would require 13 product 
terms (word lines) to support the cubes of the three functions. 

f l(O.b.c, d) = L m(\,6, 7,9, 13, 14 , 15) 

12(0. b. c, d) = L m(6. 7, 8. 9,13 . 14, 15) 

!J(a.b,c.d) = L m(1 .2.3. 9, 10, 11 , 12. 13, 14, 15) 
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fiGURE 8-37 Individual Kamaugh map minimizalion of three Boolean functions. 

After each function is individually minimized, the total number of cubes is 8, a savings 
of nearly40%. To minimize the functions as an aggregate, a task easily done by modem 
synthesis tools, we fe-cover the functions and identify common cubes by considering 
pairwise and threewise intersections, as shown in Figure 8-38. The final result needs 
only fi ve word lines, having eliminated an additional fou r-word lines. 

End of Example 8.7 
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FIGURE 8-38 Kamaugh map minimization of a set of three Boolean functions. 
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Systematic manual min imization of multiple output functions is feasible for up to 
three functions, with a maximum of four inputs [51. Otherwise, a computer-based 
approach is needed (e.g .• espresso 14J and MIS-II [6-8J). 

The tabular format shown in Figure 8-39 can be used to specify the functionality 
of a PLA. Table rows correspond to PLA rows (word lines). Table col umns list inputs 
and functions indicating whether an input is in a cube, and whethe r a cube is in a func­
tion. Inputs are coded as 1 (care-oo) , O (care-off) , and (don't-care). Outputs are coded 
as 1 (contains the word line) or 0 (does not contain the word line). 

. . d r. h f, 
oM I I I I 0 I 

b'c'd - 0 0 I I 0 I 

", 0 I - 0 I I 

'" I I I I 0 .. ~ I I 0 0 I I 

FIGURE 8-39 Tabular fOI'llUlI for spe~ifying the structure of a PLA. 

ROMs require canonical data (i.e., a complete truth table), but PLAs require 
only minimum SOP Boolean forms. The cubes in a minimized PLA table may cover 
multiple min terms, and a given input vector may assert multiple output functions. For a 
given input vector, the cubes are formed by AND-ing the complemented and uncom­
plemented literals in a row; the outputs are determined by column-wise OR-ing the 
cube (word line) entries having a 1. A simplified representation of a PLA is shown in 
Figure 8-40. The filled circles indicate whether a literal or its complement is used in a 
cube and whether a cube is used in an expression. 

8.3.2 PLA Modeling 
An application for a PLA must be compatible with the limited number of product 
terms (word lines) that can fit within the device. PLAs are used to impiementthe nexI­
slate and output-forming logic of la rge stale machines that control more complex 
sequential machines, such as computers. PlAs are a more attractive implementation 
than ROMs for large state machines because the area of a PLA can be minimized and 
tailored to an application. 

Veri log includes a set of system tasks for modeling multiinput, multioutput PLAs. 
PLAs implement two-level combinational logic by an array structure of AND, NAND, 
OR, and NOR logic array planes. The "personality" fiIe,or matrix, of the PLA specifics the 
physical connections of transistors forming the product of input terms (cubes) and the 
sums of those products to form the Boolean expressions of the outputs. See "Selected Sys­
tem Tasks and Functions" at the companion Web site. Built-in system tasks describe syn­
chronous and asynchronous arrays. The outputs of the asynchronous arrays are updated 
whenever an input signal changes value or whenever the personality matrix of the PLA 
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FIGURE 8-40 Simplified representation of a PLA. 

changes during simulation. The synchronous types are updated when evaluated in a syn­
chronous bebavior. Both forms update their outputs with zero delay. 

The personality matrix of a PLA specifies the cubes that form the inputs to the 
PLA and the expressions forming the outputs of the PLA. The data describing the per­
sonality is stored in a memory whose width accommodates the inputs and outputs of 
the PLA and whose depth accommodates the number of outputs. 

There are two ways to load da.ta into the personality matrix: (I) using the 
$~admemb task , read the data from a fde and (2) load the data directly with procedural 
assignment statements. Both methods can be used at any lime during a simulation to 
reconfigure the PLA dynamically. 

TWo formats may be used to describe the contents of an array: array and plane. 
The array forma t stores either a I or 0 in memory to indicate whether a given input is 
in a cube, and whether a given cube is in an output 

Example 8.8 

The statements below illustrate calls to Verilog's built-in PLA system tasks describing 
synchronous and asynchronous arrays and planes: 

S.aync$andSarray 

SsyncSor$plane 

S.syncSandSarr.y 

bayneS.ndSarray 

(PLA_mem, (inO, In1, In2, in3, in4. inS, In6, in7), (outO, 
out1,oot2}); 
(PLA_mem, {inO, In1 , In2, In3, in4, InS, in6, in7}, (OUIO, 
out1,out2}); 

(PLA_mem, {lnO, in1, In2, In3, 104, inS, in6, In7}, (autO, 
DUtl , out2}); 

(PlA_mem, (inO, in1 , In2, in3, In4 , inS. in6, inr), (outO, 
out 1, out2}); 
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For example, the array format s hown below indicates that the cube in I & in2 & 
in3 is formed and used in out l , but not in oufl.. The cube in l & in3 is used in oufl.. 

inl in2 in3 outl out2 
1 1 

1 

End of Example 8.8 

Examp/e8.9 

Suppose we want to implement the logic of the following Boolean equations with a PLA: 

_~=~&OO&~&~ + ~&~&W&M + OO&~&~&M 

The expressions use four distinct cubes: 

inO inl in2 in3 
inO in2 in4 in6 
in4 in5 in6 in7 
inl in3 in5 in7 

The persona1ity data of the PLA is shown below and is placed in a text file , PLA_daro.rxt. 
The data indicate the presence of a literal by aI, and the absence of a literal by 0, listed in 
ascending order of the inputs. There is one row for each cube, a column for each input, and 
the last three columns indicate whether a row cube is present in each of the three output 
functions. 

l111<XXXl 100 

10101010011 

00001111111 

01010101 101 

The Veri10g model PLA _orray describes a PLA that forms three output fu nct ions 
of e ight Boolean input variables. The personality of the array is stored in the array 
of words PLA_mem , whose width corresponds to the width of the persona lity 
matrix and whose depth is determined by the number of Boolean expressions that 
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will be formed as outputs. Hence, the array of words has a width of 11 bits and a 
depth of three words. 

module PLA_array (output reg 0011, out2, out3, input in1 , in2, in3, in4, inS, in6, in7); 
reg [0; 10] PLA_mem (0: 2}; 113 functions of 8 variables 
initial begin 
Sr.admemb ("PLA_data.txt", PLA_rnem); 
$async$and$array (PLA_mem, inO, in1 , in2, in3, in4, inS, inS, in7). {outO, out1, out2}); 

end 
endmodule 

End of Example 8,9 

The PLA in Example 8.8 is configured by the initial behavior at the beginning of a 
simulation. The simulator reads the file PLA_data.t.xr and loads the data into the 
declared memory, PLA_mem. Note that the inputs and outputs are declared in ascend­
ing order. When an inpul to the module changes value the array is evaluated to fonn 
updated values of outO, Ollt} , and out2. 

The array format requires that tbe complement of a literal be provided separately 
as an input if it is needed to fonn a cube. On the other hand, the plane fonnat encodes 
the personality matrix, according to the fonnat in Table 8-5, which was adopted from 
the Espresso format developed at the University of California at Berkeley [4]. 

Example 8.10 

Suppose the logic to be implemented in a PLA is described by the following statements: 

outO = inO & -in 2; 

outl = inO & in ! & - in3; 

our2 = - inO & -in3; 

In the plane (Espresso) fonnat, the personality of the PLA is described by: 

4'bl?O? 

4'bll?O 

4'bO??O 

TABLE B 5 Personality matrix symbols for PLA plane fonn,,!. 

laterprttatioD 

The complemented literal is used in the cube 

The literal is used in the cube. 

The WOrl;t case of thc input is used. 

Don't care; the input has no significance. 

Same lIS L 



Programmable Logic and Sto"'le Devices "" 
The rows correspond to the outputs and are listed in descending order. A row 

defines the conditions of the inputs that assert that output. For example, the inputs 
1000 and 1101 will both assert the first OUiput. A Verilog description of the PLA is 
given below. 

module PLAy!ane (Input inO, inl , in2,In3 , in4, inS, in6, in7, output reg autO, 
oUll ,out2): , .. , .. , .. [0: 3] PLA_ mam \0: 2}: 

[0: 4] a: 
[0: 3] b; 

Init ial tMgln 
Sa.yncSandSarray 

(PLA_mem, {inO. in l , in2, in3, in4 , in5, in6, in7}, {outO. outl , out2}); 
PLA_mem \0] '" 4'b1?O?; 
PLA_mem (1] = 4'bl1?O; 
PLA_mam (2) '" 4'bO??O; 

ond 
e ndmodule 

End of Example 8. 10 

8.4 Programmable Array Logic (PAL) 

PAL technology13 emerged after PLAs, and simplified the dual-array structure by fix­
ing the OR plane and allowing only the AND plane to be programmed. Each output is 
formed from a specified number of word lines, and each word line is formed from a 
small number of product terms. One of the more popular devices, the PALI6L8, has 
the structure shown in Figure 8-41. The device has 16 inputs and 8 outputs; its package 
has' 20 pins. including power and ground. Each input is available in true or comple­
mented fonn .There are eight 7-input OR gates connected to word lines from the AND 
plane. Each word line can be connected to any input or its complement. An eighth 
word line in each group controls a three-state inverter th at is driven by the group's OR 
gate. Each output implements a sum of products expression from at most seven terms. 
The device has only 20 pins. so six of the pins are bidi rectional. The AND gate (not 
shown) that is associated with each word line is permanently connected to an OR gate 
and cannot be shared with any other OR gate, but six of the outputs are connected to 
three-state inverters and can be fed back to the AND array to be shared with other 
A ND gates, which accommodates expressions having more than seven product terms. 
A bidirectional pin also makes it possible for the device to implement a transparent 
latch by combinational feedback. PLD-based latches have application as address 
decoderl1atches in microprocessor systems [I). Modem PAL devices are manufactured 
with registered outputs and selectable output polarity. 

1·'Nou: PAL is I Irademark of Applied Miero Devices (AMD). 
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FIGURE 8-41 Circuit structure of the PAL16L8 programmable array logic device 

Early PAL devices were implemented in bipolar technology; like ROMs, they 
were programmed by vaporizing metal links. Contemporary devices are implemented 
in CMOS technology with floating-gate link transistors. 

8.5 Programmability of PLDs 

ROMs, PLAs, and PLDs are implemented in similar array structures. Table 8-6 com­
pares the options that are presented for programming the devices. PLAs provide the 
greatest flexibility and are used for large, complex, combinational logic circuits. 

TABLE8-6 Programmabililyoptionsforvariou5 
PLDs. 

ANDPbIne OR ..... 

ROM I PLA 
PAL 

~A I 
NA nOI applicable. P _ programmable. 
NP - not programmable. 
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8.6 Complex PLDs (CPLDs) 

As technology has evolved, more dense and complex devices have been developed to 
implement large structures (e.g., more than 1024 functions) of field-programmable 
combinational and sequential logic, and are referred to as complex PLDs, or CPLDs. 
The high-level architecture of a typical CPLD (shown in Figure 8-42) is formed as a 
structured array of PLD blocks that have a programmable on-chip interconnection 
fabric. Aside from increased performance. these architectures overcome the limitation 
of conventional PLDs. which have a relatively small number of inputs. CPLDs have 
wide inputs. but not at the expense of a dramatic (i.e .• exponential) increase in area. 
The device area of a conventional PLD will be scaled by a factor of 2~ if its input 
dimension is scaled by a factor of n. An array of identical interconnected PLDs will 
accommodate the increased dimension of the input space too, but the cell area 
increases by a factor of on ly n. in addition to the area required by the interconnection 
fabric. Thus, CPLDs are distinguished by having wide fan-in AND gates. Large CPLOs 
do not connect the output of every macrocell to an output pin, but they typically have 
100% connectivity between macrocells. 

Each PLO block of a CPLD has a PAL-like internal structure that forms combi· 
national logic funct ions of its inputs. The outputs of the macrocells in the PLDs can be 
programmed to route to the inputs of other logic blocks to form more complex, multi­
level logic beyond the Limitations of a single logic block. Some CPLDs are electrically 
erasable and reprogrammable (EPLD). CPLDs are suited fo r wide fan-in AND-OR 
logic structures and exploit a variety of programming technologies: SRAMItransmission 
gates. EPROM (floating·gate transistors), and antifuses.l ~ 

PTogrammableinterconnect 

FIGURE 8-41 High-level architecture of. CPLD. 

I'Antifuses arc Jll"Ogrammabte low'f«i~tance deClricallinks.. 
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8.7 Field.Programmable Gate Arrays 

CPLDs arc characterized by an array of PAL-like blocks of combinational logic imple­
menting wide-input SOP expressions. They have predictable timing and a crossbar type 
of interconnection fabric, and are suited for low- and medium-density applications. 
FPGAs have a more complex and register-rich, tiled architecture of functional units, 
and a flexible channel-based interconnection fabric. Featuring flash-based reconfigura­
bility, CPLDs can be reprogrammed a limited number of times, but FPGAs have no 
practical limit on their reconfigurability. FPGAs are suitable for medium- and high­
density applications. They differ in two significant ways from CPLDs because (1) their 
performance is dependent on the routing that is implemented in the device for a par­
ticular application and (2) their functionality is implemented by LUTs rather than by 
PAL-like wide-input AND gates. 

Mask-programmable gate arrays are fabricated in a foundry, where final layers of 
metal customize the wafer to the specifications of the end user. Field-programmable 
gated arrays are sold as fully fabricated and tested generic products. Their functionality 
is determined by programming done in the field by the customer andlor end user. 
FPGAs allow designers to tum a design into working silicon in a matter of minutes, 
making rapid prototyping of stand-alone and embedded systems a reality. 

FPGAs are distinguished on the basis of several features: architecture,number of 
gates, mechanism for programming, program volatility, the granularity and robustness 
of a functionalllogical unit, physical size (footprint), pinout, time-lo-prototype, speed. 
power, 110, and the availability of internal resources for connectivity and clock man­
agement (9, 10). We will focus on the dominant technology: SRAM-based FPGAs, 
which lose their programming when power is removed from the part. 

SRAM-based FPGAs have a fixed architecture that is programmed in the field for 
a particular application. A typical, basic architecture, as shown in Figure 8-43, consists of 
(1) an array of programmable functional units (FUs) for implementing combinational 
and sequential logic, (2) a fixed, but programmable, interconnection fabric, which estab­
lishes the routing of signals, (3) a configuration memory, which programs the functional­
ity of the device, and (4) JlO resources, which provide an interface between the device 
and its environment. The performance and density of FPGAs have advanced with 
improvements in process technology. Today's leading-edge devices include block mem­
ory as well as distributed memory, robust interconnection fabrics, global signals for 
high -speed synchronous operation, and programmable 110 resources matching a vari­
ety of interface standards. 

Volatile FPGAs are configured by a program that can be downloaded and stored 
in static CMOS memory, called a configuration memory. The contents of the static 
RAM are applied to the control lines of static CMOS transmission gates and other 
devices to (1) program the functionality of the functional units, (2) customize config­
urable features, such as slew rate, (3) establish connectivity between functional units, 
and (4) configure 1I0lbidirectionai ports of the device. The configuration program is 
downloaded to the FPGA from either a host machine or from an on-board PROM. 
When power is removed from a volatile FPGA the program stored in memory is lost, 
and the device must be reprogrammed before it can be used again. 
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FIGURE 8-4J FPGA architecture. 

The volatility of a stored-program FPGA is a double-edged sword - the FPGA 
must be reprogrammed in the event that power is disrupted, but the same generic part 
can be reprogrammed to serve a boundless variety of applications and it can be recon­
figured on the same circuit board under the control of a processor. One of the pro­
grams that can be executed by an FPGA can even test the host system in which it is 
embedded. The ease of reprogramming a stored-program FPGA supports rapid proto­
typing, enabling design teams to compete effectively in an environment characterized 
by narrow and ever-shrink.ing windows of opportunity. Tune-to-market is critical in 
many designs, and FPGAs provide a path 10 early entry. FPGAs can be reconfigured 
remotely, via the Internet, allowing designers to repair, enhance, upgrade, or com­
pletely reconfigure a device in the field. 

8.7.1 The Role of FPGAs in the ASIC Market 
The architectural resources of FPGAs match the general need for computational 
engines with memory, datapaths, and processors. The flexibility of an FPGA adds a 
dimension beyond what is available in masked-programmed devices, because mask­
programmed devices cannot be reprogrammed. The same FPGA can be programmed 
to implement a variety of processors. Expensive, high-risk mask sets for ASICs have 
made flexibilily an important consideration. On the olher hand, FPGAs cost more per 
un it gate, and consume more power than a mask-programmed equivalent part. 

Table 8-7 summarizes key distinctions between FPGA technology, cell-based and 
mask-programmed ASIC technologies, and standard parts. The myriad applications for 
ASIa and FPGAs require customization to address the needs of the market. The diver­
sity. rewards, evolving technology, and short life span of the milrket preclude producing 
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TABLE 8-7 Comparisons of standard parts, ASICs. 
andFPGA&. 

Tedmolol)' FUKtioDaHty Rel.tiveCost 

, ....... Put Supplier-defined 

FPGA User-defined Higher 

ASIC User-defined Low 

and stockpiling standard paris to meet these needs without unacceptably high risk. The 
lower volumes demanded by individual, specialized applications provide a smaller base 
over which to amortize the costs of development and production. so units costs for 
FPGAs are higher than for standard parts, and for high-volume, mask -programmed 
ASICs, but their NRE costs are significantly lower. 

The early technology of MPGAs used a fixed array of transistors and routing 
channels. Routing was a major issue in early devices, and frequently led to incomplete 
utilization of the available transistors. Today, multilevel metal routing (e.g., five and six 
l ay~rs) in a sea-of-gates technology is commonplace, with high utilization of resources. 
MPGAs are preprocessed to the point of customizing the final metal layers to a partic­
ular application. The customization/me tallization steps connect individual transistors 
to form gates and interconnect gates to implement logic. This technology provides a 
much quicker turnaround than cell-based and full-custom technologies. because only 
the final metallization step is customized, but not as fast as that for an FPGA. Depend­
ing on the foundry, an MPGA can be turned around in a few days to several weeks. On 
the o ther hand, designs can be implemented, programmed, and reprogrammed virtu­
ally instantaneously in an SRAM-based FPGA while the part is mounted in an e mula­
tor or in its target host application. But FPGAs will always be slower and less dense 
than a comparable MPGA because of the additional circuitry and delays introduced by 
their programmable interconnect. 

FPGAs are fully tested by the manufacturer before they are shipped, so the 
designer 's auention is focused on the creativity of the design, not on testing for manu­
facturing defects. Designers can quickly correct design flaws and reconfigure the part 
to a different functionalit y in the field. FPGAs address a market than cannot be met by 
mask-programmed technologies, which arc one-time write . Mask-programmed tech­
nologies do not support reconfiguration and corrections a re costly. The risk of an 
MPGA-based design is significantly higher than for an FPGA because a design flaw 
requires retooling of the final masks, with attendant costs and lost time to reenter the 
fabrication process queue. 

MPGAs have a broad customer base for amortizing the N RE of most of the pro­
cessing steps compared to cell-based and full-custom solutions. Gate arrays arc widely 
used to implement designs that have a high content of random logic, such as state­
machine controllers. 

MPGAs require the direct support of a foundry, and the completion of a design 
can depe nd on the schedule and priority of the foundry's other customers. FPGAs are 
fully manufactured and tested in anticipation of being shipped inunediate ly to a buyer. 
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The software interface between the designer and FPGA technology is simple, 
and it is now readily and cheaply available (if not free) on PCS and workstations that 
support schematic and HDL entry. Programmable logic technology continues to grow 
in density at exponential rates as compared with other technologies, such as dynamic 
random access memories (DRAMs). The speed of parts is growing at a linear rate and 
is now at a level that supports system-level integration. 

Standard cell-based technology uses a library of predesigned and precharacter­
ized cells that implement gates. The design of the individual cells in a library is labor­
intensive, as efforts are made to achieve a dense, area-efficient layout. Consequently, a 
cclllibrary has a high NRE cost, which a foundry must amortize over a large customer 
base during the lifetime of the underlying process technology. The mask set of a stan­
dard cell library is fully characterized and verified to be correct. Place and route tools 
select, place, and interconnect cells in rows on a chip to implement functionality. The 
structure is semi regular because the cell heights are fixed, while the width of cells may 
vary, depending on the functionality being implemented. Placement and routing are 
customized for each application. Place and route are done automatically to achieve 
dense configurations that meet speed and area constraints. Cell-based technology 
requires a fully customized mask set for each application. Consequently, volume must 
be sufficient to offset high production and development costs and ultimately drive an 
economically low unit cost. 

8.7.2 FPGA Technologies 

State-of-the-art FPGAs can now implement the functionality of over 1 million (two­
input equivalent) gates on a single chip, and high-end parts (e.g. Xilinx Virtex 5) have 
over 200,000 flip-flops. Three basic types of FPGAs are available: antifuse, EPROM, 
and SRAM·based. The capacity and speed of these parts continues to evolve with 
process improvements that shrink minimum feature sizes of the underlying transistors. 

Antifuse devicesl5 are programmed in the field by applying a relatively high volt· 
age between two nodes to break down a dielectric material. This eliminates the need 
for a memory to hold a program, but the one-time write configuration is permanent. 
When an antifuse is formed a low-resistance path is irreversibly created between the 
terminals of the device. The antifuse itself is relative small, about the size of a via, and 
over I million devices can be distributed over a single FPGA. The significant advan­
tage of this technology is that the on-resistance and parasitic capacitance of an antifuse 
are much smaller than for transmission gates and pass transistors. This supports higher 
switching speeds and predictable timing delays along routed paths. 

EPROM and EEPROM·based technology uses a charged floating gate, pro­
grammed by a high voltage. Devices based on these technologies are reprogrammable 
and nonvolatile and can be programmed offline while imbedded in the target system. 

SRAM-based FPGA technology uses CMOS transmission gates to establish 
interconnect. The status of the gates is detennined by the contents of the SRAM con­
figuration memory. There are multiple vendors of SRAM-based FPGA products (e.g., 

llSee www.acte1.comformoreinformationabout antifuse devjces. 
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Xilinx, Altera, ATMEL, and Lucen!). The architecture of these FPGAs is similar 10 
that of an MPGA, with block structures of logic and routing channels. Bidirectional 
and multiply driven wires are included. Devices are advertised on the basis of gate 
counts, but the actual use of the gates on a device depends on the route r's abi lity to 
exploit the resources to support a given design. 

The complexity of logic cells in an FPGA functional unit is based on competing 
factors. U the complexity of a cell is low (fine-grained, such as the Actel Act-l part), the 
lime and resources required for routing may be high. On the other hand. if the com­
plexity is high , there will be wasted cell area and logic. An example of 8 fine-grained 
architecture would be one that is based on two-input NAND gates or muxes, as 
opposed to a large-grain architecture using four-input NAND gates or muxes. The for­
mer uses considerably more routing resources. 

Given the rate at which process and device technology have been evolving, this 
text will limit its discussion of FPGAs to a representative device in the Xilinx fami ly of 
parts. Readers are encouraged to consider readily available Web resources [rom man­
ufacturers (e.g., aitera.com, atmel.com, and xililnx.com). 

8.7.3 XlLINX Viete. FPGAs 

The VirtexC)-S device series is the leading edge of Xilinx technology, based on a 6S nm 
process. The Virtcx line addresses four key factors that influence the solution to com­
plex system-level and system-on-chip (SOC) designs: ( I) the level of integration, (2) the 
amount of embedded memory, (3) perfoTmance (timing), and (4) subsystem interfaces. 
The process rules allow over 330,CXXJ logic cells and over 200,000 fljpflops to be packed 
into a single die, providing sevcral million system gates, and the capacity to support 
embedded processors and memory-intensive system-leve l applications requiring high 
density and high performance. 

The Virtcx family incorporates physical (electrical) and protocol support for a 
variety of 110 standards, including LVDS and LVPECL, with individually programma­
ble pins. Digital clock managers provide support for frequency synthesis and phase 
shifting in synchronous applications that require multiple clock domains and high fre­
quency VO. The Virtex architecture is shown in Figure 8-44. 

8.8 Embeddable and Programmable IP Cores 
for a System-on-a-Chip (SoC) 

ASIC cores consist of intellectual property (IP) that has been designed, veri fi ed, and 
marketed by a vendor for re-use by other parties. Cores may be soft (software models) 
or hard (mask sets). The use of pre-implemented and verified embedded cores in an 
ASIC can shorten the time-to-market of a new product by reducing the amount of cir­
cuitry that must be developed. Whether this economy is realized depends on the relia­
bility and documentation of the embedded logic and whether system-level tools exist 
for integrating and testing the embedded part. 
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FPGA vendors have expanded their eUorts beyond devices and design tools. and 
also provide an assortment of Cores that can be embedded in a device to simplify the 
designer's lask. For example, Xilinx offers, either directly or through partnerships with 
third parties, cores for basic elements (e.g., accumulators and shift registers), math 
functions (e.g., multipliers, multiply-and-accumulate [MAC] units, and dividers), mem­
ories (e.g .• synchronous FIFO), standard bus interfaces, (e.g., PO), processor peripher­
als (e.g., interrupt controller), universal asynchronous receiver and transmitters 
(UARTs), PCs (e.g., IBM PowerPC), and a variety of networking and communication 
products (e.g., protocol cores). Special design k.its may be required to exploit these 
available resources. Vendors also provide rderence designs, illustrating how to exploit 
embeddable cores. 

ASIC designs are characterized by high performance, high NRE cost, and high 
risk. The risks arc high because the cost of a mask set is high (e.g., SSOOk).A mask CHor 
and consequent re-spins of a design are prohibitive from the standpoint of cost and lost 
opportunity to capture market share. Embeddable programmable cores1fl offer flexi ­
bility (the design can be modified) , lower NRE cost, and lower risk. These hybrid 

I~C the Web linb for embeddable programmable cores. 
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devices are targeted at applications for which standards are evolving or for which NRE 
costs might have to be amorti7..ed over multiple variants of a product. For example, the 
control logic of a multiprocessor computer in a wireless network for image processing 
applications could be implemented in a programmable core, allowing the design to be 
modified to meet a dynamic marketplace. Multiple designs can be produced from a sin­
gle die.1Wo aspects are involved here: the compatibility of the processes for manufactur­
ing ASICs and FPGAs, and the IP that is ultimately configuring the FPGA for a specific 
application. The former will develop and set the stage for proliferation of the ialterP 
There are two variations on the theme: embeddable programmable cores for placement 
in an ASIC (Actel and Adaptive Silicon) and embeddable complex ASIC cores for 
placement within an FPGA (Thscend,Xilinx, Lucent,Aite ra,Atmc1, QuickLogic), 

Compared to FPGAs,ASICs are relatively expensive to design and manufacture, 
. They gain perlonnance at the expense of flexibility. An emerging technology is that of 
embedding an FPGA within an ASIC to gain flexibility, reduce the risk of a design,lB 
and extend the life of a design to a wider range of applications. 19 Other programmable 
architectures are emerging as well. For example, Adaptive Silicon has developed a basic 
building block, called a Hex block, consisting of sixty-four 4-bit ALUs. Hex blocks can 
be tiled in rectangular patterns within a fabric of local and global interconnect. A 4 X 4 
array of hex blocks supporting arithmetic functions will achieve a density of approxi­
mately 25,000 ASIC gates. 

8.9 Verilog-Based Design Flows for FPGAs 

The design flow for an FPGA-based target technology is shown in Figure 8-45. It relies 
heavily on bundled software to accomplish the synthesis, implementation, and down­
loading of the design into a part. The place-and-route step that plays such a dominant 
role in ASICs is not shown in the design flow because it is transparent to the user. Like­
wise, the extraction of parasitics is not shown because the fixed architecture of the 
devices allows their timing to be precharacterized to serve a database within the imple­
mentation tool. The simplified flow allows a designer to create design iterations and 
derivative designs rapidly, ultimately producing a hardware prototype. 

The objective of rapid prototyping is to create a working prototype as quickly as 
possible to meet market conditions and to support broader testing in the host environ­
ment. Initially, the tools supporting FPGAs relied on schematic entry, but many ven­
dors are now placing greater emphasis on supporting hardware description languages 
(HDLs) . For example, the Xilinx ISE (integrated synthesis environment) tools are 
tailored for HDL-based entry, and support floor planning, simulation, automatic 
block placement and routing of interconnects, timing verification , downloading of 

lIThe Vinual Socket Interface Alliance (VSIA) is an industry group tbat promotes tecbnica l standards for 
mixing and matching IP (rom multiple sources. 
'"Portions oftbe design tba t are risky and might require future cbange can be placed in tbe FPGA 
I'1t.SI Logic and Adaptive Silicon bave been working to embed an SRAM·based FPGA in an LSI ASIC 
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FIGURE 8-45 Design flow for FPGA·based designs with HDL entry. 

configuration data, and readback of the configuration bit stream. The tools ultimately 
produce the bit-stream file that can be downloaded to the part to configure it on the 
host board. 

S.10 Synthesis with FPGAs 

In Chapter 6, we discussed the importance of adopting synthesis-friendly descriptive 
styles. A model has restricted utility if it cannot be synthesized. In addition, the mod­
els must include features that aJlow them to exploit the unique features of the target 
architecture. For example, FPGA tools must optimize the partition of memory 
between distributed and block memory resources. It is especially important in DSP 
applications that the synthesis tool minimize the use of off-chip memory in order to 
maximize performance. 
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FPGA vendors provide libraries of macros that implement specific functionality. 
The designer has a choice between a packaged macro and the circuit that a synthesis 
engine infers from a behavioral description. If technology-specific cores are used. they 
should be isolated within the design 's hierarchy. 

FPGAs are rich in registers, so it is generally advisable to employ one-hot coding 
of the stale of a finite-slate machine. There is usually little or no gain in trying to reduce 
the number of configurablc logic blocks (CLBs) by e mploying a sequential binary 
code, because additional cells will be required to fonn the morc complicated combina­
tionallogic that results from such a scheme. 

The state decoding of a FSM must cover all possible codes of the state. Otherwise. 
latches will be introduced into thc design.20 This practice also protects against the 
machine entering a state from which it cannot recover. It is recommended that the 
designer assign the default state explicitly rather than usc a tool option to do it auto­
matically, if for no other reason than to encourage more thoughtful consideration about 
the design. (Use the Verilog keyword default as the item decoded in a case statement.) 
Also, as discussed in Chapter 6, it is recommended that all of the register variables that 
are assigned value within a level-sensitive cyclic behavior be initializcd at the beginning 
of the listed code and then assigned value within the behavior by exception-as a way 
to help prevent synthesis of unwanted latches in the design. 

The registers in a CLB do not power up to a specific state, so it is essential that a 
reset or set signal port be included at the top-level module of the design and be used to 
drive the machine into a known state. Synchronous resets are used to minimize the 
possibility of a reset signal causing a metastable condition. 

Decoding logic should be implemented with case statements rather than if . •. 
then . .. else statements, unless a priority structure is intended . The former produces 
parallel logic (faster); the latter tends to produce logic that is nested (e.g., priority 
decoder) and will be cascaded in a multilevel series structure of LUTs, resulting in a 
slower circuit. 

A net that fans out from a flip-flop to several points in a circuit can be slow and 
difficult to route; it might ultimately be the source of a timing constraint violation. This 
problem may be solved by duplicating the flip-flop so that the fan-out can be shared. 
The result will be that the routing step takes less time and is more likely to complete 
successfully, and the overall performance will be improved. The trade-off is that the 
solution occupies a larger area of the chip (more CLBs are required). Candidates for 
this treatment are the address and control1ines of large memory arrays, clock enable 
lines, output enable lines, and synchronous reset signals. H the driver of a high-fan-out 
net is asynchronous, synchronize the signal before duplicating it.21 

~'Synthesis tools will produce reports describing device use. including a report on the number of latches and 
registcrs in the implementation. It is a good practice to review these reports to de tcct unwanted latches. 
~I Be aware that the Xilinx lools automatically map into the same CLB signals that end with the -,ame 
numeric suffix. (e.g .. 5ig_ /, sig..J). Naming duplicated signals in this manner contradicts the effort to distrib­
ute the duplicated signals 10 different rcgionsof thechip.lnstead,use alphabetical labels (e.g .. _ tl, _b) to 
compose the suffix of duplicated signals. 
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The throughput of a design can be improved by panitioning combinational logic 
systematically and inserting registers at the interface between the partitions. For exam­
ple, a 16-bit adder can be partitioned into two 8-bit adders and pipelined to reduce the 
delay of the carry chain by a factor of2. Pipelining shortens the path that a given signal 
must travel during a clock cycle. Consequently, the clock can run faster and timing vio­
lations can be eliminated. The trade-off, which could be unacceptable, is that the 
pipelined datapath has latency, because the data will take one or more additional clock 
cycles to propagate through the circuit, depending on the number of pipeline stages 
that have been added.22 The second trade-off is that the pipeline registers occupy 
CLBs. Thus, the physical part that implements the design must be large enough to sup­
ply the additional rcgistcrs for the pipeline. Reports produced by the software indicate 
the use of CLBs. so they should be consulted before attempting to increase the clock 
speed or eliminate a timing violation by pipelining. 

If the place-and-route engine within the tool is allowed complete freedom, it will 
gene rate an optimal assignment of pins. This freedom is curtailed when the part must 
fit into the socket of a previously configured board. Ideally, the hoard is not configured 
until the FPGA has been fully designed. Constraining the pinout constrains the opti­
mization process and may sacrifice performance. If feasible, careful pin assignment can 
lead to improved routing of the design. For example, the horizontal long lines in Xilinx 
architectures have three-state buffers, which makes them suitable for data busses. On 
the other hand, vertical long lines for clock enables and vertical carry chains lead natu­
rally to a vertical orientation of the cells of registers and counters. These architectural 
features suggest that datapaths should be applied to the left and right sides of the part, 
and control lines shou ld be applied to the top and bottom of the part when manual 
routing and pin assignment a re necessary. The tool has maximum flexibility when no 
pins are pre-assigned, but environmental constraints may require that some pins be 
pre-assigned. before routing. However, it is recommended that the unconstrained 
design be routed first to verify that it can meet timing specifications. If it does not, the 
constrained design will also be too slow. 

Keeping a design synchronous, with a single external clock source, allows timing­
driven routing tools to work more efficiently. The parts have clock enables, so there is 
no need [or special measures to gate clocks within a design. 

FPGAs are register-rich. Therefore, it is advantageous to employ one-hot encod­
ing in state machines. This leads to simpler next-state and output logic. This form of 
encoding is sometimes referred to as state-per-bit encoding, because a unique single 
flip-flop is asserted for each state. Coding style has an impact on the results of targeting 
a description into an FPGA. One notable example is in the description of a sequencer. 
If the count sequence does not have to be binary, linear feedback shift registers may be 
a more attractive alternative because they require less space and route more efficiently 
than binary counters. Designers should be aware that flip-flops in FPGAs tend to ini­
tialize to a cleared output during power-up. A state machine would have to anticipate 
this condition because it is not one of the explicit one-hot codes. 

l1-Pipelining will be considered in more de t;lU in Chapter 9 
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PROBLEMS AND FPGA~BASED DESIGN EXERCISES 

Note: The FPGA Design Exercises are suitable for a companion lab. independent 
study, or end-of-semester project. They are open.ended and progressively more 
challenging. 

1. Using the ROM model given in Example 8.1, develop and verify comp.-2JiOM, 
a Verilog model of a 2-bit comparator. 

2. The 2-bit comparator presented in Example 8.1 has three outputs. Develop a 
new model that encodes the outputs in a 2-bi! word. Build a testbench that will 
accc:pt and decode the output of the model and assert one of three outputs cor­
responding to the outputs of the original model. 
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3. Estimate the number o f memory cells that would be required to implement a 
l6-bit adder in a ROM. 

4. Write a Verilog model, ROM_256....x_8, of a 256 X 8 ROM that stores the product 
of two 4-bit unsigned binary words. as shown in Figure 1'8-4. Use the multiplier 
(mp/r) and multiplicand (mOld) bits to form the address of the ROM. 

mcmlO prod(} 

pmdl 

mcnd2 prod2 

p,od3 

mp/rO p,od4 

mp/'] prodS 

mplr2 prod6 

mp/r ) A7 D7 prod? 

FlGUREP8-4 

5. Write a testbench and verify the Verilog model of the stat ic RAM cell , 
RAM....s/atit;, given in Example 8.3. 

6. Develop an alte rnative model for RAM....staric that uses a level-sensitive cyclic 
(a l",ays) behavior instead of a continuous assignme nt (see Example 8.3). 

7. FPGA·Based Design ExerciseD: A simple ALU 
The top-level module of a sequential machine, ALUJ"jJChinc 4_bil, is depicted in 
Figure P8-7a, with the input and output ports that interface the module to its 
environment. The machine is to operate synchronously as follows: I...edjdf~ will 
indicate that the machine is in its " reset" state. When Go is asserted, an internal reg­
ister is to be loaded with. the content of Data(3:0] and is to assert ud_wait until Go 
is de-asserted. After Go is de-asserted, LedJdy is to assert . While LedJlly is 
asserted the slide switch.es (on a prototyping board) may be used to set a new value 
fo~ Dato(3: 01 and/or Oprode!2: OJ. As the slide switches are change<!, the effect 
should be apparent at Alu_OUI. The cycle is to repeat if Go is re-asserted while 
Led_rely is asserted (i.e .. the storage register is to be reloaded).The machine is to be 
synch.ronized by the rising edge of a clock, and have synchronous active-high reset. 

Design - Partition 
An architectural partilion of ALU.flIllchint_4_bit is shown in Figure PS-7b. 
The architecture has three functional subunits: an ALU, a storage register. and 
a stale-machine cont roller. The ALU implements an instruclion sel (described 

~ FPGA design exetci$e$ are to be accomplished with an int roduclory·level FPGA protorypmg tM)ard (sec 
www.digilcnlinc.oom)andlhe$ynthesisl001providedbyanFPGAmanu[acturcr (e.". www.xiJilll(.oom) 
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below) and the controller directs the operations of the machine. One input 
datapath of ALU_muchine_4_bil is connected to the internal storage register 
and the other is conne,ted to one data port of the ALU. The output of the reg­
ister is connected to the other data pori of the ALU The datapath is to be con­
trolled from Tagg/cBUl/on., a slate machine that will be described below. The 
opcnde and the input datapath of ALU J /"lQchint'_ 4_bi( will be controlled by the 
manual slide switches on the prolotyping board. Board LEOs will be derived 
from the inte rnal of the machine Togg/e_Bulfon to indicate the internal status 
of the system (i.e., Led_idle. Ltd_wait, and LedJcady). 
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The design of ALUJ11achinl!_4_bit will be progressive. The models of 
two functional unils, ALU_4_bit and Register, will be developed and separately 
verified first. The stale machine controller, Toggle_Button , will be designed 
later, a long with a programmable clock generator. Then we will integrate the 
individually verified functi onal units. verify that the integrated design has the 
correct functionality, aDd achieve final pre-synthesis sign-off. The last step will 
be to synthesize the design into a working prototype on the FPGA board. 

Oesign-ALU 
Using the moo"te . •• I!ndmOO"lt e ncapsulation and port declarations given 
below, write a Veri log model of A LU_ 4_bil, a 4-bit ALU shown in Figure P8-7c 
and specified in Table P8-7a. 

module ALU_ 4_b it {output reg [4: 0] Alu_oul, input {3: 0] Data_A, Data_B, 
Input [2: 0] Opcode); 

endmodule 

Write a test plan that specifics the functional features that are to be tested a nd 
how they will be tested. Using the test plan, write a testbench. CALU_4_bil. 
that verifies the functionality of ALU3_bit. 

FIGURE PI-7" 4-bi t ALU 

TABLE 8-7a Functional specification for a 4-bit ALU 

Cod< 0 ..... ALUOpn.doll 

000 DaI .. ....A + Data_B 
001 '"' D .. ta_A - Dal .. _B 

010 NOI...A - D .. ta_A 
011 NoIJ1 - Dal .. _B 

100 A _QndJJ DQIQ....A &. DQ/QJ1 
101 Dala...A I Dat .. J1 

Ror....A IDafa_A 

RQndJ1 &.DQIQJ1 
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Verify your design for a suitable number of patterns that cover the data and 
opcodes of the ALU. As an example, complete Table PS-7b by specifying 
Alu_Qut for the indicated patterns. Complete the second table with patterns 
that you choose. Include tbese patterns in your testbench, along with others 
that you choose. 
NOle: Management appreciates your efforts to arrange the waveforms in the 
graphical display to enhance the utility of the information. minimizing the 
amount of interpretation and translation that must be done. (Hint: Sellhe radix 
of displayed waveforms to decimal or hex.) Consider annotating the waveforms 
by hand or by a graphical editor tool to label opcodes etc., or define and display 
text parameters to indicate mnemonics for opcodes. 

Next, write a Verilog model of a 4-bit storage register that has parallel 
load capability. The register is to be synchronized by the rising edge of a clock, 
and have active-high synchronous reset. Use the module encapsulation and 
ports given below.24 

module Register (output reg [3: 0] Reg_out, Input 13: OJ Data, input 
Load, elk, reset); 

endmodule 

TABLE B-7b Sample data calculations for test patterns 
to be applied to ALU_4_hit. 

DQrQ..fi 1010 0101 

Sob 
Nor--A 
NoCB 

Ror,...A 
RandJj 

DQla--A 

DO/ta B 

Opcode AilColU Alu OIU Aiu our Alu_OUI 

Add 
Sub 
Nor...-A. 
NoCB 

l-<Modify as needed to accommodate your model. 



Programmable Logic and Storage Devitts 

Write a test plan that specifics the functional features that are to be 
tested and how they will be tested. Using the test p lan, write a testbench , 
,-Register, that verifies the functionality of Register. 

Design - Programmable Clock 
Using the programmable clock described in Problem 33 in Chapter S, include the 
following "annotation module" in your project. The role of this module is to over· 
ride the default parameters in the clock generator with those that are to be used 
in a given application. The annotation module uses hierarchical dereferencing. 
where Ml is the instance name of the unit under test (uur) in CC/(x:k_Prog. 
Your testbcnch must demonstrate that this works. The example below replaces 
the default values of Larency, Offser, and Pul$ewidrh by to, S, and S. respectively. 

module annotate_Clock_Prog 0; 
defperem t_Clock_Prog.M1.Latency = 10; 
defperem CClock_Prog.M1 .Offset:: 5; 
defparam ,-Clock_Prog.M1 .Pulse_Width == 5; 

endmodule 

Design-User Interface 
Values of the machine's input data will be set by slide switches on the prototyp­
ing board. The limited switch resources of the prototyping board create a need 
for a toggle button machine to control the loading of data into the machine's 
inte rnal data register driving Data_B. The ALU will be driven by the data 
stored in the register and the data at the input bus driving Data_A. 

The state machine described by the ASM chart in Figure PS-7d has syn­
chronous reset and resides in S_idle with Led_idle asserted , unt il Go is asserted. 
Then it moves to S_I , whe re it asserts Load for one clock cycle and then enters 
S_2, where it asserts Led_wait and remains until Go is de-asserted. When Go is 
de-asserted the machine enters S_3 and asserts LedJdy. The machine remains 
in S_3 until Go is again asserted. Then it returns to S_I.1bis sequence of state 
transitions lets us load data into a register, wait in S_2 until the Go hutton is de­
asserted, and then pause in S3, where other actions can be taken to operate on 
a datapath. For example, data can be placed on the input port and the output 
port can be examined under the action of the opcodes. The outputs Led_idle, 
Led_wait, and LedJdy indicate the status of the machine, and can be used to 
control LEOs on a pr()totyping board. 

Write a Verilog model of the sequential machine Toggle_Button, using 
the module encapsulation and ports declared below: 

module Toggle_Bunon (output Load, Led_idle, Led_wait, Led_rdy, Input 
Go, elk. reset); 

reg [1: 0] state , next_state; 

endmodule 

Write a test plan that specifies the fu nctional features that are to be tested and 
how they will be tested. Using the test plan, write a testbench, '-Toggle_Button, 
that verifies the fun ctionality of Toggle_Button. 
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FIGURE f'8.7d ASM chart for TQBJI/~..8urroll 

Design -Integration and Verification 
Now we: will integrate the fu nctional units of th e: architecture for ALU_ 
mochinc4_bil and verify that the function ali ty of the integration is correct, 
leading to pre.synthesis sign-off. Instantiate: ALU_4_bit, Regis/er, and 
Toggle_Bulton into ALU..ftIochinc_4_bit and create a Verilog model of the 
internal structure represented by the architecture shown in figure pg·7b. Use 
the module header and declarations shown below. 

module AlU_machine_ 4_bit ( 
output [4 : OJ AJu_out, 
output Led_idle, led_wait, l e(Udy, 
Input (3: 0) Data, 
input (2: 0) Opcode, 
input Go, 
Input elk, reset 

); 
wire [3: 01 Reg_oul; /I Note: Must size the bus connecting 

M1 and M2 

ALU_ 4_bit M1 (Alu_out, Data, Reg_out, Opcode); 
Register M2 (Reg_out, Data, Load, elk, reset); 
Toggle_Button M3 (Load, Led_idle, Led_wait, Led_rdy, Go, elk, reset); 

. ndmodul. 
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Write a test plan that specifies the functional features tbat are to be 
tested and how tbey wi ll be tested. Using your test plan, and the headers and 
instantiations shown below. (1) write a carefully documented testbencb, 
t..,ALUJPUlchiM3_bit, that implements the machine. and (2) verify the fu nc­
tionality of ALUJTlachim!_4_bit. Note that the testbench contains the UlIT 
(AtUJTIachine_4_bit), and the programmable clock generator (Clock_Prog). 
plus the code you write to execute the tests. 

module annotate_AlU_machine_ 4_bi t 0; 
defparam CAlU_machine_ 4_bit.M2.Latency: 10: 
detparam t_ALU_machine_ 4_bit.M2.Offset: 5; 
defparam CALU_machine_ 4_bit.M2.Pulse_Width: 5; 

endmodule 

module CALU_machine_ 4_bit 0; 
wire (4: 0) A1u_out; 
wire Led_idle, Led_wait, Led_rdy; 
wIre Load; 
reg Go, reset: 
reg (3: OJ Data; 
reg (2: OJ Opcode; 

ALU_machine_ 4_bit M1 ( 
A1u out, 
Led-='idle, Led_wait, Le<Crdy, 
Data, 
Opcode, 
Go, Load, 
elk, reset): 

Clock_Prog M2 (elk); 

If Your code goes here 
endmodule 

If Instantiate UUT 

Figure PB-7(e) sbows the results of a simple test of ALUJPUlchine_4_bit. Note 
tbe organization of the display. 

Design - Prototype Synthesis and Implementation 
The final steps of the exercise are to synthesize ALUJTlQchine_4_bit into the 
particular FPGA of the prototyping board, download the design to the FPGA 
on the board, and demonstrate that the prototype functions correctly, conclud­
ing with fina l sign-off. The ports of the module, the pads of the FPGA, and the 
1/0 resources of the board must be integrated.25 The first step in this process is 
to decide which board resources will be mapped to the ports of the design. The 
second step is to map the ports to the l iDs of the FPGA. The pin configuration 
of the FPGA is described in the manufacturer'S data sheets for the part. The 
board's 110 resourCC5 are described in the documentation provided by the 

ZSConsult tbe data sheets for your particular prototyping board to identify the mapping between board 
resources and the 1/0 pads of the FPOA 
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FIGURE P8-7e Simulation results for ALU--,"ochin~ " biro 

manufacturer. CawiQn: Although a synthesis tool will map ports to pads (pins) 
automatically, the result might not be compatible with the fixed pad locations 
on the prototyping board and may even vary from run to run. It is advisable to 
constrain the pad mapping. In this application, the pads oflhe FPGA have been 
hardwired 10 certain pins of Ihe prololyping hoard. II is critical thai the correct 
signals be mapped fO the pins that are being used by the appliCllIion. 

The da tapath of ALU_machine_4_bil will be controlled by the finite­
stale machine Toggle_Button (previously designed and verified). The signal Go 
initiates the activity of loading Darn into Register. Data and Opcode are to be 
control by the outputs of the manual slide switches. While the state of 
Togglt_Bullon is S_3 the machine asserts udJdy, and the slide switches for 
Data and Opcode can be exercised to test the machine by presenting different 
words to the datapaths of the ALU. A value can be loaded into Rtgi~·ter, then a 
different value can be arranged for Data by changing the slide switches after 
LedJ dy is asserted_ 

The input port signals of ALU_machine_4_bi/ must be mapped to the 
slide switches and push buttons of the prototyping board; the OUtPUt ports are 
to be mapped to the LEOs. Figure P8-7(f) shows the (a) slide-switch configura­
tion. (b) push-button configuration, and (c) the LED configuration used fo r a 
demonstration FPGA. These resources are connected to pins at a connector on 
the board. Nore: Consult the data sheet to determine which side of the slide 
switch (e.g., the side that is closest 10 the nearest edge of the board) is logical 1. 
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(.) 

~ 
Go 

~ ~ ~ ,m, ,. '" I)IpI"'X I.~"" 

(b) 

(0) 

"CURE P8-7f Ellample of pin aUignments: (a) slide switches. (b) push buttons. and (e) LEOs. 

Figure P8-7f shows the LED, bunon and switch pin assignments that have 
been spedfied for ALUJ1lDchinc_4JJil, which are listed in Table P8-7(c). Note: 
Similar da ta must be produced fo r the partieular FPGA and board used in your 
exercise. 

Write a test plan that spedfies how the FPGA prototype drcuit will be 
tested. making specific reference to the board resources (e.g., slide switch con· 
figurations., LED read outs. special instrume ntation, etc.). Develop test cases 
demonstrating that the ALU works correctly. Verify that the Go bulton. the 
reset button. and the LEDs function con ectly. After successfully completing all 
o f the above steps. create the bit-stream file and download it to the prototyping 
board. Using some of the tes t cases developed fo r the test plan, veri fy the func· 
t ionality of the machine by uecuting (1) ALU and Opcode tests., (2) Led_idle, 
Led_wait. and LedJdy assertion tests., (3) rese, assertion tes t,and (4) any o ther 
test that wi ll provide evidence tha t the prototype operates correctly. 

8. FPGA·Based Design Exercise: Some Ring Counters 
Using the code fragmeot below write and verify a Verilog model of CoWlterS,Yrog. 
a parameterized and pr-ogrammable 8-bil counter thai implements various display 
patterns to exercise the LEOs of a protoryping board. The implementation is to use 
a separate Verilog function for each pattern (e.g., ringCcollnr). Develop a test plan 
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TABLEPS-7c PinassigllJTlentsfor thc 
prototype board. 

~ ...!!!... 
Alu_oUl(4) "" Alu_ow(3) P68 
Ah'_QUI121 1"" 
Altum/ll] "" AlII_Old [0] 

Ud_jdl~ 1'62 
ud_wail 1'6l 
L~dJdy 

Datal)] 1'28 
DQ/aI2] 
Dara[1] 
Dalo IO] 1'25 

Opcode[2[ 1'23 
Opcod,, (t] P20 
Opcod., (O] 1'19 

," 1'13 
Go 1'56 

1'57 

clearly listing each functional feature that is to be tested. Develop a carefully docu­
mented testbench and execute the test plan to debug and verify the model and gen­
erate final graphical results. (Nole: Organize the display to have the fonnat shown 
FigureP8-8(a). 

modul_ CounterS_Prog ( 
output reg (7: OJ count, Input [1: 0) mode, Input direction, enable, elk, reset); 
parameter starCcount '" 1; /I Sets initial pattem oftha 

display to lSB of count 

If Mode of count 
parameter binary =0; 
parameter ring1 = 1; 
parameter ring2 '" 2; 
parameter jump2 =3; 

If Direction of count 
pa rameter "ft = 0; 
para meter right = 1; 
para mete r 'P =0; 
parameter dow" = 1; 

always @ (posedge elk or posedge reset) 
if (reset :=1)count <= start_count; 
el.e if (enable ==1) 

cas. (mode) 
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binary: 
ting1: 
ring2: 
jump2: 

default: 
.ndca •• 

fun ction 
Input 
input 
beg" 

count <= binary_count 
count <: ring1_count 
count <: rlng2_count 
count <: jump2_count 
count <: binary_count 

binary_count; 
count; 
direction; 

(count, direction); 
(count, direction); 
(count, direction); 
(count, direction); 
(count,direction); 

487 

If (direction '""" up) binary_count", count +1; else binary_count '" count- 1; 
• • d 

endfunction 

II Other fUnctions are declared here. 
endmodule 

Allhe active edge of the clock. an &-bil count will be updated under the control 
of mode and direction. which selects one of four different functions 10 form the 
next value ot coum. 

bituJry: A binary cOllnt pattern controlled by dlrecfion to count up o r down. 
ringl : A ring counter controlled by direction to move left (up) or right 

(down). 

," 

mod41:0] 

dir«twn 

count/1:O] 

w um{7] 

oolUllj6j 

CQuntl!';1 
cou"t{"j 

oount{3] 

coun/[2] 

cou"t{lj 

coun/[O ) 

FIGURE P8-s. Display rannat for rin& counter simulation results.. 
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ring2: A ring counter like ringl, but that moves two adjacent cells 
at a time. 

jllmp2 A ring counter that jumps by two cells. 

The patterns that are to be implemented for ring2 and jump2 are illustrated in 
FigurePS-8b. 

Design - Prototype Synthesis and Implementation 
The frequency of the clock signal at Pin 13 on the prototyping board is 
25 + MHz. Model and verify a clock divider that will produce an internal clock 
signal whose freq uency will be low enough to allow changes in the LEOs to be 
visible. 

Your design is to be encapsulated in a module, TOP,having the following 

module TOP (count, mode, direction, enable, elk, reset); 

input .. 

output . 

Clocl<~Divider MO (clkJ ntemal, clk); 

Counter8_Prog UUT (count, mode, direction, enable, cl~internal, reset); 

endmodule 

flGURE P8-8b Patterns to be generated by ring2 and by jump2 . 



Syntbesize and implement your design on a prototyping board. Develop 
a hardware test plan and usc it to test the operation of tbe proto type. 

Using tbe pin assignments shown in Figure P8-8(c), conDect tbe ports of 
the design to the pins of the FPOA on tbc proto typing board. (An example of 
pin assignments is shown in Figure PS-8(c). If necessary. consider a clock 
divider to enable the transitions oflhe counters 10 be visible.) 

Develop and verify a Venlog model of iumpu, a module that generates 
the pattern in Figure PS-8(d). Synthesize and verify a hardware proto type. 

Slide swi tches 
Di(UabXLpiDs 

Push buttons LEDs 

•••••••• L.Ol L0 2W1LOolLDS lll6l0J LOll 
.... P6IP61 H6r65HlP61 .... 

co .. ntl7:O] 

FlGURE PS-Ik: Pin assignments t OT Co .. nterSyrog. 

FIGURE P8-8d Patterns to be geneT.led by Jumptr. 
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9. FPGA·Based Design Exercise: SRAM with Controner 
The static RAM modeled by SRAM_2048_8 (see Example 8.5) is asynchro­
nous. Many applications require a synchronous interface [0 an SRAM. One 
such interface (controller) is iUustrated in Figure PS-9(a) below, where a host 
processor provides an act ive-low address strobe, ADS_b, a read/write signal 
R_W, a clock signal, and a reset to a state machine,SRAM_Con, which forms 
the signals DE_b, CS_b, and WE_b, which control the SRAM, and a signal, 
Rdy, which asserts for one clock cycle at the end of a read or write sequence. 

Rd' ~c=::====::::::, __ ,:::::===='.J 
(.) 

(b) 

FIGURE P8-9a Synchronous controller (or a SRAM: (a) hierarchical block diagram with interface 
silIlaisand(b)ASMchan(orthecontroller. 



Prognuwnable Logic and Storage Devices 4., 

d"l,uiu[7:O] 

d"I,,[7:0 ) 

dm"_I0J71fmory[7:0) 01 

d"lII_bus[7:0) 

d"I"JTomJ71ernory[7:0) 

addrflO:O) 

cQl~dTess[3:0) 

Tow-Pddnss[6:0) 16 

The ASM chart in Figure PS-9(b) describes the controller. (Note: the notation 
!CS_b indicates that the active low chip-select signal has CS_b = 0; its default 
value is CS_b = I.) 

Form a generic module,SRAM, by renamingSRAM_2048_8 and re-using its 
code. Using the headers and testbench below, develop a generic (parameterized) 
controller module,SRAM_CQfI that implements the behavior of the ASM chart in 
Figure P8-9(b), then instantiate SRAM and SRAM_CQfI within SRAM_with_Con. 
Use the results shown in figure P8-9(b) to organize the displayed information 

78795.880$ 79292.38n~ 

04 08 20 

125 13S 155 165 

18 , 20 21 22 

FIGURE P8-9b Simulation resu tts for SRAM_C(m: wTiting /0 memory. 
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(including the bus activity) produced by the simulator. Figure 8-9(b) shows an 
example of a write to memory. with ADS-'p launching the activity. With send high, 
recv low, and R_W low, the bidirectional bus is conlrolletl for writing; with send 
low, recv high, and R_W low, the bus is configured for reading data from mem­
ory. Rdy assen for one cycle after the data is written to memory. The testbench 
includes writcJlroi>e, which monitors the contents of memory al the location 
specified by coCaddress and row-<lddress shows that datajo_memory (04) is 
written successfully. Figure J>8.9(c) shows signal activity for a read operation, 
and Figure 8-9(d) shows the bidirectional interface to the testbench. 

287403.95n$ 287485.65n5 281567.35n5 287649.05n5 

dk~ 

daflUm[7:0J 02 ()4 08 10 20 tt 

dQ/a[7:0) 02 .. ' 08 10 20 u 

dtJIIuoJ!1<!mo;y[7:0) 

data_blL,\"[7:0) 10 20 tt 

daIIlJromJl1~mory[7:01 02 .. 08 10 2JJ u 

addr[lO:O) liS 125 135 145 ISS 165 

co'-"dd~ss[3:0J 

row_Dddrtss[6:0! I' 17 18 , I' 2JJ 

ADSJ> F=======I============I R;; 
srate(Z:OJ 0 1 2 0 1 2 0 1 2 0 1 2 0 1 2 01 

u nd 

,.,rue prob,,[7:0J 04 . 08 20 

nGURE ~ Simulation resuils for SRAM_Con: uading from memory. 
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FIGUR E " ·lId FPGA implementation of an SRAM with a synchronous controller 

Note that the testbench contains commented statements that would cause 
the model to fail, because the bus activity presents a high·impedance condition 
before the SRAM can latch the data. The remedy is shown in the code for the 
testbench, and consists of conditioning the bus to enter a high·impedance condi­
tion after the rising latching edge of CS_b or WE_b in the SRAM. 

Design - Prototype Synthesis and Implementation 
After verifying the functionality of the model for the parameters of SRAM_ 
2048_8, choose parameters that will size the model to fit in the an available 
FPGA for implementation of the integrated unit on a prototyping board. Con· 
sider the structure shown in Figure pg·9(d). where the inbound data and the 
address a re mapped to the pins of the board's slide switches, and ADS_b, R_W, 
and reset are mapped to push buttons.. Rdy is 10 be mapped to a LED. The out­
bound data is to be mapped to the board's seven segment displays (a decoder 
will be needed) or to the LEOs. Consider the followi ng issues: (I) bus con­
tention, (2) display of the machine state (consider the LEOs), and (3) dock 
speed. The module Togg/e_Synch is to synchronize the asynchronous input 
ADS_b and to have logic that generates a single pulse on assertion of ADS_b 
regardless of how long the push bunon is pressed. 

'timescale 1ns { 10ps 

module SRAM_with_Con #(pa rameter word_size = 8, addr_size = 11 )( 
Inout [word_size -1: 0] data, 
Input laddr_size -1 : OJ addr, 
output Rdy, 

I: 

input ADS_b, R_W, 
input elk, reset 

SRAM Con MO (Rdy, CS b,OE b, WE b, A DS b, R W, elk, reset): 
SRAM -M1 (data, addr, CS_b, OE-_b, WE_b); - -

andmodula 
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module SRAM_Con (o utput reg Rdy, CS_b, OE_b, WE_b, Input ADS_b, 
R_W,clk, reset); 
II Your code go •• he re 

endmodule 

module SRAM #(p.rameter 
word_size:: 8, 
addr size: 11 , 
mem-=-depth '" 128. 
coI_addr_size:: 4, 
row addr size'" 7, 
H i_Z-patt~rn" {word_size{1'bz» 
I( 
Inout [word_size.1: 0) data, 

I: 

Input laddr_size.-1: 0) addr, 
input CS_b. OE_b, WE_b 

reg [wo«Csize.1: 0] data_int; 
reg [wo«Csize-1: OJ RAM_colO Imam_depth-1 : 0]; 
rag [word_slze-1: 0] RAM_coI1Imem_depth-1 : 0]; 
reg [word_size-1 : 0] RA~'-coI2 Imam_depth-1 : 0]; 
reg [word_size-1: 0) RAf.'-coI3(mem_depth-1 : 0]; 
reg [word_size-l : 0) RAM_c044[mem_depth-1 : 0]; 
reg (word_aiz&-1: 0] RAM_coI5 Imam_depth-1: 0); 
reg Iword_size...1 : 0] RAM_cot6 Imam_depth.1 : 0): 
reg [word_size- 1: 0] RAM_coI7 Imam_depth-1: 0): 
reg IworcCslz&-1 : 0] RAM_coIS [mem_depth-1: 0]; 
reg (worcCsize-1: 0] RAM_co19 [mam_depth-1: 0]: 
reg (word_size-1 : 0] RAM_co1 10 [mam_depth-1 : 0]: 
reg Iword_size-1 : 0] RAM_coI11(mam_depth-1: 0]; 
reg [wonCsize-1 : 0] RAM_coI12 (mam_depth-1 : 0]; 
reg [won:I_size-1: 0] RAM_coI13 lmam_depth-1 : 0): 
reg [won:I_size-1 : 0) RAM_coI14 lmam_depth-1: 0): 
reg [word_size-1 : 0] RAM_co115 [mam_depth-1: 0); 

wire [coLaddr_slze-1: 01 coLaddr " addr[coLaddr_slze- 1: 0]; 
wire [row_addr_slze-1: 0) row_addr = addr[addr_slze-1: 

coLaddr_sizel: 
.sslgn data = «CS_b == 0)&& (WE_b == 1)&& (OE_b::= 0)) 

? data_int: Hi_ZJ>8t1em; 

always C (data, coI_addr, row_addr, CS_b, OE_b, WE_b) 
begin 

dataJnt " HI_Z_pattern; 
It «CS_b ,,= 0) && (WE_b == 0» /I Priority write to memory 

case (col_addr) 1/ column address 
0: RAM_colO[row_addr] data: 
1: RAM_coI1[row_addr] data; 
2: RAM_coI2(row_ addr] data; 
3: RAM_coI3(row_ addr) data; 
4: RAM_col4[row_addr) data: 
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5: RAM_coI5(row_addrJ:: data: 
6: RAM_coI6Irow.:..,.addrJ:: data: 
7: RAM_coI7Irow_addrJ:: data: 
8: RAM_col8[row_addrJ '" data: 
9: RAM_coI9(row_addrJ :: data; 
10: RAM_coI10[row_addr):: data; 
11 : RAM_co11 1 [row_addr1 '" data; 
12: RAM_coI12[row_addrJ:: data; 
13: RAM_coI13[rQW_addrJ:: data; 
14: RAM_coI14IrQW_addr) :: data; 
15: RAM_coI15(row_addrJ = data: 

ende .. e 
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else If ((CS_b == 0) && (WE_b == 1) && (OE_b "':: 0» 1/ Read from 
memory 
ease (coI_addr) 

0: data_int = RAM_coIO(row_addr): 
1: data_int:: RAM_col1 (row_addr): 
2: data_inl = RAM_coI2!row_addrj : 
3: data_ int = RAM_coI3(row_8ddr): 
4: data_lnt:: RAM_coI4{row_addrJ: 
5: data_int '" RAM_cOl5{row_addrJ; 
6: data_int = RAM_coI6[row_addr): 
7: data_int = RAM_coI7[row_addr): 
8: data_int:: RAM_coI8(row_addr) : 
9: data_ int = RAM_coI9(row_addr) : 
10:data_inl = RAM_coI10(row_acldrJ: 
11:datajnt: RAM_coI11 (row_addrJ: 
12:datajnt'" RAM_coI12{row_addrJ: 
13:dataJ nt = RAM_coI13[row_addrJ; 
14:data_lnt'" RAM_coI14[row_addr); 
15:dat8_int:: RAM_coI15[row_addr): 

endease 
ond 

I/r Comment oul of the model for a zero delay functional test. 
specify 

1/ Paramaters for the read cycle 
speeparam t_RC : 10; 1/ Read cycle time 
.peeparam t_AA = 8: II Address access time 
_peeparam CACS = 8: 1/ Chip select access time 
speeparam I_CLZ = 2: II Chip select to output in Iow-z 
speeparam COE = 4 : II Output enable to output valid 
speeparam t_OLZ : 0: fI Output enable to output In low-z 
apeeparam I_CHZ = 4 : 1/ Chip de-select to output in hi-z 
.peeparam COHZ:: 3.5: fI Output disable to output in hi-z 
specparam I_OH = 2; fI Output hold from address ehange 

11 Parameters for the write cycle 
. peeparam I_WC = 7: 1/ Write cycle tlme 
speeparam t_CW = 5: 1/ Chip select to end of write 
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speeparam C AW" 5; 
speeparam ,-AS = 0; 
. peeparam ,-WP = 5; 
speeparam ,-WR '" 0; 
.peeparam ,-WHZ '" 3; 
_peeparam t DW '" 3.5; 
. peep.ram (DH = 0; 
speeparam ,_OW" 10; 

If Address val id to end of write 
ff Address setup time 
If Write pulse width 
II Write recovery time 
II Write enable to output in hi-z 
II Data set up time 
/I Data hold time 
11 Output active from end of write 

IIModule path timing specifications 
(addr ' > data) '" e M ; 
(CS_b * ;> data)" (CACS, t_ACS, t_CHZ); 
(OE_b *;> data) '" (I_DE, '_CE, t_OHZ); 

1/ Verified in simulation 

/I Verified in simulation 

l {Timing checks {Note use of conditioned events for the address setup, 
Ifdepending on whether the write is controlled by the WE_b or by CS_b. 

l/lNidth of write/read cycle 
$width (negedge addT, I_We); 

IIAddress valid to end of write 

$setup (addr, posedge WE_b &&& CS_b == 0, t_AWl ; 
$setup (addr, posedge CS_b &&& WE_b == 0, t_AW); 

{{Address setup before write enabled 

$s.tup (addr, negedge WE_b &&& CS_b == 0, t_AS); 
$setup (addr, negedge CS_b &&& WE_b == 0, C AS): 

1M'ldth of write pulse 
Swidth (negedge WE_b, ,-WP); 

IIData valid to end of write 
$setup (data, posedge WE_b &&& CS_b == 0, ,-OW): 
$setup (data , posedge CS_b &&& WE_b : = 0, ,-OW); 

lIoata hold from end of write 
$hold (data, posedge WE_b &&& CS_b "'''' 0, ,-oH); 
Shold (data, posedge CS_b &&& WE_b =: 0, ,-oH); 

IIChip sel to end of write 
$setup (CS_b, posedge WE_b &&& CS_b "'''' 0, t_CW); 
Swldth (negedge CS_b &&& WE_b "'''' 0, t_CW); 

end.pecify 

'"' endmodule 

module tes,-SRAM_with_Con 0 ; 
parameter word_size'" 8; 
parameter addr size'" 11; 
parameter mem-=.depth'" 128: 
parameter col addr size'" 4; 
parameter row_addr_size '" 7; 



p.,..meter 
parameter 
parameter 
parameter 
parameter 

' .. ". ". Integer 
wire 
wlr. 
w lr. 

num_col '" 16; 
InltiaU)attem:: S'bOOO_OOO1 ; 
HL Z-panem '" S'bzzzz_zzzz; 
stop time =: 290000; 
latency =: 248000; 
[word_size ·1 : 0) data_1o_memory: 
ADS_b, R_W, elk. reset; 
send, recv; 
001, row; 
[coLaddr_size ·1 : 0] 
Irow_addr_size -1: 0) 
(addr_size -1 : OJ 

col_address '" col: 
row address" row; 
add;:-:: {row address, 

coCaddre;s}: 

II Three-slate , bi-directional bus 
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wire [word_size -, : 0] data_bus'" send? dala_lo_memory: HLZ""psttem; 

wire [word_size -1: 0] data_fmm_memory '" recv? data_bus: HLZ...,P8ttem: 

SRAM_with_Con M1 (data_bus, addr, Rdy, ADS_b, R_W, elk, reset) : /I UUT 

initial #stop_time $flnish; 
initial begin reset = 1: #1 reset'" 0: end 

Initial begin 
#Oclk=O; 

forner #10 elk '" -dk; 
end 

II Non-Zero delay test: Write walking ones to memory 
initial be>gln 

~~~_~ ;:1 ; 
send:: 0: 
racv " 0: 
for (col: 0: col<= num_col.l : col:: col +1) begin 
dala_lo_memory ::initialyattem: 

for (row = 0; row <:: mem_deplh-1; roW :lll rcyw + 1) begin 
@ (negedge elk): 
@ (neg edge elk); 
G (negedge elk) ADS_b : 0; R_W '" 0: II writing 
@ (negedge elk) ADS_b = 1; 
@ (posedge elk) send = 1: 
II @ (posedge elk) send: 0; 1/ Does not work 
41 (posedge M1 .M1 .wE_b or posedga M1 .M1 .CS_b) send = 0: 
II@ (posedge elk) #1 send : 0; l!Replacing above line with this won<s too. 
GI (posedge elk) data_to_memory '"' 
{data_to_memorylword_size-2:0j,data_to_memorytwortCsize . 1]): 

ond 
ond 

ond 
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/I Non-Zero delay test: Read back walking ones from memory 
initial begin 

#latency; 
ADS_b = 1; 
R_W: 1; 
send = 0; 
recv= 1; 
ADS_b = 0; 
for (col= 0; col <= nurn_col-1: col = col +1) begin 
for (row = 0; row <= mern_depth-1; row = row + 1) begin 

#60; 
.nd 

.nd 
.nd 

II Teslbench probe to monitor write activity 
reg (word_size -1 :0J wrileyrobe; 

always@(po •• dgeM1.M1WE_b, posedge M1.M1.CS_b) 
cas. (M1.M1.coLaddr) 

0: writeyrobe:: M1.M1.RAM_coIO[M1 .M1 .row_addrJ: 
1: writeyrobe:: M1.M1.RAM_ooI1[M1.M1.row_addrj: 
2: wrileyrobe = M1.M1 .RAM_coI2[M1 .M1.row_addr]: 
3: write_probe = M1.M1.RAM_coI3[M1.M1.row_addr]: 
4: wrile""probe = M1.M1.RAM_coI4[M1.M1 .row_addr]: 
5: write"probe:: M1.M1.RAM_coI5[M1.M1 .row_addrJ; 
6: writeJlrobe = M1 .M1 .RAM_COI6[M1 .M1 .row_addrJ; 
7: writeyrobe = M1.M1.RAM_coI7(M1.M1.row_addr]: 
8: writeyrobe = M1 .M1.RAM_coI8(M1.M1.row_addr]: 
9: writeyrobe:: M1 .M1.RAM_coI9(M1.M1.row_addr]: 
10:writeyrobe = M1 .M1 .RAM_coI10(M1.M1.row_addr]: 
11 :writeyrobe = M1 .M1 .RAM_coI11IM1 .M1 .row_addr]; 
12:writeyrobe = M1 .M1 .RAM_coI12[M1.M1.row_addr]; 
13:writeyrobe = M1 .M1 .RAM_co113[M1 .M1 .row_addr]; 
14:writeyrobe = M1 .M1 .RAM_coI14[M1 .M1 .row_addr]; 
15:writeyrobe = M1.M1.RAM_coI15[M1.M1.row_addr]; 

.nde ••• 
endmodule 

10 FPGAaBased Design Exercise: Programmable Lock 
The objeclive of lhis exercise is 10 design and implement a hardware prototype 
of a programmable digitaJ oombination lock, using a prototyping board and a 
he1tadecimai keypad. The top-level block diagram of the programmable lock is 
shown in Figure PS-IOa. The lock has a six-keystroke, factory-programmed 
oombination, but allows the owner to reprogram a new combination. LEOs dis­
play the status of the machine and prompt the user to take action. 

The programmable lock has two modes: normal and programming. The 
action of reset is to place the machine into the reset state (S_idle), where Ready 
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" CURE P8-1O. Top-level block diagram for a programmable combination lock. 

and Enter Jest LEOs are asserted. The combination of the lock can be repro­
grammed by pressing mode once while the machine is in S-"1le to put the machine 
in the program mode stale (SJJrog). ln the program mode, the p,QgJtIode and 
Reprogramming LEDs are as5Crted, and the machine accepts a sequeooc of eight 
entries of code from a helt keypad. This eight-keystroke: combination (its repro­
gramming code) is also factory-programmed and cannot be changed. If tbe eight 
keystrokes that are entered in the programming mode match tbe reprogramming 
code, the machine asserts the EnlerJcst Dnd Reprogramming LEOs and awaits 
entry of six morc code values from the keypad. If the sequence of eight values is 
not correct, the machine de-asserts the ProgJ11ode LED, returns to the reset slate, 
and asserts the Ready and EIIlerJcst LEOs. The six values entered after the 
Reprogramming and Entcr.fist LEOs are asserted will be the reprogrammed key 
for the lock. After the six keystrokes are entered. the machine returns to the reset 
Slate and the normal mode automatically. 

In the normal mooe, a user must enter a sequence of six hex characters. Ir 
the sequence of characters matches the key, the Unlock LED is asserted for one 
clock cycle before the machine returns to SJdk. If the sequence does nOI match 
the combination, the machine asserts the lnvalidje)' LED for one clock cycle. 
and then retU!T15 to SJdle. For security, the machine must not signal lnvalid..key 
until the entire key has been entered. The machine must a time-out constraint-if 
the combination or the reprogramming codes are not entered with a specified 
time the machine aborts and retu!T15 toSJdlt. The machine does nol support back­
space/erase of keystrokes, and does not monitor or prevent attempts by hackers.. 

Develop an ASMD chart for a programmable lock meeting the specifica­
tions given above, Using the chart and the mtHblle . .. endmodflle encapsula. 
tions and ports given below, develop and verify a Verilog model of ProgJ.-«k. 
Inc:Orporate Hex:J(eypad_GrayhilC072 (rom Olapter 5 to decode the keystrokes 
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of the keypad; use the test bench (rom Chapter 5 to replace the physical keypad in 
the development of your model for the combination lock. Hint: consider 

module Prog_lock_System ( 
output Ready, Reprogramming, Enter_kst, Prog_mode, Invalid_key, Unlock, 
Input 13: 0) Row, 
input mode, clock, reset 

); 
wire [3: OJ Col; 
wire [3: 0] Code; 
wire S_Row; 

Hex_Keypad_Grayhill_072 MO (Code, Col, Valid, Row, S_Row, clock, resel): 
Synchronizer M1(S_Row, Row, clock, reset); 

PfOQ_lock M2 ( 

); 

.Ready(Ready), 

.Reprogramming(Reprogramming), 

.Enter_kst(Enter_kst), 

.PrOQ_mode{Prog_mode), 

.lnvalid_key(lnvatid_key), 

.unlock(Unlock), 

.code(Code), 

.mode(mode), 

.kst(Valld), 

.clock(clock), 

.resel(reset) 

endmodule 

Design - Issues 
Consider debouncing the keypad andlor reducing the frequency of the clock 
provided on the prototyping board. Contact bounce is 4 ms at make and 10 ms 
at break. Specifications for the Grayhill 072 keypad are available at www 
.grayhill.com. 

Design - Prototype Synthesis and Implementation 
A sample configuration for connecting the Orayroll rrn keypad to the prototyping 
board is shown below in Figure PS-IO(b).This sample configuration uses the same 
pins that connect to the slide switches on the board. Therefore, the slide switches 
must be place in the 0 position (away nom the nearest edge of the board), and 
may not be used for any other function. 

11. FPGA-Based Design Exercise: Keypad Scanner 
with FIFO Storage 
The objective of this mullistage exercise is to systematically design and imple­
ment an FPOA-based keypad scanner integrated with a FIFO for data storage 
and retrieval, a display mux,and the seven-segment displays,slide switches, and 
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FlGUR E "-l Ob Digilab board pin mapping for the Grayhill on Hexadecimal keypad. 

LEOs of a prototyping board. The top-level block diagram of the system is 
shown in Figure PB-ll(a), with the partitioned system. The hardware prototype 
will be verified to operate with the Grayhill 072 hex Keypad. 

The user interface consists of the following inputs: a mode toggle button, 
a read button, a reset bulton, and a hexadecimal keypad. The outputs are two 
seven-segment displays and eight LEOs. The button modeJoggle will be used to 
toggle between display states so that more than eight signals can be presented 
fo r view. When a button of the hex keypad is pressed, the system must decode 
the button and store tbe data in an intemal FIFO. The read button will be used 
to read data from the FlFO and to display the data on the seven-segment dis­
plays. The LEDs will display the status of the FIFO and other information. 

The system architecture is subject to future engineering change orders 
(ECOs) as the customer's specifications evolve to accommodate a rapidly chang­
ing marketplace. Note that the specification has not considered the need for a 
switch debounce circuit and that it does not address the constraints that will be 
imposed by the prototyping board's circuitry for the seven-segment displays. 

Design: FIFO 
The design will use the keypad decoder and synchronizer that were presented 
in Chapter 5. This part of the exercise will integrate a FIF026 wi th Ihe keypad 
scanner. A FIFO (first-in , first-out) buffer is a dedicated memory Slack consist­
ing of a fixed array of registers. The FIFO that is to be used in this exercise is 
shown in Figure PS-I lb. The registers of the stack operate synchronously (ris­
ing edge) with a common clock for reading and writing, subject to reset. The 
reset action does not affect the contents of the slack. The stack has two pointers 
(addresses), one pointing to the next word to which data will be written and 
another poinling to the next word that will be read, subject to write and read 
inputs, respectively. In the implementation given here, the action to read from 

26Chapter 9 provides a more detaited discussion ofFlFOs. 
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FiGURE Pl-lta F1FO Keypad Se.nner. (a) lop-level block. di_cram and (b) system partition 
andarc:hitecture. 
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the FIFO has priority over the action to write data to the FIFO. The FIFO has 
inpul and output datapaths. and two bit-lines serving as flags to denote the sta­
tus of Ihe stack (full or empty). 

Using the FlFO model and testbench provided below, verify Ihe operation 
of the FIFO. Configure the FIFO to have a stack of eighl registers of 4 bits width. 

/! Note: Adjust stack. parameters 
1/ Note: Model does not support simultaneous read and write. 

module FIFO ' (parameter 
stack_width:: 4, /I Width of stack and data paths 
stack_height:: 8, /I Height of stack (in # of words) 
stack.J)Ir_wkfth'" 3 If Width of pointer to address 

stack 
)(output reg [stack_width -1: 01 Data_out, /I Data from FIFO 

output stack_empty, stack_full, If FIFO status nags 
Input [stack_Width -1: 01 Data_in, /I Data 10 FIFO 
Input write_Io_stack, read_from_stack, 
input dk,rsl 

I: 
rag [ stackJ)tr_width -1: OJ readJ)tr, WliteJ)tr: /I Pointers (addresses) for 

/I reading and writing 
rag I slackJ)lr_width : OJ plr_diff: II Gap between pITs 
reg (stack_width -1 : O} stack [stack_height -1 : OJ: II memory array 

.nign stack_empty = (ptT_din =:: O)? 1'b1 : 1'bO: 
••• Ign stack_full" (plr_diff:: stack_heighl)? ,'b1: 1'bO; 
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always@ (posedgeelk., po.edge rst) begin: data_transfer 
If (rst) begin 

Data oul <= 0; 
readJ>lr <: 0; 
wrile_ ptr<::0; 
plt_diff<=O: 

end 
else begin 
if «read_trom_stack) && (Istack_empty» begin 

Data_out <= slack (readylr): 
readJltr <= ready!r + 1; 
ptr_diff <= plt_diff -1 ; 

end 
els. if «write_1o_stack) && (!stack_full» begin 

stack [writeytrJ <'" Data_in; 
write pit <= write pit + 1: ff Address for next clock edge 
ptr_diff<= ptr_diff- + 1; 

end 
end 

end If data_transfer 
endmodule 

module I]IFO 0; 
parameter stack_width:: 4; 
parameter stack_height'" 8; 
parameter slack....plr_width '" 3; 

wire (stack_width -1: 0] Data_out; 
wire slack_empty, stack_full; 
reg [stack_width - , : 0] Data_in: 
reg elk, rst, write_1o_stack, read_from_ stack: 
wire [11 :0] stackO, stack1 , stack2, stack3, stack4, stackS, stack6, 

stack7: 

assign stackO = M1.stack[0]: 
assign stack1 = M1.stack[1]: 
assign stack2 = M1.stack[2]: 
assign stack3 = M1 .stack(3]: 
assign stack4 '" M1 .stack(4]: 
assign stackS = M1 .stack(5]: 
assign stack6 '" M1.stack\6]: 
assign stack7 = M1 .stack[7]: 

11 Probes of the stack 

FIFO M1 (Data_out, stack_empty, stack_full, Data_in, write_to_stack, 
read_from_stack, clk, rst): 

always begin elk = 0: forever #5 elk = -clk; end 
initial #1500 $stop; 

initial begin 
#10rst= 1; 
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#40 rst :0; 
#420rst: 1; 
#460 rst: 0; 

ond 
Initial fork 

#80 Dala in = 1; 
forever #10 Data in = Data in + 1: 

Join --

Initial fork 
#80 write_la_stack = 1; 
#480 write_la_stack;. 0; 

#250 read_from_stack '" 1; 
#350 read_from_stack:: 0; 

#420write_to_stack'" 1; 
#480 write_to_staci<: 0; 

Join 
andmodule 

Design: Decoder 
The decoder must be designed to decode a word read from the FlFO and cre­
ate driving signals for the active-low, seven·segment displays on a prototyping 
board. The decoder must generate display signals for the 16 codes of the 
Grayhill 072 keypad. Using the ".ooil/e • .. ~ndmodJl/~ encapsulation and port 
given below, write a Verilog module, D«.odu J., of a functional unit that forms 
the left and right (active-low) codes of two seven-segment displays. The MSB of 
Lefcoul and Righcoul must be mapped to the "a" segment of the display, and 
the LSB must be mapped to the "g" segment of the string "abcdefg." 

module Decoder_l (output [6: 0] Left_out, RighCout, input 13: 01 
Code_In): fI active low displays 

andmodule 

Write a test plan specifying how DtCod~r _L is to be tested. Using the test plan, 
write a test bench, cDecod~r _L, that verifies the funct ionality of D~coder _L, 
and execute the test plan. 

Design - Display Units 
The next objective is to develop functional units supporting the reading and dis· 
playing of the contents I)f the FIFO on the seven-segment displays of the prototyp­
ing board. The seven-segment displa}'ll on the Digilab prototyping board have II 
common anode. Each unit has seven cathode pins, corresponding to the segments 
string "abcdefg." We wish to implement the structure shown in Figure PS-llc 
below. The output of the FlFO wi" be decoded to form the active·low code of the 
left and right displays. A mUll will select between the two codes and route them 10 
the appropriate segment simultaneously with an assertion of the appropria te 



FIGURE nilc Seven-segments display architecture for the FIFO readout. 

anode. A clock divider must be used to strobe the displays at a frequency that is 
high enough to eliminate the flicker effect (Le.,at a frequency above the bandwidth 
of the human eye) and low enough to be displayed by the LED_ 

The FIFO module will read its data on the active edge of the clock 
while tbe read input signal is asserted. The prototyping boards may have 
clocks that are running at 25 or 50 MHz, depending on the model. In either 
case. a single push of the button would cause the entire content of the FIFO 
to be dumped before the button could be released. Therefore, a machine 
must be designed to accept the bunon signal and assert a read signal a! the 
FIFO for only one clock signal. The bunon must be de-asserted before 
another read can oCl;ur_ 

Design - Clock Divider 
Now we will design a parameterized clock divider that can be used 10 strobe the 
mux colltroUing the seven-segment displays and to operate the system at a suit­
able frequency. Using the module . .. mdmodule encapsulation below, develop 
a Verilng module of Clock_Divider, a parameterized clock divider having a 
default division by 22 •• 

module Clock_Divider (output elk_out, input clk_in, reset); 

endmodule 



Programnu,ble Lotte and Storace Devices S07 

Design-Asynchronous User Interface 
Two additional units must be designed: (1) a synchronizer for the "read" sig­
nal conlrolling the FIFO, and (2) a toggle unit that allows only one cell of 
the FIFO to be read at a time, Using the mtHhlle_. , endmodule encapsula. 
tion below, develop a Verilog module of Synchro_2, a two-stage synchro­
nizer for the signal that reads the FIFO. The output of Synchro_2 should be 
synchronized to the negative edge of elk, because the sta te machine is active 
on the positi ve edge. 

module Synchro_ 2 (output synchTO_out, Input synchTO_ ln, clk, reset): 

e ndmodule 

Using the module . •. ntdmodule encapsulat ion below,develop a Verilog 
module o f Toggle a slate machine lhat accepts the synchronized signal directing 
that the FIFO be read, and :usen s a signal that reads only one cell of the FIFO. 
regardless of whether the user holds the " read" button fo r more than one clock 
cycle or not. The machine is to ensure that only one cell of the FIFO is read 
each time the button is pushed. 

module Toggle (output read_fifo, re8cCsynch, Input elk, resel): 

endmodule 

Write a test plan specifying how Toggle is to be tested. Using the test 
plan, write a testbench , cToggie. that ve rifies the functionality of Toggie, and 
that it operates correct]y with the FIFO. Execute the test plan. 

We will now design a multiplexer to control the common-anode, seven­
segment displays o f the Oigilab prototyping board. Using the module .. 
t7ubnodule encapsulat ion below. develop a Verilog module of Dlspla,Jlux_l _ 4, 
a fuoctional unit thaI selects between two cathode codes and assens the seleC1ed 
code at its output, and also asserts the appropriate anode of the rightmost pair of 
seven-segment displays on the board. 

module Dls play_ Mux_3_ 4 (output (7: OJ Cathode, output left_anode, 
Right_anode, 

input (7: 0) Display_3, Display_ 4 ,561 
): 

e ndmodule 

Write and e"ecule a test plan for verifying Dispiay_Mux_3_4. 
The follOwing objectives remain: (1) integrate the functional units of the 

FIFO keypad system that were designed above, (2) synthesize the integrated 
system and implement it in an FPGA, and (3) conduct a hardware verification 
of the work.ing system. 
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Design - System Integration 
We will integrate the previously designed and verified functional units, and ver­
ify that the integrated system functions correctly. Using the lOp· level encapsu­
lating module TOP _KeypadJIFO given below, fann the integrated system . 
Using a simulator, eliminate any syntax elTOrs from the integration. Pay careful 
attent ion to the mapping of formal and actual pori names.. 

module TOP Keypad FIFO ( 
output [6: OJ Cathode, 
output [3: 0] Col, 

); 

output Lett_anode, Right_anode, 
output empty. full, 
input [3: 0] Row, 
Input read, 
Input elk, reset 

wire [3: 0) Code, Code out: 
wIre S_Row:-
wire valid; 
wire [6: 0) Lett out, Right out: 
wire clk_~low, elk_display: 
wire read_fifo, read_synch: 

Synchronizer MO ( 
.S_Raw(S_Row), 
.Row(Row), 
.clock(clk_slow), 
.reset(reset)): 

Hex_Keypad_GrayhiIL072 M1( 
.Code(Code), 
.Col(Col), 
,Valid(valid), 
,Row(Row), 
.S_Row(S_Row), 
.clock(clk_slow), 
.reset(reset)); 

FIFO M2 ( 
.Data out(Code out), 
.Data=in(Code),­
.stack_empty(empty), 
.stack_ful1{fulI), 
.clk{clk_slow), 
.rst(reset), 
.write_to_stack{valid), 
.read_froffi_stack{read_fifo» : 

Decoder_l M3 ( 
.left_out( left_out), 



.Righl_out(Right_out), 

.Code_ in(Code_out)); 

DispIBy-Mux_3_ 4 MS ( 
.Cathode(Cathode), 
.Left_anode(Left_anode), 
.RighCanode(Righcanode) • 
. Display-3(Left_out), 
.DisplaL 4(Right_out), 
.sel(clk_display»; 

Clock_Divider #(7) M6 ( 
.clk_out(clk_ slow), 
.clkJ n(clk), 
.reset(reset»: 

Clock_Divider #(20) M7 ( 
.clk_out(clk_display), 
,clk_ in(clk), 
,reset(reset»; 

Toggle M8 ( 
.toggle_out (read_fifo), 
.loggleJn (read_synch) . 
. clk(clk slow), 
.resel(';set»: 

SynchfO_2 M9 ( 
.synchro_out(read_synch), 
.synchro_ln(read ), 
.clk(clk_slow), 
.reset(reset»; 

/I DEFAULT WIDTH = 24 
/I Use 20 for slowlvlsible operation 

endmodul. 

module Row_Signal ( 
output reg [3: 01 Row, 
Input [15: 0] Key, 
Input (3: 0] Col 

): 

/I Scan fOf row of the asserted key 
always@ (Key,CoI) begin IIAsynchronous behavior for key assertion 

RowiO] '" Key[O) && CoIIO) II Key(1) && CoI(1) II KeYI2] && Co!(2) II 
KeYI3] && Co!13]; 

Row(1] '" Key[4] && CoIIO) II KeylS) && Co1(1) II KeylS) && Col]2)II 
Key(7) && CoI13]; 

Row[2):: KeylS) && CoIIOl1l Key[9] && Co111]II Key!10] && Co112]II 
Keyll1) && Col(3): 

S09 

Rowj3)::: Key112] &&CoI[O]II Key!131 && Colll l l1 Key[14] && Co112] II 
Key[lS] && CoI13]; 

end 
endmodule 
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Using the test bench modules given below. verify the functionality of the 
integrated system. Pay careful attention to the formation of the graphic user 
interface (GUI) displaying waveforms to display resulls in a user-friendly format. 

module t_ TOP _keypad_FIFO 0: 
wire [6: 0] Cathode; 
wire [3: 0] Col; 
wire Left_anode, Right_anode; 
wire valid; 
wire empty; 
wire fu ll; 
wlr. 13: 0] Row; 

read; ,e. 
~. 

reg (1 5: 0) 
clock, reset; 
Key; 

integer 
reg (39: OJ 
parameter 
parameter 
parameter 
parameter 
parameter 
paramete r 
parameter 
parameter 
parameter 
paramet er 
parameter 
pa rameter 
parameter 
parameter 
parameter 
parameter 
parameter 

r 

j,k; 
Pressed; 

[39: 0) KeLO = "KeLO"; 
[39: 0) Key-1 = "Key-1"; 
[39: 0) KeL2 = "KeL2": 
(39: 0] KeL3 = "Key-3"; 
[39: 0] Key-4 = "Key-4"; 
[39: 0] Key-5 = "KeL5"; 
[39: 0] Key_6:: "Ke~,-6"; 
[39: 0] Key 7" "Key 7"; 
[39: 0] Key=S '" "Key=S": 
[39: 0] Key-9 :: "Key-9"; 
[39: 0] Key_A = "Key_A"; 
[39: 0] Key_B = "Key_B"; 
[39: 0] Key_C = "Key_C"; 
[39: 0] Key-D = "Key_D"; 
[39: 0] Key_E ""Key_E"; 
[39: 0] Key F = "Key F"; 
[39: 0] Non-;; = "None"';; 

wire stackO UUT.M2.stack[0]: 
wire slack1 UUT.M2.slack[1]: 
wire stack2 UUT.M2.slack[2]; 
wire slack3 UUT.M2.stack[3]; 
wire stack4 = UUT.M2.slack[4]; 
wire stack5:: UUT.M2.slack[5]; 
wire stack6 = UUT.M2.stack[6]: 
wire stack7 = UUT.M2.slack(7]: 

II Probes of the stack 

always @ (Key) begin 
ca •• (Key) 

16'hOOOO: Pressed:: None; 
16'hOOO1: Pressed = Key_O; 
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16'hOO02: Pressed = Key_1: 
16'hOO04: Pressed = Key_2; 
16'hOOO6: Pressed = Key_3; 

16'hOO10: Pressed = Key_ 4; 
16'hOO20' Pressed = KeL5; 
16'h0040: Pressed = Key_6; 
16'hOO80: Pressed = Key_7; 

16'h0100: Pressed = Key_8; 
16'h0200: Pressed = KeL 9; 
16'h0400: Pressed = Key_A: 
16'h0800: Pressed = Key_B; 

16'h1000: Pressed = KeLC; 
16'h2000: Pressed = KeL D; 
16'h4000: Pressed = KeLE; 
16'h8000: Pressed = Key_F; 

def.utt: Pressed == None; 
andea.a .,. 

TOP _KeypadJIFO M_UUT 
(Cathode, Col, Left_anode, Right_anode, empty, full, Row, read, clock, 

reset): 

Row_Signal M2 (Row, Key, Col); 

Initial #42000 $finish; 
initial lHigln clock = 0; forever #5 clock = -clock; end 
initial begin reset'" 1; #10 reset = 0; end 
initial begin for (k .: 0; k <: 1; k = k+1 ) begin Key = 0; #25 fOf (j = 0; j 
<= 16; J = J+1) begin 
#67KeyUJ = 1: #160 Key = 0; end and and 

Initial begin forever begin 
#307 read = 1: 
#20 read.: 0; 

., . . ,. 
andmodule 

Design - Proiotype Synthesis and Implemeniation 
Synthesize the integrated system and target the design into the FPGA for the 
available proto typing board, Download the bitmap fil e into Ihe FPGA and con­
duct a demonstration of the functionality of the system, 

12, Modify the keypad scanner circuit from the previous e1(erciscs 10 incorporate 
protection against switch bounce, Consider requiring a switched i!lput to hold 
its value for a sufficiently long time: before the machine accepts the input (e.g., 
20 ms). Write and verify a Verilog model of the modified circuit. Synthesize the 
modified circuit and verify that the de:bouncc cin:uilry works on Ihe protOlyp­
ingboard. 
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13. J;PGA-Based Design Exercise: Serial Communications 
Link with Error Correction 
The objective of this exercise is to implement a serial communication link 
between a pair of FPGA prototyping boards and to demonslrate the functional ­
ity of an error correction unit . The UART that was presented in Chapter 7 is to 
be used, and include an exte nded Hamming encoder and an extended Hamming 
decoder.1be block diagram in Figure PS-13(a) shows the configuration of the 
transmitter board and the receiver board. At the transmitter board, a sender 
interacts with the FPGA by pressing a key of the keypad. The keypad decoder. 
togcther with a two-stage synchronizer, produces a 4-bil code corresponding to 
the pressed key.27 The Hamming encoder accepts a 4-bil input and generates an 
S-bit encoded output word; a pair of push buttons can be used to deliberately 
inject errors into the code, for subsequent decoding and error correction at the 
receiver board. The UART transmitter will send the output of the Error Injec­
t ionUnit. 

The Error Injection Unit is to be hardwired to corrupt bits 1 and 5, 
depending on whether the push-bullon switches are pressed. The data stream 
bits can be XOR-ed with the logic value presented by the condition of the push­
button switch. When not pressed, the ~witch presents a logical O. The selected 
bits allow a data bit and a parity bi t to be corrupted . 

The Hamming decoder at the receiver board accepls an S-bi! word and 
forms a 4-bi t output word. The unit is to be implemented with combinational 
logic and operate fast enough to form its output in a single cycle of the clock. 
The decoder is to detect and correct a single-hit error and display the corrected 
data word on the seven-segment displays. An LED will also he illuminated to 
indicate the occurrence of such an error. The extended Hamming code includes 
an additional bi t to a llow tbe decoder to detect, but not correct, the occurrence 
of a double-bit error. Such a condition will be indicated by illumination of 
another LED. 

The Hex keypad interface is to form a unique code for each pressed key, A 
clock divider forms additional clock signals fro m the board's nominal 50 MHz 
clock signal. The information presented to the set of seven-segment displays will 
have to be lime-multiplexed. The clock signals to be used in Ihe design are shown 
in Table PS-13a. 

17See Sections 5.16 and 5.17 



(.) 

(b) 

FIGURE 1'1-13 Serial oommunieltion link between prololypin& boards: <a) transmillcr urnl 
and (b) receiverunil. 
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TABLE 8-13a Clock signals for the board-to-board 
oommunicationlink.. 

a_ """"'" Detcrlpt:lon 

Input InpurOodr, 

elk4/) Keypad interfaC<' clock 

dklOO 3.125 MHz Seven-s.:gmcnl display clock 

clkJll 25 MHz UART Receiver clock 

clk_~ 3.I2SMHz UARTTransmitter clock 

Develop, verify, and synthesize the funclional units supporting the serial 
communications link. Synthesize the top modules that are to reside on the 
transmitter and receive r boards. Discuss the resources required to support the 
design 

14. Using an FPGA synthesis tool, synthesize RISC_SPM (see Section 7.3). Discuss 
the machine's performance and its use of FPGA resources. 



CHAYfER9 Algorithms and 
Architectures for Digital 
Processors 

An algorithm is a sequence of processing steps that create andlor transform data 
objects in memory. A general-purpose machine, or processor, can be programmed (via 
a high -level language or assembly language) to execute a variety of algorithms, but its 
architecture might not yield the highest performance for a particular application , 
might be underused by some applications, and might not have a good balance 
between the processor's speed and its input-output (I/O) throughput over the domain 
of application [l]. Compared to dedicated application-specific integrated circuits 
(AStCs), a general-performance processor might consume more power, require more 
area, and have a higher unit cost (depending on volume of sales). Dedicated proces­
sors will have simpler instruction sets and simpler microcode. 

ASICs are designed to optimize the execution of particular algorithms for a specific 
application. The hardwired, customized architecture of an ASIC achieves a performance! 
cost trade-off that weighs in favor of an ASIC chip, rather than a general-purpose proces-
sor, in a specific application. . 

ASIC chips sacrifice flexibility for performance, because their architecture is 
fixed. Field-programmable gate arrays (FPGAs), at least in principle, can be configured 
to execute any algorithm. With ASICs and FPGAs, the architecture that implements an 
algorithm is an important consideration. ASICs are especially suited for applications in 
digital signal processing (DSP), image processing, and data communications, in which 
parallel datapaths and concurrent processing abound. We saw in Chapter 8 that FPGAs 
can be configured for a variety of applications, and reconfigured repeatedly. The choice 
between an FPGA and an ASIC-based implementation is often determined by a 
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bottom-Line unit cost, but in some cases, the choice depends on the relative performance 
offered by an ASIC versus that of an FPGA in the application. 

A processor can be viewed as an array, or architecture, of elemental function 
processors or functional units (FUs), which, as a network, realize an algorithm by 
executing their individual tasks in a coordinated, synchronized manner. For example, 
an architecture of adders, multipliers. and registers, together with other logic, might 
implement the algorithm of a lowpass digital filter. High-level design is concerned 
with implementing an architecture that realizes an algorithm to accomplish in a 
hardwired architecture what would be accomplished by executing a program on a 
general-purpose processor. 

High-level design accomplishes two primary tasks: (1) it constructs an algorithm 
that realizes a behavioral specification (e.g., create a lowpass fi lter with given perfor­
mance characteristics) and (2) it maps the algorithm into an architecture (i.e., a struc­
ture of FUs) that implements the behavior in hardware. The high-level design space is 
complex because alternative algorithms may exhibit the same behavior, and because 
multiple architectures may implement a given algorithm, possibly with different 
throughput and latency. In this chapter, we will consider the overall design process 
that leads to an application-specific architecture, and we will assume that the high­
level design task has been accomplished (i.e., our starting point will be a computa­
tional algorithm that must be implemented by a host processor). We will focus on 
(1) developing an algorithm processor (i.e., a fixed architecture that implements a 
given algorithm), (2) exploring architectural tradeoffs (both for a network of FUs and 
for fine-grained implementations of the FUs themselves), (3) developing Verilog 
descriptions of the architectures, and (4) synthesizing the architectures. l 

9.1 Algorithms, Nested-Loop Programs, 
and Data Flow Graphs 

Algorithmic processors are composed of FUs, each executing in an environment of 
coordinated data flow. A sequential algorithm can be described by a nested-loop pro­
gram (NLP) [1,2], which consists of a sel of nested for loops, as depicted in Figure 9-1, 
and a loop body written in a programming language such as C,in a pseudo language, or 
in a hardware description language (HDL) such as Verilog (i.e., a cyclic behaviorV 
NLPs are always computable,so such a starting point for a realization of a specification 
is attractive. Moreover, an NLP provides an unambiguous and executable specification 
for the machine whose behavior is to be realized. 

The sequential ordering of operations and the dependencies of data in an NLP 
for a given algorithm can be represented by a dataflow graph (DFG) [3,4]' A DFG can 
be developed manually, and a language parser can extract a DFG from an NLP or from 

IPerfonnance issues will al$O be addressed in Chapter II 
2A generic for loop exccutes repeatedly under the control of lower and upper bound expressions and a loop 
index mechanism. The Verilog/or loop is an example. 
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InnerlO<)ps 

tlGlJRE 9-1 A nested-loop program l:Orl$isu o r a sct or nested/or loops.. 

an HDL-based behavioral description by analyzing the activity flow of the statements 
and the lifetime of the variables. together with the semantics of the language's 
constructs. We will see that a DFG is a key tool in developing an architecture for an 
algorithmic processor and for exploring altemalive equivalent architectures. 

A DFG is a directed acyclic graph, G(V, E), where V is the set of nodes of the 
graph, and E is the set of edges of the graph [3J. Each node Vj E V represents a FU, 
which operates on its inputs (data) to produce its outputs. An FU might consist of a 
si ngle operation or a more complex, ordered composition of operations.. in which case 
the FU itself might be represented by a DFG giving a fine-grained view. Each directed 
edge eii E E originates at a node 'Vi E V and terminates at node 'Vi E V_Given an edge 
eii e E, the data produced by node Vi is consumed by node 'Vi (5]. 

A data dependency exists between a pair of nodes (Vi E V'Vi E V) correspond· 
ing to edge eli if the FU Vj uses the results of FU Vi, and if the operation of 'Vi cannot 
begin until the operation of 'Vi has finished (i.e., the directed edges of the graph imply a 
precedence for execution).) Thus, the DFG reveals the producers of data, the order in 
which the data will be generated, and the consumers of data. It also exposes parallelism 
in the dataflow, which reveals opportunities for concurrent computation and has impli­
cations for the lifetime of variables (i_e .• memory). In a synchronous dataflow a node 
consumes its data before new data are presented (5]. The designer's task, in general, is 
to transform the OFG for an algorithm into a structure of hardware, typically a parti· 
tioned structure consisting of a datapath unit and a control unit, as represented by an 
algorithmic state machine and datapath (ASMD) chart.4 Given that the control unit 

>n.e edges of the graph can be annotated to indicate I time delay (e.g., a register buffer delay) thaI must 
elapse bcfOl"~ the node rcoeiving dala rrom a provider can commence execution. 
'See Chapter 7. 
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must control the datapath, the initial task is to specify an architecture for a datapath 
unit which, if controlled 10 respect the constraints implied by the DFG, will implement 
the algorithm. Then the control unit can be designed to coordinate the data flow of the 
algorithm . ~ 

Beginning with the DFG, the high-level synthesis task of datapath allocation 
consists of transforming the DFG of an algorithm iOlo an architecture of processors, 
datapaths, and registers from which a synthesizable register transfer level (RT L) 
model can be developed in Yerilog or VHDL.6 A baseline architecture th at imple­
men ts a given DFG can always be formed as a set of PUs connected in a structure 
thai is isomorphic to the DFG [18).7 This design is hardware-intens ive, and it serves 
only as a starting point because other architectures may realize the same algorithm 
with higher performance and less hardware. Oatapath allocation binds the FVs of 
th e OFG to a given (selected) set of datapath resources,. and schedules their use of 
the resources. 

Many different architectures can implement the same algorithm. They will be 
distinguished not only by their datapath resources,. but also by a temporal schedule for 
using the resources. The high-level task of resource scheduling assigns resources and a 
time slot to each node of a OFo. Given the parallelism of a DFG, there are many sched­
ules that could map nodes into time slots (control steps), creating several alternatives 
for realizing the corresponding algorithm in hardware.s Scheduling must be conflict­
free (i.e .. a resource cannot be allocated to multiple FUs in the same time slot). The 
overall design flow is shown in Figure 9-2. 

Three general approaches are used to reorganize the baseline architecture 
obtained from the DFO: recomposition, pipelining, and replication [18]. Recomposition 
segments the FU into a sequence of functions that execute one after the other to imple­
ment the algorithm. The sequence of execution may be further distributed over space 
(hardware units) and time. In the fanner case, the nodes of the DFG are mapped iso­
morphieally to the FUs; in the latter case, a single FV executes over as many dock cycles 
as required to complete the operations represented by the DFG. This approach saves 
hardware by replicating the activity of a single FU over multiple time steps, rather than 
using multiple processors that execute concurrently in a single step. Pipelining inserts 
registers into a datapath to shorten computational paths and thereby increase the 
throughput of a system, incurring a penalty in latency and the number of registers. In 
contrast to recomposition: replication uses multiple, identical, concurrently executing 

~We will rely on ASM charts to design a controller: controt-flow data graphs and control-data flow graphs 
can also be used (5J 
"D esign tools are now available 10 aUTomate these steps _ manual retranslalion is potentially a source of 
error in the design flow. because the behavior of the machine synthesized from the RTL model might nOI 
match lhe inlendedbehavior expressed by the specific3tion . See h igh level synthesis al. for example. 
WWW.mento r.com 
' I am grateful 10 Dr. Huberl Kaes1in. of Ihe Swiss Federal Institute orTe~hnology (ETH). Zurich for corre­
spondence about this approach to design 
"See references (31 and (5) for 3 discussion of various scheduling algo rithms that are used in high-level 
synthesis 
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flG UNt: 9-2 DesIgn now for alconthrn-bucd synthesIS of a sequ~nhal ma.chm~. 

processors to improve performance. but at the expense of hardware. For an in-depth 
treatment of these approaches, see [18]. 

9.2 Design Example: Halftone Pixel Image Converter 

As an example of bow an architecture can be synthesized from an algorithm, we will 
demonstrate the main steps of synthesizing a balftone image converter. The circuit has 
been used elsewhere II] to illustrate concepts in automated synthesis of algorithms for 
DSP and will be our platform for developing and comparing architectures for an image 
converter. We will design a baseline machine and then consider an alternative machine 
that uses less hardware, but executes over multiple clock cycles. 

The so-called Floyd-Steinberg algorithm converts an image consisting of an 
N3 01 x MJOw array of pixels, each having a resolution of pixelJ ize pixeLsizebits, 
into an array having only black or white pixels, while incorporating a subjective mea­
sure of the quality of the image [11. The algorithm distributes to a selected subset of 
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flGURE 9·3 Floyd- Ste inberg algorithm's distribution o r a pixel's roundoff 
error to the pi)tel'snesrcst neighbors. 

each pixel's neighbors the roundoff error induced by converting the pixel from a reso­
lution of n bits to a resolution of I bit. The distribution of error to a given pixel is based 
on a weighted average of the e rrors at the sites of its selected neighbors. Figure 9-3 
identifies the neighboring nodes Ihat are affected by the error generated at node 
(n, m), where n is a column index,and m is a row index into an NJow x M 3 01 array 
having its origin in the upper left corner of the array (a common reference for two­
dimensional images). 

A pixel receives a distribution of error from four of its neighbors, as shown in 
Figure 9-4. The errors received from four neighboring pixels are used to calculate the 
halftone pixel value at cell (n, m). These relati(;mships hold for each pixel in the array, 
leading to the DFG shown in Figure 9-5. The data dependencies of the array reveal that 
the pixels can be convertcd in a sequential manner, from left to right, from top to 
bottom, beginning with producer of data at the top left comer and proceeding to the 
consumer at the bottom right corner. 

The FUs (nodes) of the DFG execute the pixel conversion, according to the follow­
ing pseudocode description of the sequence of calculations that will ultimately be 
described by a cyclic behavior in Verilog. At each pixel location, (n, m), a weighted average 
of the (previously calculated) error, e, at the selected neighbors is fonned according to 

FIGURE 9-4 Nearest ncighbors for updating a pixcl in a halftone image converter 
based on the floyd-Steinberg algorithm. 
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FIGURE '·5 Data now graph for aV x M halflon~ plxellmag~ oon'"Crter 

E_av = (wl*e[n - I,m] + w2*e[n - I.m - 1] + w3*e[n.m - 1] 
+ w4*e[n + I,m - l])hiJr 

where wl • ...• w4 are subjective nonnegative weights.and"ll.7 = w I + w2 + w3 + w4. 
This weighted average is used to calculate a corrected pixel value (CPV): 

CPV = PV[n, I1I ] + E_av 

and then we round CPV to 0 or 1, according 10 a threshold, CPV _thresh. So 

CPV Jound = 0 if C PV < CPV _thresh 

aod 

CPV Jou.nd = CPV _max, otherwise 

where CPV _max = 255 and CPV _thresh = 128, for an image with 8-bi! resolution. 
Next, we form a halftone pixel value and save the error: 

HTPV = 0 ifCPV Jound = 0, otherwise HTPV = I; 
Err[n.mJ = CPV - HTPV 

The main array of nodes in Figure 9-5 is isomorphic 10 the array of pixels. We have 
added a column of boundary nodes at Ihe left and right edges of the graph and a 
row at the top of the graph . These additional nodes are used to initialize the 
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computation, providing data for the FUs at the edges of the array, but otherwise 
have no functionality. 

The array of pixels can be updated by sequentially updating the rows or the 
columns. according to the NLP given below, which includes initialization at the 
boundaries of the pixel array. The algorithm would execute in N_col x MJoW time 
steps, with each time step including time to retrieve and store data. The algorithm for 
sequentially updating the pixels can be expressed as the following NLP segment in the 
C language, where T is the threshold for rounding the CPV: 

for (m = 1; m < M_row; m++) {Err [m] [0] '" a;} II Initialization of 
boundary 

for (m" 0: m <" M_row: m++) {Err [0] [m] "0: Err [N_col + 1] [0] = a;} I/ Initialization of 
boundary) 

for(m'" 1; m < M; ++){ I/ Iterate over 

for (n = 1; n < N_col; n++) { 

} 

E_av " (7 ' Err[n - l][m] + 1 • Err[n - 1][m- 1] + 5' Err(n][m - 1] 
+ 3 • Err(n + 1][m- 1]) (16; 

CPV '" PV[n][m] + E_av; 
CPV_round :: (if CPV < T then 0 else 255); fI Threshold = 128; 
HTPV [n][m] jf{CPV_round == o then 0 else 1); 
Err [n][m] = CPV - CPV_round; 

} 

rows 
(f Iterate over 

columns 

9.2.1 Baseline Design for a Halftone Fixellmage Converter 

There are various options for forming a hardware implementation of an NLP realizing 
the image conversion algorithm. Since the computations at each FU are combinational 
in nature, the simplest architecture is a structure ofFUs that is isomorphic to the DFG, 
with input data consisting of the array of pixel values, and output data consisting of the 
halftone pixel and error values at each location. The Verilog description of the FU, 
referred to as the pixel processor datapath unit PPDU, and Image_Conve'te,~aseline, 

are given below.9 The model is hardware-intensive and structural, consisting of a sys­
tolic arrayl0 of 48 identical processors hard-wired for the dataflow of the DFG. TBaseline, 
the cycle time of the host processor providing images to the pixel processor, will be lim­
ited by the longest path through the array, from tbe top-left pixel to the bottom-right 
pixel. l l The implementation is parameterized, portable and synthesizable as combina­
lionallogic, and requires no controller. The input to the converter is a vector consisting 

~e Veriloggt'l1/!rof/! construct is used here torepresent,claborate, andeonneet structural element5 of the model 
lOA systolie array has a set o f identical FIJI, with high local connec:tivity and multiple da ta flows. 
llThisvalue is not evident in a zero-delay simulation. 
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FlGU RE 9-6 Sharp lest images for tlK halftone image converte r. 

FlGURE 9-7 Graduated test image and halftone image produced by fmage_Conwrte,_Btudille 
with weightl (wi. w2. w3, 104) - (2,8, 4.2). 

of the data words of the array of pixels, organized sequentially from the top left to the 
bottom right comer of the array. The testbench is also shown. It generates the array of 
pixels for a given pattern , and creates the vector of pixel data for the image converter. 
The test bench also extracts and displays the rows of pixel halftone values from the 
vector HTPV _bits which is produced by the convener. 

The testbench produces the sharp contrast image patterns shown in Figure 9-6, 
and the graduated image shown in Figure 9-7. The halftone image of the graduated 
image is also shown in Figure 9-7. The simulation results shown in Figure 9-8 show that 
the halftone images and the graduated image produced by Imagc_Convcrter_Baseluu 
match the corresponding sharp contrast images. To interpret tbe simulation results. 
note that HTPY. . .fiow_ll1 :8] HTPV_Row_3[1 :8] having the value 8' hfO and 
HTPV -flow_ 4[1 :8] ... H TPV -flow_6[1 :8] having the value 8' hOf in the firs t column in 
Figure 9-8 corresponds to the leftmost image in Figure 9-6, with 1 being the value of 

N.~ 

IITPV_Ro"'_I[I;81 
HTPV_Row~[1;81 
H1'PV_Row..,)(1:81 
IITPV-fiow 4[1:81 
HTPV Row.-5I1:81 
HTPV -.Row 611:81 

o '000 '500 2000 ""'. 

FlGun 9-1 Simulation results {Of" Jmil8lj;CJtlwnu~1W with wei&hts (wi, 102. 11/3. 104) - (2,8,4.2). 
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black, and 0 being the value of white. The last column of simulation data corresponds 
to the halftone image of the graduated image thai was shown in Figure 9-7. 

1/ ISOnlOfphic array of processors 
module Image_Converter_Baseline # (parameter pixeLsize::: 8, N_col = 8, 

M row:6)( 
output [1: N_coIOM_row] HTPV_bits, 
input [1: pixeLsize· N_col" M_fOW) pixel_bits 

); 

wire HTPV[1 : N coll[l : M row]; 
wire (pixeLslze -=-1: 0) Err [0: N_col + 1] [0: M_row]: /I Core and boundary values 

II Initialize boundary values (Top, left, and right are set to 0) 
genvar n, m; 
generate 
for (n" 0; n <:N_col'" 1; n" n ... 1) begin: lop_border assign Err(n][O] = ,'bO; end 
for (m = 1; m <= M_ fOW; m = m ... 1) begin: left_border assign EnfO)[m] = l'bO: end 
for (m = 1; m <= M_row: m = m ... 1) begin: righCborderassign Err{N_col + 1J(mJ = 
1'bO; end 

II Instantiate array of pixel processors 
for (m = 1; m <= M_row; m:: m + 1) begin: row_loop 

for (n :: 1; n <: N_col; n = n + 1) begin: column_loop 

PPDU M (Err{n)[mJ, HTPVlnllmj, Err{n - 1J[mJ, Errfn - 1J[m- 1], ErrfnJ[m - 1), 
Errfn + 1][m- 1), 
pixel_bits[(m-1 )"N_col*pixeLsize +(n - 1)*plxeLsize +1 : (m - 1)" 
N_col*pixeLsize + n'pixel_size]); 

eod 
.od 

endgenerate 

11 Pack bits into output vector 
generate 
for (m = 1; m <=M_row; m:: m'" 1) begin : HTPV_row_loop 
for (n '" 1; n <= N_col; n = n'" 1) begin: HTPV_coUoop 

assign HTPV_bits [(m - 1)*N_col + nJ:: HTPV[nJ[m); 
ood 

endgenerate 
endmodu[e 

11 Pixel Processor Oatapath Unit 
module PPDU #(parameter pixeLsize:: 8)( 
output (pixel_size - 1: OJ Err_O, 
output HTPV, 
input [pixeLsize - 1: OJErr_1, Err_2, Err_3, Err_ 4, PV 

); 
wire [pixeLsize + 1: OjCPV, CPV_round, E_av; 

fI Weights for the average error; choose for compatibility with divide-by-16 (» 4) 
parameter w1 = 2, w2 = 8, w3 = 4, w4 :: 2; 
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parameter Threshold:: 12a; 

assign E av = 
assign CPV::: 
assign CPV _round = 
assign HTPV = 
assign ErcO:: 

endmodule 

(w1 " Err_1 + w2 " Err_2+w3 " Err_3+w4 " Err 4»>4; 
PV + E_av; -
(CPV < Threshold) ? 0: 255; 
(CPV _round "'''' 0) ? 0: 1; 
CPV - CPV_round; 

module l_ lmage_Converter_Basetine(); 
parameter pixel_size'" a, N_col = a, M_row = 6; 
wire [1: N co~ HTPV Row 1, HTPV Row 2, 

- HTPV- Row- 3; - -

wire [1: N_col] HTPV=Row=4, HTPV_Row_5, 
HTPV_Row_6; 

rag [1: pixeL slze"N_coI*M_row] 
wire [1 : N_col"M_row] 

II Form rows of hafltone values 
assign HTPV_Row_1 '" HTPV_bits(1 :a]; 
assign HTPV_Row_2 '" HTPV _bits(9:16J: 
assign HTPV_Row_3 '" HTPV_bitsI17:24J: 
assign HTPV _Row _ 4 ::: HTPV _bits[25:32J; 
assign HTPV_Row_5::: HTPV_bits(33:40J: 
assign HTPV_Row_6 = HTPV_bits[41:48J: 

pixel bits; 
HTPV_bils; 

Image_Converter_Baseline M1 (HTPV_bits, pixel_bits); 

Initial fork 
begin : Image_Pattern_1 

II Instanliale image 
converter 

pixeLbils "' -{ a'hff, 8'hff, 8'hff, 8'hff, 8'hOO, 8'hOO, 8'hOO, 8'hOO, 
a'hff, S'hff, 8'hff, a'hff, a'hOO, 8'hOO, S'hOO, 8'hOO, 
S'hff, 8'hff, 8'hff, a'hff, S'hOO, 8'hOO, 8'hOO, 8'hOO, 
a'hOO, 8'hOO, 8'hOO, 8'hOO, 8'hff, 8'hff, S'hff, S'hff, 
8'hOO, 8'hOO, 8'hOO, S'hOO, S'hff, 8'hff, S'hff, S'hff, 
S'hOO, 8'hOO, S'hOO, a'hOO, 8'hff, 8'hff, S'hff, S'hff); 

end 

#500 begin : Image_Pattem_2 
pixel_bits '" { 8'hOO, 8'hOO, a'hOO, 8'hOO, 8'hff, 8'hff, S'hff, 8'hff, 

8'hOO, 8'hOO, 8'hOO, a'hOO, a'hff, 8'hff, 8'hff, S'hff, 
S'hOO, 8'hOO, 8'hOO, a'hOO, a'hff, 8'hff, 8'hff, 8'hff, 
8'hff, 8'hff, 8'hff, 8'hff, 8'hOO, 8'hOO, 8'hOO, 8'hOO, 
8'hff, 8'hff, 8'hff, 8'hff, 8'hOO, 8'hOO, S'hOO, 8'hOO, 
8'hff, 8'hff, a'hff, 8'hff, a'hOO, 8'hOO, 8'hOO, a'hOO}; 

end 

#1000 begin: Image_Pattern_3_Cross 
pixeLbils '" { a'hOO, 8'hOO, 8'hff, 8'hff, S'hff, a'hff, S'hOO, 8'hO, 

8'hOO, 8'hOO, 8'hff, 8'hff, S'hff, 8'hff, a'hOO, S'hOO, 
a'hff, 8'hff, 8'hff, a'hff, S'hff, 8'hff, a'hff, 8'hff, 
a'hff, 8'hff, 8'hff, a'hff, S'hff, 8'hff, a'hff, S'hff, 
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S'hOO B'hOD 8'hff 8'hff S'hff 8'hff 6'hOO a'hO 
8'hOO: B'hOO: 8'hff: 8'hff: 8'hff: S'hff: a'hOO: a'hO}; 

eod 

#1500 begin: Image_Pattem_ 4_Bar_Cross 
pixel_bits = { 8'hff, 8'hff, 8'hOD, B'hOO, B'hOD, B'hOO, S'hff, 8'hff, 

8'hff, S'hff, S'hOD, 8'hOO , 8'hOD, 8'hOD, 8'htf, 6'hff, 
a'hOO, a'hOD, S'hOO, B'hOD, B'hOD, 8'hOO, 8'hOO, B'hOD, 
8'hOO, S'hOD, S'hOO, S'hOD, B'hOD, 8'hOO, B'hOD, B'hOD, 
S'hff, a'hff, a'hOO, S'hOD, B'hOD, a'hOO, 8'hff, S'hff, 
S'hff, S'hff, a'hOO, B'hOD, 8'hOO, a'hOC, 8'hff, S'hff}: 

eod 

#2000 begin: Image_Pattern_5_ Graduated_Lefuo_Righl 
pixel_bits = { S'h1f, S'h3f, 8'hSf, S'hat, 8'h9f, 8'hbf, 8'hdf, S'hff, 

S'h1f, 8'h3f. 8'hSf, S'hBt, 8'h9f, 8'hbf, 8'hdf, S'hff, 
S'h1f, 8'h3f, 8'hSf, S'hat, 8'h9f, 8'hbf, 8'hdf, S'hff, 
S'h1f, S'h3f, S'hSt, S'hSt, S'h9f, S'hbf, S'hdf, S'hff, 
S'h1f, S'h3f, S'hSf, S'hSt, S'h9r, S'hbf, S'hdf, S'hff, 
S'h1f, S'h3f, S'hSt, S'hSt, S'h9f, S'hbf, S'hdf, S'hff}; 

eod 
join 
Initial begin #4000 $flnlsh; end 

endmodule 

9.2.2 NLP-Based Architectures for the Halftone Pixel 
Image Converter 

The baseline design of the halftone pixel image converter is at one extreme of the 
hardware-perfonnance spectrum, for it replicates identical hardware (structural) units, 
each implemented as cornbinationallogic blocks, which execute concurrently in a sin­
gle long clock cycle (i.e" a single-loop NLP) and require no memory and no datapath 
controller. The structure of the array of processors in the baseline design is identical to 
the structure of the DFG, with a dedicated processor for each pixel of the array. The 
NLP itself suggests another alternative model: a structure-free, level-sensitive behavior 
that executes the NLP. This style is given below as ImagcConverter_O. The model 12 

synthesizes to combinational logic equivalent to Image_Converter _Baseline, and con · 
verts an image in time TBaseliDe' where TSa.seline is the time associated with the longest 
datapath through the array. In both cases, the system clock that presents images to the 
unit must have a cycle time greater than TBMCl in~ ' 

12A location.dependent (i.e., (column and ro w de""ndent) word of pixel_size biu is selecled from pi""Cbils 
usinglhe +: range delimiter 
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fI Behavioral model of isomorphic array of processors 
module Image_Converter_O # (parameter pixel_size : 8, N_col : 8, M_row: 5)( 
output reg (1 : N_col' M_row] HTPV_bits, 
Input (1: plxel_size' N_coI ' M_rowj pixeLbits 

); 
parameter w1 : 2, w2 '" 8, w3 :: 4, w4 '" 2; 
parameter Threshold'" 128: 
integer n, m; 
reg HTPV (1 : N_coI][l : M_row]; 
reg (plxeLsize -1 : 0] Err (0: N_col+1] [0: M_row); fI Core and boundary values 
reg (pixeL size + 1: 0] CPV, CPV_round, E_av; 

" Initialize boundary values (Top, left, and right are sello 0) 
always @ (pixeLbits) begin 
for (n: 0; n <:N_coI+1 ; n: n + 1) 
for (m: 1; m<: M_row; m: m + 1) 
for(m: l ; m<=M_row: m '" m +1) 

begin: lop_border Err{n][O]" l'bO; end 
begin: left_border Err(O][mj '" l 'bO; and 
begin : righi_border Err{N_coI+1] 

1m] '" l'bO; and 

fI Halftone calculations (Note use of blocking assignment operator I::) 
tor (m'" 1; m <= M_row; m:: m + 1) begi n: row_loop 

fo r (n '" 1: n <'" N_col; n z: n + 1) begin: column_loop 
E_av: (w1'Err{n -l][m] + wZ'Err(n -111m -1] +w3'Errfnl!m -1] 

+ w4' Err{n +ll1m -1J»> 4: 
CPV = pixel_bits[(m -l )'N_col ' pixel_size +(n -l)"pixel_size + 1 +: pixeLsizej + 

C~~%Und = (CPV < Threshold)? 0: 255; 
HTPV(nllmj = (CPV_round == O)? 0: 1; 
HTPV_bits (m -l)"N_coI + n] '" HTPV(n][m]: 
Errjnllm] '" CPV - CPV_round; 

end fI columnJoop 
end flrow_loop 

end fl always 
and module 

The NLP for the image converter also suggests a sync~ronous implementation. 
This architecture will require memory, but releases the resources of the system bus 
whi le the processor is executing. At one extreme, a design would use a single FU, 
together with memory and a controller, to convert the entire image in N301 
*M_row clock cycles. The cycle time of the image converter would be limited by the 
longest path tbrough a single FU. rather than the time to process the entire array. 
A (naive) alternative is to write a single synchronous cyclic behavior that describes 
the NLP of the algorithm (same algorithm as in lmage_Converter_O) and let a syn­
thesis tool create an architecture. The expectation is that there is no need to design 
a controller because a synthesis tool will synthesize the NLP by unrolling the loops 
and forming a structure that implements the algorithm. The machi ne would trans­
form the image in one long clock cycle of length T_Baseline. A Verilog model of a 
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fiG URE \1-9 Structure of an N x At pixel array with an 8'0,1 resolullon 

machine implemen tin g the algorithm in this style is given by ImagcConverter ~1 , 
below, along with its testbencb . 

Image_Converter_l updates the entire array of halftone pixel values in one clock 
cycle. The rows of the array are processed top to bottom, and the elements of each row 
are processed left 10 right, as shown in Figure 9-9. The order of the statements reflects the 
data dependencies of the statements that must be executed by an FU, and the assign­
ments to variables are made with the procedural assignment operator (=), not the non­
blocking assignment operator « =). (= )To illustrate the sequential ordering of the 
processing steps in simulation, a delay (#50) was placed before the column loop. This 
reveals the evolution of the computalions of the rows, but the delay must be removed 
before attempting synthesis. The sequential ordering of the loops that update the rows of 
the array implements the NLP and convert the image in a single long clock cycle. A input 
signal, Go, is asserted by an external agent to launch the image converter, and an output 
signal, Done, is asserted when the image has been converted. The signal reset fl ushes the 
memory of residual values of pixel values and errors to prepare for a new image. 

/I Single-cycle sequential model (Non-synthesizable) 

module lmage_Converter_ 1 # (parameterpixeLsize '" 8, N_col '" 8, M_row '" 6)( 
output reg 11: N_col"M_row) HTPV_bits, 

I: 

output reg Done. 
input (1: pixeLsizeoN_coloM_row] pixel_bits, 
InpulGo, elk. reset 
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parameter w1 = 2, W2 = 8, w3 = 4, w4 " 2; 
parameter Threshold = 128; 
Integer n, m; 
reg HTPV [1: N_col][l : M_row); 
reg [pixeLslze -1: 0) Err [0: N_col.l) [0: M_fOWJ; /I Core and boundary values 
reg !pixeLslze'" 1: OJ CPV, CPV_fOund, E_av; 

1/ Initialize boundary values (Top, left, and right are set to 0) 
always begin : wrapper_for_synthesis 

@ (posedge elk) begin : pixeLconverter 
if (reset) begin : reset_action II Initialize borders of the array 

Done = 0; 
for (n::: 0; n <::N_col+ 1: n:: n + 1) 
for (m = 1; m<:: MJow; m = m'" 1) 
for (m = 1; m <= M_row; m = m'" 1) 
:: ,'bO; end 

begin: top_border ErrfnIlO):: 1'bO; end 
begin: left_border ErrfOllm):: lbO; end 
begin : right_border ErrfN_coI+ l l1m) .,. 

else If (Go) begin II Halftone calculations - preserve sequential ordering 
for(m :: 1; m <:: M_row; m = m + 1) begin : row_ loop 

#50 for (n:: 1; n <: N_col; n :: n + 1) begin : column_loop If Delay only for 
illustrat ion 

E_av: (w1 • Err[n-1)[mJ + w2' Err[n-1I!m-l)'" w3 * Errtnllm-1) 
... w4 ' Errtn ... lUm-1])>> 4; 

CPV:: pbcel_bi ts((m -1)'N_col'pixeLslze .(n -l)'pixeL size + 1 +: 
pixeLsize) + E_av; 

CPV _round :: (CPV < Threshold) ? 0: 255; 
HTPV[n][m):: (CPV_round::= O)? 0: 1; 
HTPV_bits I(m -1)*N_col + n):: HTPVlnllm); 
Err[n][mj: CPV - CPV_round; 

end /I column_loop 
/I Used for Image_Converter_Work_Around (Temporal separation of row 

computations) 
I/@ (po.edge elk) If (resel) disable pixel_converter; 
end /I row_loop 
Done:: 1; .,. /I Halftone calculations 

1/ pixet_converter .,. .,. 1/ wrapper_for_synthesis 
endmodule 

module t_lmage_COflverter_ l(); 
parameter pixel_size :: 8, N_col = 8 , M_row: 6: 
wire [1: N_coIJ HTPV_Row_ 1, HTPV_Row_2, 

HTPV_Row_3; 
wire (1: N_coIJ HTPV Row 4 , HTPV Row 5, 

HTpV_Row_6; - -

reg [1 : plxeLsize'N_col*M_row) 
reg Go, elk, rasel; 
wire [1: N_col'M_fOWJ 
wire Done; 



... Ign HTPV_Row_ 1 HTPV_bits(1:8j: 

... ign HTPV_Row_2 HTPV_ blts(9:16j : 

... ign HTPV_Row_3 HTPV_bitsI17:24): 

... Ign HTPV_Row_4 HTPV_bitsI25:32): 

... Ign HTPV_Row_ S HTPV_bits(33:40): 

... ign HTPV_Row_6 HTPV_bitsI41:481: 

Image_Converter_ 1 M1 (HTPV_blts, Done, pixeLbits, Go, elk, reset): If Instantiate 
lmageoonverter 

initi.1 begin elk =0: forever #5 elk'" - elk; end 

Initial for\( 
#Cresel:: 1: 
#10 reset" 0; 

join 

inilialfork 
#15 Go == 1: 
#35 Go = 0: 

#480 reset" 1; 
#490 reset = 0; 
#500 Go" 1; 
#520 Go:: 0; 

#980 reset:: 1; 
#990 reset:: 0; 
#1000 Go " 1; 
#1020 Go" 0; 

#1480 reset · 1; 
#1490 reset" 0; 
#1500 Go :: 1; 
#1520 Go:: 0; 

# 1980 reset :: 1; 
#1990 reset:: 0 ; 
#2000 Go:: 1; 
#2020 Go.: 0; 

join 

initial f ork 

II Image #1 

If Image #2 

II Image #3 

/I Image #4 

II Image #5 

begin : Image_Pattem_1 
pixeLbils :: { 8'hff, 8'hff, 8'hff, 8'hff, S'hOD, 8'hOO, 8'hOO, 8'hOO, 

8'hff, 8'hff, 8'hff, 8'hff, 8'hOO, 8'hOO, 8'hOO, 8'hOO, 
8'hff, 8'hff, 8'hff, 8'hff, 8'hOD, 8'hoo, 8'hOD, 8'hOO, 
8'hOO, 8'hOO, 8'hOO, S'hOD, 8'hff, S'hff, 8'hff, 8'hff, 
S'hOD, S'hDD, 8'hOO, 8'hOD, 8'hff, S'hff, 8'htf, S'hff, 
8'hOD, 8'hOO, 8'hOO, 8'hOD, 8'hff, 8'hff, 8'hff, 8'hff}: 

end 
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#500 begi n: Image_Pattern_2 
pixeLbits = { 8'1'100, 8'h00, 8'hOO, 8'1'100, 8'hff, 8'hff, 8'hff, 8'hff, 

8'h00, 8'hOO, 8'hOO, 8'h00, 8'hff, 8'hff, 8'hff, 8'hff, 
8'1'100, 8'1'100, 8'hOO, 8'hOO, 8'hff, 8'hff, 8'hff, 8'hff, 
8'hff, 8'hff, 8'hff, 8'hff, 8'hOO, 8'1'100, 8'1'100, 6'1'100, 
6'hff, 8'hff, 8'hff, 6'hff, 8'1'100, 6'1'100, 6'1'100, 8'1'100, 
6'hff, 8'hff, 8'hff, 6'hff, 8'1'100, 8'1'100, 8'hOO, 8'hOO}; 

ond 

#1000 begin: Image_Pattem_3_Cross 
pixeLbits = { 6'1'100,6'1'100, 6'hff, 6'1'111, 8'hff, 6'hff, 8'hOO, 8'hO, 

8'1'100, 6'1'100, 6'hff, 6'hff, 6'hff, 8'hff, 8'1'100, 6'hOO, 
6'hff, 6'hN, 8'hff, 6'hff, 6'hff, S'hN, S'hff, 6'hff, 
6'hff, 6'hff, 8'hff, S'hff, S'hff, 8'hff, S'htt, S'hff, 
8'1'100, S'hOO, 8'hff, 8'htt, 8'hff, 8'hff, 8'hOO, 8'1'10, 
8'1'100, 8'hOO, 8'htt, 8'htt, 8'hff, 8'hff, 6'hOO, 6'hO}; 

.nd 

#1500 Ngin: Image_Pattem_ 4_Bar_Cross 
pixeLbits = { 6'hff, 6'hff, 6'1'100, 6'hOO, 6'1'100, 8'1'100, 6'hff, 6'hff, 

S'hlt, S'hff, 8'1'100, S'hOO, 6'hOO, 8'hOO, 6'hff, 6'hff, 
8'hOD, 8'hOO, 8'1'100, 8'hOO, 8'hOO, 8'hOC, 6'hOO, 8'hOO, 
6'hOO, 8'1'100, 8'1'100, 6'1'100, 8'1'100, 8'hOO, 8"hOO, 6'hOO, 
8'hff, 8'hff, 8'hOO, 8'1'100, 8'hOO, 8'hOO, 8'hff, 8'hff, 
8'hff, 6'hff, 8'1'100, 8'1'100, 8'hOO, 6'1'100, 6'hff, 8'hff}; 

ond 

#2000 N gln: Image_Pattem_5_Graduate(CLefUo_Right 
pixel_bits = { 8'h1f, 8'1'131, 8'h51, 8'hSf, 8'1'191, 8'hbl. 8'hdf, 6'hff, 

8'h1f, 8'h3f, 8'h5f, 8'h8f, 8'1'191, 8'hbl, 8'MI, 6'hff, 
8'h1f, 8'h3f, 8'h5f, 8'1'181, 8'1'191, 8'hbf, 8'hdf, 8'htt, 
8'1'111,8'1'131, 8'h5f, 8'h8f, 8'1'191, 8'hbf, 8'hdl, 8'hff, 
6'1'111, 8'h31, 8'h5f, 8'h8f, 6'h91, 8'hbf, 8'hdl, 8'hff, 
6'1'111, 8'h31, 8'h5f, 6'h8f, 6'1'191, 8'hbf, 6'hdf, 6'hff}; 

ond 
jo in 
inillel begin #4000 $flnlsh; end 

endmodul. 

53. 

The results of simulating Imagc Converter_l with delay between the rows are 
shown in Figure 9-10. The sequential evolution of the processing of rows from top to 
bottom is evident. The fi nal halftone image is identical to that produced by 
Image_ConverterJJaseline and Image_Converter _0. 

II is important to note that ImagcConverter_Baseline and Imagcconverter_O 
synthesize to equivalent combinational logic, but the sequential machine Image_ 
Converter_l cannot be synthesized, even though it uses the same algorithm to update 
the pixels. The sequential ordering of its procedural assignments in the cyclic behavior 
updates the values stored in memory as the simulation evolves by immediately over­
writing the residual data, ensuring that fresh error data are used at subsequent steps. 
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Name ° 500 1000 1500 2000 

nGURE 9·10 Simulation resull~ fOl/mllge_Conver/I!,-1 with weights 
(101 , w2, 103, w4) - (2,8, 4,2). 

In the algorithm for Image_Converter _I , the storage for CPV, CPV Jound, and E_uv is 
shared between the rows. A physical machine would have to store data in memory and 
fetch it when needed. These operations cannot execute in a single clock cycle, which 
explains why the model cannot be synthesized. As a work-around, Image_Converter_ 
Work-.Around is identical to Image_Converter_l , except that it provides temporal 
separation of the processing of the rows of the array by embedding an event control 
expression at the end of the inner (column) loop. In general, feedback loops in the 
DFG must be separated temporally. This ensures that data used in a row is not over­
written in memory before it is used by the next row. Image_Converter_Work~round 
updates one row of the array in a single clock cycle and requires eight processors (one 
for each pixel in the row). The machine shares its resources between the rows, but in a 
given clock cycle all of the processors are dedicated to a single row of pixels. Since 
ImagcConverter _I cannot be synthesized, it is not appropriate to associate a cycle 
time with its computations. ImagcConverter_Work_Arollnd will require an image 
cycle time of Tc "" 6 x 8 X TFU = 48 TAJ (i.e., the machine saves hardware (i.e., uses 
fewer processors) compared to Image_Converrer_O, but not time). It will require a 
more elaborate control structure to steer data to and from memory and the shared 
FUs. Unfortunately, the FPGA synthesis tool 13 did not support embedded event--<:ontrol 
expressions within a/or loop and could not produce an implementation. 

9.2.3 Minimum Concurrent Processor Architecture for a Halftone 
Pixel Image Converter 

We will now consider an alternative hardware implementation of the image converter 
algorithm by partitioning the image converter into an algorithmic state machine with a 

13XilinxISE3.1i. 
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datapath (i.e., a ASMD). This sets the stage for discovering a configuration of concurrent 
processors that will process the image in the least multiple of the time step of a single 
processor, i.e., the configuration is optimal. It is maximally concurrent without wasting 
resources and clock cycles. 

The data dependencies that are evident in the DFG shown in Figure 9-11 reveal a 
parallelism that can be exploited to reduce the number of clock cycles and the number of 
processors required to update the array, at the additional expense of requiring memory. 
The shaded region defines a complltatiofUll wayefront (i.e., a locus of OFG nodes that can 
execute concurrently and independently in a given time step). Each node in Figure 9-11 is 
annotated. with a wayefront index denoting the time step in which it may execute. The array 
of nodes can still be processed sequentially, in the order of ascending indexes, but nodes 
with an identical wavefront index can execute concurrently (i.e., in the same time step). 

The wavefront indices of the DFG partition the temporal domain and identify 
clock boundaries. Within a clock boundary, the graph reveals the resources required 
by a synchronous machine that would implement the processor and exploit the paral­
lelism. For example, a machine with tbe wavefront indexes shown in Figure 9- 11 
would require a maximum of four identical FUs operating concurrently, with each 
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FIGURE !il-U Alternative an:hiteclurc (or ~Ioiting Ihe concurrency of the DFG of the 
8 x 6 halftone pille] proceuor shown in Figure 9-10. 

unit implementing the fine-grained logic required to update a pixel. The machine 
would updare the entire image in only 18 time steps, while using fewer FU resources and 
requiring design of a more complu controller than the baseline design. 14 

The architecture of the machine's datapath will be designed to exploit the 
concurrency that is evident in the DFG. Then a controller will be designed for the 
datapath. We will pursue by manual methods what a behavioral synthesis tool should 
accomplish and then compare the result to the baseline design in more detaiL 

''The baseline Kqucntial design updates tho: amy in 48 time lIeps. 
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TABLE 9-1 :o~::'~: l ion lable for mappinc OFG nodes 10 lime sloll and proce$Ol'$ of a 8 x 6 halrtone image 
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Our alternative architecture is shown in Figure 9-12_ It has fo ur pixel processors 
(FUs), a memory uoit, and a controller. The inputs of each processor provide the value 
of the pixel at the location indicate4 by the address passed [rom the controller and the 
errors at the locations of the pixel's selected neighbors. The controller is implemented 
as a sequencer, which creates the addresses of the pixels that are to be updated in a 
given time step_ The entire array of pixels is downloaded from the environment to the 
memory unit in a single clock cycle. 

Having identified the need fo r a t most four FUs, we address the resource 
mapping task by constructing Table 9-1, a resuvalion table. which shows one of many 
possible mappings of the nodes of the DFG of the 8 x 6 halftone image converter to a 
set of fou r processors that exploit the concurrency that was exposed by the DFG. The 
columns of the table establish a linear execution schedule specifying the DFG nodes 
that will execute in a given time; the rows of the table establish a bi nding between the 
nodes of the DFG and the processors of the architecture. The table establishes a 
space- time partition in which every node has a unique (processor. time slot) pair. 

The architecture represented by the reservation table can process a single image in 
18 time slots, but thereafter the pipelining that is evident in the table presents an oppor­
tunity to stream the images with a throughput of only 12 time slots (see Problem 8 at the 
end of the chapter). This particular architecture, however, cannot exploit this opportunity 
because the memory cannot be selectively loaded to partially update its contents, say in 
tn. to access the next image cell.15 In general, the number of clock cycles consumed by a 
time slot is strongly influenced by bus resources and memory operations. 

An ASM chart for the control unit of the machine is shown in Figure 9-13. The 
state boxes list the values of indu corresponding to the entries in Table 9-1. This imple­
mentation does not exploit the pipelining that is apparent in Table 9-1. 

The Verilog description of Image_Convener_Concurrent Processors, the alterna­
tive image converter, ands its testbench are given below. The signal Ld_lmage is added 
to the interface to allow an image to be stored on command, thus freeing up the exter­
nal bus that provides the image. Once an image is loaded into memory. the machine 
waits until Go is asserted and then converts the image. 

LSA more elaborale implemc:nlation could buffer Ihe images and form the datapaths required 10 realize 
minimumlaleney. 
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flGURE 9-13 ASM charI for the control unit o f an alte rnative halftone image oonverter 

Simulation results for Image_Convertef_ConcurrenCProcessors are shown in 
Figure 9-14 for the test images that were given in Figure 9-6. The halftone images 
match those produced by Image_Converter_Baseline, Image_Converter_D, and 
Image_Converter_L Figure 9-15 shows the simulation activity for the graduated image 
in Figure 9-7, and displays the reservation table of the four concurrently executing 
processors. 

module Image_Converter_Concurrenl_Processors # (parameter 
pixeLsize " 8, N_col = 8, M_row = 6X 

): 

output [1: N_col·M_row] HTPV_bits, 
output Done, 
input [1 : pixeLsize * N_col * M_row) pixeLbils, 
input Go, elk, reset 
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FIGUR E 9.14 Simulation resulTS for ImQgt_CQlw~rru _ConcurrencProctssors 
opcrat ingon the tesl images given in Figure 9·6 

wire 
w ire 

[23: 0) index; 
l d_image, ld_values; 

wire [pixel_size -1: OJ 
PP 1 Err 1, PP 1 Err 2, pp 1 Err 3, PP 1 Err 4, 
PP-1 - PV-: - - - -- - ---

PP ~)=Err_1 , PP _2_Err_2, PP _2_Err_3, PP _2_Err_ 4 , 
PP _2_PV, 
~3~1~3~&~3b~~3&~ 
PP-3-PV-: -- - - - - ---

PP- 4- Err 1, PP 4 Err 2, PP 4 Err 3, PP 4 Err 4, 
PP=4=PV; -- - -- - ---

wire [pixel_size ·1 : 0) 
PP _1_Err_O, PP _2_Err_O, PP _3_Err_O, PP _ 4_Err_0; 

wire PP _1_HTPV, PP _2_HTPV, PP _3_HTPV, PP _4_HTPV; 

II Instantiate Pixel Processor Datapath Units Control Unit, Memory Unit 

PP _Datapath_Unit M1_Dalapalh 
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(PP _1_Err_O, PP _1_HTPV, PP _1_Err_1, PP _'_Err_2, PP _1_Err_3, PP _1_Err_ 4, 
PP_1_PV); 

PP _Dalapalh_Unit M2_Datapath 
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(PP ~2_Err_O , PP _2_HTPV, PP _ 2_Err_1, PP _2_Err_2, PP _2_Err_3, 
PP _2_ Err_ 4, PP _2_PV); 

pp _Dalapath_Unit M3_Datapath 
(PP _l_Err_O, PP _l _HTPV, PP _l_Err_1, PP _l _Err_2. PP _3_ ErT_3. 

PP _l _Err_ 4. PP _l_PV); 

PP _Dalapath_ Unil M4_0atapalh 
(PP _ 4_Err_O. PP _ 4_HTPV, PP _ 4_Err_ '. PP _ 4_Err_2, PP _ 4_Err_3. 

PP _ 4_Err_ 4, PP _ 4_PV); 

PP _ControL Unlt MO_Controller (index, Ld_imsg9,ld_values, Done, Go, dk, resel); 
PP _Memory_Unit M5_Memory ( 

); 

HTPV bits, 
PP_1'=-Err_ 1. PP _ ' _ErT_2. PP _1_Err_3. PP _ 1_ Err_4. PP _ 1_PV. 
PP 2 Err 1, PP 2 Err 2. PP 2 Err 3, PP 2 Err 4, PP 2 pv. 
PP- 3- Err-', PP- 3- Err-2, PP-3-Err-3. PP- 3- Err- 4, PP-3-PV, 
PP-4 -Err-', PP- 4- Err-2, PP-4 -Err-3, PP- 4- Err- 4. PP- 4- PV, 

PP:(Err:O, PP :2:Err: O, PP ~)=Err=O. PP: 4: Err: O, --
PP _1_HTPV, PP _2_HTPV, PP _3_HTPV, PP _ 4_HTPV, 
pixeLbits, index, Go, ld_lmage, ld_vatues, elk, resa! 

andmodule 

module PP _ControLUnit (output reg (23: 0) index, output reg ld_image, ld_vatues, 
Done, input Go, elk, resat); 

rag (4: 0) state, next_state; 

parameter 

~-~~ ;'dS~d~ ~-~ ;.:;di ~-~ ;':~d~ ~-; ;,:~d~ ~l,:'s~~~' ;-~; :'~'~'11 
5-12::S'd;2 - S 13 ;o.5'd13 S 14~Sd14 S ;S ;S'd1S 5 16;S'd16 ' 
5: 17:: S'd17: S:18::S'd18: - ' - ' - ' 

always@(po.edgeelk)lf(resel)stale<:: S_ldle: e l.e state <:: next_slate: 

a lway.@(stateorGo)begln 
Ld_vatues"" 0; next_state:: S_klle; 
ca.e (state) 

S_idle: if (Go)next_slale::S_1 ; 
S_18: beg in next_stale:: S_idle; ld_values:ll 1; e nd 
default: begin nexCstate = state + 1; ld_values " 1; e nd 

endca.e ... 
a lways@ (state, Go) begin 

Done = 0; 
Ld_image : 0; 
if (state ::: S_idle) begin Done = 1: if (Go) Ld_image '" 1: end 

e •• 

alway. @(state)begln 
index = 0: 
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ca.e (state) 
S_idle: 
S 1: 
S=2: 
S_3: 
S 4: 
S=5: 
S S: 
S- 7: 

S: 8: 
S 9: 
S=,0: 
S 11 : 
S=, 2: 
S 13: 
S- '4 : 
S=,5: 
S 1S: 
S- 17: 

S=,8: 
default: 

endca.e 
on. 

endmodule 

Index'" ({S'dO), {6'dO}, (S'dO), {6'dO}}; 
indel( '" {(6'd1), (S'dO), (S'dO), (6'dO}); 
indel(:: ({6'd2), (S'dO), {S'dO}, (6'dO»; 
indel( '" ({6'd3), (6'd9), {S'dO}, (S'dO)}; 
indel( '" {{S'd4}, (S'dl0), {6'dO}, (6'dO»; 
indel( '" {{S'd5}, (S'd1l), {S'd l7}, (6'dO»; 
indel( '" ({S'd6), {S'd12}, (S'd18), (S'dO}); 
indel( = ({S'd7), {S'd13}, (6'd19), {S'd25}}; 
indel( = {{6'd8}, {S'd1 4}, (6'd20), {S'd26}}; 
indel( '" ({6'd1 5), (S'd21), (S'd27), (S'd33}); 

index = {{6'd16}, (6'd22), {6'd28}, (S'd34)); 
index'" ({S'd23), {6'd29}, {S'd35}, {6'd41}}; 
index = ({S'd24), {6'd30}, (S'd36), (S'd42)}; 
Index '" {{S'dO}, (6'd31), (S'd37), (S'd43}); 
index'" {{6'dO}, (6'd32), (6'd38), (S'(44»; 
index '" ({6'dO), (6'dO), (S'd39), {S'd45}}; 
index'" ({6'dO), (6'dO), (6'd40), {S'd46}}; 
index :: ({6'dO), (6'dO), {6'dO}, {6'd47}}: 
index = {{S'dO}, {6'dO}, {S'dO}, (6'd48)}; 
index = 0; 

ff Pixel Processor Datapath Ullit 
module pp _Datapath_Unit # (parameter pixeLsize = 8X 
output [pixeLsize ~ 1 : 0] Err_D, 
output HTPV, 
Input (pil(el_size -1: OJ Err_1, Err_2, Err_3, Err_4 , PV 

I: 
wire [pixeLsize + 1: 0] CPV, CPV_rOUnd, E_av: 
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fI Weights for the average error; choose for compatibility with divide-by-1S (» 4) 
parameter w1 = 2. w2 = 8, w3 = 4, w4 '" 2; 
parameter Threshold = 128; 

a •• lgn CPV = 
a .. ign CPV_round:ll 
a •• ign HTPV :: 
assign Err_O ': 

endmodule 

(w1 • Err_1 + w2· Err_2 + w3 · Err_3 + w4' Err_4 ) 
» 4: 

PV+Eav; 
(CPV <-Threshold)? 0 : 255; 
(CPV _round == 0) 7 0: 1; 
CPV - CPV_round; 

module PP _Memory_Unit # (parameter pixeL size = 8, N_coI - 8, M_row '" 6X 
output [1: N_coI-M_rowJ HTPV_bits, 
output reg ipixeLsize -1: OJ 

PP _1_ErT_ ', PP _1 _Err_2 , PP _ 1_Err_3. PP _ ' _ ErT_ 4, PP _'_PV, 
PP _2_Err_1, PP _2_Err_2. PP _2_Err_ 3, PP _2_ErT_ 4, PP _2_PV, 
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PP 3 Err 1,PP 3 Err 2, PP 3 Err 3,PP 3 Err 4,PP 3 PV, 
PP =4=Err=1, PP=4=Err=2, PP=4=Err=3, PP=4=Err=4, PP=4=PV, 

input [pixel_size -1 : 0] PP _1_Err_0, pp _2_Err_0, PP _3_Err_0, PP _ 4_E rr_0, 
input PP _1_HTPV, PP _2_HTPV, PP _3_HTPV, PP _ 4_HTPV, 
input [1 : pixel_size · N301· M_row] pixeLbits, 
Input [23: 0] Index, 

Input Go, ld_image, ld_values, elk, resel 
): 

/I Array of pixel data 
reg [pixeLsize -1 : OJ PV (1: N_col][1: M_row); 

11 Array of halftone pixel values 
reg HTPV [1: N_coI1l1: M_row]; 

II Array of pixel error values 
reg (pixeL size -1: 0) Err [0: N_coi +1 ] [0: M_row]; 
genvar nn, mm; 
generate 

II Form vector of output halftone values 
for (mm = 1; mm <= M_row; mm = mm + 1) begin: HTPV_row_ioop 
for (nn = 1; nn <= N_col: nn = nn + 1) begin : HTPV_coUoop 

assign HTPV_bt\s {(mm -1YN_col + nnJ:: HTPV[nnJ[mm); 
. nO 

.nO 
endgenerate 

wire (5: 0) 
index_1 = index [23: 18), 
index_2 = index (17: 12), 
index_3 = index [11 : 6], 
index_ 4 = index [5: 0]; 

/I Retrieve data for pixel processors 

always @ (index_1) begin 
case (index_') 
1,2,3,4,5,6,7,8: begin PP _'_Err_' = Err [index_' -1][1]; 

.nO 
15, 16: begin 

.nO 

PP _1_Err_2 = Err [index_' -'][0); 
PP _1_Err_3 = Err [index_ 1][O]; 
PP , Err 4 = Err [index 1 +1][0): 
pp=, =pv-", PV [index_,iit); 

PP _1_Err_ ' :: Err [index_' -1 -8)[2J; 
PP _1_Err_2 :: Err [index_1 -1 -8][1 ]: 
PP 1 Err 3 = Err [Index 1 -8][1]: 
PP=(Err=4 = Err {index=, +' -8](1]: 
PP _1_PV = PV [index_1 -8}[21; 
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23, 24: begin 

,nd 
d.fault: begin 

" nd 
. ndea •• 

'nd 

always @(lndex_2) begin 
ca •• (lndex_2) 
9,10,11,12,13,14: begin 

,nd 
21,22: begin 

, nd 
29,30,31,32: begin 

,nd 
default: b.gln 

,nd 
.ndea •• 

,nd 

alway. @ (index_3) begin 
ca •• (index_3) 

17, 18, '9, 20: begin 

p p _'_Err_ , ,. Err [index_1.1 .16j[3]; 
PP _ ' _Err_2· Err [index_',' ·161[3]: 
PP _'_Err_3" Err lindex_, " 6113]: 
PP _'_Err_4" Err (index_ 1 +1 ·161131: 
PP _ '_PV '" PV [index_, ·161(3]: 

pp _l _Err_ l '" 8'bx: PP _ ' _Err_2" 8'bx: 
PP 1 Err 3" 8'bx · 
PP=(Err=4 '" 8'bx: PP _,_PV'" 8'bx; 

PP_2_Err_l '" Err (index_2 -1 -81(2J; 
PP _2_Err_2'" Err (IndeIC_2 · ' -8111]: 
PP _2_Err_3" Err [indeIC_2 -811'J: 
PP _2_Err_4 = Err (index_2 .1-81(11: 
PP _2_PV " PV Vndex_2 -8)[2J; 

PP _2_Err_l '" Err (index_2 . , -1 6](3): 
PP _2_Err_2" Err (indeIC_2·1 . 161121: 
PP _2_Err_3" Err [indeIC_2 .16](2); 
PP _2_Err_ 4 '" Err [index_2 + ' .16)(2J: 
PP _2_PV '" PV (i!"ldex_2 -161131; 

PP _2_Err_ l • Err (Index_2 . , -24](4J; 
PP _2_Err_2 '" Err (index_2 -, -24](3J: 
PP _2_Err_3 " Err (index_2 · 24113]; 
PP _2_Err_ 4" Err {index_2 + ' -24113J: 
PP _2_PV " PV [i!"ldex_2 . 24114]; 

PP 2 Err 1 " 8'bx: PP 2 Err 2 '" 8'bIC: 
PP- 2-Err-3"8'bx: - - -

PP=2=Err=4 " 8'bx; PP _2_PV = 8'bx; 
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ond 
27, 28: begin 

,nd 
35,36, 37,38,39, 40: begin 

, nd 
default: begin 

, nd 
endcase 

,nd 

always @(index_4)!Mgln 
ca •• (index_ 4) 

25,26: begin 

,nd 
33, 34: begin 

end 
41, 42, 43, 44, 
45,46,47, 48: begin 
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PP _3_Err_' '" Err lindex_3 -1-16J[3); 
PP _3_EIT_2:: Err [index_3 -1-16)[2); 
PP _3_EfT_3:: Err l index_3 -16112J; 
PP _3_Err_ 4'" Err l index_3 +1 -16][2J; 
PP _3_PV:: PV (index_3 -16][3]: 

pp _3_Err_ , :: Err [index_3 -1 -24](4): 
PP _3_Err_2:: Err [index_J -1 -24][3]: 
PP _3_EIT_3:: Err [index_J -24](3]: 
PP _3_Err_ 4:: Err (index_3 +1 -24][3]: 
pp _3_PV :: PV[index_3 -24)(4J: 

PP _3_Err_,:: Err (index_3 -1 -32][5]: 
PP _3_Err_2:: Err (indelc3 -1 -32][4]: 
PP _3_Err_3 '" Err (Index_3 -32)[4): 
PP _3_Err_ 4" Err lindex_3 + 1 -32][4]: 
PP _3_PV " PV (Inde)(_3 -32){5J; 

PP _3_Err_ , :: 8'bx: PP _3_Err_2:: S'bx; 
PP 3 Err 3 " S'bx; 
PP =3=EIT= 4" S'bx; PP _3_PV " S'bx; 

PP _ 4_ EIT_1 '" Err [index_ 4 ·1 .24][4]: 
PP _ 4_ EIT_2 " Err [lndex_ 4·1 ·24][3]; 
PP _ 4_EIT_3:= Err [index_ 4 ·24](3]: 
PP _ 4_ EIT_ 4 " Err [index_ 4 +1 -24](3]: 
PP _ 4_PV '" PV (indeK_ 4 -24114]: 

PP _ 4_EIT_ ' " Err Jindex_ 4·1 .32][51; 
pp _ 4_EIT_2 " Err (index_ 4 -1 -32](4]: 
pp _ 4_Err_3 • Err [index_ 4 -32][4]: 
PP _ 4_Err_ 4 . Err [index_ 4 +1 -32](4]: 
PP _ 4_PV" PV lindex_ 4 -32115]; 

PP _4_ErU " Err Jindex_4 -1 -40)(6]; 
PP _ 4_Err_2 " Err (inde)(_ 4 -1 -40](5]; 
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. "d 
default: beg in 

,"d 
endease 

,"d 

11 Synchronous Behavior 
Integer n, m; 

slways @ (posedge elk) 
it (reset) begin 

PP _ 4_Err_3'" Err lindex_ 4.40)[51: 
pp _ 4_Err_ 4'" Err (index_ 4 +1 .401(5]; 
pp _ 4_PV '" PV [index_ 4 -40)[6]; 

pp 4 Err 1 '" 8'bx' PP 4 Err 2 '" 8'bx' 

::=:=~~=!:::~:~ PP~4~PV-:8'bX ; , 

for (m :0; m<: M_row; m:m + 1) 
for(n - 0: n<: N_col ... 1; n'" n ... 1) 
Err [nJ[m] = 0: 

for (m = 1; m <'" M_row; m = m + 1) 
tor (n: 1; n <: N_coI; n::: n ... 1) 

PV [nJlm] <= 0: 
,"d 

, I •• If (ldJmage) begi n: ArraLlnitialization 
for (m '" 1; m <::: M_row; m = m +1) begin: row_loop 

for (n ;: 1; n <'" N_col; n = n +1) begin: coUoop 
Err [nUm] <= 0; /I Note part-select (+:) In next line to form range 
PV [nUm] <;: pixeLbitsHm .1)·N_col"pixel_size '" (n .1)·pixel_slze + 

, +: plxeLsizeJ; 
end 11 col_loop 

end 1/ row_loop 
end /I Array Initialization 

el.elf (Ld_values) begin: Image_Conversion 
e •• e(index_1) 

1, 2,3,4,5, 6,7,8: begin 
Err [index_,U'] <= PP _ ' _Err_O: 
HTPV ~ndex_'ll') <:. PP _1_HTPV: end 

15, 16: begin 
Err (index_ ' .8)[2) <;: PP _ , _Err_O: 
HTPV [index_ ' -8][2J <'" PP _'_HTPV; end 

23, 24: begin 
Err (index_, -16]13J <;: PP _ ' _Err_O; 
HTPV [index_ ' -16113J <- PP _1_HTPV: end 

ende •• e 
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case (index_2) 
9,10,11,12, 13,1 4: begin 

Err (indell._2 -8)(2] <:= PP _2_Err_O; 
HTPV [index_2 -8](2J <: =" PP _2_HTPV; end 

21,22: begin 
Err [index_2 .16)[3j <:: PP _2_Err_0; 
HTPV (index_2 .16)[3J <:= PP _2_HTPV; end 

29,30,31,32: begin 
Err [index_2 -24][4J <:: PP _2_Err_O; 
HTPV (index_2 -24][4J <:; PP _2_HTPV: end 

endcase 

case (index_3) 
17,18,19,20: begin 

Err [index_3 -16)[3}<= PP _3_Err_O; 
HTPV [index_3 -16][3) <= PP _3_HTPV; end 

27,28: begin Err [index_3 -24J[4J <= PP _3_Err_O; 
HTPV [index_3 -24](4J <= PP _3_HTPV; end 

35,36,37,38,39, 40: begin 
Err [index_3 -32][5J <:= PP _3_Err_O: 
HTPV [index_3 -32)[5) <:: PP _3_HTPV; end 

endcase 

case (index_4) 
25, 26: begin 

Err (index_ 4 - 24)[4) <= PP _ 4_Err_0: 
HTPV [index_ 4 -24][4] <= pp _ 4_HTPV; end 

33, 34: begin 
Err [index_ 4 -32)[5] <:= PP _ 4_Err_O; 
HTPV l index_ 4 -32){5) <: PP _ 4_HTPV;end 

41,42,43,44,45, 46,47,48: begin 
Err [index_ 4 -40][6] <:= PP _ 4_Err_O; 
HTPV [index_ 4 -40][6J <: pp _ 4_HTPV; end 

endcase 
end If Image_Conversion 

endmodule 

module t_lmage_Converter_Concurrenl_Processor(); 
parameter pill.eL size = 8, N_co l = 8, M_row = 6; 
wire Done; 
reg 11: pixeLsize-N_col'M_rowJ pixel bits; 
reg Go, elk, reset; 
wire [1: N_coloM_row) HTPV_bils; 
wire [1: N_colJ HTPV_Row_' HTPV_bits[1: 8); 
wire [1 : N_coIJ HTPV_Row_2 HTPV bits[9: 16]: 
wire (1: N_col] HTPV_Row_3 HTPV=bits[17: 24]: 
wire [1: N_coIJ HTPV_Row_4 HTPV_bits[25: 32]: 
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wire (1 : N_COIJ HTPV_Row_5 '" HTPV_bits{33: 40): 
wire [1: N_coIJ HTPV_Row_6 '" HTPV_bils!41 : 48): 

II lnslantiate image converter 

54' 

Image_Converter_Coneurrent_Proeessors M1 (HTPV_bits, Done, pi)(eL blts, Go, 
elk, reset); 
Inllia l begin #1200 $flnlsh ; end 
initial begin elk'" 0: forever #5 elk '" -elk; end 
in it ial for1l. #10 reset '" 1; #30 reset'" 0; join 
initial fo rk 

#50 Go " 1: #60 Go = 0: 
#250 Go" 1: #260 Go '" 0; 
#450 Go '" 1; #460 Go '" 0 ; 
#650 Go '" 1; #660 Go = 0 ; 
#850 Go" 1; #860 Go = 0 ; 

join 
Inltla' fork begin : Image_Pattern_1 

pi)(eLblts '" { 8'hff, 8'hff, 8'hff, 8'hff, 8'hOO, 8'hOO, 8'hoo, 8'hOO, 
8'hff, 8'hft, 8'hff, 8'hff, 8'hOO, 8'hOO, 8'hOO, 8'hOO, 
8'hft, 8'hft, 8'hff, 8'hff, 8'hOO, 8'hOO, 8'hOO, 8'hOO, 
8'hOO, 8'hOO, 8'hOO, 8'hOO, a'hft, 8'hff, 8'hff, 8'hft, 
8'hOO, 8'hoo, 8'hoo, 8'hOO, 8'hff, 8'hft, 8'hff, 8'hft, 
8'hOO, 8'hOO, 8'hOO, 8'hOO, 8'hft, 8'hft, 8'hft, 8'hft): 

end 
#200 begin : Image_Pattem_2 

pi)(el bits" { 8'hOO, 8'hOO, S'hOO, 8'hOO, 8'hff, 8llff, S'hff, S'hff, 
- 8'hOO, 8'hOO, 8'hOO, 8'hOO, S'hft, 8'hft, 8'hff, 8'hft, 

8'hOO, 8'hOO, 8'hOO, 8'hOO, 8'hft, 8'hft, 811ft, 8'hft, 
S'hft, 8'hft, 811ff, 8'hft, 8'hOO, 81100, 8'hOO, B'hOD, 
S'hft, B'hff, 8'hft, 8'hft, B'hOO, 81100, B'hOO, B'hOO, 
B'hft, B'hff, 8'hff, 8'hft, B'hOO, B'hOO, B'hOO, B'hOO}: 

end 
#400 begin : Image_Pattern_3_Cross 

pi)(eL bits '"' ( 8'hOO, 8'hOO, B'hft, 8'hff, 8'hft, B'hft, 8'hOO, 8'hO, 
. 8'h00, 8'hOO, 8'hff, 8llff, 8'hff, 8'hft, 8'hoo, 8'hOO, 

811ft, 8'hft, 8'hft, 8'hft, 8'hft, 8'hft, 8'hff, 8'hff, 
8'hff, 8'hft, B'htf, 8'hff, 8'hff, 8'hff, 8'hff, 8'hft, 
8'hoo, 8'hOO, 8'hff, 8'hft, 8'hff, 8'hff, 8'hOO, 8'hO, 
8'hOO, 8'hOO, 8'hff, 8'hff, 8'hff, 8llff, 8'hOO, 8'hO); 

ond 
#600 begin : Image_Pattem_ 4_ Bar_Cross 

pi)(eLblts " { 8'hft, 8'hft, 8'hOO, 8'hoo, 8'hOO, 8'hOO, 8'hft, 8'hft, 
8'hft, 8'hft, 8'hoo, 8'hOO, 8'hOO, 8'hOO, 8'hft, 8'hft, 
8'hOO, 8'hOO, 8'hOO, 8'hOO, 8'hOO, 8'hOO, 8'hOO, 8'hOO, 
8'hOO, 8'hOO, 8'hOO, 8'hOO, 8'hOO, 8'hOO, 8'hOO, 8'h00, 
8'hff, 8'hff, 8'hOO, 8'hOO, 8'hOO, 8lloo, 8'hft, 8'hff, 
8'hft, 8'hft, 8'hOO, 8'hOO, 8'hoo, 8'hOO, 8'hft, 8'hft}; 

ond 
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#800 begin: Image_ Pattem_5_Graduated_LefUo_Righl 
pixel_bits = { 8'h1f, 8'h3f, 8'hSf, a'hBt, S'h9f, 8'hbf, S'hctf, S'hff, 

8'h1f, 6'h3f, 8'hSf, a'hBf, S'h9f, S'hbf, 8'hdf, 8'hff, 
S'h1f, 8'h3f, 8'hSf, S'haf, 8'h9f, 8'hbf, 8'hdf, S'hff, 
S'hH, 8'h3f, 8'hSf, S'hBf, 8'h9t, 8'hbf, 8'hdf, S'hff, 
8'h1f, 8'h3f, S'h5f, S'haf, 8'h9f, 8'hbf, 8'hdf, S'hff, 
8'hH, 8'h3f, S'h5f, a'haf, 8'h9f, 6'hbf, 8'hdf, S'hff); 

end 
join 

endmodule 
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indtx_2[5:0] 
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FIGURE 9-15 Simulation results for lmalft!_Ct>nv~rl~r_CQncurrm,-prQC~ssors 
operating On the graduated test image given in Figure 9-7 ,showing the 

schedulingoffourconcurrentlycxeculingprocessors. 
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9.2.4 Halftone Pixel Image Converter: Design Tradeoffs 

Key trade-oces between the alternative designs of the halftone image converter are 
summariled in Table 9-2. A more accurate comparison would require synthesis of each 
implementation. This task is left as an exercise for the reader. 

9.2.5 Architectures for DataOow Graphs with Feedback 

The dataflow graph of the pixel processor did not have feedback, so the baseline 
processor could be realized by feedback-free combinational logic. If the DFG for an 
algorithm has feedback, the machine will require memory and can be implemented 
only as a sequential machine. 

Example 9.1 

An NLP describing the so-called bubble-SOT! algorithm for sorting a set of N unsigned 
binary numbers and arranges them in ascending order [6] is given below, in pseudocode. 

begin 
for i=2 to N_key 
begin 

for j = N_key downto i do 
ifAIJ-1J > A.lJ1 then 
begin 

.od 

."" 

temp=AU-1J: 
Ajj-1 1=AU!: 
AUJ=temp 

TABLE 9-2 A comp.u i$On of ;atle malive hlllflone pixcl image con¥erlers. 

V"I!I6oQ FUUdll:;Qatloa 

Inw8t1_Contlerltlr BtluliM1 48 
I mtl8t_COttWrur_OZ 

Imll8t1 CCHtwrltlr P NA-

ItM8t1_ConwrltIT...5R' 

fmll8t1_CCHtlltlrttIT..:2' 

INLP_bascd Structure o f PUs. 
2NLP·bascd level-sensilive cyclic behavior. 
)NLP-based single cy<:le synchronous. 
' NLP-bascd muhicycle synchronous. 
~ASMD-basedconcurTenl proccSSOrs. 
ONo l synlhoe.sizablc. 
··Streaming imaces. 

8 

MemoryUtlllutkm 

None (combinalional ) 

None (combina tional) 

6 + 2 x 48 x 8 .. 
6 + 2 x 48 x 8byt« 

6 + 2 )( 48 X 8 byte& 

_.n-
T_ · ... 

48 x TFU 
48 X Tr 

48 x T 
18)( TFU(l2 x T, u)o. 
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The DFG of a FU for the machine is shown in Figure 9-16(a). We have included 
additional structure to represent the memory cells that are associated with the data 
that are manipulated by the algorithm. The FU compares two adjacent numbers stored 
in memory and determines whether to swap the contents of the storage registers that 
hold the numbers. The DFG has feedback, because the contents of a memory cell can 
be written back to the cell. The presence of feedback in the DFG implies the need for 
data storage so that contending operations can be separated by the clock. If the loops 
of the NLP program are unrolled, we get the temporal DFG shown in Figure 9-16(b). 
Each iteration of the nested loops of the algorithm must occur in a separate clock cycle 
in order for data to be fetched, transformed, and written back to memory by concur­
rent operations on registers. The shaded nodes and memory cells in Figure 9-l6(b) 
indicate the datapaths that are exercised during a given time step as the machine 
executes the algorithm. 

The structure of the DFG for the bubble-sort algorithm suggests that a baseline 
implementation of the machine consists of a single FlJ that executes repeatedly with 
different data, until the algorithm expires. The ASMD chart for a machine that imple­
ments the baseline architecture is shown in Figure 9-17. The machine has a bank of 

(b) 

nGURE9-16 Bubble sor~ machine : (a) baseline functional unit,and 
(b) a temporal DFG for the machine 
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j<=N Rt:lldyEII Ld elk rsl 

AN 

Slllwssigll/Jlsp"dCOffditiOl1.r 

gl AU-l]> AU] 
Ulr_N: i '5... N 
j...JJIf..}: i <. j 

j <"' j -l Cclllrol silj,,/J/sillld rt:risIU QlHrPlioffs 

load: A[!J<= Ill . . . 
u f_i' ; <. .. 2 

Ufj j<_ N 

drcr.J; j<=j - l 
A(j )<= A[j- l lA[j-l ) <= A[/l 

FIG VRE 9·1 7 The ASMD chart and block diagram o f I machine that e xecutes the bubble 'SOft 
algorithm. 
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N registers holding the words of data, plus two counters, which index the inner and 
outer loops of the NLP. 

The Veri log model of the bubble sort machine is listed below. For cla rity, the 
interface signa ls between the controller and the datapath a re shown below the block 
diagram. The simulation results in Figure 9· 18 illustrate the execution of the algori thm 
with a testbcnch that loads two sets o f data (see Problem 9-4). 

module Bubble_Sort # ( paramater N '" 8. word_size'" 4)( 
output [word_size -1 : 0] A1, A2, A3, A4, AS, A6, A7, A8, 
output Ready, 
input (word_size -1 : OJ A1 J n, A2_in, A3_in, A4_ in, A5_in, A6_in, A7_in, 

ABJn, 
input En, ld, elk, rst 

): 



5SO AdVJInced Digital Design with the VeriiOR HDL 

ControLUnit MO_ Controlier ( 
Ready, load, seU, incU, seU, decrj, swap, En, Ld, gt, Ute_No Lgte_i. elk, rst): 

Datapath_Unit M1_Datapath ( 
A1, A2, A3, A4, AS, A6, A7, AB, gl, Ute_N,LgteJ 
A1_in, A2Jn, A3Jn, A4_in, AS_in, A6_in, A7 _in, AS_ in, 
load, seU, IncrJ. set.j, deCfJ. swap, elk, rsl 

); 
endmodute 

module Control_Unit (output Ready, output reg load, seU, incU, seU. 
decr...j, swap, 

input En, ld, gt, Ute_N, Lgle_ i, elk, rsl); 

parameter 
~g 

assign 

SJdle = 0, S_sort = 1; 
stale, next state; 
Ready:: (stale:: SJdle); 

always@(po.edgeelk) if (rsl) state <:: S_idle; else slale <= next_slate; 

always@(state. En, Ld, 91, Ule_N, i--9te_i) begin 
next_stale:: S_idle; load:: 0; decrj '" 0; incrJ = 0; seU = 0: seU = 0; swap = 0; 
cas. (stala) 

S_idle: if (Ld) begin next_state = SJ dle; load = 1; end 
el.elf (En) begin 

next_state = S_sort; if (gt) begin swap'" 1; decr.J '" 1; end 
end el.e next_state = S_idle; 

8_5011.: If (jJlteJ) begin nexCstate = S_sort: decrj = 1: if (gl) swap = 1; 
.,d 

.ndeas • 

els. If (Ute_N) begin next_stale = S_sort; seU = 1; incU '" 1; end 
else begin next_stale = S_idle; seU = 1; seU = 1; end 

• ,d 
endmodule 

module Oatapalh_Unit # (parameter word_size = 4, N = 8) ( 
output [word_size -1: O)Al, A2, A3 , A4, A5, AS, A7, AS, 
output gt, Ute_N, Lgte_i, 

); 

Input [word_size -1: 0) AI_in, A2_in. A3_in. A4_in. A5_in, AS_in. A7 _in. ABJn. 
Input load. seU, incU. seU, decrJ. swap, clk. rst 

reg (word_size - l : 0) A(I:N):lfArrayofwords 
reg (word_size-l : 0) i,j; 
assign At = A[I), A2 = A[2), A3 = A[3], A4 = A[4); 
assign A5 = A[5). A6 = A[6). A7 = A[7] , AS = AI8]; 

assign gl = (AU-l1 > A[j)); 
assign Ule_N:: (I <:: N); 
assign LgteJ = (I <:: j); 

If compares words 

always @ (posedge elk) If Datapath and status registers 
if (rst) begin i <: 0; j <= 0; 
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A(1) <= 0; A(2) <:E 0; A13] <= 0; A[4] <= 0: 
A(5) <= 0; A(6) <II: 0: A[7J <= 0; A(8) <= 0; end 

el.e begin 
If (load) begin i <: 2: J <= N; 
All ] <= A1_1n: A[2] <= A2Jn; A(3) <z: A3_'n; A[4] <: A4_in: 
A[5] <= A5Jn; A[6] <- A6_in; A[7J <= A7 In; A18] <: A8_ln: 

ond 
If (swap) begin Ali] <: A[j-1]: A(j-1) <= A(j); end 
If (decr.J)] <-J-1; 
If (Incr_i) i < .. 1+1; 
If (seU)j<:N; 
If (seU) I <= 2: 

ond 
endmodule 

module CBubble_Sort 0; 
paremeter word_size : 4; 
wire (word_size -1 : 0] A1. A2, A3, AA, AS, A6, A7, AS: 
wire Ready; 
reg En, ld, elk. rst; 

,,. 

reg (word_size -1: 0] 
per.meter 

A1 _ 'n. A2_in, AJ_in, A4_in, AS_'n, A6_in, A7 _in. AS_'n; 
a1 = 8, 82: 1, a3 = 8 , a4: 1, as = 8, a6 " 1, a7:: 8, 
a8=8: 

): 

a21 =8, a22= 7,a23 = 6. 824 :5, a25:6, a26 = 3, 
a27=2, a28= 1; 

Bubble_Sort MO(A1 , A2, A3, M, AS, A6, A7, AS, Ready, 
A1_in, A2_in, A3_in. M _ln, AS_in, A6_in, A7 I n. A8_in, 
En, ld, elk, rst 

initiel #1000 $finlsh; 
Inltiel begin elk = 0; forever #5 elk = -elk; end 
initl.'fork 

rsl : 1; 
#20 rsl = 0; #450 rsl = 1; #470 rsl :: 0; 

#30 ld = 1: #40 ld: 0; #500 ld '" 1; #510 Ld '" 0; 
#10 En;; 1; #20 En: 0; #60 En " 1; #70 En - 0; #500 En = 1; #520 En: 0; 

#30 begin A1_in = a1 ; A2_in = a2; AJ_in = a3; A4_in · a4; 
AS_in = as; A6_in;: a6; A7 _in "" a7; A8_in :::: a8; 

ond 
#500 begin A1_in:= a21 ; A2_in = a22; AJ_in '" 823; A4_in = a24; 

AS_in;; a2S: AS_in: a26; A7 _in '" a27; ASJ n '" a28; 
ond 

join 
endmodule 

End of Example 9. 1 
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FlGURE 9-18 Simulation results fo~ Bubble5ort, a machine thaI uccutes 
a bubble-$Ort algorithm, with an initia t SOTt of (8.7,6.S. 4,3.2. I). 

Example 9.2 

The machine BubblcSort in Example 9.1 has an inpul port for each word that is to be 
sorted. This scheme has two major disadvantages: the port structure is not portable to 
other implementations-the model must be edited to accommodate more or less ports, 
and the wide datapath required to support the machine might not be practical in a 
given application. Figure 9-19 shows an ASMD chart for BubblcSorcAlternative, a 
machine having (1 ) a parameterized word size and (2) an input datapath that is one 
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A(1] < .. 0 
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FIGURE 9-19 ASMD cohart for Bubbl~Jort..fill~mlJl;vt. 
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word wide (see Problem 9-5). As an alternative form of an ASMD chart, a table is 
added to the chart identifying the register operations associated with control signals, 
without including the signals in output boxes on the chart. An external agent must 
manage the data bus and assert a signal, Load, to cause the machine to store the con­
tents of the input data bus into a circular buffer of parameterized size until Load is de­
asserted (wrap-around and overwrite are possible). With Load de-asserted, assertion 
of a signal, Sort, will cause the machine to initiate sorting of the contents of the circular 
buffer using the bubble sort algorithm. After sorting is complete, the agent's assertion 
of Send for one cycle of the clock will cause the machine to successively place each 
word of the sorted contents on an output databus, in descending sequence, for one 
cycle. An output signal, Sending, is to be asserted by the machine while the words are 
present on the bus. The bus is to be a three-state bus. After the last word of the 
sequence occupies the bus for one cycle, the machine is to return to the reset state. The 
machine is to have synchronous reset. 

End of Example 9.2 

9.3 Digital Filters and Signal Processors 

Digital signal processors (DSPs) are the "brains" of cellular phones, personal digital 
assistants. still-image cameras, video cameras, video recorders, and myriad portable 
web-based interactive devices, where they provide superior performance. at lower cost 
and lower power, as compared with analog circuits. In this section, we will consider the 
use of Veri log to model FUs that encode, transmit, and transform digital representa­
tions of signals. 

DSPs can be categorized according to the sampling frequencies that are 
required by the spectral content of the signals in an application. Shannon's sampling 
theorem states that a bandlimited signal 16 can be recovered from its time-domain 
samples if it is sampled at a frequency. Is, that is greater than twice the highest 
frequency in the signal's spectrum. A waveform recovered from samples that were 
obtained by sampling a signal below its Shannon frequency is called an alias of the 
signal, because the waveform cannot be distinguished from other signals sampled at 
the same rate. The sample period, in practice, determines the maximum time available 
for a processor to operate on a sample of data before the next sample arrives. DSPs, 
therefore, can be classified according to the portion of the frequency domain in which 
they are intended to operate, as shown in Table 9-3 [7]. The sampling frequency 
(1) determines the spectral domain over which a signal can be recovered without 
aliasing effects and (2) determines the time interval available to perform operations 
on the data. Whether the processor is executing instructions stored in memory or 

t"'1be spectrum of a bandlimited signal is 0 everywhere but within a finite range of frequencies. 
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implementing an algorithm in hardware, the sample period constrains the design. 
A second important constraint arises from the digital nature of the signals that are 
being processed. 

A digital signal is represented by a binary word with a finite word length in the 
machine. Consequently, the infonnation that is processed is subject to truncation , 
roundoff, overflow, and underflow errors during processing. For a given dynamic range 
of a signal, the word length of its digital format determines the resolution (precision) of 
its values. Thus, performance, precision, and functionality characterize a DSP. 

DSPs can be implemented in hardware or software or a combination of both. 
A software-based approach executes a DSP algorithm on a general-purpose processor. 
The focus of the design effort is on the software that programs the processor for the 
tasks supporting an application:Various software tools are available to optimize the 
program for the machineY A second approach is to implement a nsp algorithm with 
a special-purpose, hardwired, high-performance, customized processor whose architec­
lUre has been designed specifically to accomplish a variety of signal-processing tasks 
efficiently. The task of optimizing the design is performed by the synthesize tools that 
create an architecture and synthesize the logic implementing the processor. 

A dedicated signal processor can be implemented as an ASIC chip to achieve the 
most efficient design and the highest performance, but at high unit cost and reduced 
flexibility. FPGAs provide yet another approach - they can be configured to imple­
ment any DSP algorithm, but their performance and density may lag behind that of a 
special-purpose nsp or an ASrc chip. FPGAs.however, afford the benefits of flexibility, 
reduced NRE (nonrecurring engineering) costs. rapid protoryping, early market entry 
and reduced risk. 

Signal processors art characterized by high tbroughput and multiple concurrent 
operations. nsps are typically dataflow intensive and have relatively small control 
units. DSPs have multiple arithmetic and logic unit (ALU)-like FUs, with high-speed 
support for the operations of multiplication and addition, multiple address and data 
busses supporting concurrent operations, and multiport registers and random-access 
memories (RAMs). Dedicated DSPs are dominated by their datapaths; their control 
units are much simpler than those of general-purpose proceSSors. 

nsps operate synchronously on fixed-word-length samples of data that arrive 
at regular intervals of time. The instruction sets of a OSP typically includes two 

llSee TeJtas Inslntmenl 'S Code C~r SIUd.iO. 
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fundamental arithmetic operations: multiplication and addition , commonly referred 
to as multiply and accumulate (MAC). MAC FUs must be implemented efficiently 
and must give high performance. 

A DSP unit is constrained by the physical technology in which it is implemented, 
which fundamentally limits the speed al which its operations can execute and also 
determines the physical area required to implement devices in hardware. A DSP may 
be constrained by the number of channels of data, the rate at which data are exchanged 
with the machine 's environment, and the size of the input and output words. External 
channels with a high data rate are multiplexed within the DSP to reduce the internal 
data rates to levels compatible with the processor's performance. 

The data that drive a DSP unit may originate as an analog signal , which is 
sampled to form a discrete-time signal (i.e., an indexed sequence of numbers). Then 
the discrete-time signal is converted to a binary fixed-word representation forming a 
digital signal (an indexed sequence of numbers with a finite word length). The analog 
signal itself might have been corrupted by noise, leading to the need for filtering of 
the received signal. Such filters are commonly implemented within an ASIC or 
within an FPGA. 

Digital filters transform digital rep':"esentations of analog signals to remove noise 
and other unwanted signal components and to shape the spectral characteristics of the 
resulting signal. Digital filters operate on a finite-precision digital representation of a 
signal. Consequently, their design must consider finite word length effects that result 
from the representation of the signal samples, the weighting coefficients of the filter, 
and the arithmetic operations performed by the filter. 

The operations of a nsp unit can be distributed spatially (i.e., over multiple hard­
ware units) or temporally (using a single processor), depending on whether the unit 
executes its operations concurrently, in a single cycle of the clock. or sequentially, over 
multiple cycles. In the former case, in which the unit operates on the entire word of 
data, the hardware resources must complete the operation within the period of the 
clock. In the latter case, the machine operates on part of the data word in each clock 
cycle, so that the capacity and performance of the individual operational units can be 
relaxed. Distributing operations over the temporal axis allows the machine to operate 
with higher throughput, but at the expense of a latency between the arrival of data and 
the availability of the results. Latency can be tolerated in many applications, such as in 
digital communications. 

Digital filters operate in the time-sequence domain, accepting a sequence of 
discrete, finite-length words to produce an output sequence of words. The sequence 
of inputs, x[n] , may be the output of an analog-to-digital converter, or the output of 
some other FU. 'TWo common architectures for linear digital filters are represented 
by the block diagrams in Figure 9-20. A finite-duration impulse response (FIR) filter 
(Figure 9-20(a» forms its outputs as a weighted sum of its inputs; an infinite-duration 
impulse response (IIR) filter (Figure 9-20(b» forms its output from a weighted sum 
of its inputs and past values of its output [7- 11]. Consequently, the block diagram 
symbol of an llR filter is shown with feedback from the output to the input. Both 
types of filters have internal registers to hold samples of the inputs, but the IIR filter 
has additional memory for samples of the output. 
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FIGURE 9-20 Digita l filtcl'$: (II) finite impulse response filter, and (b) infinite impulse response filtcr. 

Digital filters are usually designed to have two important characteristics: causality 
and linear phase. A fi lte r is causal if its impulse response is 0 before the impulse is 
applied. FIR filters are widely used in practical applications because they can be 
designed to have a linear phase characteristic,18 which ensures that the fil ter's output 
signal is a time-shifted (delayed), but undistorted copy of its input signal [1 2J.19 On the 
other hand, an IIR filter having a linear phase characteristic cannot be causal. Non­
causal filters cannot be realized in hardware, but they can be implemented in software 
and have practical utility in offline interpolation of data. Another distinction between 
the two types of filters is that FIR filters cannot accumulate roundoff error; IlR filters 
can accumulate roundoff error as the output is successively passed through the filter. 

9.3.1 Fmite-Duration Impulse Response Filter 
A FIR digital fil ler forms its output as a weighted sum of present and past samples of its 
input, as described by the feed-forward difference equalion written below. FIR fil ters are 
called moving average fill ers because their output at any time index depends on a win­
dow containing only the mOSI recent M samples of the input, as shown in Figure 9-21. 
Because its response depends on only a finite record of inputs, a FIR fLiler will have a 
finit e-length, nonzero response to a discrete-time impulse (i.e., Ihe response of an Mth 
order FIR filter 10 an impulse will be 0 after M clock cycles). 

M 

)'FIR In] .= L bkxln - k] 
"0 

flGURE 9-21 Sample wind<.>w fOT a FIR moving average fil te r. 

' '''The phase characten$ti<: is required to be linear in tbe passband of lhe: filter's frequency respon:ole. 
' '''rCl:hniques exist for designing a FIR fil ter 10 have symmelric coefficients.. whi<:h guarantees thai the phase 
charactenstk oftbe fil ter is linear. 
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FIGURE 9·22 Functional block diagram for an Mlh-ordcr FIR digital filler 

A FIR filter can be described by the z-domain functional block diagram20 shown 
in Figure 9-22, where (in synchronous operation) each box labeled with Z-1 denotes a 
register cell having a delay of one clock cycle. The diagram represents the datapaths 
and operations that must be performed by the filter. Each stage of the filter holds a 
delayed sample of the input, and the connection at the input and the connections at the 
outputs of the stages arc referred to as taps, and the set of coefficients {btl 8rc called 
the tap coefficients of the filter. An Mtb order FIR win have M + 1 taps. The samples 
of data flow through the shift register, and at each clock edge (i.e., time index), n, the 
samples are weighted (multiplied) by the tap coefficients and added together to form 
the output,YF'IR[n]. The adders and multipliers of the filter must be fast enough to fonn 
y[n] before the next dock, and at each stage, they must be sized to accommodate the 
width of their datapaths, In applications in which numerical accuracy is a driving 
consideration, lattice architectures may reduce the effects of finite word length, but at 
the expense of increased computational cost [121. 

In most applications, the goal of the implementation is to do the filtering as 
fast as possible to achieve the highest sampling frequency [7] . The longest signal 
path through the combinational logic includes M stages of addition and one stage of 
multiplication. 

The architecture of a FIR must specify a finite word length for each of the machine's 
arithmetic units, and manage the flow of data during operation. The architecture shown in 
Figure 9-23 consists of a shift register, multipliers, and adders implementing an Mth-order 
FIR. The datapaths must be wide enough to accommodate the output of the multipliers 
and adders. The samples are encoded as finite-length words and then shifted in parallel 
through a series of M registers. A cascaded chain of MACs form the machine. 

9.3.2 Digital Filter Design Pro£ess 

A process for designing an ASIC- or FPGA-based digital filter has the main steps shown in 
Figure 9-24. A design begins with development of performance specifications for cutoff 

Wsee Steams and David [12] for other architectures and a discuuion of their merils. 
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frequency, transition band limits, in-band ripple, minimum stop band attenuation, etc. The 
filter is described by a C-language specification/algorithm, which must be converted into a 
Verilog RTL model that can be synthesized into hardware that implements the algorithm. 
The design flow is not ideal, because the algorithm's description in C must be translated 
into Verilog, at the risk of introducing errors. In C, the variables can be represented as 
floating-point numbers, but in Veri1og, the parameters and other data values are expressed 
in a fixed-point, finite-word-length format. New tools are under development by EDA ven­
dors to sUPIXlrt design flows that create an executable and directly synthe.<;izable specifica­
tion,omitting intermediate translations to an HDL 21 Various architectures implement FIR 
and IIR filters [7,9,10,12]. For a given architecture, tools such as MATLAB (7,13,14] can be 
used to detennine the filter coefficients that implement a filter that satisfies the specifica­
tions of the design. Digital filters operate on finite-word-length representations of physical 
(analog) values. The finite word length of the data limits the resolution and the dynamic 
range that can be represented by the filter, leading to quantization errors. Similarly, the 
representations of the numerica1 coefficients of the filter have a finite word length, which 
contributes to additional quantization and truncation error. When data are represented by 

2ISee www.synopsy&.com 
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FIGURE 9-14 Design flow for digital fillers. 

integers, there is an error caused by truncation of the fractional part produced by an arith­
metic operation. The ari thmetic operations that are performed by the filter can lead to 
overflow and underflow errors, which must be detected by the machine. 

Example 9.3 

An eighth-order Gaussian, lowpass FIR filter is modeled by FlR_Gaussian_Lowpass on 
page 561. The design is fully syncbronous, with active-high synchronous reset. The filter's 
tap coefficients are implemented as unsigned 8-bit words (for unsigned integer math), 
chosen to be even-symmetric to guarantee that the phase characteristic will be linear. 

Various algorithms and tools exist for designing lowpass filters to meet specifica­
tions on their passband cutoff frequency, stopband frequency, passband gain, stopband 
attenuation, and sampling rate [7,15]. The coefficients in FIR_Gaussian_Lowpass were 
chosen to give the impuJse response of the filter an approximately Gaussian shape. This 
choice simplifies the design because the coefficients are positive and can be scaled to be 
represented by unsigned binary values. 22 Their magnitudes are detennined by a Gaussian 
distribution over a range (0-9), with an arbitrarily chosen standard deviation of 2. The 
fractions obtained from the distribution were scaled in proportion to their size relative to 
the sum of the weights, and then multiplied by 255, the maximum value for an 8-bit word. 
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The impulse response of a FIR filter is a sample sequence whose values are the 

filter's tap coefficients. These can be seen in the waveform for Data_out in FIgure 9-25. 
Because Data_in is switching at the falling edge of the clock and is sampled at the ris-

~~~~~Z§eN~~: ;~~e~;~~~a~of~r::dv~i: =~d~~~~~t~:~~: ::c~~~:~ a:d:~~! ~~: 
value of Data_out immediately after the first rising edge of clock reflects the value of 
Data_in and the first stored sample of Data_in (Le., the output is not valid). Also note 
that the output has a finite duration (equal to the eight sample periods). 

1/ Eighth-order, Gaussian Lowpass FIR 

module FIR_Gaussian_Lowpass # (parameter 
order = S, 
word_size_in = S, 
wOrd_size_out = 2*wof(CsiZe_in + 2, 
bO = S'd7, II Filter coefficients 
b1 = S'd17, 

); 

b2= S'd32, 
b3 = S'd46, 
b4 = S'd52, 
b5 = S'd46, 
b6 '" S'd32, 
b7= S'd17, 
bS= S'd7)( 
output {word_siZe_out -1: 0] Data_out, 
input [word_size_in-1 : 0] Data in, 
input clock-.- reset 

reg [word_slze_in-l: 0) Samples{1: order]; 
integer k; 
a •• ign Data_out = bO * DataJn + b1 * Samples[l] + b2 * Samples(2) 

+ b3 * Samplesl3] + b4 • Samplesl4] 
+ b5 • Samples[5] + b6 • Samplesl6] 
+ b7' Semples[7] + bS • SamplesIS]: 

alway. @ (pondge clock) 
if (reset == 1) begin for (k = 1; k <= order; k = k+1) Samples{k] <= 0: end 
el.e begin 

Samples (1) <= Data_in; 
for (k '" 2; k <'" order; k '" k+1) Samples{k] <= Samples[k-1]; 

end 
endmodule 

End of Example 9.3 

210ther schemes lead to signed fractions, which can be represented in a 2s complement O-format (see 
Kehtamavaz, note 4) 
2ln!e displayed values reflect the sc.alingthal was done in fonning Ihe lap coefficien IS. 
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35 
Name 

UnitimpuJ~ 

,\ 
:,::~ 

I \ )nvalidoutput 

Dm"_in('7,O] 00 1 00 

Somple 1[7:0 ] 

Sample 2[7:0] 

Samplt'_3\1:0 ] 

Sarnplt'_4 [7:0 J 

Samplt'_5[7:0 ] 

Samplt'_6[7:0] 

Sample 1[1:0 ] 

Samplt'_8/1:0 ] 

67 
N.~ 

Daucin[7:0] 

Dal,,_oul(17:0] 

Samplt'_I[7:0] 

Samplt'_2[1:0J 

Samplt'_3[7:0] 

Sample_4[7:0] 

Sample..5[7:0j 

Samplf_6[7:0] 

Samplt'_7[7:0J 

Samplt'_8[7:0J 

J2 46 

00 

Valid output .-:::--

00 

00 

(" 

" 46 

01 

00 

'hi 

00 

00 

00 

00 

J2 

01 

00 

127 

I7 

00 

00 

00 

01 

FIGURE 9-25 Impulse response of FIR_Gaus .• ian_l.nwpass, an eighth-Order Gaussian Lo"'pass 
FIR filter: (a) initi al nonzero samples of Data_oUI, showing invalid and valid data. and 

(b) final nonzero samples of Dalil_oul. 
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9.3.3 Infinite·Duration Impulse Response Filter 

Infini te-duration impulse response (IIR) filte rs are the most general class of linear 
digital filters. Their output at a given time step depends on their inputs and on pre­
viously computed outputs (i.e., they have memory) (10) . IIR filte rs are recursive, 
and FIR fi lters are nonrecursive.24 The output of a lJR filter is formed in the data· 
se quence domain as a weighted sum according to the Nth·order difference equation 
shown below: 

N M 

}'lIM In] = ** "' ky[n - k) + t~ btx[n - k] 

The filte r is recursive because the difference equation has feedback. Consequently, the 
filter's response to an impulse may have infinite duration (i.e., it does not become 0 in 
a finite time). 

An IlR filter is modeled in the z domain by its z·domain system function , or 
transfer function, which is a ratio of polynomials formed as 

The z-domain transforms of the input and output time sequences are related by 

Y(z) = H IIR(Z)X(z). 

The tap coefficients of the IIR filter fonn the sets. {OJ} and {bt}, commonly 
referred to as the feedback and feedforward coefficients. respectively. The parameter N 
is the order of the filter; it specifies the number of prior samples of the output that must 
be saved to form the current output; it also determines the latency of the output. The 
value of the parameter M specifies how many prior samples of the input will be used to 
fonn the output. The roots of the polynomials of flIIR(z) detennine the location of the 
filte r's poles and zeros in the z; domain and shape both the data sequence of the filter 's 
response to its input, and the freque ncy domain function tbat specifies how the filter 
responds to a periodic input [10,15]' 

Various architectures implement an IlR fil ter, and e"hibit different requirements 
for physical resources. and different sensitivities to numerical errors caused by finite 
word length for the data and the parameters. The structure shown in Figure 9·26 is 
known as a Type·l IlR, and consists of separate feedforward and feedback blocks 
implemented as a pair of shift registers-one to hold samples of the input , x(n], and 
another to hold samples of t.he output,y[n]. 

2' Nanrecursive (illen are stable (i.e.. their response does nat become unbounded); reeursive mIen may be 
unSlable,dependingon the filler'. coefflcienu. 
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. . w 
Feedback 

FIGURE 11-26 Functional block diagram for a lype-I,Nlh-order IIR filler_ 

Example 9.4 

The Verilog model llRJiftec8 can be used to implement eighth-order IIR fi lters, 
depending on the selection of tap coefficients.. 

module IIR_FUter_S # (parameter 
1/ Eighth-order, Generic IIR Filter 

order=S, 
word_size_in'" S, 
word_size_out = 2"word_size_in + 2, 
/I Feedforward filter coefficients 
bO=S'd7, b1 = 0, b2=0, b3=0. b4= 0, b5=0, b6=O, b7 =0, bS = 0, 
II Feedback fiiter coefficients 
81 = S'd46, a2 = S'd32, 83 = S'd17, a4 = S'dO, a5 = S'd17, a6 = S'd32, a7 "" S'd46, 
as = S'd52)( 

output 
Input 
input 

); 

[word_size_out -1: 0] 
[word_size_in-1 : 0] 

Data out, 
Data=in, 
clock, reset 
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, .. 
~. 

wi", 
wire 
Integer 

[word_size_in-1 : 0) 
[word_slze_ in-1 : 0] 
[word_size_out -1: 0] 
[word_sIze_out -1: 0] 

Samples_in [1 : order): 
Samples_out [1 : order): 
Data feedforward: 
oata:feedback; 

assign Data_ffHIdforward = 

ass ign Data_feedback = 

k' 

bO' Data in 
+ b1 • SamplesJn(1) 
+ b2 • SamplesJn[2] 
+ b3 • Samples In[3] 
+ b4 • Samples: in[4] 
+ bS • Samples_in[S) 
+ b6 • Samples_in(6) 
+ b7' Samples_in(7) 
+ b8 • Samples_in[81: 

a1 • Samples_oul [1 ) 
+ a2' Samples_out [2] 
+ 83' Samples_out [3] 
+ a4 • Samples_out [4] 
+ as' Samples_out [51 
+ a6' Samples_out [6J 
+ a7 • Samples_out [7l 
+ a8 • Samples_out [81: 

. sslgn Data_out = oata_feedforward + Data_feedback: 

alw ay . C (posedge clock) 
if (reset == 1) for (k '" 1: k <:= order; k = k+1) begin 
Samples_In [kJ <= 0; 
Samples_out (kJ <= 0: 

. "d 

. Is. begin 
Samples_ in (1 J <= DataJn; 
Samples_out [1J <= Data_out: 
for (k = 2: k <= order; k = k+1) begin 

Samples_in Jk] <= Samples_in [k-1 ): 
Samples_out [kJ <= Samples_out (k-1): 

."d 
."d 

endmodule 

End of Example 9.4 

Two alternative architectures for an Nth order rtR are shown in Figure 9-27. They 
a re known as Direct Form II (DF-II) and Transposed Direct Form II (TDF.tI) {tOJ. 
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. . . 
i J: 1 1: i 
~ 

Feedforward 

(b) 

FIGURE 9-27 Functional block diagrams for Nth-order IlR filters: (a) Direct Rlrm II (OF-II), 
and (b) Transposed Direct Form II (TOF-I1) 

9.4 Building Blocks for Signal Processors 

In Ihis section, we will consider models of basic operations of integration, differentiation, 
decimation, and interpolation, which arc common to datapath units of many digital 
processors. 25 

9.4.1 Integrators (Accumulators) 

Digital integrators are used in a popular type of analog-to-digital converter, called a 
sigma-delta modulator (7]. Digital integrators accumulate a running sum of sample 
values. 1\\'0 implementations are common: parallel and sequential. 

Example 9.5 

The model hllegraror_Par below describes an integrator for a parallel datapath. At 
each clock cycle, the machine adds data_in to the content of the register dara_our. The 
signal hold pauses the accumulation of samples until it is de-asserted. 

~e5C examples were motivated by the models presented in Chris Hagan's master's Ihesis [11]. 



AllOritbms and An:hitec:tures for Dipt .. Processors 

module Integrator_Par # (parameter wordJength = 8)( 
output reg !wOrtUeng1h-1: 0) data_out, 
Input !word_length-1: 01 data_in, 
Input hold, clock, reset 

i; 

always @ (posedge clock) begin 
if (reset) data_out <z: 0; 
el .. if (hold) data_out <= data_out; 
el. e data_out <= data_out + data_in: 

e od 
endmodule 

End of Example 9.5 

Example 9.6 

567 

The architecture of a byte-sequential integrator is shown in Figure 9-28, and a Veri log 
model of the machine, InregratorJeq, is given below. It is common for a processor to 
receive data via a narrower data path than the datapath within the processor. tn this 
example, the unit is to accumulate 32-bit words, but receives data sequentially, in 8-bit 
bytes. The signal hold pauses the accumulation of samples until it is de-asserted . This 

sum - dtJltJ_in 
+ Shf,-Rtg((wo,d..Je"glh ' (Iilltnq ) - 1:(lalency - I)'word_'e"8Ih ! 
+ ctJ,ry &: (-LSBJlag) 

daltJ_OUI =- Shft....Reg((ltJImC)'·wOI"d..Je"'th) - I : (wlmC)' - l) 'word..Jm,lhJ 

flGURE,.2I ArcbitccluU: of a byte-sequtnliai integrator. 
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ShfcReg 

Byl~_l + 8yle_5 By";..) + Byre_6 8yu...;3 + Bytt_7 Byte_4 + Bylt _8 

By tel + Byle_S Byte.,). + 8y/t_6+ 8y/e.3 + Bylt_7 Byte_4 + 8yft _8 
+ 8yrt_9 8y/t _l0 + By tell + BY1c12 

Bylt _l + 8yu,_5 + 8yfe..J-+ Bylt_6 + Byle.3 + 8}'/t_7+ Byte3 + Bylt_8 + 
Byle.!J+ 8}'ltE_13 8ytclO+ 8Yft_14 Byu_ll + Bylt _IS Bytt_12 + 8y/t_16 

nGURE 9-29 Accumulation of bytes in Shft Reg OveT 16 cycles of operation?'; 

architecture performs byte-wide addition, with the current data sample being added 
to the leftmost byte of the shift register ShfcReg, to form sum. At the next clock edge, 
the content of the shift registe r is shift ed toward its MSByte,27 and the previously 
fo rmed sum is loaded into the register's LSByte. These two actions occur concur­
rently, and the MSByte that the shift register held before the clock is pushed out of 
the register. The accumulation of bytes in Shfcreg is illustrated in Figure 9-29 for a 
scheme in which four successive bytes compose a word. The input signal LSB...Jlag 
controls the addition of a carry so that corresponding bytes are added correctly from 
word to word. 

Figure 9-29 demonstrates how successive bytes of data_in. are aligned within 32-bit 
words and accumulated in ShfcReg. The simulation results in Figure 9-30 are annotated 
to show how samples of data_in. are loaded into Shft_Reg, how the leftmost byte of 
Shft_Reg is added to data_in to fonn sum, and how sum is loaded into the rightmost 
byte of Shft_Reg. 

module Integrator_Seq (parameter word_length'" 8, latency = 4)( 
output [word_length -1 : 0] data_out; 
Input [word_length -1 : 0] data_in; 
input hold, l SB_flag, clock, reset 

); 
,eo 
'·0 
wire 

((word_length ' latency) -1: 0] 

[word_ length: 0] 

always @ (pcsedge clock) begin 
if (reset) begin 

Shft_Reg <'" 0; 
carry<= 0; 

eod 

!6For simplicity. the carrie ~ between bytes are not shown. 

carry: 
sum; 

17MSByte and LSByte will denote the most significant and least significant byte, rc~peclively. of a word 
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else If (hold) begin 
Shft_Reg <: Shft_Reg; 
carry <: carry; 

ond 
else begin 

,.. 

Shft_Reg <= (Shft_Reg[worcUength"(latency -1) -1: OJ. sum[worcUength-1: 0]); 
carry <= sum[wordJengthJ; 

ond 
ond 

assign sum = data_in + ShfCReg[(latency "word_length) -1: (latency -1)' 
word_length] + (carry & (-LSB_f1ag»; 

assign data_out = Shft_Reg[(latency' word_length) -1: (latency -1)" 
word_ length]; 

endmodule 

End of Example 9.6 

" N~ 
68 lOS 

lSBJ1llgf--------------- _____ -----j 
Sbift register holds 
fo ur bytes ofdalQ_in 

01 

tlGURE '·30 Simulation results for JntegralorJeq. a byte-sequential integrator 
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9.4.2 Differentiators 

A differenliator p rovides a measure of the sample-Io-sa mple change in a signal. A 
bytewide serial diffcrentialor is given below. The backward difference is implemented 
with a buffer and a subtraclor. 

module differentiator #(parameter word_size" 8)( 
output [word_size -1: 0] data_out, 
Input (word_size -1: OJ data in, 
Input hold:-
input 

): 
clock, reset 

reg (word_size -1: OJ buffer; 
••• tgn data_out" data_in - buffer; 
always @ (posedge dock) begin 

If (resel) buffer <: 0: 
else if (hold) buffer <: buffer: 
else buffer <: data_in: 

end 
endmodule 

9.4.3 Decimation and lnterpolation Filters 

Decimation and inte rpolation filters are used to achieve sample rate eonve~ion in digital 
signal processo~ [15], Decimation filte rs decrease the sample rate; interpolation filters 
increase the sample rate. Such conversions arc important, because Shannon's Sampling 
Theorem [10] states that a bandlimited signal that is sampled at a rate greater than twice 
its upper speclrailimit2ll can be recovered from its samples. Interpolation filters enable a 
signal to be oversampled, thereby reducing or eliminating the effeets of aliasing. If a signal 
is not sampled properly, it cannot be recovered with fidelity. Decimation is used to 
reduce the bandwidth of a signal that has been oversampled. Decimation achieves sample 
ratc reduction. 

Example 9.7 

The Verilog model Decimatof_1 describes the behavior of a parallel-in-parallel-out deci­
mato r, which samples its input at a rate deterttUned by clock unless hold is asserted [1 1]. 
Note that samples of datu_in in Figure 9-31 are dropped because clock is running at a 
rate that is slower than the rale at which duto_in had been sampled. 

module Decimator_1 # (parameter word_length" 8)( 
output reg [word_length-1 : 0 data_out, 
Input (wordJength-1: 0 data_In, 
Input hold, 
Input clock, 
input 

): 
reset 

/1 Ac1ive high 
/I Positive edge 
I/ Active high 

~e upper spectral limit or. balldiimiled signal determines the bandwidth or the signal. 
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alwaya @ (poaedge clock) 
If (reset) data_out <: 0; 
elae if (hold) data_out <: data_out; 
el •• data out <: data in; 

endmodule - -

End of Example 9.7 

Example 9.8 

The Verilog model DecimatorJ. samples a parallel input and produces a parallel output. 
but includes an option 10 fo rm a serial output by shifting the output word through the 
LSB while hold is assened. This action is apparent in the waveforms shown in Figure 9-32. 

module Decimatof_2 # (parameter word_length = 8)( 
output reg (wo«Uength-1: OJ data_out, 

); 

Input (word_ length-1: 0) data_ in, 
Input hold, 
Input clock, 
input reset 

always @ (poaedge clock) 
If (reset) data_out <= 0; 

elae if (hold) dais_out <: data_out» 1; 
. Iae data_out <::I data_in; 

endmodule 

End of Example 9.8 

'45 
Name "5 

If Active high 
II Positive edge 
11 Active high 

185 t 

dOC/c~=======L======J===== 
hold r----,'--__________ _____ _ 

flGURE '.Jl Simulation resul l5 (or D«imafOr _1. 
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RL_Sbift: 2816 » 1~~16 

353637 38 39 3 3b 3c 3d 

" 
FIGURE 9·32 Simulation resul ts for DecimalOr..2,showing that wilh hold asserted the register 

holdingdQta Out is shifted to the right at sUCI,;essive clock edges. 

Example 9.9 

The decimator shown in Figure 9-33(a) is designed to work in tandem with a 
sequential integrator [11]. The decimator's architecture consists of three registers, 
Shit_Reg, Inc Reg, and Decim_Reg. All three are sized to hold multiple bytes 
(samples), as determined by a parameter latency. Samples from data_in arc loaded 
sequen tially into the MSByte of ShfcReg, and shifted toward the LSByte on 
subsequent clocks (Figure 9-33(b)). When ShfcReg is full, two register transfers 
occur concurrently (Figure 9-33(c)): (1) the contents of ShfCReg arc loaded into an 
intermediate holding register, IncReg and (2) the LSByte of a new word is loaded 
into the MSByte of Shfc Reg. Subsequent transfers load ShfcReg until it is full . 
When Sh/cReg is full the word can be loaded into the intermediate register, 
Int_Reg. data_out, the output data word, is formed from the contents of Decim_Reg 
(Figure 9-33(d)). 

The Verilog model, Decimator _3, includes two edge-sensitive cyclic behaviors ­
one to describe the byte-buffering activity and the other to describe the func­
tionality of a decimator. The register transfers of decimator_3 are shown in 
Figure 9-33. If load is asserted (see Figure 9-33(a», two register operations occur 
concurrently: the current sample of data_in is loaded into the leftmost bits of 
Shft_Reg, and the contents of ShfCReg arc loaded into InCReg. The decimation 
register, Decim_Reg, holds its contents while hold is asserted; otherwise, it gets the 
contents of the intermediate register. The decimation action of the machine is a con­
sequence of the parameter latency (I.e., the difference in the rate at which bytes are 
sequenced at data_in and the rate at which words are formed at data_out. Register 
Decim_Reg can be connected directly to the input of a sequential integrator, such as 
Integrator_Seq. 

The simulation results shown in Figure 9-33(e) demonstrate that the action of 
reset flushes the registers and overrides the action of load and hold. The results in 
Figure 9-33(f) show the data word bbccddff16 being shifted into Sh/cReg in four 
consecutive clock cycles. At the next clock, with load asserted, the content of Sh/cReg 
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In/jt,g !L-___ _ --,---____ -' 

Decim_RegL-_________ -' 

---- ------- - - --------- -

(., 
FJGURE 9-33 Se'lucnlia l dccimalor. (a) o"crall archilccltlTc, (b) ooncurrent rcgutcr 1r8n5fe" 

of dwa_in 10 Sh!C Rtg and of Shfc Rtg \0 In/_Reg with load asscrtcd, (e) shifting contcnts 
and loading dota_;n into Sh!r.J{'g wi th /vo.d dc-asserted. (d) loading conlenlS from 

InCRtg to D«:inl_Rtg, with hold dc-asscrlcd,(c) I;mulation rCl uJt ~ shown 
action of TC$et, and (f) simulation rcsuils $llowing aCl;on of load and hold 

is dumped into Inc Reg and the LSByte of Sh/cReg gets aO I/!_ At the next clock, with 
hold de-asserted, the content o f IncReg is dumped into Decim_Reg. 

module Decimatoc3 # (parameter word_length :: 8, latency = 4)( 
output «word_lenglh~lalency) -, : 0] data_out, 

); 

input Iwo«Uength-1 : 0] data_in, 
input load, hold, 
input clock, 
Input reset 

reg l(wordJ ength'"'atency) -1 : 0) Shft_Reg; fI Shift reg 
reg «word_length'" latency) -1: 0] 
reg l(word_Iength~lalency) . , : 0] 

Int Reg; II Intermediate reg 
D~im_Reg; II Decimation reg 

always@ (po_dge clock) fI Decimation 
if (reset) begin 

Shft_Reg <= 0; 
Int_Reg <= 0; 

.nd 
el .. begin 

if (Uoad) begin 
Shtt_Reg <= (data_in, Shft_Reg{(word_length"latency) -1: word_length]); 

.nd 
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els. begin 
Shft_Reg[(word_length • latency) -1 : (wo«Uength"(latency-1»] <= data_in; 
Int_Reg <= Shft_Reg; 

.nd 
.nd 

always @ (po •• dge clock) /I Byte buffering 
If (reset) Oecim_Reg <'" 0; 
81 •• If (Ihold) Decim_Reg <: InCReg; 

allsign data_out = Oeciffi_Reg; 
endmodula 

1-

InCR~8 LI _________ _ 

(b) 

da/IlJ " 

Shft_R"~ 
Shft-",g~ ----

(,) 

Decirtc Reg LI _ _ _____ __ -----' 

(d) 

nGURE 9-33 Conlinued 
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End of Example 9. 9 
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9.5 Pipelined Architectures 

The shortest cycle time of the clock of a synchronous sequential machine is a measure 
of its performance, and it is boundcd by the propagation delay through the combina­
tional logic of the machine. The throughput of a synchronous machine is the rate al 
which data is supplied to and produced by the machine [3). Throughput is ultimately 
limited by the path with the largest propagation delay between (1) a primary input 
and a register, (2) a path between a pair of registers. (3) a path from a register to a 
primary output, or (4) a path from a primary input to a primary output. In each case, 
combinational logic limits the performance of the machine. 

Synlhesis engines transform a set of two-level, Boolean functions for combina­
tionallogic inlO a set of multilevel Boolean functions with shared logic. The circuit that 
results is free of redundant logic and exploits don't-care conditions to achieve a mini­
mal description whose input/output logic is equivalent to the original set of two-level 
equations. The logic that is produced by this process is minimal because its output func­
lions share common internal Boolean sub-expressions as much as possible, but it might 
not be as fast as an equivalent realization that has fewer levels of logic. In general, 
collapsing levels of logic will produce a faster circuit, but this is not always possible, 
because wide input gates are not practical. 

As an alternative approach to gaining performance, pipeline registers can be 
inserted into the combinational logic datapaths at stratcgic locations to partition the 
logic into groups with shorter paths [4,16]. The placement of the registers is determined 
by the feedforward cutsets (discussed below) of the DFG of the datapath to ensure 
that data remains coherent. Pipclining reduces the number of levels in the blocks of 
combinational logic, shortens the datapaths between storage elements. and increases 
the throughput of the circuit, by allowing the clock to run faster. 

Pipclining becomes increasingly important in high-speed, wide-word data trans­
mission and processing. For example, a block of combinational logic in Figure 9-34 is 
partitioned into two blocks and separated by a pipeline register to form an alternative 
circuit. Suppose the longest path through the original multilevel combinational logic has 
time-length Tmu, and a operating frequency of fmultilevel = In-mu ' If the partition 
creates two blocks of (multilevel) logic, each having a maximum time length of 112 T max, 

the pipelined circuit can operate at a frequency fpipdi ne = zrrmax = 2 fmulliJe.el.
29 

A word of caution: the partition of a datapath must maintain coherency of the data ­
a datapath traced from any primary input to any primary output must pas.~ through the 
same number of pipeline registers. In general, a cutset of a connected graph is a set of 
branches that, if removed from the graph, isolatcs a node of the graph. For our purposes, 
a pipeline cutset, or feedforward cutset, is a minimum set of edges Ihal, if removed from 
the graph, partitions it into two connected subgraphs such that there is no path between 
an input node and an output node. Cutsets are used to detennine alternative placements 
of pipeline registcrs. The simple DFG in Figure 9-35 illustrates two cutsets.one of which 
is a pipeline cutset. The edges through which the dashed arc passes specify a locus for 

2'>for simplicity, we are neglecting clock ske w and the flip-flop's timing oonsl raint&. 
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I'1GURE 1)-34 Partit ioning a block of multilevel combinational logic and insening a 
register creates a data pipeline. 

FIGURE 9-35 Cutse t·based placement or pipeline registers. 
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pipeline registers. The feed forward cutset ensures Ihat every palh between the input 
node and the output node passes through the same number ofpi pelinc registers. Remov­
ing any of the pipe line registers will destroy the coherency of the data.:lU 

Pipelining has a oosl.1l1e pipeline registers introduce additional area in the physical 
layout of an AS IC, and require additional TOuling of clock rcsources..31 This CQuld be an 
issue for an ASIC, but high-end FPGAs are register-rich, and they readily support 
pipelined architectures. Partitioning a circuit to create a pipeline must be done carefully. 
so that balance is achieved in the distribution of path lengths among the groups that arc 
created by the partitio n. In general. the delay of the slowest combinational logic stage 
determines the perfonnancc of the pipeLined circuit and the speed at which the circuit's 
common clock can run. 

Pipelining shortens lhe clock cycle and increases the throughput, but introduces 
input-output latency. Each stage o f a pipeLinc adds o ne cycle o f delay before the first out­
put of the circuit will be available. In a two-stage pipeline, the effect of a transition of the 
input signa] will no t appear at the output until after two clock cycles. The latency accumu­
lates through the pipeline. Latency effectively introduces a time shift between a circuit's 
input transitions and its o utput transitions (i.e., the outputs o f the combinational logic afte r 
time step N are due to the inputs that were applied at time step N - m, where m is the 
number of stages of pipe lining). Latency does not alter the function of the circuit. After the 
pipeline is full an o utput is fonned at every clock cycle, and its maximum throughput is 
Irr.1age , where T .. a!<' is the path length of the longest stage of the partitioned OFG. 

Pipelining trades spatial (hardware) compleltity fo r temporal complexity (per­
fonnance) by computing smaJler functions in less time. It dist ributes across mUltiple, 
sho rter clock cycles the breadth o f logic that would be required to implement the 
complete fun ction in o ne clock cycle. 

There arc three major benefits de rived from a pipel ine o f dedicated hardware: 
(1) dedicated hardware performs the same single task in every clock cycle, without 
requiring scheduling to coordinate its use among other tasks (17]. The operation begi ns 
with the arrival of data at every active edge of the clock , and ends in time to pass the 
results to the next stage o f the pipeline before the arrival of the neltt clock. (2) the logic 
to perfonn a single, dedicated task can be streamlined and optimized as a unit, to meet 
constraints on perfonnanee, area, and power, and (3) the da tapaths between adjacent 
stages of the pipeline a re short and direct, reducing the need for shared data buses, 
control and storage, and having re latively low interconnect capacitance, 

The design of a circuit with pipclincd datapaths must address the foll owing issues: 
(1) When should pipelining be considered? (2) Where should the pipeline registers be 
inserted? and (3) How much latency will be introduced by the pipeline? The design must 
use a minimum number of pipeline registers to achieve a minimum cycle time. Pipelinin g 
should be considered when the timing margins on the critical paths arc unsatisfactory. 
and all other means (e.g .. device resizing and alternative architectures) have been 

"'DFGs wi lh nO feedback are amenable 10 pipelining. Those wilh feedback are difficul! to pipelirn" 
J1 Wave pipclining, a register·free form of pipe tining based on coherent signal propagation. will nOI be 
oonsideredhere. 
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considered. Unsatisfactory timing margins point to a risk of metastabili ty during opera­
tion. Various options exist for placing the registers in the circuit's datapaths. These must 
be evaluated and used to determine the overall latency of the design. Whether the 
latency is acceptable depends on the specifications for the system's performance. 

9.5.1 Design Example: PipeJined Adder 
Digital systems that operate on arrays of data typically contain a large number of adders 
in an array structure. The processing speed in these applications is usually critical, and 
may warrant pipelining. 

The 16·bit adder in Figure 9-36(a) is formed by chaining two 8·bi! adders in a serial 
connection. If each g·bit adder has a throughput delay of 100 ns. the worst-case delay of 
the configuration will be 200 ns. In a synchronous environment, this struct ure is orga­
nized to have all operations occur in the same clock cycle. An alternative structure can be 
pipe lined to operate at a higher throughput by distributing the processing over multiple 
cycles of the clock. The trade-off between speed and physical resources (more registers) 
can warrant this approach. The DFG of the 16-bit adder shown in Figure 9-36(b} reveals 
a single datapath connection between the FUs of the machine. suggesting a variety of 
options for pipelining. However. a balanced design will be achieved if the cutset between 
the 8-bit stages is used. resulting in the register placements shown in Figure 9-36(c). 

~um(15,111 sum[7:O] 

(a) 

(b, 

FIGURE 9-36 A pipdined 16·bit adder: (a) serial conneclion or two 8-bit adders to form a l6-bit 
adder.(b) DFG! heforepipelining.and(e)~fterpipclininllfor balanc:ed stagedel .. ys.. 
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nGURE9-J6 Continued 

The pipelined architecture in Figure 9-37 contains an additional register (PR) 
between the data input register (lR) and the data output registers. The structure 
sequences the data, so that in a given clock cycle a ca rry bit must propagate through 
only half of the data path. The interface to the input datapath still provides the 
entire word to the unit in a synchrono us manner, but the sum of only the rightmost 
data byte is formed. Th at sum, togeth er with the leftmost datapaths, is then stored in 
a 25-bit internal register. In the next clock cycle, the sum of the leftmost data bytes 
is forme d and stored in the pipeline register wi th the rightmost sum and carried 
fro m th e previous cycle. With the extra internal register, the pipelined unit can oper­
a te at approx imately twice the frequency of the original adder, because the longest 
path supported by th e clock interval is through an 8-bit adder instead of a 16-bit 
adder. After th e period of initial latency, a new sum appears at the output of the unit 
every 100 ns. 

The movement of data through the pipelined adder is depicted in Figure 9-38, 
where aLaR(l) denotes the first sample of the left and right bytes of input word a. In the 
simulation results shown in Figure 9-39, note that the unit has a latency of two clock 
cycles between the application of the input data and the appearance of valid output. The 
first data words, 11 22h and 3344h, are formed at t,im = 100 ns, sampled and loaded into 
register IR at t,im = 150 ns, partially added at t. im = 250 ns. and fully added at 
t.im = 350 ns. After the latency period, the data is correctly updated to achieve an over­
all throughput of approximately twice that of the serially connected 8-bit adders. 
(The setup times of physical registers will reduce the throughput slightly.) 

Nonblocking procedural assignments in Verilog make concurrent assignments to 
register variables and are the key to modeling concurrent register transfers in architec­
tures that are pipeJined to achieve high throughput on dalapaths. The Verilog model of 
the pipe lined adder, add_16...,pipe, uses nonblocking assignments to concurrently sample 
the datapaths and registers immediately before the active edge of clock. These samples 
are used to form the values that will exist in the registers immediately after the clock 
event. The model is scaled by the value of size, which can be changed to a desired value 
(must be an even number). 
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FIG UR E 9-37 Pipelined 16·bll adder stru( ture 
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FIGUR E 9·)8 Data movement through a pipdined 16·bit adder struc:t ure 
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FIGURE 9-39 Simllialion results showing movement of data through 
add 16-pipe,apipelined 16-biladdcr. 

Figure 9-39 shows the result of simulating add_16yipe in a testbench that uses hier­
archical dereferencing to display the contents of the internal registers in a fonnat that 
reveals the dataflow through the pipeline. The displayed outputs IR32_1 7, IR16_1, and IR_O 
show the segments of /R. The displayed outputs PR24_17, PR16_9, PR8, and PR:7_0 show 
the segments of PRo The waveforms have been annotated to illustrate the register transfers. 

module add_16yipe # (parameter 
SIze = 16, 
half :size/2, 
double = 2' size, 
triple '" 3" half, 
si2e1 half-i, 117 
size2 slze-1, 11 15 
size3 half+ 1, fl9 
R1 '" 
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L1 = half, 
R2 = size3, 
L2 = size, 
R3=size +1 , 
L3 = size + half, 
R4 = double· half +1. 
L4 = double 

)( 

); 

Input [slze2: 0) a. b; 
Input cJn, clock; 
output [size2: 0) sum: 
output c_out 

reg Idouble: 0) IR; 
reg [triple: 0) PR: 
reg [size: OJ OR: 
asalgn fe_out. sum) = OR: 

always @I (posedg. clock) begin 
1/ Load Input register 
IR[O] <= c_in; 
IRIL 1:R1 ) <= a[slze1 : 0); 
lRIL2:R2] <= b[size1: 0); 
IR[L3:R3] <= alsize2: half): 
IR[L4:R4] <: b[size2: half): 
/I Load pipeline register 
PRIL3: R3J <=IR[L4: R4j: 
PRIL2: R2J <=IR[L3: R3]; 
PR[half: 0) <: IR[L2:R2] + tR[L 1:R1 ] + IR[O); 
OR <= ({1'bO,PR[L3: R3]) + (1'bO,PR[L2: R2]) + PR[half), PR[slze1 : 0]); 

eod 
.ndmodule 

For convenience of illustration, the results of synthesizing a 4·bit pipelined adder 
with asynchronous reset, odd_4...JJ jpe are shown in Figure 9-40. The O·type f1ip-nop 
used (dffrpqb_o) has active·low reset. 

9.5.2 Design Example: Pipelined FIR Filter 

MACs dominate the performance of DSPs.ln many applications, long chains of MACs 
must be pipelined to increase the throughput of the unit. For example, the architecture 
of the FIR filter that was presented in Figure 9·22 consists of a shift register and an 
array of cascaded MAC units. The longest path through the circuit is proportional to 
the length of the chain of MACs between the input and the OUlpUt. The performance 
specifications of a filter might require that high·speed multipliers andlor adders be 
used to implement MACs. Another alternative is to pipeline Ihe datapaths to increase 
the throughput of the filter. 

Pipeline registers can be inserted into the structure at locations determined by 
cutsets, as shown in Figure 9-41. In Figure 9-4 I(a), the cutsets of the FIR filter place the 
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FlGUR E 9-41 Aitcmativc pipeline $UUeHu-es for FI.R filter, with pipeline regi$ters placed 
<a) at the outputs of the mUltipliers and (b) It the inputs o r the adders. 
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pipeline registers at the output of the multipliers. The cutsets of the alternative structure 
in Figure 9-41(b) have pipeline registers at the inputs of the adders. A possibility having 
only two additional registers is shown. Given the apparent imbalance in the number of 
adder stages having pipeline registers and those that do not, the placement will not be 
desirable because the stage delays will not be balanced. Other implementations can be 
formed by relocating the pipeline registers, varying the number of registers. and/or 
balancing the stage delays, at the expense of reduced throughput. 

9.6 Circular Buffers 

The algorithms of many digital filters and other signal processors repeatedly shift and store 
samples of data that are taken over a moving window in the time-sequence domain. For 
example, a filter might fonn its output from a weighted sum of samples of the present and 
most recent N - I samples of the input. ThUs. the processor uses N samples at each time 
step. If the algorithm is implemented in software on a general-purpose processor, these 
values would be stored and retrieved repeatedly as the algorithm executes,consuming sev­
eral clock cycles at each cycle of the filter. Instead of this direct approach, and to realize 
hardware efficiency and speed, circular buffers are used to create the effect of moving an 
entire window of samples through memory, without actually moving all of the data (7]. 

Circular buffers use an address mechanism that moves pointers to register cells, 
instead of moving the actual data. Figure 9-42 illustrates the situation in which the nth 
sample ofthe sequence x[k] is to be stored in memory. Only the most recent N samples 
are kept in an N-cell circular buffer, and an address pointer circulates continuously 

Oldest 

~liI;:t· MovlIlgwmdow 
of Nsamples 

I ... \ 1 k~ 
Sample n 

Samplen N+ I 
Samplen N 
Sample n 1 
Sample n 
Sample " 

NceUs 

FIGURE 9-41 AN N-cell cil"(:ular buffer storing data from an N-sample movmg window. 
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through an ascending sequence of addresses, before wrapping around to the bottom 
(starting) address. When the nth sample is received, the data held in the entire array of 
registers is not shifted. Instead, the cell addressed by the pointer receives the nth 
sample, overwriting the previous contents at the location previously occupied by the 
n-Nth sample. The net effect is that the storage of data can occur in significantly fewer 
memory cycles than would be required to shift data among the cel.is of a random access 
memory. However, an ASI C or an FPGA might implement the buffer with a set of 
dedicated, paralle l-load registers. chained together as a word-wide shift register, which 
would allow concurrent movement of data. 

Example 9.10 

TWo Verilog models of an N-sample moving window memory are described below. The 
first version, Circular_Buffer _1, uses an array of parallel-load shift registers to shift the 
entire contents of the buffer at each time step. The second version, Circ~larJJuffer_2, 
incl udes wrire-prr, which points to the next cell to be read. The contents of the register 
do not move. The pointer is incremented at each time step, so the data below the 
pointer is aged. Note that in the simulation results shown in Figure 9-43, the contents of 

° Name 
., 120 

u/C0..2l7:0] ~f~OO~~~~03~~i§~01~~~~~Ob~~~1 uIU.-2[7:O) 00 04 08 Oc 

.:("/0.-2(7:0] 00 05 D9 Od 

ct'10.-2(7;011-" __ ---"'-__ -'---_--"06'-_-"--_ ---"0''-_--''-'00=-1 

tlGUHE 9 .... 3 Results ofsimulatins CireuIDrJJufft',_1 and Cireu/D, _Buffu_2. 
two venions of a da,- buffer holding an N-5ample moving window. 

3 ° 
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Circular_Buffer_ 1 change at every cycle, while only the one cell addressed by writeytr 
in Circular _Buffer_2 changes as new data arrive (at the negative edges of the clock). 
A digital filler using the data held in Circular_Buffe,_l would always tap the oldest 
data at the same location, but the filter using Circular_Buffer...:2 would need logic to 
track the location of the aged data relative to writeJJtT.32 

module Circular_Buffer_' # (parameter buff_size'" 4, word_size = 8) ( 
output [word_size . ,: 0) ce1L 3, cell_2, celLI, celLO, 
input [wOrd_size -1: 0] Data_ in, 
input clock, reset 

); 
reg [buff_size -1 : 0] Buff_Array [word_size -1: OJ; 
wire cell_3'" BI1fCArray[3]. celL2 = BufCArray{2J: 
wire cell_ ' = BufCArray[I]. celLO'" BufCArray{O) : 
integerk; 

alway. @ (po.edge clock) begin 
If (reset "" l ) for (k = 0; k <:: buff_size -1 ; k:: k+1) 

Buff_Array{k] <::: 0; 
el.e for(k = 1; k <'" buff size-1; k" k+1) begin 

Buff_Array(k] <'" Buff_Array[k-1J; 
Buff Array[O] <= Data in; 

end - -

ond 
endmodule 

module Circular_Buffer_2 # (parameter buff_size'" 4, word_size = 8) ( 
output [word_size -1: 0] celL3, cell_2, ceiL 1, cell_O, 
input (word_size -1 : 0] Data_in , 
input clock, reset 

); 

reg [buff_size -1 : 0] Buff_Array [word_size -1: 0]; 
wi... cell_3 = BufCArray[3]. celL2 = Buff_Array[2]: 
wire celU '" BufCArray[1], celLO:: BufCArray(O]; 
Integer k; 
parameter writeytr_width = 2; 

parameter 
reg [write_ptr_wldth -1 : 0] 

always @ (posedge clock) begin 
if (reset "': 1 ) begin 
writeytr <= 0: 

max_writeytr '" 3; 
writeytr; 

for (k = 0; k <= buff size -1; k:: k+1) BufCArray[kl <= 0; 
end -

else begin 

32See ProbJem 9. 15 at the end oftbe chapter. 

II Width of write 
pointer 

1/ Pointer for writing 
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BufCArraytwrileylr) <: DataJ n; 
tf (wri\e...,ptr < ma)(_writeytr)write...,ptr<: write...,ptr + 1; el .. writeytr <: 0; ., . . ,. 

endmodule 

End of Example 9./0 

9.7 Asynchronous FIFOs-Synchronization across 
Clock Domains 

A FIFO (first-in, first-out memory) consists of a stack of registers systematically 
controlled by an external unit that manages the traffic of data to and from the FIFO. 
The reading and writing operations of a FIFO are similar 10 those of circular buffers. 33 
A FIFO's architecture provides access to at most two independently addressed register 
cells at a time (one for writing and one for reading). All the cells of a circular buffer are 
available concurrently. A FIFO has two address pointers, one for writing to the next 
available cell , and another one for reading the next unread cell. A circular burter 
provides a fixed window of samples of a data stream. 

FIFOs operate differently from a circular bufrer, because a FIFO's output is a 
single word, which is read on command. The pointers for reading from and writing to a 
FIFO arc relocated independently and dynamically when commands to read andlor 
write are executed, rather than sequentially and continuously, as in the case of a circu­
lar buffer (see Figure 9-42). The stack of registers in the datapath unit of the FIFO 
shown in Figure 9-44 can receive data until it is full , and data can be read from the 
FIFO until it is empty.1Wo pointers, write-ptr and read-Ptr, provide the address of the 
next available cell for writing and reading, respectively, and move after each associated 
operation. It is essential that writing not occur when the FIFO is full , and that reading 
not occur when the FIFO is empty. Two status flags, stkJull and stk3mpty are used by 
the FIFO's control unit to prevent operations that would corrupt (write to a full stack) 
or duplicate (read from an empty stack) data. 

A FIFO has separate address busses and datapaths supporting simultaneous 
reading and writing of data, and may have additional status lines indicating the condi­
tion of the stack (stk_almostJuIl, stk_halfJull, etc). In dynamic operation , readytr 
"chases" write-ptr in a circular path, from botlom to top, from bottom to top, etc. If the 
pointers are co-located, the stack may be empty or full. A mere comparison of the 
pointers cannot distinguish between these two conditions. If the reading and writing 
operations are governed by a common clock , the gap between the pointers can be 
monitored by an up-down counter that is sized. by one bit wider than the painters. 

~e ProblemllinCh.llpter8. 
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srkJull 

r'!od 

elk_writ'! ~-~+-------4+---' 
elkJtad ~----+-------~+_-'1 

Datapathunit 

nGURE 9-44 Block diagram of a FIFO with a status unit and separate docks [or reading and writing. 

When a pointer counter is full (i.e., counting from 0 tostkJleighl-t, it holds the value 
slk_height -I), it rolls over to 0 at the next clock; the oversized gap counter does not. Its 
count will, at most, exceed the stack height by 1 if writing and reading are always done 
correctly. If the pointers are equal and the gap is 0, tbe slack is empty. If the pointers 
are equal and the gap counter is equal to the height of the stack, the stack is fu ll. The 
status unit in Figure 9-44 contains the counters that monitor writing and reading and 
generates the status flags. 

9.7.1 Simplified Asynchronous FIFO 
FIFOs are either synchronous or asynchronous, depending on their clocking scheme. 
A common clock controls the reading and writing activity of a synchronous FIFO. The 
status unit of a synchronous FIFO is simplified because a simple up-down counter can 
be controlled by the common clock to monitor the gap between the pointers and detect 
full and empty conditions. On the other hand, two independent clocks having different 
frequency andlor phase separately control the read and write pointers of an 
asynchronous FIFO. Consequently, an up/down counter, which can be controlled by 
only a single clock, cannot be used to monitor the gap between the pointers. Generation 
of the critical status flags (stkJull and stk3mpty) of an asynchronous FIFO requires a 
more elaborate status unit. 
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The simple FIFO, which was introduced in Chapter 8, had a common clock for 
reading and writing, and could not read and write simultaneously. Here we will first 
discuss a simplified asynchronous FIF034 whose read and write operations are con­
trolled by different clocks, without considering the need to synchronize the transfer of 
data between the clock domains. Then we will address the issues of metastability and 
synchronization to model an asynchronous FIFO. 

The Verilog model of the FIFO buffer, FIFO_DuaCPort and a testbench, 
CFlFO_DuaIYort, are shown below. The model supports simultaneous reading and 
writing at the same location. in the FIFO. Note that in this model the pointers 
wrile-Ptr and read-Plr have been sized to wrap a t the stack boundary, so the condi­
tion of an empty stack cannot be distinguished from th e condition of a full stack by 
comparing the pointers. Instead, tbe pointers are derived from counters which are 
one bit wider, by forming ptTJ:ap as the difference between the counts held in 
wr_cntr and rd_cntr. The contents of ptr...gap are effective ly incremented. decre­
mented, or held, depending on the condition of the stack and whether a write opera­
tion andlor a read operation is attempted. When the value stored in ptrJ:ap reaches 
stk_height (e.g .• 8), the FIFO is full. If the stack is full , only a read is allowed; if the 
stack is empty. only a write is allowed. The reset signal initializes the coun ters, but not 
the memory registers of the FIFO, 

The simulation results in Figure 9-45 demonstrate write and read operations of 
the F IFO and show the activity of the pointers and the status signals, with and with ­
out concurrent read and write activity. Figure 9-45(a) shows an initial assertio n of 
rst , followed by assertion of write_to_stk. Assertion of rst causes all of the sta tus 
nags to be asserted. indicating that the FIFO is not available for either writ ing or 
reading. When rst is de-asserted. all but stk_empty are de·asserted . Assertion of 
writcto_stk causes the contents of Data_in to be t ransferred to stkO[31: 01 at the 
next active edge of elk_write (i .e., writing occurs from bottom to top). Concurrentl y. 
stk_empty is de-asserted. At subsequent active edges of elk_write, Data_in is trans· 
ferred to the FIFO loca tion specified by write,.ptr, and the status flags are adj usted 
according to the condition of the F1F0. 

Figure 9-45(b) shows simultaneous assertions of write_toJtk and readJrJ lk. 
The first active edge of elk_write is ignored, because the stack is full. The first active 
edge of elkJd. with readJr _stk asserted, causes the OUlput register. DOla_out(31: 0) , 10 
be loaded with 00005555 H . the contents of stkOl31: 0), as specified by read-ptr. This 
activity de-asserts stkJufl. Then the next active edge of elk_write loads DataJ'n(31 : 01 
into stkOpl: OJ, and so fo rth. 

Figure 9-45(c) shows addition al activity. including a running reset. Note: These 
examples demonstrate the operation of the machine without logic for synchronization 
between the clock domains. The model is useful for ex ploring the operation of a FIFO. 
but its simulation cannot provide evidence that the machine will operate correctly in 
an asynchronous environment, because the lack of coherence between operations in 

."'t..og;c for synchronUatioon is omiued.AIso,note that the output of the FIFO is registered. This is I'IOt e5$eDtial. 
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FIGURE 945 Simulation result s for B simplified asynchronous FIFO: <a) Initia l assert 
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the clock domains guarantees that metastability will be triggered on a regular basis as 
attempts are made to read from the same cell to which data is being written. 

module FIFO_Dual_Port # (parameter 
word width'" 32, 
stk...ptr width:: 3 

X -
output (word_width -1 : 0] 
output 

Input [word_width -1 : 0) 
Input 

Input 

): 

Data_out. 
stkfull. 
slk -almost full, 
stk:haICfuii'. 
stk_almost_ampty. 
stk_empty. 
OataJn , 
wri te, 

read, 

"" 
wire [stky tr_width -1: 0) write...ptr, read"'ptr; 

FIFO_Conlrol_Unit MO_Controller ( 
.wme_to_stk(write_to_stk), 
.read_fr_stk(read_fr _stk), 
.write(write), 
read(read) . 
. stk_full(stk_full), 
.stk_empty(stk_empty) 

): 
FIFO_Datapath_Unil M1_Datapath( 

.Data_out(Data_out), 

.DataJn(DataJ n) • 

): 

. write...Ptr(writeylr) • 

. readytr(read...Ptr), 

.write_to_stk(writs_to_stk), 

.read_fr_stk(rsad_fr_stk), 

.clk_write(ctk_wme) . 

. clk_read(clk_read) • 

. rst(rst) 

/I Width of stack and data paths 
II Width of pointers into stack 

II Data path from FIFO 
II Stalusfiags 

II Data path Into FIFO 
II Flag controlling a wri ta to 

the stack. 
II Flag controlling a read from 

the stack 
/I Clock to synchronize writes 

II clock to synchronize reads 
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FIFO_Status_Unit M2 ( 
.writOJltr(writSJltr), 
.ready tr(readJltr) • 
. stlUull(stk_full) , 
.stk_slmost_full(stk_almosUull), 
.stk_hBtU ull(stk_haIC full ), 
,slk_almosl_empty(stk_a lmos,_empty), 
.stk_empty(stk_ompty), 
.write_lo_stk(writ9_to_Slk), 
.read_ff_stk(read_f,_stk), 
.clk_write(dk_writal, 
.clk_read(clk_read), 
.rst(rst) 
): 

endmodule 

II Control Unit 
module FIFO_ControL Unit ( 
output write_to_stk, read_fr_stk, 
Input write, read, stk_full , stk_emply 

): 
.sslgn writs_to_slk '" write && (Islk_full ); 
a .. lgn read_fr_stk '" read && (tslk empty); 

endmodule -

ff Dalapath Unit 
module FIFO_Datapalh_Unit # (parameter word_width = 32, stk_height:. 8, 

stkJ)lr_width = 3)( 
output reg [word_width ·1: 0] 
Input [wo«Cwidth ·1 : 0] 
Input [stk.Jltf_width ·1: 01 
input 
input 

): 
~. 

Oala in, 
write~tr , readytr, 
write_to_slk, read_fr_stk, 
elk_write, elk_read, rst 

stk (stk_height ~ 1 : OJ: II memory 
array 

always@(posedgeelk_write) if (write_to_stk)51k[writeytrJ <'" Data_in; 
always@ (posedge elk_read)if(read_fr_stk) Oata_out<: stk (readytr]: 

endmodule 

" Status Unit for Synchronous FIFO 
module FIFO_Status_Unit" (parameter stkytr_width '" 3, stk_heighl '" 8, 

HF _level'" stk_heighl » 1, II Half fu ll level, e.g" 4 
AF _level'" (stk_height _ HF _level)>> " 1/ Almost full level, e.g., 6 
AE_level '" (HF Jevel) » 1. If Almost empty level, e.g .. 2 

)( 
output (stkytr_v.idth -1: 0] 
output (stk...,ptr_width · 1: 0) 
output 

writeytr. 
readytr. 
stk full. slk almost full , slk half full. 
stk=almost: empty,stk_empty, -
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input 
input 

I: 
wire [stkytr_width:01 
wire [stkytr_width: 0] 

write_to_stk, read_fr_stk, 
elk_write, elk_read, rst 

rd entr; 
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wire (stkytr_width: 01 
wire (8tkylr_width: 01 ptuap = Wf_entr· rd_entr, // 28 comp gap 

//Stack status 8ignals 
a •• ign stk_full = (ptr.Jjap =::: stk_height) II rsl ; 
a •• ign stk_almost_full:R «Wf_cntr· rd_cntr) == AF _level) II rst; 
••• ign stk_halCfull '" «wr_cntr· rd_cntr) == HF _level) II rst; 
... Ign stk_almost_empty '" «wf_cntr· rd_cotr) == AEJevel) II rsl; 
••• Ign slk_empty = (wr_cnlr "'= reCcntr) II rst; 

wr_cntr_Unlt MO (wr_cntr, writeytr, write_to_stk, elk_write, rst); 
rd_entr_Unit M1 (rd_cntr, readytr, read_fcstk, elk_read, rst); 

endmodule 

module wf_cntr_Unit # (paramater stkytr_width '" 3)( 
output reg [stkytr_width: 0] wr_cntr, 
output [stkytr_width ·1: OJ writeytr, 
Input write_to_stk, clk_write, rst 

I: 
... ign writeytr = wr_cntr [stk_ptr_width ·1: 0]; 

always@ (po.edge clk_write, po.edge rst) 
If (rst) begin Wf_entr <:: 0; end 
el_lf (write_to_stk) begin 

wr_cntr <-wr_cntr + 1; .0. 
endmodule 

module rd_cntr_Unit # (parameter stkytr_width = 3)( 
output reg [stkytr_wldth: 0] rd_cntr, 

I: 

output [stkytr_width ·1 : 0] readytr, 
Input read_fr_stk, clk_write, rst 

assign readytr = rd_entr (stk---.ptr_wldth ·1: 0]; 

alway.@(posedge elk_Write, po.edge rst) 
If (rst) begin rd_cntr <: 0; end 
.1 •• if (read_fr_stk) begin 

rd_cntr <::: rd_cntr + '; .0. 
endmoduie 

between ptrs 

1/ Used to test only the FIFO, without 

parameter 
parameter 
parameter 

synchronization 
stk width :R 32; 
stk=height • 8; 
stkytr_width '" 4; 
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wire [stk_width .1: OJ 
wire 
wire 
wire , .. [stk_width .1 : 0) 
, .. 
,e. 
wire [stk_width-l: 0] 

assign stkO = Ml .M1.stk[O); 
.. sign stkl = Ml .M1 .stk[I ): 
••• Ign stk2 '" Ml.Ml .stk\2J: 
••• Ign stk3 = Ml.Ml.stk[3); 
••• Ign stk4 = Ml.Ml.stk[4J; 
••• Ign stk5 = Ml .Ml .stk[5]: 
a •• lgn stk6 " Ml .Ml .stk[6]: 
assign stk7 '" Ml .Ml .stkf71: 

FIFO_Dual_Pon Ml (Data_out, 
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Data_oul; 
write; 
stk full , stk almost full, stk half full ; 
stk=almost"::-empty,stk_empty; -
Data in; 
write- to stk, read Ir stk; 
elk ';rite.clk read. r";1; 
stkO, stkl , stki. stk3, stk4, 
stk5, stk6. stk7; 

fI Probes of the stk. 

stk full , stk almost full , slk half full , 
stk=almost'=empty,stk_empty, -
Data in, 
write=to_stk, read_fr_stk, 
elk_write, elk_read, rst): 

Initial #500 $finlah; 
initial fork 
rst'" I; #5 rst '" 0; 
#400 rst = I ; #412 rst= 0; 

join 

Initial begin elk_write :: 0; forever #5 elk_write:: -elk_write; end 
initial begin elk_read '" 0; forever #4 elk_read'" -elk_read; end 

fI Data transitions 
initial begin DataJn :: 32'hFFFF _AAAA; 
@ (po.edge write_to_stk); 

repeat (24) @(negedge elk_ write) Data_in:: -Data_in; 
end 

II Write to FIFO 
initial fork 
write_to_stk:: 0; 
begin #16 write_lo_stk.:: 1; #140 write_to_stk:: 0; end 
begin #266 write_to_stk = 1; end 

join 

1/ Read from FIFO 
initial fork 

begin #0 read_fr_stk = 0; end 
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begin #144 read_fr_stk = 1; #8 read_fcstk " 0; end 
begin #196 read_fr_stk" 1; #66 read_fr_stk" 0 ; end 

Join 
endmodule 

9.7.2 Clock Domain Synchronization for an Asynchronous FIFO 

, .. 

The computational activity in the separate domains of an asynchronous FIFO's input 
and output data are synchronized by separate clocks, with writing to the FIFO governed 
by one clock, and reading to the FIFO by another clock. Writing and reading can occur 
simuilaneously. This allows the FIFO to act as a buffer between two clock domains. 
When data are passed from one domain into another and the clock of the destination 
domain is not related to the clock of the source domain, the active edges of the two 
clocks are moving relative to each other, and the register operations in tbe two domains 
are asynchronous relative to each o ther. The read and write operations have no effect 
on each other when the pointers are not co-located, which provides a buffering mecha­
nism for transferring data between the domains. However, if the write and read pointers 
are ever co-located (a highly likely event), simultaneous writing and reading may result 
in a condition of metastability in the registers that are to receive data, unless the status 
unit is modified to deal with co-located pointers and metastability. 

To appreciate why metastability can occur when the pointers of a FIFO are 
co-located, consider the situation in which the FIFO is full: the data path into the storage 
register at the location addressed by wrill'..jJtr would recircuJale the data at the output of 
the register back to its input, at each clock. If read-Ptr is addressing the same location as 
write-ptr and a read command is executed, stkJllfI could de-assert in the setup window of 
the flip-flops and the data path would switch from a configuration of recirculation to one 
of allowing external data to enter the register. Thus, the datapath of the register could be 
unstable when it should be stable, and the flip-flops could enter the metastable condition. 
This situation must be prevented. Conversely, suppose the pointcrs are co-Iocated and 
slk3mpty is asserted. The output register of flip-flops would be holding its data by recir­
culating it through a mux to the inputs of the register. Executing a write command would 
de-assert stk_empty, causing the datapath into the tup-flops to be addressed by read ... ./m. 
This action could happen in the setup interval of the flip-flops, resulting in melastability. 
These two conditions of metastability can be prevented by (1) synchronizing rd_cmr 10 
clk_write and comparing the synchronized value to wr_cntr to determine whether the 
slack is full and (2) by synchroniring wr _cntr to clkJead and comparing the synchronized 
count to rd3 ntr to determine whether the stack is empty. Alternatively, handshake signals 
can be used to govern the exchange of data and circumvent this problem, but tbe transfer 
rate is lower than can be achievcd by alternatives. In practice, high-perfonnance parallel 
interfaces between independent clock domains arc implemented wilh a FIFO using a 
dual-pori RAM memory with additional logic to assure synchronization and safeguard 
against metastability. 

The read and write counters of a dual-port FIFO must be synchronized to thei r 
opposite domains. Using binary counters wou ld require passing multi-bit data across 
the boundary of the clock domains, a practice that is to be avoided because it would 
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reu Cbil1flfy-----------------' 

c1k_wrir~ _--------------~ 

f1GURE 946 Code converters for synchronization within an asynchronous FIFO, 

require synchronizing multiple bits of data. The dynamic nature of the synchronized 
binary counts is such that bogus indications of full andlor empty would be highly likely 
in operation. The alternative is 10 use Gray code counters because only one bit of a 
countcr would be changing at each clock. 

In practice,3S a register is used to hold the Gray-code count, as shown in 
Figure 9-46. The Gray-code count is generated by converting a binary count to its 
Gray-code counterpart. In general, this scheme is simpler than a direct implemen­
tation of a Gray-code counter. The additional logic in Figure 9-46 generates the 
next Gray-code value from the present value by converting it to a binary value , and 
incrementing the result (shown for generating the Gray code of the words written 
into the FIFO). The signal incr_binary determines whether the binary value is 
incremented or not, and the size of the increment (usually 1). The incremented 
binary count is passed through a binary-to-Gray-code converter to the data inputs 
of the corresponding nip-flops, forming the next Gray code value. The Gray code 
itself is passed from the flip -flops to synchronizers in the target clock domain. 
where the status signals are generated to determine whether the FIFO is full or 
empty. The synchronizer that is used (see Figure 5-38) depends on whether the 
synchronization is done in the fast clock domain or the slow clock domain, to 
produce the synchronized gray code values for use in determining the full or empty 
status of the FIFO. 

Figure 9-47 shows the status unit for synchronizing the transfer of data across a 
clock domain boundary with a dual-port FIFO. The unit has an inner core (shaded 
background) consisting of the logic for controlling the register operations of the 
FIFO, together with additional blocks of logic that accomplish the synchronization 
required by the stkJuIl and S(k3mply flags. The inner core is identical to the status 
unit for a synchronous FIFO. To synchronize wr _cntr to c1kJead, the next value of 
wr_cmr (i.e., the input to the register) is converted to a Gray code value and regis­
tered by B2GJeg. Its registered Gray code output, wr _cntr_G is synchronized by the 

~~See technical articles available at www.sunbuul-dcsign.com 
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FIGURE 11-47 Status urn" for synchronous and '$ynchronous FlFOs. 
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block wr_cntr_Synchro and then converted back to a binary count value by G2B_Conv 
and passed to the logic for forming stk_empty .J6 The logic to form stkJuIl is similar, 
with the exception that the synchronizers are different. The Verilog model (sec 
Example 9.11 below) of the status unit is fl exible. It can be used with a common clock 
and only the inner core of logic to model a synchronous dual-port FIFO, or with 

lIInae mode" ror the binary to Gray and Gray to binary code converlers are bued on those presented in 
technical papen at ~ .. unbW1H:luign.lXllt). TestbeJ'ichel are l vailable " ' the web ,ile Cor thu lext . 
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separate clocks and the synchronized status un it . The control unit and the datapath 
unit are the same in both cases. 

The status of the asynchronous FIFO can be determined by comparing binary or 
Gray code values. The model given below compares bina ry codes, using a synchronized 
Gray code as an intcnnediate value. For example. the FIFO is fu ll if ...,,_ent, ­
rd_cntr_BJynch = stack _height. Similarly, the FIFO is empty if wr_cmr_B_synch ­
read_emr = O. i.e., wr _em, J ynch = rd_cntr. fe_emr _B_synch is derived from a 
synchronized Gray code value. 

Comparing rd3ntr to w,_entr _synch allows data to be read from the FIFO at the 
ratc of the fast clock ;:n but guarantees that empty is generated at an active edge of 
clkJead, enabling the reading activi ty to suspend before stale data is re-read. Like­
wise, comparing rd3ntr _synch to wr 3 ntr allows data to be written at the rate of the 
slow clock , with assurance that stkJu fl will be generated at the active edge of elk_write 
to prevent overwriting data that has not yet been read. 

The system for generating srkJuIl and srk3mpry is inherently pessimistic. The 
signal stkJuIl is asserted immediately upon the FIFO becoming full , but rd_cntr _synch 
has a latency (e.g., two clock cycles), with the result that the full signal could be asserted 
longer than necessary. Likewise. stk_empty is generated immediately in the domain of 
the output, but wr 3 ntr Jyncll arrives with latency. Thus stk3mpty will be asserted 
longer than necessary. Neither instance of pes.<iimism is problematic. and both are 
compatible with the aim of not writing to a full FIFO or reading from an empty FIFO. 

Example 9.11 

The multichannel circuit in Figure 9-48 has four channels of serial bit streams originat­
ing in a 100 MHz clock domain. with each passing through a serial-to-parallel converter 
that forms a 32-bit word for transfer to a dual-port FIFO. Data are directed to each 
serial-to-parallel converter at a rate of 100 MHz; a processor operating with a clock of 
133 MHz is to read data from the FIFOs and multiplex and interleave the four channels 
of data onto a common serial datapath. The format of the arriving data has the LSB 
(least significant bit) of a word arriving first. The commands to write data to a FIFO 
originate in the domain of cloek_lOOMHz.; the commands to read data from the FIFOs 
arc issued by the processor (not shown) in the domain of cloekj33MH z.. Data flows 
continuously from the 100 MHz domain. so the external processor must manage the 
reading of data to prevent the loss of data, which will occur if a FIFO is full when it 
receives a write request. We will consider a single channel of data fl ow. 

The serial-to-parallel converter, Se,_Par_32, will be implemented as a 32-bit shift 
register, and will be controlled by the state machine described by the ASMD chart and 
block diagram in Figure 9-49. The state machine generates the signals shift and ina LO 
control the datapath register Data_out and a counter,entr, respectively. emr indicates the 
number of serial bits that have been shifted into the datapath register. The asynchronous 

llReading d.ala from I FIFO is assumed. to ()I;CUr alII faste r rille than writing dalll to the FIFO. 
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FIGURE 9-48 FIFO-buffered clock domain interfau 

reset signal, rst, d ears emr and Data~ollt, and directs the state of the machine to S~idle. 
where it asserts re(ldy and remains until En is asserted by an external unit. At the first 
dock with En asserted, the machine shifts a bit into Da/(coUl, increments emr, and 
makes a transition to 5~1 , where it remains until entr reaches the upper limit of its count 
range (e.g., the Limit of a 5-bit counter is 31). When emr reaches its limit, the machine 
transitions to 5_2 while loading the last bit into the shift register. Signal write is asserted 
in 5_2, to cause an external unit (e.g., a FIFO) to read the word from Data_out. Depend­
ing on whether En and/ufl are asserted by the external environment, the machine transi­
tion 105_1 to stream the bits of the next word of data, or returns toS_idle. 

The transitions of the serial bit stream of data a t the input to the serial- to-parallel 
converter occur on the falling edge of cloek_JOOMHz, and the data are shifted into the 
register on the rising edge. write is asserted for a duration of one cycle of clk.J8 The 
control unit of the serial to paralle l converter has two additional outputs, pauseJull 
andpause_En_b , which communicate with the datapath 10 handle a situation where En 

"'A problem at the end of rhc chapter ad-d rcsse. rhe simuJarionand \' erification of Serj>ar_Conv_32. 
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Dlltll_our <_ (Dam_in, Data_our!31: III 
cntr <= cntr + 1 

FIGURE 9-49 ASMD chart and block diagram for a serial-Io-parallel converter. 
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is de-asserted, or when the FIFO is full . In this model, it is assumed that the serial-to­
parallel conversion will read 32 bits of serial daia before checking to see whether En 
remains asserted. If not, the machine returns to S_idle to await assertion. Also, the 
machine returns to S_idle if full is asserted while the machine is in S_1. pause_En_b 
and pauseJull cause the same datapath operations to reset cntr and flush the output 
register of the serial-para1lel converter. However, the testbench distinguishes between 
the two signals in order to manage the presentation of patterns to the machine and 
avoid skipping a pattern. 

moduli Ser_Par_Conv_32 # (plrl metlr word_width ", 32)( 
output [word_width ·1: 01 Data_out, 

I: 

output ready, 
output write, 
input Data_In, En, full , elk, rst 

wire 

ConlroLUnit MO_Controller (ready, wrile, pause_full, pause_En_b, shfUncr, En, 
full, cntrJimil,clk,rst): 

Oatapalh_Unit M1_0atapath (Oata_oul , cntr_ lirnil, Data_In, pause_full, 
pause_En_b, shn._incr, elk, rsl): 

endmodule 

module ControLUnit (output ready, write, 
output reg pauss_full, pause_En_b, shfUncr, 
input En. fu ll. cntUimil. elk. rsl ): 
parameter S_idle:: O. $_1 :: 1, S_2 '" 2: 
reg 11 : 0] state, next_state; 
a •• ign ready:: (state::: S_idle); 
a •• lgn wrile = (state ::It'" 8_2); 

always @ (posedgl clk. pondgl rst) 
if (rst) begin state <: 8jdle; end 
el •• state <= nex,-state; 

always Ill' (slale, En. full. cnlU imil) begin 
pause_full '" 0: 
pause_En_b = 0; 
shfU ncr::O; 
nexl_stale = 8_idle; 
ca.e (slale) 

8_idle: if (En && (!full» begin next_state '" 8_1; shfUncr '" 1; end 
el" ne)(t_state '" $_idle; 

8_1: If (full) begin next_state '" 8Jdle: pause_full :: 1; end 
., •• begin shftJ ncr '" 1: 

If (cntUimil) next_stale;; 8_2: .1 •• next_state;; $_1: 
end 



default: 
endc.a. 

eod 
endmodule 
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If (En) begin shft incr '" 1; next slate: 5 1; end 
.1.e begin pause~En_b: 1; oe-;,-state =-S_idle; end 

next_sta te = S_idle; 

module Datapath_Unll #. (parameter word_width = 32, cnlr_width : 5)( 
output reg [word_width · 1: 0) Data_out, 
output cntrJimit, 
Input Data_in, pause_full, pause_En_b, shftJncr. 

cJk,rsl); 
reg [entr_width ·1: 0) cntr; 

always @ (po.edge elk, posedge rsl) 
if (rsl ) begin entr <z 0; end 
else If (pause_full I! pause_En_b) cnlr <= 0; 
else If (shftJncr) cntr <: cnlr +1; 

always @ (posedge clk, posedge rsl) 
if (rst) Data_oul <;; 0; 
else if (pause_full I! pause_En_b) Oala_out <;; 0; 
else if (shfUncr) Data_out <= {Data_in, Data_out [word_width -1: 1)}; 

assign Cl'Itr_ limil::: (cnlr;;= word_width -1): 
endmodule 

Each FIFO in Figure 9-48 must generate a synchronized version or its write 
counler for the purpose of comparing il 10 tbe read pulse counter in the domain of 
the faster clock. clock_133M Hz, for use in detennining whether the FIFO is empt?, 
The synchronizers thai were shown in Figure 5-38 are candidates fo r synchronizing the 
write counter of the FIFO. To determine wh ich of the two syncbronizer circuits to use, 
note that write_toJtk asserts for one cycle of clockJOOMHz, so the pulse has a 
width of .6. write = 1lTd<Xk HIOMltl = 11(108) = 10 ns. The period of clock_/33MHz is, as 
shown in Figure 9-50, Td~U;tJMHZ = 11(133 x Icf') = 7,5 ns, Because the width of the 
asynchronous pulse of a bit of the Gray code value is greater than the period of the 
clock to which it is to be synchron ized, we choose the circuit in Figu re 5-38(a). a two­
stage shift register synchronizer. A similar analysis leads to the choice of the circuit in 
Figure 5-38(b) to synchroni7.e rd_cntr to clk_ IOO, 

The machine, FIFO_Channel, uses Ser_Par_ConvJ2 and FlFO_DuaCPort, but 
with the status unit given below, Before p resenting simulation results for FIFO_Channel. 
we provide a word of caution-thorough timing analysis of FlFOs and their companion 
circuitry for synchronization across boundaries of clock domains must be done in 
general. This requires timing analysis of the synthesized gate-level circuit with back 
annotated delay values extracted from the actual cell placement and routing. Without 

"'Note that The datil is written to the FIFO under the control o f "" _ IO..$IIt. , which is synchroni7.ed to 
eltXlt._lOOMllt . 
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f iGURE !I·SO The duration of the asynchronous write pul5e covers two edges of doc,\,_13J..Mllz. 

such detailed analysis, the verification of the machine is incomplete, This step will not be 
demonstrated here. 

modul. FIFO_Channel # ( 

I: 

parameter word_width '" 32X /I Width of FIFO stack and 
data paths 

output (worcCwidth -1: 01 
output 

Data_out_FIFO, 
ready, 

/I Data path from FIFO 

Input 
Data_In. 
Eo. 
read, 
elk_write, 
elk_read, 
,s\ 

wire reg (word_width -1: OJ 
wlr. 
wire 

II Serial 100 MHz dala 
1/ Launches activity 
1/ reads data from FIFO 
/I Clock to synchronize wriles 
/I clock 10 synchronize reads 

Dala_out_Ser_Par; 1/ Dala path from Ser_Par 
Data_ln_Ser_Par; /I Data path into Ser_Par 
stk full, /I Status flags 
slk=almost_full, stk_halCfull, stk_almoscempty, 
slk_empty; 

FIFO_Dual_Port MO ( 
.Oata_out(Oata_outJIFO), 
.slk_fulI(slk_full), 
.stk_almosl_full(slk_atmosUull), 
stk_haIUull{slk_haICfuU ), 
.stk_almost_emply(slk_almost_empty), 
.stk_empty(slk_empty), 
.0ata_in(Data_out_Ser_Par), 
.write(write), 
.read(read), 
.clk_wrile(clk_write), 
.clk_read(clk_read), 
.rst(rst»; 

Ser_Par_Conv_32 M1 ( 
.Data_out(Data_ouCSer_Par), 
ready(ready), 
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.write(write) • 

. Data_in(Data_in), 

.En(En), 
Jull(Slk_full), 
clk(clk_wrile), 
.rst(rst» ; 

endmodule 

Advanced Digital Design with tbe Verilog HDL 

1/ Status Unit for Asynchronous FIFO 
module FiFO_Status_Unit # (parameter stkytr_width =: 3, stk_helght '" 8, 

HF _level'" 6, lI(stk_height::» I ), /I Haiffuillevel 
AF _level =: 4, lI(stk_height - HF _ level)>> 1, /I Almosl full level 
AE_level = 2 11(HF Javal) » 1 (f Almost empty level 

II 
output [stk_ptr _width -1 : 0] 
output [stk-ptr_width -1 : 0] 
output 

input 
Input 

I; 
wire [stkJltr_width: 0) 
wire [stk.-J)tr_width: 0] 
wire [stkytr_width: 0] 
wire (stkytr_width: 0] 
wire (stkJltr_width: 0] 
wire (slkytf_width: 01 

II Stack status signals 

wrileJltr, 
readJllr, 
stk_full , stk_almosUull, stk_hatCfull, 
stk_almost_empty, stk_empty, 
write_to_stk, read_fr_stk, 
clk_write, clk_read, rst 

wr_cntr, next_wr_cntr; 
wr_cntr_G; 
reCcotr, next_rd_cntr; 

wr_cntr_G_sync, rd_cntr_G_sync; 
wf_cntf_ B_sync, rd_cntr_B_sync: 

assign stk_fuU =' «wr_cntr - rd_cntr_B_sync) = : stk_height) II rsl; 
assign stk_almost_fuU =' «wr_cntr - rd_cntr_ B_sync) =: AF _level) II rsl; 
assign stk_halCfuU '" «wr_cntr - reCcntr_B_sync) == HF Jevel) II rst ; 
assign stk_almost_empty = «wr_cotr - rd_cntc B_sync) == AEJ evel) 11 rst; 
assign stk_empty '" (wr_cntr_B_ sync :: reCcntr) II rst ; 

wr_cntr_Unil MO_rw_cntf (next_wr_cntr, wf_cntr, writeJ)tr, write_to_stk, 
clk_write, rsl); 

rd_cntr_Unit M1rd_cntr (next_ f<Ccntr, rd_cotr, read-ptr , read_fr_slk, elk_read, rst): 

B2G_Reg M2_B2G ( 
gray-out(wr_cnlr_G), 
binary_in(next_wf_cntr), 

.wr_rd(write_to_stk), 

.Iimit(stk_full ), 

.clk(clk_write), 

.rst(rst) 
I; 
G2B Conv M3 G2B ( 

.bin-;ry(wr_cntr_B_sync), 

.gray(wr_cntr_G_sync) 
I; 
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B2G_Reg M4_B2G ( 
.graLout(rd_cntr_G), 
.binary_ln(neld_r<Ccntr), 
.wr_rd(read_fr_stx), 
.Iimit(stk_empty), 
.clk(elk_read), 
.rst(rst) 

); 

G2B_Conv M5_G2B ( 
.binary(rd_cntr_B_sync), 
.gray(rd_cntr_G_sync) 

); 

1/ Synchronizer Unit 

gener.te 
genv. r k; 
for (k = 0; k <: stk....ptr_width; k = k+1) begin : write_cntr_synchronization 

Synchro_Long_Asynch_in_lo_ShorCPeriod_Clock MO ( 
.Synch_oul (wf_cnl,_G_sync[kj), 
.AsynctUn(wr _cnlr_ G[k», 
.clocl«clk_read), 
.reset(rst) 

); 
end 

for (k; 0; k <; Slk.J)tr_width; k = k+1) begin: read_colr_synchronization 
Synchro_Short_AsynctU"_lo_Long_Perioc:CClock M1 ( 

.Synch _ out(rd _ cotr _ G _ sync[k», 

.AsynchJ n(rd_cntr_G[k», 

.clock(clk_write), 

.reset(rst) 
); 

end 
endgener.t. 
endmodule 

modul. wr_cnlr_Unit # (p.ramehlr stkylr_width :: 3)( 
output.-.g (stkytr_width: 0] nexCwr_cntr, wr_cntr, 
output (slkytr_width ·1 : 0] writeytr, 
input write_to_stk, elk_write, rst 

); 
assign writeytr '" wr_cntr [stkylr_width ·1 : 0); 

alw.ys @(posed,,_elk_write, posedg. rst) 
If (rst) begin wr_cntr <= 0; end 
.1 •• tf (write_Io_slk) begin 
wf_cntr <= neld_wr_cntr; 

end 

.Iw.~ 0 (wr_cntr) neld_wr_cntr = wr_cntr + 1; 
.ndmodul. 

... 
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module rd_cntr_Unit # (parameter stk..Jltr_width = 3)( 
output reg !stk-plr_width: 0] next_rd_cntr, rd_cntr, 
output [stkJltr_w idlh -, : 0) read_plr, 

): 
input read_fr_stk. elk_write, rst 

ass ign read_plr = reI_cntr Istkylr_width -1 : 0]; 

always@(posedgeelk_write, posedge rst) 
if (rst) begin rd_cntr <= 0; end 
else if (read_fr_stk) begin 

rd_cntr <:= nexI_fd_Cl"Itr: 

"d 

alway. @(rd_cntr)nex,-r(Ccntr=rdJntr+ 1; 
endmodule 

module B2G_Reg # (parameter size'" 4)( 
output reg [size -,: 0] gray_ou t, 
Input [size -1: OJ binary_in, 
Input wr_rd, limit, elk, rst 

): 
wire (size -1: 0) next_gray_out; 

always @ (posedge elk, posedge r51) 
if (rsl) gray-out <: 0: e lse if (wf_rd && (Ilimit)) gray-out <: next_graLout; 

82G Conv MO ( 
.gra-y(next--9ray_out), 
.binary(binaryJ n) 

): 
endmodule 

module 82G_Conv # (parameter size'" 4)( 
output [size · 1: 0] gray, Input (size -1: 0] binary); 
assign gray'" (binary » 1) " binary; 

endmodule 

module G28_Conv # (parameter size" 4)( 
output reg [size ·1: 0) binary, input [size ·1 : 0] gray); 
integer k; 
always@(gray) for (k"'0;k<:size; k"'k+1)binarytkj"'''(gray»k); 

endmodule 

module Synchro_Short_Asynch_in_to_Long_PeriocCClock ( 
output reg Synch_out, 
Input Asynch_in, clock, reset 

): 
regq1. q2: 
supply1 Vee; 
wire Clr_q1 _q2 '" reset II ((IAsynchJ n && Synch_out»: 

always @ (posedge clock. posedge reset) 
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if (resel) begin 
Synch _out <:: 0: 

.nO 
else Synch_oul <: q2; 

always @(posedge ciock, posedge Clr_q1 _q2) 
if (Clr_q1 _q2) q2 <: 0: 
else q2 <= q1 ; 

always @(posedgeAsyneh_in, posedge Clr_q1_q2) 
if (Clr_q1_q2) q1 <: 0; 
else q1 <= Vee; 

endmodule 

module Synchro_l on9_Asyneh_in_to_Short_Period_Ciock ( 
output reg Synch_out, input AsynchJn, ciock, reset); 
reg Synch_meta; 

always@(poaedge clock, posedge resel) 
if (reset) begin Synch_mela <:: 0; Syneh_out <= 0; end 
else (Synch_out, Synch_mela) <= (Syneh_meta, Asynch_in); 

endmodule 
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The testbcnch used to verify FIFO_Channel is given below. The testbench se lects 
a pattern and then presen ts it to FlFO_ChanneJonc bit at a time. 

module I_FIFO_Channel # ( 
parameter word_width = 32 , haICC)'cle_ '00_MHz :z 4, haICC)'ele_ 133_MHz" 3); 
wire [word_width -1: 0) Data_ouIJIFO; 
wire ready; 
reg En, read, elk_write, clk_read, rst; 

FIFO_Channel MO (Oata_out_FIFO, ready, OataJ n, En, read, elk_write, 
clk_read, rst); 

wire (word_width -1 : 0] stkO, stk1 , stk2, slk3, stk4, stk5, stk6, stU: 

assign stkO:: MO.MO.M1 .stk(0]; 
assign stk1: MO.MO.M1 .stk( ' ]: 
assign stk2" MO.MO.M1 .slk(2]: 
assign stk3 IE MO.MO.M1 .stk{3]; 
assign stk4 IE MO.MO.M1 .stk[4]: 
assign slkS" MO.MO.M1.stk[S]: 
assign slk6;: MO.MO.M1 .stk{6]: 
assign stk7 :: MO.MO.M1.stkI7]; 

initial #8000 Sflnlsh ; 

II Probes of the stk 

initial begin elk_write '" 0; forever #half_C)'ele_100_ 
MHz elk write:: -elk write: end 
inltla' begin cik_read-= 0; forever#half_C)'c/e_'33_ 
MHz elk_read: -elk_read: end 

// 100MHzelock 

If 133 MHzelod< 
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initial fork 
En=O; #18En=1 : 
#400 En = 0; 
#960 En '" 1: 

Join 

Initial fork 
read=O; 
#3500 read::: 1; 
#4200 read::: 0; 
#7124 read = 1; 

join 

initial fork 
#0 rst= 1; 
#2 rst=O: 
#5050 rst::: 1; 
#5075 rst::: 0; 

Join 

reg (word_width -1: 0 
reg 13: 0 
reg(word_width-1:0] 

Advanced DlgitaJ DesllJD with the Verilog HDL 

Pattern_buffer 115: 0; 
Pattem_ptr; 
Data_word; 

asaign Data_in = Data_word [OJ: 

always@(negedge elk_write, po.edge rsll 
if (rst) begin Pattem~tr<'" 1: Data_word <= Pattern_buffer [0]; end 

el •• begin 
It (MO .M1 .pause_full) begin Data_word <= Pattern_buffer [PatternJllr -1]: end 
if (MO .M1.pause_En_ b) begin Data_word <: Pattern_buffer [PattemJltrJ; end 

if (MO.MO.write_to_stk) begin 
Pattemytr <= Pattemytr + 1: 
Data_word <= Pattern_buffer [Pattemytr]; 

end 
end 

always@(n.gedgeelk_write. po •• dge rst) 

If (rst) Data_word <= Pattem_buffer (0); 
alsa if ((MO.M1.shfUncr) && (MO.M1.MO.state 1= MO.M1.MO.SJdle» Data_word 

<= Data_word» 1; 

initial fork 

Pattern_buffer (0) = 32'haaaa_ aaaa; 
Pattem_buffer [1) = 32'hbbbb_ bbbb; 
Pattern_buffer [2] = 32'hcccc_cccc; 
Pattern_buffer [31 32'hdddd_dddd; 
Pattern_buffer (4) 32'heeee_eeee; 
Pattern_buffer (5) 32'hfffUffl; 
Pattern_buffer [61 32'haaaa_ffff; 
Pattern_buffer [7J 32'hbbbb_aaaa; 
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Pattern_buffer 18) = 32'ha5a5_5a5a; 
Pattern_buffer 19) = 32'hbSb5_5b5b; 
Pattern_buffer 110J '" 32'hcccc_5555; 
Pattern_buffer [11) '" 32'hdddd_5555; 
Pattern_buffer [12] '" 32'heeee_5555; 
Pattern_buffer (1 3) = 32'hffff_5555; 
Pattern_buffer (14) = 32'haaaa_5555; 
Pattern_buffer [1 5] '" 32'hbbbb_5555; 

join 
end module 

6" 

Figure 9-51(a) shows the results from simulating a suite of test patterns to veri fy 
the correct operation of FIFO_Channel, the combined se rial-paralle l convener and 
FIFO. The pulses of write_toJtack and readJr _stack and other significant features 
are highlighted by shading. Note that, during the fi rs t assertion of Ell, stkO gets 
aaaaaaaaH, and at the second assertion stk l gets bbbbbbbbH. After a brief pause 
(while En is de-asserted), the third pattern (ccCCCCCCH) is loaded into stk2, and so 
forth, until the stack is fu ll . Then, with stkJuli and with read asserted by the teslbench. 
stk_empty asserts intennittently, as reading follows writing, with reading waiting for 
writing to add a word to the stack . This set of tests shows that the FIFO is able to 
(1) reconstruct the data patterns from the serial-to-pa ralIel converter correctly, with­
out corrupting bits between words and (2) resume the write operation after a pause 
by de-assertion of £11 or by assertion of stkJuli. A reset-on-the-[]y event demon­
strates that the machine recovers correctly and loads the first pattern at the fi rst 
opportunity to write to the stack. The shaded data shows that the synchronization, 
code conversions, and status determinations occur correctly. 

Figure 9-51(b) zooms into the waveforms to demonstrate that the read opera­
tions execute correctly. E ight cycles of elkJead transfer words from the stack to 
Data_oucFI FO, from the addresses specified by readytr. Note that stkJull de-asserts 
with a latency of two cycles of elk_write, and then the state transitions from 5_idle (0) 
to 5_1 (1). Once the machine entcrs 5_1, it takes 31 additional cycles of elk_write to 
load another word to the stack (not shown), so (even though the stack is not fu ll ) a 
write cannot execute immediately. 

Figure 9-51 (c) shows a sequence in whieh En and read are both asserted and the 
stack is empty. An assertion of writCIOJtk loads a5a55a5all into stkO. Two edges of 
elkJead later, stk_empy de-asserts, reflecting the latency in comparing rd3 ntr to 
wr _entr JJ_sync. A comparison of rd_cntr and wr _entr would de-assert stk_cmpy imme­
diately, but risk metastability by allowing the stack to be read too close to the edge of 
elk_write. The interval of latency is indicated in Figure 9-51(c). The content of stkO is 
read to Dma_olJ.cFIFO at the first edge of clkJead after stk_empty has de-asserted. 
Once a stack is empty, the maximum rate at which words can be transferred across the 
boundary between the clock domains is limited by the rate at which words can be written 
to the stack: 100 MHzJ32 = 3.125 MHz. 

Figure 9-52(a) presents simulation results showing that reading from the stack is 
synchronized by elkJead, and that readytr detennines the data that is loaded into 
Data_oucFIFO. Note, however, that the count or rd3ntr_BJyncskips values (counts 
of 1, 4, 5, and 6 are missing). This behavior is explained by the simulation results in 
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II1GU RE !I.52 Simulation of reading from the stack; (a) synchronization by dkJt!ad, and 
(b) accounting for skipped oounls o(nCcnrr...BJynch. 
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(b) 

FIGURE 9-52 Continued 

Figure 9-52(b) , where the lower two bits of ,dJntT_B_synch are shown. With 
rdJounter = 0 (A) , the edge of clkJead (8) causes the transition to rd_cntr = 1 (0). 
The details of this transition are shown, where the asynchronous value (e) in the 
domain of rd_cmr gets passed to the first stage of the synchronizer (E) al the next edge 
of cIk_write (D), and then passes to Synch_out (F) and the second edge of elk_write. 
Given the disparity between the clocks frequencies and the alignment of the edges of 
the clocks, with clkJead being faster, tbe second edge of c1r Jead (H) causes rd_cntr to 
increment to a value of 2 (G). This value passes into its synchronizer (J) and reaches 
the output of its seC()nd stage (K) so that both bits of rd_cntr _8 Jynch have changed in 
time for the edge of elk_write at (L}.The intermediate value of rd_cntr = 1 is obscured 
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at rd_cnl,_BJync because the relative alignment of edges between clkJd and 
elk_write is such that two bits o f the counter can change in the interval of lime for the 
data to pass through two stages of the synchronizers in the slow domain. 

End of Example 9.11 
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PROBLEMS 

Adunced Diptal Design 'l'rith t he Verilog HDL 

1. Determine the size of tbe largest pixel processor array that can be implemented 
hy synthesizing Image_Convener_Baseline (see Section 9.2.1) into a Xilinx 
XCS40IXL FPGA (see Table 8-13). 

2. Develop an architecture for implementing a sequential (row-by-row) algorithm 
realizing the behavior of a halftone image converter having only one processor 
for an 8 x 6 array. Deve lop, verify, and synthesize a Verilog model of the 
machine. (OpfionaJ: By performing postsynthesis simulation in a given ASIC 
technology or an FPGA, detennine the maximum rate at which images can be 
processed by the machine.) 

3. The convolution of an N-samplc data sequence {x[k]} with the impulse 
response of a digital filter {h(k]} with j = 0,1, . .. , N - 1, produces the filter's 
output and is defined (19,20] hy 

yIn = kt x[kJh[j - k] 

for j "" 0,1"", 2N - 2. (a) Using Verilog constructs. write an NLPdescribing 
the convolution algorithm . Note that the NLP can be unrolled to give 

y[OJ = x[O] h[O] 
yl l ) = x[OJ hll ] + x[IJ h[O) 
Y(2) = x [O) h[2 ] + x[IJ hll ] + x[2) hlO] 

A fragment of a DFG for the NLP is given in Figure P9-3; (b) complete the DFG 
for N = 3, (c) using the NLP and the DFG. develop, verify, and synthesize 
Convolmion_Baseline, a Verilog model that implements the algorithm, (d) using 
the DFG.identify a two-stage balanced pipeline architecture fo r the machine, and 
(e) develop, verify, and synthesize Convolurion,Yipe, an implementation of the 
pipeline determined in (d) and compare the two realizations of the algorithm. 
What is the minimum number of concurrent processors that could implement the 
algorithm? 

x\O[ 

h[O] hP] 

FIGURE P9-) 
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4. The bubble sort algorithm (see Example 9.1) sorts the elements of an array of N 
unsigned binary numbers into ascending order. Develop an NLP in pseudocode 
10 (1) search over N unsigned binary numbers to find the largest, (2) then remove 
it and repeat the search over the remaining N - I words, ctc., until the list is 
sorted. Dcvelop a temporal DFG for the algorithm and specify an architecture 
for its implementation. Develop. verify, and synthesize a machine that realizes the 
algorithm. Compare and discuss the relative merits of the two sorters. 

5 Write a Verilog model of Bubble_Sorl....Alterrlative, the machine described by 
tbe ASMD chart in Figure 9,19. Develop and exercise a testbench to verify 
the machine. 

6. Using the Floyd-Steinberg algorithm (see Section 9.2), develop a Verilog 
behavioral model of a machine, GSJmage_Converrer, that implements a 
Gray scale conversion of an 8 x 6 array of pixels having a resolution of 8 bits, 
into a same'sized array of pixels have a resolution of 4 bits. Implement the 
following versions of the machine: (1) a baseline level-sensitive realization of 
the algorithm's NLP and (2) an ASMD,based implementation with maxi, 
maLly concurrent processing. 

7. Develop an NLP describing an algorithm that computes the histogram of eight 
equispaced gray levels in an 8 x 6 pi.JI:eJ image with 8 bits of resolution. Using a 
DFG for the algorithm, develop, verify, and synthesize (I) a baseline machine 
implementing the algorithm and (2) an ASMO-based machine realizing the 
algorithm with maximally concurrent processors. 

8. The reservation table in Figure P9-8 reveals how the throughput of Image_ 
Converter_ConcurrencProcessors could be increased by exploiting the idle 
time of the processors and concurrently processing two images while conccur, 
rently processing the pi.JI:els of each image. Develop, verify and synthesize a 
machine that wiU maximize the throughput that can be obtained in processing 
an 8 x 6 array, using four concurrent processors. Include an ASMD chart fo r 
the control unit of the machine (see Figure 9-13). 

9. Develop, verify, and synthesize a frame processor that converts an 8 x 6 array 
of pixels with S-bit resQlution into an image with 4-bit resolution. The proces­
sor includes three image buffers, and a controller that directs the processing of 
one image while a second image is being loaded into memory, and a third 
(converted) image is being sent through the VO poTlS, which accommodate 
t byte each. The pipc:lining of the operations is illustrated below in Figure P9-9. 
Note: the unit is served by a single data bus, making it necessary to interleave 
the data that is being sent and received. 

10. The DFG shown in Figure 9-5 for a halftone pixel image converter can be 
used to identify alternative cutsets that define a pipeline architecture for the 
baseline machine. Identify a cutset that will balance a pair of pipeline stages 

, , , , , , , , 
R I~ Ib 2J 14 I 2 J 4 5 6 7 

III 1112 IJ 14 21 12 n XI J! 32 9 10!! !2 Il l' 21 12 29 JO II 32 
17 1~ I~ 20 21 2tI l' 36 )7 3& 39 4() 11 18 19 lD 7:1 28 l:l :II'> 37 YI 39 4() 
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flGUREP9-8 



.22 Advanced Digjtal Deslp with the VerUog HDL 

BuffeT_l Buffer..2 BufferJ 

Processing Loading So:nding 

Sending Proa:u;ng Loading 

Loading Sending Process ing 

Processing Loading Sending 

FlGUREP9-9 

for an 8 x 6 array of pixels. Specify an architecture, and develop and verify 
the Verilog model Image_Converter_l-pipe that implements the pipeline 
specified by the cutset. Include an ASMD chart for the control unit of the 
machine (see Figure 9-13). 

11. The Verilog model FIR_Gaussian_Lowpass (see Example 9.2) is limited to a 
seventh-order filt er. Develop and verify a fe-usable model with (1) parameters 
and memory for up to 16 filter tap coefficients, and (2) a loop-based algorithm 
that fonns Dmu_Qut for an allowed order of the filter. When reset is asserted. the 
state of the filter is 10 return to S_idle. where it remains until a signal Lead is 
asserted. With the state in S..Jdle, an assertion of Load will cause the machine to 
read a byte of data specifying the order of the filter, and move to state S_loading. 
On subsequent clock edges., the machine remains in S_loading and sequentially 
reads the parameters of the filter. After reading the parameters the state enters 
SJW1ning. While in SJunning, the machine generates the filtered output 
(D _out) from the input signal (D _in) until reset is asserted again. Synthesize the 
model and verify the functionality of the gate-level circuit. 

12. Develop, verify, and synthesize parameterized Verilog models of the DF-II and 
illF-U IIR mters (see Figure 9-27). The filters must import their tap coefficients 
from the test bench environment. 

13. Compare the results of synthesizing Circular_Buffer_1 and Circu/ar_Buffer.J, 
(see Example 9.9). 

14. Verify that the 32·bit serial-Io-parallel converter Ser_Pur_Collv_32 operates 
correctly when the data bits are streamed to the machine continuously (i.e., the 
state does not return to S_id(e between successive words) . 

IS. Modify the eight-tap Gaussian FIR in Example 9,2 to have a 4-bit representa­
tion of the filter's coefficients, but keeping an 8-bit datapath. Compare this 
modified filter to the fIller modeled by FIR_Gaussian_Lowpass. Consider their 
use of physical resources (e.g., configurable logic blocks in a Xilinx FPGA). 
their accuracy. and their performance. 

16. Implement and compare IWO different architectures for an eight- tap FIR with a 
\6-bi\ datapath. The first is to use the architecture shown in Figure 9-23, which 
has a shift-register structure that stores and shifts the samples of the input 
sequence. The second is to implement the fIR with a circular buffer controlled 
by a state machine. 
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17. Using MATLAS, design a lowpass FlR filter with passband frequency "" 
1600 Hz, stopband frequency - 2400 Hz, passband gain - 0 dB, stopband 
allenustion - 20 dB, and sampling rate - 8000 Hz. The datapath at the input 
is 32 bits wide. and the tap coefficients are to be stored as 16-bit words. Verify 
that the fille r satisfactorily attenuates an input at 2.5 kHz and 3 kHz. Deter­
mine the highest umpling rale that can be achieved in the technology that was 
used to synthesize the filter. (Optional: Implement the filte r in an FPGA and 
demonstrate ils operation.) 

18. Adaptive digital filters are commonly used 10 (1) filte r noise from data whose 
statistics arc: ei ther unknown or time-varying and (2) to extract a model of an 
unknown system from data describing its inpu!-output response. The parame­
ters of an adaptive digital filter are adjusted dynamically. as the statistics of the 
data evolve during processing. A feedback loop drives an adaptation process 
that compares the output of the unknown system with the output of the filler 
and uses the derived information to adjust the filte r'S weighu.. ln the structure 
shown in Figure P9-18 (7), the time-sequence response of the adaptive FIR is to 
approximate the time sequence of the unknown system. and the tap coefficients 
of the FIR are 10 adapt dynamically to reduce the error §ignal. A least mean 
square algorithm [18) is used to update the tap coefficients of the FIR by 
adjusting their values according to 

The stepsize adjustment parameter II is chosen to cause the e rror sequence to go 
to O.1f II is too big the LMS (least mean square) algorithm might not converge; if 
it is too small. it might converge very slowly. Consider values of 8 between IO- z 

and 10-(. An adaptive FIR has been designed elsewhere [7] to filter the output of 
an unknown system modeled by a seventh order bandpass IIR, with a sampling 
rate of S kHz, and having M "" N - 7.The passbandofthe IlRfilterisfromTf/3 
to 2Tf13 rad. The stopband attenuation of tbe filter is 20 dB. The filter's coeffi­
ciellts that were presented in reference 7 are given in Table P9-t7. nonnal ized to 
make ao'" I . 
(a) Develop and compare two implementa tions of the I1R filter. One is to use 
a pair of circular buffers, one to hold samples of the output. and one to hold 
samples of thc input. An eight-cell circular buffer will hold the current output 
and a window of the last seven outputs; a seven-cell circular buffer will hold 
seven samples of the input. The o ther implementation is to usc shift registe rs to 

FlGVR.EP9-18 
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TABLE P9-17 Coefficients for a seventh-order IIR bandpass filter 

1.k " " 1.0000 
0.0119 0.0123 

0,0104 
0.6601 -0.1815 
0.0342 0.0307 
0. 1129 - 0.1194 

- 0.0178 

hold the samples of data. (Note:The implementation will require prescaling and 
postscaling operations to support the arithmetic operations of the data path 
with the finite wordlengtb of the machine.) (b) Develop a lestbench to verify 
that the IIR acts as a bandpass filter. 

19. The nodes of the DFG shown in Figure P9-19 have been annotated with propa­
gation delays. Find the optimal placement of pipeline registers in the circuil. 

20. Modify the pipelined FIR filter in Figure 9-41(b) to have coherent dalapalhs. 
21. The OFG in Figure P9-21(a) describes a systolic array processor tbal imple­

ments the matrix product C = A x B, with cii - L ail bki . Each FU of a fully 
parallel implementation of the processor would require 8 channels of data, 4 
mullipliers, and 3 adders. Given a shared distribution of data among the cells in 
a given row and column, the entire array would require 32 channels of data, 64 
multipliers. and 48 adders, for only a 4 x 4 matrix multiplier. As an alternative, 
consider an array in which the datapaths are pipelined through functional units 
that are chained together as shift registers. Each F1J has the structure shown in 
Figure P9-21(b), which registers both of its input datapaths and passes the reg­
istered values to the adjacent cell in the array. Note that the datapaths between 
cells are short and that the clock must be distributed to each cell. Compare the 
throughputs (for a complete set of data), latency, aod resources of the imple· 
mentations. Develop, verify, and syolbesize Verilog models of each. 

22. Develop and verify a Verilog model of a FIR filter whose architecture exploits 
symmetry in the tap coefficients. 

flGUREJ'9.19 
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(.) 

(b) 

FlGURE P9-ZI 

23. Synthesize /lll tgrafo,_Par (see Example 9.4), and then resynthesize the model 
after replacing the statement clauses 

el .. If (hold) data_out <: data_out; 

el •• dala_out <= data_out + data_ in; 

by theslalcmcnl cJause" 

el .. if (Inold) data_out <= data_out + data_in; 

Compare the two implementations.. 
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24. Develop an ASMO chart for a controller tha t will control decimalOr _3 datapath 
unit to (I) shift four sua.:essive bytes into Shft_Reg, (2) transfer the contents of 
ShftJeg into IncReg, (3) t ransfer the contents of Im~eg into Decim_Reg, 
and (4) wait two cycles before repeating the sequence, while Go is asserted. 
Otherwise, the machine re turns 10 and remains in its reset state until Go is 
re-asserted. Note: the port list of decimator.3 is not to be changed. Embed the 
datapath and the controller in decimutor _unic3 and, using the testbench below, 
verify your model. Synthesize your model and verity that the functionality of 
the synthesized circuit matches that of your behavioral modeL 

modulel_decimaloT_3_unit # (parameter word_length '" 8, latency'" 4)( ); 
reg [wor<:Uength -1: OJ data_in; ". , .. 
wire [wortUength· latency -1: 0) 

initial #1000 $finish; 

Go; 
clock, reset; 
data_out; 

initial begin clock '" 0; forever #10 clock '" -clock; end 
inilialfo"" 

reset'" 1; 
#20 reset =: 0; 

#40 data_in'" 8'hab; 
#160 data_in" 8'heel; 
#280 data in '" 8'het; 
#400 dala=in = S'hab: 
#520 data in : a'heel; 
#640 data=in: a'het; 

#50Go:1; 
11#160 Go '" 0; 

join 
endmodule 

25. Thc buffer registers in the FIFO implementation in Example 9.10 maintain 
coherency of the data path by compensating for the inherent latency of the two­
stage synchronizer. Consider whether an a lternative design can eliminate the 
buffer registers by modifying the serial-la-parallel conve rte r to anticipate the 
signal write by two clock cycles. 

26. Using {_FIFO_Buffer, develop additional tests to verify FIFO_Buffer fo r all 
conditions of the stack and assertions of read and/or write operations. 

27. Synthesize FIFO_Buffer and verify a simulation match between the behavioral 
and gate level models. 



CHAPTER 10 Architectures for 
Arithmetic Processors 

This chapter presents alternative architectures and algorithms for the arithmetic oper­
ations in a digital machine. Many algorithms in digital signal processing require 
repeated execution of arithmetic operations. so it is important that they be imple· 
mented efficiently. How these operations are implemented depends on how numbers 
are represented in a machine. So we will briefly examine the commonly used scbemes 
for representing positive and negative numbers and fractions. Then we will examine 
algorithms and architectures for im,Plementing addition, subtraction, multiplication, 
and division of fixed-point numbers. 

10.1 Number Representation 

Numbers are represented by a string of characters in a positional notation system 
having a given radix, or base. A binary number system has two symbols and a radix 
of 2. An n-bit unsigned binary number is represented in positional notation as 
B = b,,_.b,,_2 ... bl bo. with bi E {O, l }. All digital machines encode numbers in a 
word of bits. The word has a fixed length, and the interpretation of the pattern of bilS 
depends on the encoding fonnat used by the machine. 

The decimal value. BIO• of an n-bil unsigned binary number B is fanned as a 
weighted sum of ascending powers of2. with the most significant bit (MSB) having the 
greatest weight (2,, -1 ), and the least significant bit (LSD) having the lowest weight (2°): 

,_,,_1 
BIO = b,, _12,,-1 + b,, _2 2,,- 2 +. + bl 21 + bo2° = ~ b,l' 

An n-bil word can represent 2" distinct numbers, but the dynamic range of numbers 
that are realized is dependent on the encoding fonnat. An n-bil unsigned binary fo nnat 
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can re present decimal numbers from 0 to 2" - 1. For example, tbe decimal value of an 
S· bil unsigned binary number can range Crom OIO (OOO(L~) to 1271O(11lCI111 2). 

In general, a binary number can be expressed as a weighted sum of ascending and 
descending powers of 2: 

with decimal value 

and 

B IO = b .. _ I2" -l b,, _22"-2 + . . + b. 21 + boil + b_1 2-1 + b_z Z-2 + . 

+ b_m l' I 2""", +1 b_", 2- '" 

; - 11 - \ 

810 = I ~," b;2' 

The weights having a negative power of 2 form the fractiona l part of the number, and 
the radix point (.) separates the integer part of the number from its fractional part The 
radix point for an n-bit integer is located immediately to the right of its LSB; the radix 
point of an m-bil fraction is located immediately to the left of its MSB. Fixed-point 
numbers have their radix point in a specific position in a computer word fl). The radix 
point is not implemented physically in the machine; the designer must keep track of its 
location, which may vary as arithmetic operations are perfonned. 

The arithmetic sign of a number in a digital machine must be encoded within the 
bits of a word. There are three common fannats for signed numbers: signed magnitude, 
Is complement, and 2s complement. Of these, the Is complement and 2s complement 
playa significant role in arithmetic units. 

10.1.1 Signed Magnitude Representation of Negative Integers 

In signed magnitude representation of positive and negative numbers, the MSB of a word 
is the encoded sign bit, with 0 representing a positive value, and 1 representing a negative 
value. The remaining bits of the word represent the magnitude of the number. For exam­
ple, 0111 2 represents +7. and 11112 represenlS - 7\0. Eight-bit signed-magnitude numbers 
can be represented by the number wheel shown in Figure 10-1. The dynamic range of 
numbers in signed magnitude representation is from -2,,- 1 - 1 to +2"-1 - 1. 

If the signs of two signed-magnitude numbers match, addition is executed directly 
by adding the magnitudes (nol the sign bits) and setting the common sign of the result to 
malchlhesignoftheoperands(e.g., - 21Q + -310 = 1010t + 10112 = 11012 = -slO).Ie 
the sign bits of the numbers do not match, the signs and relative magnitudes of the words 
must be used to determine whether to add or subtract the numbers and to determine the 
sign of the outcome (see Katz [2] for examples). Having two representations for 0 com­
plicates arithmetic operations on signed binary numbers. Hardware units do not directly 
implement addition and subtraction of signed magnitude numbers. 
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Poslhverange:Oto2' 1 - 127 
NcgatlVerange: - Oto 127 --

OIIUII~ OOlXUlOOl 2 

01lUlll1 O(XXUO:~l 

IIXXUX)()()2 1IIIUII12 

IOOOJ)OOl l IIIUIIO:z 

"GURE 10-1 Number wheel representmg S-b,t $'gned-magmtude numbers. 

10.1.2 Ones Complement Representation of Negative Integers 
Positive numbers are represented in a Is complement system in the same way they are 
represented in a signed-magnitude system, but negative Is complement numbers are rep­
resented differently, in a Is complement format. The number wheel for Is complement 
numbers is shown in Figure 10-2_ Note that 010 has two representations: (XXXUX)()(}2 and 
l11C1111 2_ The dynamic range of numbers in an n-bit Is complement system is from 
- 2" - 1 - 1 to +2,,-1 - 1, the same as for signed magnitude numbers. but negative num­
bers are encoded differently in the two fonnats. 

The Is complement of an n-bit binary number B, denoted by -8, is defined by 

8 + (-8) = 2" - 1 

OllUllO:z 

0111_1111 2 

100(UXXIO} 

PosLliverange:Ot02' · 1 - 127 
Negahverange: - 127 to - 0 --

IIlII_IIII} 

1111_IIlOl 

FIGURE 10-1 Number wbeel represoenling 8-Oil h complement Dumbers. 
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Because 2~ - 1 is an n-bit word consisting of allIs, the Is complement of B is the word 
tbat must be added to B to form an n-bit word of Is. That word is the bitwise CQrupJe­
mentl of B,denoted by - 8, and - 8 = - 8. For example, if B = 101~, the ls comple­
mentofBis - B = Ol012,aodB + (- 8) = 101 0:1 + 01012 = 1111 z. Digital machines 
easily implement the bitwise complement operation with logic inverters. 

In a Is complement format, each positive number has a negative counterpart, 
including the number O. The numbers are said to be seif-compJementing, because the 
complement of a number is obtained by taking the diminished radix complement of the 
bits of the word. With a radix of2, the diminished radix complement (Is complement) of 
a binary word is the word fonned by complementing its bits. The Is complement fonnat 
easily implements subtraction, but addition requires treatment of two different represen· 
tations for 0.2 Consequently, most digital machines use a 2s complement encoding 
scheme, which has a unique representation for every number, including 0 [2]. 

10.1.3 Twos Complement Representation of Positive 
and Negative Integers 

The 2s complement of an n·bit binary integer is defined by B* = 2" - B, so 
B + (8*) = 2" = 0 modulo n. Adding 1 to the Is complement of a word forms its 2s 
complement. The range of decimal numbers that can be represented in a 2s comple­
ment format is from _ 2,,- 1 to + (2,,- 1 - 1).1\vos complement numbers can be repre­
sented by the number wheel shown in Figure 1(}'3. For n = 8, numbers are 

POS1llVerange:Olo27 - I = 127 
Negaliverange: - 12810 - 1 ------

00003)()(l12 

0000_00002 

1111_11112 

1111_11102 

FIGURE 10.3 Number wheel representing 8-bit 2s complement numbers. 

'The bitwise complement operator (-) is included in the Veri log language to support arithmet ic operations. 
~c signed magnitude format also has two representations for O. 
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incremented counterclockwise by l , from 0 to 27 - 1 = 12710, In the clockwise direc­
tion , the count descends from 0 to _27 = - 12810. Figure 10-4(a) demonstrates that 
the 2s complement of the 2s complement of a number is the number itself. One fu ll 
rotation around the wheel returns the pointer to the same location as the pointer to 0, 
and increments the count from 2n- 1 - 1 to 2". 

The 2s complement system is important in logic circuit design because subtraction 
of 2s complement numbers has a very simple hardware realization, and the arithmetic 

25 compJe mentofB 

,.) 

1I~=-21O: 

D(IOI2<-) = - 3)0 = I~ + 0012< = - 410 + 110 = _ 22 + 0012<­

(b) 

nGURE 104 (a) The 25 complem ent of the 2s complement of a nwnber B is B 
(b) Signed decimal value of (1012<:). 
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operations of addition, subtraction , multiplication, and division of 2s complement num­
bers can all be performed in hardware with a unit that can carry out binary operations of 
addition and bitwise complement. Subtraction involves the operations of bitwise com­
plement and addition. Multiplication involves repeated addition, and division involves 
repeated subtraction. Arithmetic operations on 2s complement numbers use the same 
hardware for addition and subtraction but have reduced dynamic range compared to an 
unsigned binary fonnat. 

The signed decimal value of a number in 2s complement fonnat can be obtained 
directly, as 

Figure 1O-4(b) illustrates use of this expression to find D(lOl z,;), where the subscripl2c 
denotes a binary word in 2s complement format. 

10.1.4 Representation of Fractions 

The 2s complement of a fraction is defined by 

B*=2 - BandB + B* = 2. 

The 2s complement of a fraction can found by starting at the LSB and complementing 
all the digits to the left of the least significant 1 in the word, which is the same proce­
dure that is used to form the 2s complement of an integer. The 2s complement fraction 
1.00000 . . is a special case. It actually represents the number - 1, since the sign bit is 
negative, and the 2s complement of 1.0000 ... is 2 - 1 = 1. The integer + 1 cannot be 
represented in the 2s complement fraction system, since 0.111 ... is the largest positive 
fraction. 

10.2 Functional Units for Addition and Subtraction 

Addition and subtraction are implemented in all arithmetic processors. There are sev­
eral alternatives that provide a trade-off between hardware cost and performance. 

10.2.1 Ripple.Carry Adder 

The ripple-carry adder presented in Chapter 4 is limited by the time required to prop­
agate a signal transition from the carry-in bit to the carry-out bit of the unit. If the word 
length of the processor using the adder is large, it might be necessary to use an alterna­
tive architecture to form the outputs quickly enough to satisfy timing constraints. 
Pipelining the dataflow is one alternative (see Chapter 9), but it introduces latency and 
requires hardware to implement the pipeline registers. Another alternative is to con­
sider other algorithms for addition. Among those that are used are the carry look­
ahead algorithm, the carry select algorithm, and the carry-save algorithm [3J. Of these, 
we will consider the look-ahead algorithm. 
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10.2.2 Carry Look·Ahead Adder 

The algorithm for a carry look-ahead adder is based on the observation that the value 
of the carry into any stage of a multicell adder depends on only the data bits of the pre­
vious stages and the carry into tbe first stage. This relationship can be exploited to 
improve the speed of the adder by using additional logic to implement the carry, rather 
than waiting for the value to propagate through the cells of the adder. 

A given cell is said to generate a carry if both of the cell's data bits are 1. A cell is 
said to propagate a carry if either oftbe cell's data bits could combine with the carry into 
the cell to cause a carry out to the next stage of the adder. Let ai and bi be the data bits at 
tbe itb cell of the adder, let c, be the carry into the ith cell, let Si be the sum bit out of the 
jth cell, and let CHI be the carry out of the cell. We define generate and propagate bits gi 
and Pi using the bitwise-and operator (&)3 and the exclusive-or operator (") as fo llows: 

gi = ai&bi 
Pi = ai " br 

The Venn diagram in Figure 10-5 shows where Pi and gj are asserted, depending 
on ai and bi' Note that Pi and gi are mutually exclusive. 

The logical expressions fonning the sum and carry bits at each stage of the adder 
can be written in tenns of the Verilog bitwise operators as follows: 

Si = (ai " bi) " Ci = P; "Ci 

Ci + 1 = «ai " bi) & ci)l(ai & b;) = (p/&C;)!gi 

Note that because Pi and g; are mutually exclusive the algorithm can also be expressed 
in arithmetic tenns as 

S; = (ai " b,) " c, = Pi"Ci 

C;+I = (aj " bi)&c; + ai&bi = P,&Ci + gi 

nGURE 10.5 Venn diagrams for assertion of Pi (propagale) aDd g; (generate) for aD adder cell. 

J& and && have the samecffect on scalar quantities. 
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flGURE 10-6 Schemalic for arilhmetic implementation of cafry bit 

The carry bit can be formed using either the bitwise OR operator or the arithmetic 
sum (modulo 2 addition), with identical results. The schematic for the subcircuit imple­
menting the algori thmic version of the carry is shown in Figure 10-6. Obviously, the. 
simpler realization is to replace the adder by an OR gate. 

The carry out of the ilh cell is formed by adding (OR-ing) the bit propagated by 
the cell with the bit generated by the cell . Only one of the terms will be 1, because Pi 
and gj are mutually exclusive. This second form of the equation for CHI produces the 
same result as the first one. 

The dependencies of Sj and CH I on ai. bi. and Ci arc depicted in the Venn diagram 
of Figure 10-7, where the three circular regions represent the data inputs to a cell of the 
adder, ai. bi , and Ci; each of the subregions denote where the data outputs Si and CH I 

are asserted. The presence of a variable's label within a subregion of the diagram indi­
cates that the variable is asserted for the combination of the data inputs associated 
with the subregion. For example, the sum bit is asserted in four subregions of the dia­
gram where 0, = l,bi = 0, and c, = 0; where 0; = O,b, = 1, and Ci = 0; where 
0i = l ,b, = 1,andci = l;orwhereoi = O,b, = Oandci = 1. 

flGURE 10·7 Data input-<lutput relationships of an adder a.11. 
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In tenns ofYerilog bitwise logic (& ) and ari thmetic (+) operators, the cells of the 
adder have~ 

50 : Po" co 

CI = (Po & Co} + 80 

51 = PI "CI :: PI " [(Po & Co} + go] = PI " (Po& co) + P1" 80 

C2 :::: (PI & CI) + 8 1 - P I & Po & Co + PI & 8 0 + 81 

52 = P2" CZ = />2 " [PI & Po &co + PI &80 + 81l 

c) = P2 & Cz + 8z =. P2 & [PI & Po & Co + PI & go + gil + 8z 

-~&~&~&~ +ft- ~ & ~&a& ~+ ~&~ +ft 

5:; = PJ" c) = p) " {Pz & PI &Po& Co + P2& PI & 8 0 + P2&gl + gzl 

~- ~ & ~+n-~& ~&~ & ~&~+~&~&.+~&~+~ + n 

These expressions expose the fact that the sum and the carry-out bits of each cell can 
be expressed in terms of the data bits of that ce ll and of the previous cells, and the carry 
into only the first cell of the adder chain (i.e., the logic can be effectively flattened). All 
of these data are available simultaneously. so there is no need to wait for a carry bit to 
propagate through the adder to a particular cell. This a llows the adder to operate 
fas ler, but the cost of this improvement is the extra logic needed to compute the sum 
and carry-Out of each Slage. The gate-level implementation of the look-ahead adder 
requires considerably more silicon area than the ripple-carry adder implemented in 
the same technology and requires more testing for process-induced faults. (Look­
ahead carry is usually implemented on a bit slice of a word.) 

Another important observation is thai Ihe sum and carry bits al each cell can be 
computed recursively. To expose this, we write 

So :: Po" co 
C l = Po&co + go 

SI = PI" C1 
Cz = P I & CI + 81 

52 = p Z fl CZ 

C3 = pz & cz + 82 

The algorithm to implement the addition of words will take as many steps as there are 
cells in the adder. The computation at each step of the recursion depends on the data 
bits of the corresponding cell and on the carry thai was calculated at the immediately 
previous step. If the propagate bils of an n-bit adder are arranged in a vector 
P = (PII_I.··· ,pz, PI, Po), the resul ts of the recursion can be used to {ann an n + 1 

""c operators " and &: havc higher pre«dellCC than +. 
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dimensional vet:tor: (e .. , .. , c2> C], co) such that the output word and the C_ OUl bit are 
obtained as 

c_out = c" 
The gate-level circuit implementing the 4-bit carry look-ahead logic is shown in 
Figure 1O-8(a) , and, for comparison, the schematic of the circuit implementing the 

(.) 

FIGURE 10-8 Gate-level cifeuils of 4-bit-slice adders: (a) carry look-ahead adder 
and (b) ripp\e-earry adder. The IongeSI paths are highlighled. 
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(b) 

fiGURE 10-8 Continued 

recursive algorithm is shown in Figure )O-8(b). The longest path is highlighted in 
both circuits. Note that the recursive algorithm implements the same circuit as a 4-bit 
ripple carry adder. 

A Veri log description or tbe propagate and generate recursive algorithm [13] for 
a four-bit adder is given below. 

module Add-prop~n (output [3: 0) sum, output c_out, Input 13:0] a, b, Input c_in); 
reg [3: 0) call)'Chain; 
integer i: 
wire [3: 0] 9 = a & b; /I carry generate, continuous assignment, 

bitwise and 
wire [3: 0] p = a " b: II carry propagate, continuous assignment, 

bitwisexor 
wire (4:0) shiftedcarry " (carrychain, c_in) : 
a .. lgn [3:0) sum = p " shiftedcarry; 
assign c_out '" shiftedcarry(4J: 

alway-s @ (a. b, c_in. P. g) 
begin : carry-'lener8Uon 

integer i; 
carrychain[O] = g{O] + (pIO] & cJn); 

for(i '" 1;1 <= 3;1" 1+ 1) 
begin 
call)'Chain(~ '" g(l) 1 (p[i] & carrydlain~.1)); 

end 
end 

endmodule 

1/ concatenation 
/I summation 
If carry out, usage: 

bilselect 
{( event · or" 
ffusage: block 

name 
II local variable 
II needed for 

simulation 
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flGURE 10-9 Archite.:ture for a combined 4-bit datapath adder and subtractQr unit 

Hardware units usually implement subtraction by adding the 1s complement of the 
subtrahend to the minuend, and then adding 1 to the result. This can be implemented 
with the architecture shown in Figure 10-9. One adder unit can be used for addition or 
subtraction, depending on the value of the signal select. 

10.2.3 Overflow and Underflow 

Overflow occurs under two conditions: (1) when adding two positive numbers pro­
duces a sum that exceeds the largest positive number that can be represented in the 
word length of the unit (i.e. the result is negative) and (2) when adding two negative 
numbers produces a sum that is positive (i.e. the sum exceeds the smailest negative 
number that can be represented in the word length of the machine). Arithmetic units 
include logic for underflow and overflow detection. 

10.3 Functional Units for Mnltiplication 

Multipliers are important functional elements of arithmetic units, digital signal proces­
sors., and other circuits that execute arithmetic operations. Multiplication can be imple­
mented with a combinational circuit or by a sequential circuit. A combinational circuit 
that multipLies two numbers will require more silicon area, hut will operate faster than 
a sequential multiplier. Sequential multipliers are attractive because they require less 
area, but a complete multiplication takes several clock cycles to fonn the product. We 
will investigate various designs of multipliers for signed and unsigned numbers, begin­
ning with binary multipliers, which form the product of a pair of binary words (i.e., 
unsigned numbers). We will also consider circuits for multiplying fractions. Our 
approach will he to first present a basic architecture for a multiplier and then present 
alternative architectures with additional features that enhance the design. 
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10.3.1 Combinational (Parallel) Binary Multiplier 

Consider two binary (unsigned) nwnbers with the following representation: 

A := (Am_ I> Am- 2, . . , A I. AO)2 = ~>ii 
"-, 

B = (B~ _ !> B~ _2 •. . , B I,Bo)2= J~/i 2j 

Their product can be written as 

m - l ,, - 1 

A X B = ~A; 2i~Bj 2i 

m-I II - I 

A X B = ~ ~A; Bj 2'+i 
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The product has m X n terms. and their summation may produce one more term, so 
the final result can be written as a sum of weighted powers of 2: 

where Po = AoBo, P I = A IBo + AoB lo etc. The tenn Pm+,,- I 2m+II - 1 accounts for a 
possible carry. 

Figure 10-10 illustrates the basic process for forming the product of two 8-bit 
binary words for the product 21510 x 23 w = 4945 10_ Shifted copies of the multiplicand 
arc successively aligned with the locations of the bits of the multiplier word and then 
the columns are added. If a multiplier bit is 0, the corresponding copy of the multipli­
cand is skipped, and the location that will be occupied by the next copy is shifted by 
one position toward the MSB of the multiplier. For example, a double shift is shown in 
Figure 10-10 at the shaded location where a multiplier bit is O. 

The process shown in Figure 10-10 works manually, and a combinational circuit 
can be developed to implement the product, with binary multiplication fonned by an 

I Multiplicand 

1 1010 11 1 

110 10111 

1 1 010 11 1 

110101 1 1 ----1 Double shift 

OIPr~od~~~''===H llolollll lo l l l o l l lo 1 0 1 0 1 1 1 2 494510 

.1GURE 10·10 Fonnalion of a product by columnwise adding shilted copies of the multiplicand. 
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AND gate. Note, however, that the process uses columnwise addition of the terms that 
form the partial products, and would require a hardware scheme thaI uses multiple 
adders for each column [2]. An ordinary adder operates on only two words at a time, so 
a more attractive scheme that forms a sequence of row sums by adding a single copy of 
the multiplicand to an accumulated product will be presented here. 

Figure 10·11 shows how the multiplication evolves. First, a pair of appropriately 
shifted copies of the multiplicand are added to form a sum, then another shifted copy 
of the multiplicand is added, and so forth , to accumulate the sums that ultimately form 
the product. This scheme is attractive, because it adds only two words at a time, has a 
direct hardware counterpart, and can be described by a sequential behavior in a hard­
ware description language (HDL) model. 

The structure of a combinational circuit that multiplies two unsigned binary num­
bers (words) can be derived from the manual operations for mUltiplying the numbers 
in a radix 2 system. For simplicity, we illustrate the process for two 4-bit words,A and B 
(the multiplicand and multiplier, respectively), and we form their product, A x B, as 
shown in Figure 10-12. Beginning with the LSB of the multiplier, each bit is multiplied 
by the bits of the multiplicand to form a so-called partial product. In a radix 2 system, 
the operation of multiplication that forms a partial product is equivalent to AND-ing 
the multiplier bit with each bit of the multiplicand. Each partial product is shifted 
toward the MSB to the position of the corresponding multiplier bit. Then the partial 
products are added. As we noted earlier, a manual method would add the terms in the 
aligned columns of the partial products, which, in general, requires addition of several 
lerms, hut hardware adders are designed to add only two words. Consequently, the 
result of adding the rows of the partial products is accumulated, with attention to any 
carries that are generated by the addition of the terms in a given column. The structure 
will require full adders when carries are involved and half adders otherwise. In general , 
the resulting final product may contain as many as 2 * L_word significant bits, where 
L_word is the length of the multiplier and mUltiplicand words. 

I Multiplicand t---------J I ltlOlllOl t l l1 t 12 21SI(} 

t Mulliplier t---------Jolo lo ll lol lll l l 12 2310 

Sh,fledCOP'e$of 
Ihemulliplicand 

I I 0 I 0 I I I 
110 10 III 

1010000101 

11010111 

10111100001 

Accumulated 
pariiaiproducis 

11010111 ----i Double shift 

I Produci Hi loloilitlo illoil iololol ll ! 49451Q 

FIGURE 10·11 Allematjve sequential process fonning the product of a pair of binary words 
by accumulating partial sums. 
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A3 A2 AI AO Multlphcand 
83 81 no Multiplier 

AJBa A2Ba A,Bu AoB" ParlIalproouct0 
AlB, A 2B, A,B, AoB, Parllalproducll 

C" C" C" Soo lsI row carnes 

Cn S" S" S" S" lsI row sums 
AJB~ A2B2 A ,B2 AoB, Parl1alproducl2 
On C" Cw 2nd row carries 

Cv Sv S" S" Sw 2nd row rums 
A j B, A 2BJ A ,B) AoB, Parllal product 3 
Cy C" C~ 3rdrowcarrics 

Cy S~ S" S" S~ 3rd row sums 

p. P, P, P, P, P, p. Final product 

2' "' 2' 2' 2' 2' t' WCIght 

FlGUREIO·U Stcps in Ihe mulliplic.alion of unsigned 4·bit binary words. 

The combinational logic structure consisting of AND-gates, full adders, and half­
adders shown in Figure 10-13 implements a parallel multiplier for a 4-bit wide data­
path. This method of multiplication is called partial produ.ct accumulation [2], because 
rows of linked adders generate the accumulated partial products that would evolve 
from a manual multiplication of the data words, as we showed in Figure 10-11. Most of 
the array is fonned of linked copies ofthe basic cell shown in Figure 10-13. An alterna­
tive structure, composed entirely of basic cells, is shown in Figure 10-14, implementing 
half-adders as full adders with their carry-in line hard wired to O. The resulting regular 
array of identical objects is called a systolic array (i.e., copies of a basic cell) and is ide­
ally suited for fabrication as an integrated circuit [5]. In practice, the boundary cells can 
be replaced by their counterparts from Figure 10-13. A 4-bit combinational multiplier 
has 16 AND gates, 8 full adders, and 4 half adders. An 8-bit multiplier would extend the 
array structure to accommodate 8-bit input datapaths, producing a t6-bit output data­
path for the product. The systolic array in Figure 10-14 is attractive because it has a reg­
ular structure of identical cells and easily accommodates expansion to longer word 
length by direct abutment of cells, which leads to an area-efficient physical layout of 
the cell on a die, with short interconnect paths between cells. Because the structure is 
isomorphic to a dataflow graph, it can be used to identify cutsets for pipelining the 
structure to obtain greater throughput (see Problem 40 at the end of this chapter). 

In synchronous operation, the clock cycle that governs the presentation of data to 
the multiplier must accommodate the longest path through the circuit, which is the 
path from the LSBs, through the adders, to the MSB of the product (see the shaded 
path in Figure 10-13). Both the carry and sum paths of the adders affect the longest 
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flGURE 10-13 An array structure of glue logic. half adders. and full adders for a 4.bit binary multiplier 

path, and balanced delays through them are desirable [IJ. The area of the device is rel­
atively large, compared to other realizations, such as the sequential multipliers that will 
be considered below, but the extra area is the price of the superior performance of the 
combinational multiplier. 

10.3.2 Sequential Binary Multiplier 

Combinational (array) mUltipliers operate fast, but require a significant amount of sili­
con area. If area is an important consideration, it can be reduced at the expense of per­
formance by scheduling the suboperations of the multiplier to execute in successive 
dock cycles. Sequential multipliers arc compact, require fewer adders, and are amenable 
to pipelining. The area required by combinational multipliers grows geometrically with 
the word length, but we will see that the area of a sequential multiplier does not grow sig­
nificantly with word length and that the number of clock cycles required to complete a 
multiplication also grows in a linear manner, rather than exponentially, with the word 
length. The behavioral description of a sequential multiplier is parameterizablc, which 
makes the model portable, amenable to synthesis, and re-usable. 

The sequence of operations forming the product of binary numbers by adding 
shifted copies of the multiplicand to an accumulated product were implemented by a 
combinational circuit in Figure 10-13. The schematic of the circuit suggests how to fonn 
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FIGURE 10-14 A systolic array structure for a 4-bit binary multiplier. 

a sequential behavioral model of the multiplie r, one that eliminates the spatial distribu­
tion of adders in exchange for a temporal distribution of computation that uses storage 
registers and a single adder. 

The interface signals and the block diagram symbol of a 4-bit sequential binary 
multiplier are shown in Figure 10-15, where [-; 01 denotes a parameterizable bit range 

Sequential 
binary RrQ,/y 

multiplier 

[- :0\ 

produCf 

FIGURE 11).15 Interface signal. and block diagram symbol for a sequential binary multiplier 
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for a datapath (c.g., [L_word - 1 :0] for wordJ and word2,and [2* L _word - 1 :0] for 
product) . The datapaths for word], word2, and product hold the multiplicand, multiplier. 
and product words, respectively. The signal Ready asserts when the unit is ready to exe­
cute a mUltiplication sequence, and when a valid product has been formed at the end of 
an execution sequence. Ready asserts until Stan initiates a multiplication sequence, and 
fe-asserts when a valid product is formed. We will now consider architectural alternatives 
and methodologies for designing a sequential binary multiplier of unsigned words. 

10.3.3 Sequential Multiplier Design: Hierarchical Decomposition 

The method for designing a sequential binary multiplier has two main steps: (1) choose a 
datapath architecture and (2) design a state machine to control the datapath. For a given 
datapath architecture, the state machine must generate the appropriate sequence of con­
trol signals to direct the movement of data and execute the operations that produce the 
desired product. 

The first data path architecture we will consider is shown in Figure 10-16 for an 8-bit 
datapath. Along with a single adder. shift registers are allocated for the multiplicand and 
multiplier, and a fixed register is allocated for the product. The multiplicand register is 
sized to twice the size of the multiplicand data word to accommodate shifting. The length 
of the Product register is the same as the size of the multiplicand register- the range of 
values formed by the product of two 8-bit numbers does not require an extra bit for a 
possible carry. The controller must assert Ready and then wait for an external agent to 
signal Starr. When Start is asserted, the controller must de-assert Ready, load the regis­
ters, direct the shifting and adding of data to form the product. and fmally re-assen the 
signal Ready. The controller uses the bits of the multiplier register to determine whcther 
to execute the shifting and adding operations to fonn the accumulated product. 

The architecture in Figure 10-16 uses only one adder and separate registers to 
hold multiplier, multiplicand, and product. In contrast, the combinational multiplier in 
Figure 10-13 does not use storage registers, but it requires tbat tbe data words be held 
externally until product is fonned. This has implications for external storage or bus uti­
lization. In contrast, the sequential adder can release its external datapaths as soon its 

16 

FIGURE 10.1(i Datapath architecture of a sequentia l S·bit binary multiplier. 
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registers are loaded. Note that long words do not require more area for logic. other 
than that needed to properly size the registers and the adder. 

The contro ller of the sequential multiplier architecture in Figure 10-16 loads the 
multiplicand and multiplier words into their registers, then shifts multiplicand to the 
left , relative to the product register. At each step, the multiplier register is also shifted, 
but to the right. and the value of mO,multiplier/Oj, determines whether multiplicand is 
added to product. The synchronous movement of data is depicted in Figure 10-17 for 
the product 21510 X 2310 = 4945 10, where the addition operation is executed as paral­
lel addition of the entire words. A single adder supports all of the cycles of addition. 

product 

0000000 

10101010 101, 10111 000000 I 010000101 

\ \ \ 
Shifted multiplicand 

Accumulated product 

1010101010101,10 1 o 0 0 0 0 1 0 1 1 1 I 0 0 0 0 1 

\ \ \ 
Shifted mUltiplicand 

000001 11110 1110111111100' 0 
Accumulated product 

101 0 I 0 I 0 I 0 I 0 I 0 II I 000000 I 0 111100001 

\ \ \ 
10101010101 010 101 

fiGURE 10-17 Register transfers in an S·bit sequential billary multiplier. 
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wordl WQnf2 

Start -+_--1,---.-..::L::::""":::-"'":::"'="'--I---' 
Shift 

ConlroLUnit f----'=-- Datapal~Unit 

r~se( clock product 

flGURIi: 10-18 Structural units of a partitioned sequentia l binary muhiplicI 

Partitioning the design into a datapath and controller gives the Verilog struc­
tural decomposition shown in Figure 10-18, where ControCUnitContorljnit and 
Datapath_Unit are separately encapsulated Vcrilog modules instantiated within a top­
level module, Multiplier_STG_O. In this structure, the status signal rnO is the LSB of 
multiplier, and is passed to the controller and used to control its state transitions. A 
fully structural approach to the design would be to write and link structural descrip­
tions of shift registers., adders, and ordinary registers, and then develop (e.g. , from tim­
ing charts and Boolean expressions) a state machine to control the structure. In 
contrast, our approach will start with the top-level structural partition and then write 
behavioral descriptions of the functional units, with reliance on a synthesis tool to 
determine their actual physical structure. This approach can maximize a designer's 
productivity, by leveraging the Verilog language and readily available synthesis tools. 
We will use it to examine alternative datapath architectures, controllers, and design 
methods and to explore tradeoffs. We will also expose some of the subtle, but serious, 
traps that await the unwary designer. 

10.3.4 STG-Based Controller Design 
The first design method will use state-transition graphs (STGs) to specify the state tran­
sitions of the controller. Figure 10-19 shows two versions of a STG for the controller, with 
different behavior in S_8. State transitions occur at the active edge of a clock, and are 
governed by the conditions annotated on the arcs of the graph (i.e., the machine will 
remain in a given state until the condition is satisfied). An arc without annotation 
denotes an unconditional transition; - denotes a don't-care condition. Signals that are not 
explicitly asserted are de-asserted. Under the action of reset, the machines enter S_idle 
from any state and remain there, with Ready asserted, until Starr is asserted with reset de­
asserted. (An alternative design could assert Ready as a Mealy output onJy while reset is 
de-asserted in S_idle.) Thereafter. the state transitions depend on mO, the LSB of the 
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(.) 

[O]denotesmuilipiiu[O] 
.10] denotes the complement of mU/(iplitr[O] 
-denotesdon 't-care 
Signabnolexplicitlyassertedare de·asserted. 

(b) 

FlGUR .. : 10-19 Alternative STGs (or a4-bit sequential binary mult iplier: (a) machine relurns 10 Sjd/" 
upon completion of multiplicalion, and (b) machine resides in S_8 after completion of multiplication. 
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shifted multiplier. If the LSB is a 1, the signal Addis asserted and a transition is made to 
a state from which Shift will be asserted at the next active edge of clock. If the LSB of the 
multiplier is 0, Shift is asserted. When S_8 is entered, Ready is asserted as a Moore-type 
output. At the next active edge of the clock, the machine in Figure 10-19(a) transitions to 
S_idle to await an assertion of Start. The version in Figure 10-19(b) remains in S_8, with 
Ready asserted, until Start is asserted. Then a transition is made to Sj, rather than to 
S_idle. Note that once either machine has entered S_1 it ignores activity on the input 
datapath until the multiplication is complete. 

The Verilog description of ControCUnit, given in Example tool, is based on the 
STG in Figure 10-19(b).The machine in Figure 10-19(b) is preferred to the machine in 
Figure 10-19(a). The former can reach a result in one less state after Ready is asserted in 
continuous operation, because the state does not pass through S_idle. In either machine, 
a complete multiplication can require passage through as few as five states and as many 
as eight states after Start is asserted. Note that the size of the STGs in Figure 10-19 
expands linearly with the size of the datapath. This has implications fo r the utility of an 
STG-based method in which the sequence of states depends on the size of the datapath, 
because the model would have to be edited significantly to accommodate a different 
word size. 
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This example provides an opportunity to discuss the benefit of using status signals 
to communicate between the control unit and the datapath unit. An alternative to having 
the status signal rnO is to pass the entire multiplier word to the control unit. This would 
require that the sensitivity list for the level-sensitive behavior modeling the combina­
tional logic of the control unit contain the multiplier word. Consequently, the cyclic 
behavior would be triggered by aU changes to the multiplier word, nOljust by a change to 
the LSB. This wastes simulation cycles, and in hardware would result in a higher level of 
e lectrical activity distributed over the circuit. Both consequences are undesirable. 

The Verilog behavioral description of Multiplier_STG_O is given in Example 
to.l, along with a testbench that contains an exhaustive pattern generator for word} 
and word1, and a comparator that samplesproducl and checks. while D one is asserted, 
whether product matches the expected value. 

Example 10.1 

modul. Multiplier_STG_O #(parameter l _word : 4)( 
output [2°l_word -1: 0) product, 
output Ready, 
Input [l_word -1: 0) word1 , word2, 
input Start, dock, reset 

wire mO, load words, Shift; 
Contro,-Unit MIl_Controller (108CCwords, Shift. Add, Ready, mO, start, clock. reset); 

Datapath_Unlt M1 _Datapath (product, mO, word 1 , word2, load_words, Shift. Add, 
clock, reset); 

endmodule 

output reg 
output 
Input 

". param.ter 

a •• lgn 

load_words, Shift, Add, 
Ready, 
mO, Start, clock, reset 

state, next state; 

II Datapath 
size, state 

S_ldle II: 0;-S_1:: 1, 5_2: 2, 
S_3 II: 3, 5_4" 4, S_5 '" 5, 5_6 =- 6, 

~e:; 7~ ~;!~ ~= S_idle) && !reset) 
II (state := 5_8); 

alway. @ (po •• dg. clock, po •• dg. reset) II State transitions 
if (reset == 1'b1) state <:: 5_idle; .1 •• state <'" next_state; 

alway. C (state, Start, mOl begin II Next state and control logic 
load words: 0; Shift = 0; Add = 0: 1/ Default values 
ene(state) 
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.nd 
endmodule 

If (Start) begin Load words'" 1; nexl state '" S 1: end 
else nexCstate '" S_klle; - -
If (mO) ~In Add '" 1; next_state = S_2: end 
el.e begin Shift = 1; next_state = S_3; end 

begin Shift = 1; next_stale:: S_3; end 
If (mO) begin Add E 1; next_slale:: 5_4; end 
el.e begin Shift:: 1; next_state = 5_5; end 

begin Shift = 1; next_state" 5_5; end 
If (mO) begin Add = 1; next_state = S_6; end 
el.. ~in Shift:: 1; next_state:: S_7; end 

begin Shift:: 1; next_state'" S_7; end 
if (mO) begin Add '" 1; next_state:: 5_8; end 
else begin neKCstate '" 5_8; end 
If (Start) begin Load_words = 1; neKt_state '" 5_'; end 
el.e next_state'" S_8; 
next_state'" Sjdle: 

module Oatapath_Unit (L_WOfd:: 4)( 
output reg 12'L_word -1 ; 01 
output 
Input IL_word -1: 0] 

product, 
mO, 
wordl, word2; 

... 

Input Load_words, Shift, Add, clock, reset 

". ". e •• lgn 

12'L_woro - 1: 0) 
(L_word -1 : 0] 

fI Register/Oatapath Operations 

multiplicand ; 
multiplier; 
mO = multipliertO]; 

alway. !It (po .. dge clock, posedge reset ) begin 
If (reset == 1'bl ) begin multiplier <= 0; multiplicand <:: 0; product <= 0; end 
el.e If (Load_words == l 'bl ) begin 

multiplicand <= word1 ; 
multiplier <: word2; product <= 0; 

.nd 
el.e If (Shift =: l'ble"'''' 1'bl ) product <= product .. multiplicand; 

. nd 
endmodule 

module test_Multiplier_STG_O 0; 

:~;:meter 12'L_word -1 : 0] ~~:;= 4; 

wire Ready; 
Integer word1 , word2; /I multiplicand, multiplier 
reg Start, clock, reset; 
Multiplier_STG_O M'_Multiplier (product, Ready, WOf'dl , wotd2, Start, clock, reset): 
fI Exhaustive Testbench 
reg [2'L_word -1: 0] expected_value; 
reg code_error; 
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Initial #80000 fln lsh; II Timeout 
always @ (posed~ clock) II Compare product with expected value 

If (Start) begin 
#5 expected_value '" 0; 
expected value:: word2' word1; 
/I expected_value'" word2 • word1 + 1; 1/ Usa to check error detection 
code_error'" 0 ; .," 

else begin 
code_error'" (M1 .M2.state == M1 .M2.S_8)? I(expected_value A product): 0; .," 

iniHa. begin clock:: 0; forayer #10 clock:: -dock; end 
initial begin 

#2 reset: 1; 
#15 reset '" 0; .," 

initial begin #5 Start:: 1; #1 0 Start :;: 15; end II Test for reset override 
initial begin ff Exhaustive patterns 

for (word1 :;: 0; word 1 <: 15; word1 :;: word 1 +1) begin 
for (word2 '" 0; word2 <'" 15; word2 = word2 +1) begin 

Start '" 0; #40 Start '" 1; 
#20 Start '" 0; 
#200; 

end II word2 
#140; 
end /lword1 

end II initial 
endmodule 

End of Example 10.1 

The controller in Multiplier _STG_O consists of two behaviors, one is synchronous 
(edge-sensitive) and the other is combinational (level-sensitive). The synchronous 
behavior models the state transitions at the active edges of the clock. subject to asyn­
ch ronous reset action. The reset action, being part of the fu nctionality of a fli p-flop. is 
described in the edge-sensitive behavior of the controller - not in the level-sensitive 
behavior describing combinational logic. The combinational logic (level-sensitive 
behavior) forms the next state and the output signals that control the datapath.The Ver­
ilog description of the outputs of the co ntroller can be written directly from the annota­
tion on the branches of the STG. Each output variable i.f initialized to a de-asserted 
condition at the beginning of the behavior to establish default values. This implements an 
"assignment by exception" scheme that reduces the amount of code that must be writ­
ten and assures that every output is assigned a value whenever the behavior is triggered, 
which reduces the possibility of accidentally creating latches. Only values that are to be 
asserted are described in the cas~ statement branch, for a given state. Nole that the 
level-sensitive behavior uses the blocking procedural assignment operator (=) and its 
sensitivity list includes all of the variables that are read within the behavior. Using a 
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blocking procedural assignment operator in the combinational logic behavior,and using 
a non blocking assignment operator « =) to make all register transfers in an edge-sen­
sitive behavior, will avoid race-induced discrepancies between the behavioral and syn­
thesized models of a sequential machine that has been partitioned into a datapath and a 
controller; the completeness of the level-sensitive event-control expression of the com­
binational behavior prevents unwanted latches from being synthesized. Also note that 
the decoding of S_8 includes an explicit assignment to nexCstate if Start is 0, to prevent 
synthesis of a latch. 

The datapath unit is modeled by an edge-sensitive synchronous behavior that 
handles all of the register operations, under the direction of the signals generated by 
the controller. The behaviors of the shift registers are compactly described by the shift 
operator of the Verilog language. The behavior uses the non blocking procedUral 
assignment operator - the register operations are concurrent, with the values held by 
the registers after the clock edge being determined by the values held at their inputs 
immediately before the clock edge. 

The testbench , tesCMultiplier_STG_O combines an exhaustive pattern generator 
with a self-checker to detect whether the model is correct. Figure 10-20 shows simula­
tion results for all possible patterns of wordl and word2. The displayed resolution 
obscures the actual data, but the signal code3rror indicates that the model is correct 
(provided that the testbench itself is indeed correct). Figure 10-21 shows simulation 
results for a representative case (4 10 X 810 = 3210), with a detailed view of state transi­
tions and control signal assertions leading to the formed product. (Note: wordl, word2, 
state, expected_value, and product are displayed with a decimal radix; multiplicand and 
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FIGURE 16-20 Results of exhaustive simulation of Multiplier STG 0 with a self-<:heclr::ing tcstbencb. 
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FIGURE 10-21 Sample of 3 multiplication sequence of Mulliplier....5TG_O. 

multiplier are displayed in hexadecimal format.) The exhaustive test results demonstrate 
that the multiplication operation is correct for the patterns applied. In general, it is also 
necessary to verify that the machine operates correctly under the action of the asynchro­
nous inputs. For example, a morc robust testing scheme would verify that the behavior is 
correct if Start, reset, word1 , or word2 changes randomly. The ability of the testbench to 
detcct an error correctly was also verified, but the results are not displayed. 

10.3.5 Efficient STG·Based Sequential Binary Multiplier 
The sequential multiplier, MultiplierJTG_O, presented in Example 10.1 is inefficient 
because it executes the add and shift operations in separate clock cycles. If the archi­
tecture is modified to direct the output of the adder to the appropriate bits of the prod­
uct register, the operations can execute in the same cycle. 

The modified controller described by the STG in Figure 10-22 can shorten the 
execUlion sequence by almost a factor of 2. The signal Add is replaced by the signal 
Addj hift to indicate the combined activity. The datapath modification can be achieved 
in hardware by moving wires by one bit position, but we will include this change in our 
behavioral model and leave the actual details of the wiring to a synthesis tool. Also, this 
new design has a more intelligent controller-it includes logic to abort the multiplica­
tion sequence if either data word presented to the multiplier is 0, in which case there is 
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no need to multiply word} by wordZ. The datapath unit is modified to produce a status 
signal, Empty , to indicate the condition that an input datapath is all Os. The port struc· 
ture of the binary multiplier remains unchanged, but ContToLUni[ is modified to 
include another input port, Empty. Datapath_Unil is modified to include an input port 
for Start and an output port for Empty. 

The Verilog bebavioral description of MulliplierJTG.J is presented in 
Example 10·2. Like Multiplier_STG_O, this machine's controller ignores Start if it is 
asserted during a multiplication sequence. but additional logic flushes product if Start is 
asserted with an empty data word while Ready is asserted. This removes the residual value 
of product that resulted from a previous multiplication sequence. Figure 10-23 shows 
wavefonns from an exhaustive simulation to verify that cock_error is 0 for all of the pat· 
tem~; the waveforms also demonstrate that the machine transitions from S_idle to S3 if 
Empty is asserted at the first clock at which Sum is asserted after Reset is deasserted. 
Figure 10-24 shows that Stan is ignored if either data word is O. Figure 10-25 shows that 
product is flushed jf Slart is asserted while Ready and Empty are asserted. The simulation 
results in Figure 10-26 show the signal assertions forming the product 910 x 11 \06• 

'"The ,haded areu indicate ullons where the resolutioo of the display does not pennil graphill8 the result 
"'The uercbe of Ihowinl that Sum. ignored during multiplication is left to the reader. 
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FIGURE 10·23 Simulation rewlls for Multiplier SrG 1, an efficient sequential multiplier 
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nGUKE lo-25 Simulation resuhs for Multiplier _STG_I, demonSirating that produCl is flushed if Starr is 
asserted while R~ady and Empty are asserted 

Example 10.2 

module Multiplier_STG_ 1 #(parameter L_word = 4)( 
output [2°L_word -I: 01 product, 
output Ready, 
Input [L_word -1 : 0) word1, word2, 
Input Start, clock, reset 

I: 
wlr. Ready, mO, Empty, Load words, Shift, 

Add_shift; -

ControLUnit MO_Controller (Load_words, Shift, Add_shift, Ready, mO, Empty, 
Start, clock, reset); 

Oatapath_Unit M1_Datapath 
(product, mO, Empty, word1, word2, Ready, Start, Load_words, Shjft, Add_shift, 

clock, reset); 

endmodule 
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tlGURE 10·1.6 Simulation results showing signal activity forming the product 9 x 11. 

module Controller #(parameter L~word;: 4)( 
output Load_words, Shift, Add_shift. Ready, 
Input mO, Empty, Start, clock, reset 

parameter 
reg (L_stale-1: 0) 
parameter 

~g 

••• ign 

l _state =3; 
state, next state; 
S_idle '" 0,-5_ 1 = 1, 5_2 '" 2, 5_3 '" 3, 

5_4 =4, 5_5: 5; 
Load_words, Shift, Add_shift: 
Ready = «state == S_idle) && !reset) II 

(slate:::: 5_5); 

alway. @ (po.edge clock or po.edge reset) (( Stale transitions 
if (reset) state <= S_idle; el •• state <= next_state; 

always@(state, Start, mO, Empty) begin /I Next state and control 

Load_words = 0; Shift '" 0; Add_shift = 0; 
ca •• (slata) 

logic 
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SJdle: if (Start && Empty) next_state:: S_5; 
el.elf (Start) begin load_words:: 1; nexCstate = S_I ; . nd 
el" nexCstate = S_ldle; 
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S 1: begin If (mO) Add shift = 1; el.e Shift '" 1; next state = S 2; end 
S- 2: ~gln If (mO)Add=shift" 1; el •• Shift - I ; next=state = S=3; end 
S - 3: begin If (mO) Add_shift:: 1; el •• Shin:: 1; next_slate:: S_ 4; end 
5=4: begin If (mO) Add_shift :: 1; .Ise Shift:: 1; next_slate :: S_5; end 
S_5: If (Empty) next_state:: S_5; 

el.e ll (Start) begin load_wordS''' 1; next_state " S_I ; end 
else next_state'" 5_5; 

default: nexCstate .. S_idle; 
endea.e 

. nd 
endmodule 

module Datapath #(parameter l _word :: 4X 
output [2"l_word ·1 : OJ product, 
output mO, Empty, 
input [l _word ·1: OJ word1, word2, 
input Ready, Start, load_words, Shift, 

Add_shift , clock, reset 

reg 12' l _word ·1 : OJ 
r.g [l _word ·1: OJ 
a •• ign 
a •• lgn 

/I Register/Datapath Operations 

multiplicand; 
multiplier, 
mO :: muttiplierjO]; 
Empty ::: (-lwordl)11 (-lword2); 

always @ (posedge clock, poaedge reset) begin 
tf (reset "'== I'M) begi n multiplier <a 0; multiplicand <- 0; product <::0 0; end 
el.e If (Start && Empty && Ready) product <== 0; 
el" If (load words) begin 

multiplicand <- word 1 ; 
multiplier <:: word2; 
product <:: 0; 

. nd 

. 1 .. If (Shift) beg in 
multiplier <== multiplier » 1; 
multiplicand <a mUltiplicand « 1: 

end 
el.e If (Add_Shift) begin 

product <= product + multiplicand; 
multiplier < .. multiplier » 1; 
multipl icand <'" multiplicand « 1; 

end 
. nd 

endmodule 

End of Example 10.2 
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10.3.6 ASMD·Based Sequential Binary Multiplier 

STGs are convenient tools for designs that have only a few states, but arc cumbersome 
when the number of stales is large. For example, the STG-based designs of the 4-bit 
binary multiplier in Examples 10.1 and 10.2 do not scale with L_word, the size of the 
datapath. For longer words, additional code must be inserted fo r each new bit to han­
d le additional state transitions. The growth in code is linear in the size of L_word. 
Portable, fe-usable HDL models need to be written in a style that does not require the 
body of a description to be modified by a third party. Either a scalable STG represen­
tation or an alternative method, such as an algorithmic stale machine' chart and data­
path (ASMD), must be developed. ASMD charts facilitate scalable, portable, and 
re-usable designs. 

ASMD charts link a datapath to its controller, and display the evolution of a digital 
machine's activity as an algorithm executes under the influence of inputs. As an alterna­
tive method for the design of a sequential multiplier, we will partition the system into a 
data path and controUer and encapsulate them in separate Verilog modules. The datapath 
operations will be the same as for Multipier_STG_Oin Figure 10-19, but the ASMD-based 
version of the machine will have a slightly enhanced controUer. Recall that the machine 
Multiplier-.5TGJ avoids needless activity if word_lor word....2 are 0 when Start is 
asserted in state S_idle. Signal Empty will have the same role in this version, but the 
machine will be further enhanced by tenninating activity and asserting Ready as soon as 
the value of the shifted multiplier is I. (Recall that the versions in Multiplier_STG_O and 
Multiplier-.5TG_1 traverse the entire chain of states independently of the content of 
multiplier.) If the value of multiplier is 0, product is completely formed, so the sequence 
can terminate when multiplier is detected to be O. Thus, termination of the algorithm is 
data-dependent. On the other hand. the previously considered models based on STGs 
consider all of the bits of multiplier. The ASMD chart of the datapath controller is shown 
in figure 10-27. Note that the ordering of the decision diamonds implies that Start is 
decoded with ltigher priority than Empty. 

The ASMD chart for the machine's controller specifies its state transitions and the 
output signals that are to be asserted during its operation. These output signals will con­
trol the datapath unit. In this design, the controller's input signals are the primary input 
Start and the internal status signals Empty and multiplier. Its output signals are Ready, 
Flush, Load_words, Shift, and Add. Ready signals that the unit is ready to accept a com­
mand to multiply. It must not assert while reset is asserted and must not assert after Start 
has been asserted, until the machine has formed product. If a data word is empty while 
Start is asserted in S_idle or in S_done, the machine enters S_done, bypassing any further 
execution. If Start is asserted while the state is in S_dol1e and a data word is empty, Flush 
is asserted to empty product of any residual value ITom a previous multiplication. 

We saw in Chapter 5 that an ASMD chart is an annotated ASM chart linking the 
controller to the datapath it controls, by specifying the datapath operations that are to 
occur synchronously with the state transitions, under the control of the indicated asser­
tions. This additional information can be an aid in verifying that the functionality is cor­
rect, and simplifies the task of designing the overall machine. 

The machine here has four states: S_idle, SJhifting, S_adding, and S_done . It enters 
SJdle when reset is asserted (asynchronously), and remains there. with reset de-asserted 
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... 

and Ready asserted, until Slart is asserted. U Start is asserted and a data word is empty, 
Rush is asserted and the state enters S_done, Otherwise, the machine asserts Load_words 
and will enter SJhifting at the next active edge of the clock. At the clock edge, with 
Load_words asserted, the multiplicand and multip lier registers will load word1 and wordl, 
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respectively. In Sjhijting, if multiplier has a value of 1, the machine will transilion to 
S_done. If not, rnO (muiriplier(O]) is tested. If it is \, Add is asserted and the machine will 
transition to S_odding at the next active edge of clock.ln conjunction with this transition, 
the contents of register multiplicund will be added to the register product. In S_shifting, 
if the 1.$8 of multiplier is 0, the controller asserts Shift, and will transition to S_shifting. 
At the same edge of clock, with Shift asserted, the contents of multiplier will shift by 
1 bit toward the register's LS8, and the contents of multiplicand will shift by 1 bit 
toward the register's MSB. In S_odding, Shift is asserted. and at the next edge of clock 
the machine will transition back to SJ hifting. The register operations induced by Shift 
are shown on the ASMD chart as nonblocking assignments with Verilog operator nota­
tion? Note that the machine enters S_done immediately if a data word is 0, and termi­
nates as soon as the multiplier has a value of 1. This enhanced functionality can be 
implemented at minor cost of physical hardware (silicon area). 

The Verilog code for Multiplier JtSM_O is given in Example 10.3. The controller 
resides in ControCUnit and the datapath resides in Datapath_Unit. In general, all of 
the signals that appear in the decision diamonds of the ASM chart must be included in 
the event-control expression of the combinational behavior that describes the next­
state and output logic of the controller. All of the variables that are assigned by the 
behavior are given an initial (default) value of 0, to avoid the synthesis of an inadver­
tent latch. Notl!, reset is omitted in the next-state function because it is properly 
accounted for in the synchronous behavior. The decoding at S_idle and 5_3 handles sit­
uations in which the machine is directed to multiply with a data word that is O. 

The description of MultiplierJtSM_O is parameterizable. A single parameter, 
L_word, can be change to accommodate an arbitrary word length, without other mod­
ifications to the model. 

ExampleJO.3 

module Multiplier_ASM_O #(parameter L_word = 4) ( 
output [2"L_word -1: O[ product, 
output Ready, 
Input [L_word -1 : a] word1, word2 

) ; 
wire Empty, Load_words, Flush, Add, Shift; 

Control Unit 
MO_C~trolier (Ready, Load_words. Flush, Add, Shift, Start, Empty, rna, 

m_is_ 1, clock, reset): 

Datapath_Unit 
M1_Datapath (product, Empty, rna, m_is_1, word1, word2, Load_words, Flush, 

Add, Shift, clock, reset): 

endmodule 

7The aMotalion associating datapath operalions with the arcs of an ASMD chart is similar to register transfer 
nOlation used in textbooks on computer architecture. 
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module Control_Unit #(parameter _word '" 4) ( 
output Ready, 
output reg Load_words, Flush, Add, Shift, 
Input Start, Empty, mO, mJs_1, clock, resel 

state, next state; reg (1 : 0) 
parameter 
a •• lgn 

S_1d1e '" O;-S_shiftlng '" 1, S_adding '" 2, S_done '" 3; 
Ready '" «state "' ''' S_idle) && !reset) 11 (state "'''' S_done); 

alway. @ (po. edge clock, po.edge reset) 
If (reset "'''' 1'b1) state <'" S_ldle; .1 .. state <= next_state; 

always@ (state, Start, Empty, m_ls_ l , mO) begln 
Load_words'" 0: Flush'" 0 ; Add '" 0; Shift '" 0; 
ca • • (state) 

S_idle: If (IStart) next_state " SJ dle; 

S_adding: 

S_done; 

default: 
.ndca •• 

end 
endmodule 

el .. If (Start && IEmpty) begin Load_words '" 1; next_state 
'" S_shifting; end 

el. elf (Start && Empty) begin Flush'" 1; next_state '" 
S_done; end 

If (m_is_1) begin Add '" 1; next_state'" S_done; end 
el.e If (mO) begin Add '" 1; next_state '" S_adding; end 
el.e begin Shift '" 1; next_state'" S_shifting; end 

tMgln Shift = I ; next_stata = S_shlfting; end 

11 (Start == 0) next_state = S_done; 
el .. 1f (Empty) begin Flush'" 1; next_state '" S_done; end 
el.e begin Load_words'" 1; next_stale " S_shifting; end 

next_state '" S_idle; 

module Datapath_Unlt #(parameter L_word .. 4) ( 
output reg (2"L_word · 1: 0] product, 
output Empty, mO, m_is_l, 
Input [L_word ·1 : 0) word 1 , word2, 
Input Load_words, Ftush, Add, Shin, 

clock, reset 

reg [2"L_word ·1 : 0) multiplicand; 
reg [L_word ·1 : 0] multiplier; 
.sslgn assignEmpty .. «word 1 "'= 0) II (word2 == 0»; 
.sslgn m_is_ ' '" (multiplier == l'bl ); 
assign mO '" multiplier (01; 

always @ (posedge clock, posedge reset) tMgln 
If (reset == l'bl ) begin multiplier <'" 0; multiplicand <= 0; product <= 0; end 
.1 .. If (Flush) 
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product <" 0; 
else if (Load_words == 1) begin 

multiplicand <= word 1; 
multiplier <= word2; 
product<:O; 

end 
ela. if (Shift) begin 

multiplicand <= multipl icand « 1; 
multiplier <= multiplier » 1; 

end 
els. If (Add) product <= product T multiplicand; 

end 
endmodule 

End of Example 10.3 

The simulation results shown in Figures 10-28 to 10-30 show the state transi­
tions specified by the ASMD chart. In Figure 10-28, assertion of reset drives the 
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wordl !~~~!~~i~~~~ii~~~~~~1 m,'Op''''""di'O] 

word2 
mulriplitr[3:0J 

S.)dle S_do,,~ 

stalo/'[I:OJ 

E;'~~ F=~===\= \==i===~ ~====F===::q1:=:= 1 
mfl~~======~==+==============t======~=== 1 

Io1GURE 10-28 Simulation results for Mu/tipliu...,ASM_O, showing activit y 
afte r initial reset with data words ofO. 
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FIGURE 16-29 Simula tion re~ults for Mu/ripliu J\SM 0, showing proper handling of an empty word 

663 

state to S_idle and flushes product. With multiplicand having a value of 0, assertion 
of Starr drives the state to S_done, The state remains in S_done with subseque nt 
assertions of Start because multipJicand is 0, even though multiplier is not O. Ready is 
asserted in S_idle after reset is de-asserted, and remains asserted in S_done. Figure 10-29 
shows simulation activity in which product has a residual value of 75 10, which 
resulted from the product of 5 and 158 With wordl = 0, assertion of Start asserts 
Flush, causing product to become O. This case corresponds to a data word transition­
ing to 0 from the value that led to the residual content of product. In this case, if 
Starr is asserted product is flushed , state remains in S_idle, and Ready is re-asserted. 
Later, with word2 = 1 and word1 = 6, the product becomes 6, and so forth. Th e 
graph is annotated to highlight the state transitions. Notice how the assertions of 

'"The displayed value ofword2 ~ 16 is displayed at the " nd ofa for loop. It is fonned in the t". thench u an 
integer and the input port of the mult iplier passes only the least significant four bits. The value fOONi2 .. 16 
is no t processed by the multiplier because Start is not asserted by the testbench until wo~d2 hegins a new 
sequence with word2 ~ 0 .. 
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FIGURE 10-30 Simulation results showing four cycles of multiplica tion for Mufriplier...ASM_O, 
an ASMD-based sequential multiplier. 

Shift and Add correspond to S_shifting and S_adding, and that Ready is de-asserted 
until the multiplication is complete. Figure 10-30 shows four cycles of multiplication 
activity extracted from an exhaustive simulation. The shaded wavefonns illustrate 
the sequential assertions of Ready, Start, Load_words, Add" and Shift. 

10.3.7 Efficient ASMD-Based Sequential Binary Multiplier 
The multiplier described by Multiplier_STG_O is inefficient because it performs the 
shift and add operations in separate clock cycles. Likewise, Multiplier ..ASM_O exe­
cutes more cycles than are needed to form product. Figure 10-31 shows the ASMD 
chart of a more efficient machine, having only two states, whose datapath opera­
tions add and shift in the same cycle while Add_shift is asserted. The Verilog 
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mwriplicllnd < - tflulripliCllnd « 1 
mulriplie, <- mulfiplie. » 1 

665 

nGV RE 10-31 BInd. diagram and ASMD chan fn r Multiplier ....AS,"CJ , an effICient ASMD-based multiplier. 

description of Multip/iu-.ASM_l is presented in Example lOA , and simulation 
resuils are shown in Figures 10-32 to 10-34. Note that Muiliplier-ASMj requires 
fewer clock cycles to compute product, and that Ready asserts when multiplier 
becomes empty. 
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Name 
630 ''0 1050 t 

clock 

wordl~~~~~~~~~~~~~~~~~~~~ mw',ipli<o"d(7"i 

wor.t2 
flllllliplier[3:0[ 

\ 

E~;~F~n==\~===~n======~========~======~ 
m_is~~==I;::=============== 
R~odylr-----\----------------

FIUSh~~~~~~~~~~~~~~~~~~~~ lfl,d_wwd., 
AddJ hift 

ShIft 

prodIlCf[7:0] 
n:pecud "0/u .. [7:0] 

cud .. jrro, 

FIGURE 10-32 Simulation results for Mulliplier-fiSM I. showing activity after asse rtion of "'sel 

N 25496 25816 26136 26456 

wordl ~~~~~~~~~~~~~~~~~~I mU/lip/icond[7:0j 

word2 
mllllipli~r{3:{}] 

~;~Lr~----~~~-,~~cr--~CJ--~LI 
Load words 

A ddJhift 
Shifl 

produC/[7:0] 
n pur .. d "11111 .. [7:0] 

cod"j!"or 

FIGURE 10-33 Simulation result s for Multipli .. , ..ASM_l , showing correct flushing action when 
mulliplication is attempted with an empty data word 
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''''' """ Name 

dock 

"'o,dl ~~~~~~~~~~§~~~~~~~~~ mullipllcund(7 :{}] 

wo,"2 
mu/tjplif'r[3 :{} ] 

\ \ \ 

FIGUR E 11).)4 Simulation result s for Multip/ier..ASM_I . showing a $ample of three cycles 
ofmul1iplica tion 

Example 10,4 

module Muttiplier_ASM_ , #(pal'1llmeter l _word "4)( 
output (2"l_word.': 0] product, 
output Ready, 
Input [l _word . ,: 0) word1, word2, 
Input Start, clock, reset 

wir. 

Control Unit MO Controller 

Empty, load_words, Flush, 
Add_shift, Shift; 

(Ready, load_~rds, Flush, Add_shift, Shift , Start, Empty, mO , mJ s_1, clock, 
reset): 

Datapath_Unit M1_Datapath 
(product, Empty, mO, m_is_1 , word1 , word2, l oad_words, Flush, Add_shift, 

Shift, clock, reset): 
endmodul. 
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module Control_Unit ( 
output Ready, output reg Load_words, Flush, Add_shift, Shift, 
Input Start, Empty, pO, cJs_ws, clock, reset 

'00 
parameter 
assign 

state, next state; 
S_idle = O,-S_running = 1; 
Ready = (state == S_idle) && 

(lreset); 

always @ (posedge clock;, posedge resel) If State transitions 
if (reset == 1'b1) state <= S_ idle; el.e stale <= next_state ; 

always@ (stale, Start, Empty, pO, c_ is_ws) begin If Combinational logic 
for ASM-based 
controller 

next state = S idle; Flush = 0; Load words'" 0; Shift = 0; Add shift:: 0; 
cas;(state) - - -

S_idle: if (!Start) next state:: Sidle; 
el.e if (Empty) begin n~t_state '" S_idle; Flush = 1; end 
el.e begin Load_words = 1; nexCstate '" S_running; end 

default: 

if (c_is_ws) begin next_state:: S_idle; Add_shift:: 1; end 
el .. If (pO) begin Add_shift = 1; next_stale:: S_running; end 
else begin Shift = 1; next_state'" S_running; end 
next_state = S_idle; 

endea •• 
eod 

endmodule 

module Datapath Unit #( parameter L word = 4)( 
output reg [2·L~word -1 : 0) product,-
output Empty, mO, m_ is_1, 
input [l_word -1: 0] word1, word2, 
Input load_words, Flush, Add_shift, Shift, clock, reset 

~. 

Mg 
assign 

assign 
ass ign 

(2"l_word -1: 01 
(L_word-1: 0] 

alway. @ (posedge clock, po.edge reset) 

multiplicand; 
multiplier; 
Empty '" (word1 ::= 0) II 

(word2 =: 0); 
mO = multipUer10I: 
m_is_1:: (multiplier == 1); 

If (reset) begin multiplier <:0 0; multiplicand <: 0; product <:: 0: end 
elubegin 
if (Flush) product <= 0; 
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• 1 •• If (l oad_words == 1) beg in 
multiplicand <= word1 ; 
multiplier <: word2; 
product <: 0; 

end 
. 1 •• tf (Shift) begin 

multiplicand <= multiplicand « 1; 
multiplier <; multiplier » 1; . nd 

el. e lf (Add_shift) be gin product <= product + multiplicand; 
multiplicand <= multiplicand « 1; 
multiplier <:: multipl ier » 1; 

end 
end 

endmodule 

End of Exam ple 10.4 

10.3.8 Summary of ASMD~Based Datapath and Controller Design 

... 

The previous examples have illustrated how STGs and ASMD charts can be used 
with an HOL to describe and design a state machine controlling a datapath. 
Because it leads naturally to portable descriptions of behavior, we summarize below 
th e basic elements of an ASMD chart-based design method for data paths and their 
con tro llers: 

1. Partition the design eHort into (a) a (edge-sensitive) synchronous behavior 
contro lling state transitions, (b) one or more (level-sensitive) combinational 
behaviors and/or continuous assignments specifying the next-state and output 
logic of the controlle r, and (c) a (edge-sensitive) synchro nous behavior 
describing the datapath operations that are controlled by the logic developed 
in l (b) above. 

2. In a level-sensitive behavioral description of the combinational logic of the con­
troller, make assignments "by exception", to ensure that accidental latches will 
not be synthesized, by (a) initializing all output variables to 0 to and (b) assigning 
a defauil next state. 

3. Use blocking assignments in a level-sensitive behavior describing the combina­
tional logic for next state and output of the datapath controller. 

4. Describe the reset action of the machine in the edge-sensitive behaviors, na t in 
the level-sensitive behaviors that model combinatia nal logic. 

5. Do not mix datapath operations with the next-sta te and output logic. Write a sep­
arate synchronous (edge-sensitive) behavior describing the datapath operations 
supporting the architecture. 
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6. In the behavior describing datapath operations. use nonblocking assignments, and 
condition the activity flow on the output signals generated by the datapath controller. 

7. Be sure that the sensitivity list of the level-sensitive behavior describing the combi­
national logic for the ne xt slate and the outputs is complete or, as an alternative. 
use the wildcard operator pair @·or @(.). 

10.3.9 Reduced-Register Sequential Multiplier 

The previously considered architectures for the binary multiplier usc separate registers to 
hold milltiplicand. multiplier, and product. A shift register sized at L _ word2 >IJ L _word ini­
tially holds multiplicand and accommodates the shifting operations that occur at each step 
of the multiplication sequence. An a1 ternativc, and morc e fficient, architecture is shown in 
Figure 10·-35, where thc registcr for multiplicand is hardwired to the adder. as are the left­
most (L_wortl + 1) bits of product. The value of multiplier is initially stored in the left­
most L_word bits of product. The row sums are placed in the leftmost bits of product as 
they arc formed. and the contents of product are shifted to the right (i.e .. l)foduct moves 
relative to a fixed register ho lding multiplicand). At each step, the LSB of prol/llet deter­
mines whether multiplicand is to be added to prodllct. The sequence of operations contin­
ues until all the bits of mllitiplier have been shifted out of prodllct. leaving onl), the result 
of the multiplication.1bis scheme e liminates a separate register for multiplier, and reduces 
the size of the register for multiplicand by a factor of 2. Also, the register fo r multiplicand 
is fIXed (i.e .. not a shift register). The adder required to generate the sums is also reduced 
in size by a facto r of 2. saving silicon area and improving speed. Figure 10-35 also illus­
trates the movement of data fonning the product 215 10 x 2310 = 4945 10, 

The interface signals and the controller for this datapath architecture are based on 
the ASMO chart in Figure 10-36. This machine is efficient, like Multiplier ....A5M_I, having 
only two states, 5_idle and SJunning. Given that the multiplier is stored in the product 
register and is shifted out of the register as the process evolves, a counter is used to deter­
mine when the process is comple te. (Problem 6 at the end of the chapter specifies a design 
that terminates the multiplication process as soon as the shifted multiplier subword is 
empt)' of 1s.) The controller generates a signal, Increment, which controls the counter. 

The Verilog code for MultiplierJ?R..fi5M is given in Example 10.5. Note that the 
register holding product is 1 bit larger than in the previous models, because the addition 
and concatenation operations induced b)' AddJhift occur before the shift operation 
and might generate a carry that would otherwise be dropped, even though the flllal 
result will fit in a register having L_word bits. This condition does not arise in the previ­
ous designs, because thei r multiplication process builds sums from right to left. and the 
product register is large enough to accommodate any intermediate carry. If the product 
register were sized to only 2· L_word here, an intennediate carry will overflow and be 
lost. This condition might not have been detected b)' a sporadic testing scheme, but it 
was revealed by the exhaustive testbench's error detection signa\. 
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------- - -------- -~ 

II II lo l l 0 II II II Ii M""'plio"ml 
~-'---"--t:-'---L--'--' , 21511) 

.--------0: i:, Mulliplier 
16 15 2310 

, 10 I 0 I 0 I 0 I 0 0 I 0 10 I 0 I 0 I 0 I 0 II 10 II II II I 
9 

,_ - - - - - - __ _ - - ___ - ___ - - _ _ _ ....I 

FlGURE 10-35 Archileclure and data movement for a binary multiplier with reduced registers. 
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Start 

ReQdy 
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F/~' 
Add Sl1ift 

Shift 

c/()Ck Tf'u r product 

c'p_w~ denOle, Ihe condition that ro .. "f." _ L_wo,d 
pO = p,od'ua!O] 
<- d.r:notes Ilon-bloc:kinl.ssignment 

product <- lProduct(2'L_word: L_wo,dJ + 
mu/tipliclUId, product(I._wo,d- I: 011» 1 

countu < - counlU + 1 

producf <- product » 1 
coume,<" coUnlt, + I 

tlGURE 10-36 ASMD chan for the controller of Multip/if', _RR.../tSM,. reduced-regisler 
ASM-based sequential multiplier, annotated with datapalh operalion!. 

Example 10.5 

module Multiplier_RR_ASM #(parameter l _word • 4)( 
output 12"L_word: OJ product, 
output Ready, 
Input IL_word -1: 0] word1 , word2, 
input Start, dock, reset 

); 
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Control_Unit MO_Controlier ( 
.Ready(Ready), .Load_words(Load_words), .Flush(Fllr.iIh), .Add_shift(Add_shift), 
.Shift(Shift), 

.Start(Start), .Empty(Empty), .pO(pO), .c_is_ws(c_is_ws), .clock(clock), 
.reset(feset»; 

Datapath_Unil M1_Dalapath ( 
product(product), .Empty(Empty), .pO(pO), .c_is_ws(c_is_ws), .wordl(wordl ), 
.word2(word2), 
.l oad_WOfds(Load_woros), .Ftush(Flush), .AdcCshift(Ad<Cshift), .Shift(Shlft), 
.cIock(clock), .reset(reset»; 

endmodula 

modula ContfoLUnit ( 

): 

output Ready, output rag Load_WOf'dS, Flush, Add_shift, Shift, 
Input Start, Empty, pO, c_is_ws, clock, reset 

reg slate, next state; 
paramatar S_idle = O,-S_runnlng '" 1; 
a .. lgn Ready'" (slate "'''' S_ idle) && (Ireset ); 
always G (posedga clock, posadge reset) 1/ Slate transitions 

If (reset "',. , 'bl) slate <:: S_idle; al •• slate <:: next_state; 

alway. @(slate, Start, Empty, pO, c_ls_ws) begin 1/ Comb logic for next state 
and outputs 

Flush'" 0; Load_words :c: 0 ; Shift ::ll 0; Add_shift:: 0; 
ca .. (state) 
SJdle: If (!Start) next_state:: S_idle; 

alulf (Empty) begln next_state:: S_idle; Flush:: 1; end 
el .. begin l oad_words:::t 1; next_slate = S_running; and 

If (c_is_ws) next_state = S_idle; 
al •• if (pO) begin Add_shift:: 1; next_state'" S_ funning: 
~nd 

.1 .. begin Shift:: 1; nexCstale:: S_running; and 

default: 
andcaaa 

ond 
endmodula 

next_state'" S_ldle; 

module Datapath_Unit #(parameter l _word:: 4 , L_count:: 3X 
output reg [2°l_word: 0] product, 
Input ll _word -1 : Olwordl , word2, 
input Load_words, Flush, Add_shift, Shift, clock, reset 

[l _word -1 : 01 
[L_count -1 : 0] 

muHipticand ; 
counter, 
Empty:: (word 1 "'''' 0) I[ (word2 == 0); 
pO:: product[OI; 
c_is_ws· (counter::= L_word); 
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always @ (po •• dg_ clock, po. edge reset) 
If (reset =- 1'b1 ) begin multipl icand <= 0; product <: 0 ; counter <= 0; end 
else begin 
if (Flush) product <= 0; 
if (Load_words •• 1) 

begin multipl icand <= word1; product <: word2; counter <= 0; end 
if (Shift) begin product <: product » 1: counter <:: counter + 1: end 
if (Add_shift) begin 

product <= (product(2·L_won:I: L_word) + multiplicand, product[L_word ·1: OJ} ,.,., ; 
counter <: counter + 1: .,. 

e,. 
endmodule 

End of Example 10.5 

A sample of waveforms produced by Multiplier _RR..fiSM is shown in Figure 10-37. 
(The signal multiplier is formed [rom word2 in the test bench and is not pan of the 

."" 41103 4)363 

cQd~ ~rror 

n GURE 1D-J7 Register transfers in M"/lipliu .fiR....A.SM demonstrating multiple cycles of activity. 
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Name 38402 38662 39182 

clock 

wordl ~~~~~~~~~~~~~~~~~~~~§ m,,/,ipli,""d[3<] 

wo,d2 
mulriplit rj3:0J 

\ ,------, ,;-\ 

.1GU RE 10-311 Simulation results ror Mulriplu-r RR....ASM dcmonsttalin, correct regisler nusb;n, action. 

machine.) The simulation results in Figure 10-38 demonstrate the machine's ability 10 
immediately tenninate execution and re-assert Ready if a data word is 0 when start is 
asserted in S_idle. Note that the waveform display has been organized to fonn a group 
composed of the primary input and the status signals of the controUer, and a second group 
composed of the output signals of the controller. This arrangement can be helpful in veri­
fying and undenitanding the signal activity and overall behavior of the machine. 

The design based on the ASMD chart in Figure 10-36 specifies that stale re turn to 
SJunning after product is finally formed, before returning to S_idle and asserting 
Ready . Thus. one cycle of execwion is wasted. As an alternat.ive design, the ASM D chart 
in Figure 10-39 moves the test of the counter in the datapath to occur after the datapath 
signals have been fo nned. and completes the multiplication sequence by directing state 
to S_idfe without returning to SJunning. This eliminates the wasted cycle and asserls 
Ready as soon as product is valid. The modified code is shown in Figure 10-40. 

10.3.10 Implicit-State-Machine Binary Multiplier 

An implicit-state machine (6-8] consists of a single cyclic behavior with multiple 
embedded. edge-sensitive event-conlrol expressions that specify an evolution of clock 
cycles and implicitly define the states or a mach ine (see Chapter 6). Unlike the 
machines in the previous examples, an implicit-state machine does not have an explicitly 
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multiplicimd <- wordl 
product[L_word - 1: OJ <- wordZ 

ConrrolJUlir Shift 

clock resel prtxiUCI 

prQliuct < = (product[Z- L _word: L_word] + 
mu/fip/iClJI1.d,prQdUCI[L_word - 1:0]1 » 1 

counIU< = COUIIler + 1 

product < - product » 1 
- cormIer < '" countU + 1 

Note: 
C_isJ/T1U derwrts the condifioll mal countu = L_word - 1 
pO derwte!J producl[O] 

"GURE 10.39 Alternative ASMD chart to recove r the wasted cycle in MultiplitT ....RR....ASM. 

I'Modified version to recover final cycle"' 
S_runnlng' begin 

If (pO) AdcLshlft _ 1; el •• Shift = 1: 
If (c_is_max) nexLstate - S_idle; elsa nexLstate - S-,unnlng; 

o"d 

II Note: pO = product{O]. cjs_max asserts if counter = L_ word -1 

"GURE 10-40 Code (0 modify Mulliplier....RR...,ASM to recover a wasted cycle of operation 
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defined state, nor does it have an expLicit state-transition behavior. Some designers pre­
fer the simplicity and clari ty of the descriptive style offered by an implicit-state 
machine, but its utility is limited. Be aware that the structure of the STa or the ASM 
chart of an implicit-state machine has the restriction that a given state may be entered 
from only one other state. Many s~tems do not satisfy this constraint. Verilog models of 
implicit-state machines require careful consideration of reset signals to ensure that an 
asserted reset signal returns the machine to the beginning of the sequence of clock 
cycles. regardless of the clock cycle in which it is asserted. For synthesis, the active edge 
of the synchronizing signal (clock) of an implicit-state machine must have the same 
polarity (e.g., rising) at all state transitions.. 

An implicit-state machine controller for the synchronous binary mUltiplier 
whose architecture was shown in Figure 10-35 is presented in Example 10.6. The con­
troiler in MulriplierjMP j was designed to satisfy the following requirements: 

l. A signal, Ready, is to be asserted at the flrst active edge of clock after reset has 
been cycled through assertion and de-assertion. Ready indicates that the multi­
plier is ready to respond to a Start signal, with reset de-asserted. Ready is to be de­
asserted while reset is asserted, and, after Ready has been asserted, it is to remain 
asserted until the first active edge of the clock occurs with Start asserted. 

2. The machine must begin a multiplication sequence at the first active edge of 
clock at which Start and Ready are both asserted. 

3. Once the multiplication sequence is initiated, the machine is to assert a signal, 
Ready, at the first active edge of clock at which multiplier is O. The assertion of 
Ready is to coincide with the formation of the value of product. Ready indicates 
that product can be read by an external processor. 

4. Once the mU ltiplication sequence is ini tiated, Start is to be ignored until Ready is 
asserted. 

5. The datapaths for word} and word2 are to be ignored after the multiplicand and 
multiplier registers have been loaded (i.e. , e~emal datapaths are free during the 
multiplication sequence). 

6. Once asserted, Ready is to be held asserted until Start (or relet) is re-asserted. 
7. The machine must recover from a random assertion of reset during a multiplica­

tion sequence (i.e., must recover from a running reset). 
8. The machine must operate correctly if Start is asserted randomly, and if Start has 

a duration of more than one cycle of clock. 

The controller in Multipfier-'MP -' is an implicit fmite-state machine with the 
features specified above. The additional code that results from the requirement that an 
implicit-state machine recover correctly from an assertion of reset in any clock cycle is 
reduced in this example by use of a task, Clear_and-.secRegs, to reset all registers 
affected by reset. Note that the datapath operations are relatively simple, but the con­
troller ;s more elaborate and complex. 

ControlferjMP J. has a single cyclic behavior with the following threads of 
activity: (1) a single-cycle thread in which the machine idles until Start is asserted, (2) a 
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two-cyc1e thread that detects whether a data word is 0 and, if so, terminates immedi­
ate]y, (3) a muJticycJe thread in which data words are loaded, followed by a sequence of 
assertions of AddJ hift or Shift , depending on the running content of the bit 
mulripliufOJ. Each cycle of activity is initiated by the rising edge of clock. U reset is 
asserted, the activity aborts the named block, Main _Block. and returns to monitor the 
first event-control expression. 

For convenience and clarity. the three threads of activity within the 
Main_Block of the behavior are labeled as named blocks. In Idling, the machine 
waits for assertion of Starr (with Read y asserted), and asserts Flush to remove the 
residual value of product. Early_Terminate aborts an attempt to multiply with a 
zero. In LoadJlnd_Multiply , th e controller asserts Load_words in the first cycle, 
then issues commands to shih or shift and add in successive clock cycles until the 
multiplication process is complete. In the model shown here, an additional signal , 
Done, is used in the controller to expose a key detail o f the operation of the 
machine. Done asserts at the end of the loop that computes product. The loop is not 
data.dependent. and executes through all bits of multiplier. If an external agent uses 
Ready to initiate a multiplication sequence after Ready is asserted, and while the 
machine is executing the loop, Start will be ignored. This could lead to ambiguity in 
associating product with wordl and word2. For unambiguous operation, Start should 
not be re·asse rted un til Done is asserted. The control signals generated by the con­
troller are registered, so the signals are fonned in the clock cycle before the cycle in 
which they are used. 

Example 10.6 

module Mu!tiplieUMP _1 #(parameter L_woro = 4)( 

); 

output [2·L_word ·1: 0) product. 
output Ready. Oone. 
input [L_word -1: OJ wOf'd1, word2, 
Input Start, clock, reset 

w ire 

wire 

Control Unit MO Controller 

Empty,w2_0, m_is_1, m1 : /lstatus 
signals 

Flush, Load_words, Shift, Add_shift; 

(Ready, Flush, loa<Cwords, Shift. Add_shift, Done, Empty, w2_0, mJs_1, m1, 
Start, clock, resel): 

Oatapath_Unit M1_0atapalh 
(product, Empty, w2_0, m_is_ ', m1 , word 1, word2, Flush, Load_words, Shift, 

Add_shift, clock, reset); 

endmodule 
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module Control_Unit #(parameter L_word = 4X 
output reg Ready, Flush, Load_words, Shin, Add_shin, Done, 
Input Empty, w2_0, m_is_l, m1, 
Input Start, clock, reset 

alway. 
G (poNdge clock, posedge reset) begin: Main_Block 
If (reset =: l'bl) begin Clear_and_Set_Regs; dis.ble Main_Block; end 
el .. if (Start 1= 1) begin: Idling 

Flush <: 0; Ready <- 1; 
end 11 Idling 
.1 •• tf (Start && Empty) begin : Eany-Terminate 

Flush <= 1; Ready <: 0; Done 0: 0; 
em (posedge clock or po.edge reset) 
If (reset == 1b1) begin Clear_and_Set_Regs; di.able Main_Block; end 
else begin 

Flush <= 0; Ready <= 1; Done <= 1; 
.nd 

end II Eany-Terminate 

el •• tf (Start) begin: Load_and_Multiply 
Ready <= 0; Flush <: 0; Load_words <: 1; Done <: O;Shift <: 0; 
Add shift <= 0; 
@ (Posedge clock, po. edg. reset) 
if (reset =: l 'b1) begin Clear_and_Set_Regs; disable Main_Block: .nd 
else begin ff not resel 

Load words <= 0; 
if (w2~O)Add_shin <: 1; el. e Shin <= 1; 
for (k:: 0; k <: l _word -1; k '" k +1) 

@ (po.edge clock, po .. dge reset) 

'79 

If (reset == l'b1) begin Clear_and_SeCRegs; dl. abl. Main_Block: end 
el •• begin 11 multiple cycles 

Shift <- 0; 
Add shift <= 0; 
If (m-~.Js_') Ready <:: 1; 
else tf (m1) Add_shift <: 1; .1_ Shift <= 1; II Notice use of multipliel11 J 

.nd II multiple cycles 
Done <-1; 

end II not reset 
end II load_and_Multiply 

end 1/ Main_Block 

t •• k Ciear_and_SeCRegs; 
bogln 

Ready <= 1; Flush <: 0; Load_words <= 0; Done <= 1; Stvft <= 0; Add_shift <= 0; 
.nd 
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_nett •• k 
e ndmodule 

module Dalapalh_Unit #(parameter l _word:: 4)( 
output reg 12"L_word -1: 0] 
output 
input Il_word -1 : 0) 
Input 

, .. , .. 
... ign 

... Ig" 
••• Ign 
... Ign 

(2°L_word -1: OJ 
IL_word -1 : 01 

a lway. @ (po •• dge clock, po •• dge reset) 

product, 
Empty, w2_0, mJs_1. m1 , 
woltH , word2. 
Flush, load words, Shift, 

Add_shift, Clock, reset 

multiplicand; 
multiplier: 
Empty :: (word1 ::= 0) II 

(word2:; 0); 
w2_0 = (word210J := 1): 
m_is_ ,:: (multiplier == 1): 
m1 : (muttipliert1]:::: 1); 

If (reset ",," 1'b1) begin multiplier <= 0; multiplicand <= 0: product <= 0: and 
al •• begin 

if (Flush) product <'" 0: 
e l •• If (load_words == 1) begin 

multiplicand <= word1 : 
multiplier <= word2: 
product <= 0; and 

e' •• If (Shift) begin 
multiplier <= multiplier » 1: 
multiplical"ld <= multipllcand« 1; end 

el .. If (Add_shift) begin 
multiplier <: multiplier » 1; 
multiplicand <: multiplicand « 1; 
product <: product. multiplicand; end 

end 
endmodule 

End of Example /0.6 

The simulation results shown in Figure 10·41 for Multiplierj MPj demon · 
strate that the controller (1) "wakes up'" correctly after an initial assertion of reset 
and immediately flushes product, (210) ignores Start while reset is asserted, and (310) 
responds to the second assertion of Start and handles a zero multiplicand correctly, 
leaving product at its residual value of O. The waveforms in Figure 10-42 show that 
the machine handles a zero multiplier correctly-the multipl.ication process is 
aborted and the residual value of product (6010) is flushed. The results in Figure 10·43 
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Name 

clock: 

Mlordl 
mulriplicalld[7;()] 

"'''Td2 
mU/lipliufJ:O] 

S,"n ,.( 
Empl)' 

product(7:O] 
upecud_valu<!(7:OJ 

FIGURE 18-41 Simulation rcsulls for verifICation of Muillpli~r JMP J , a binary multiplier controlled by 

an implicit state machine.dcrnollitrating a startup sequence after assenioo of po .... ~r-up rt:M:l. 
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show that the machine recovers correctly when re~·et is asserted during a multiplica­
tion sequence (an im portant consideration for an implicit machine). The machine is 
in the process of multiplying 610 by 1110 when re.ut is asserted. The machine flushes 
product and idles to await the next assertion of Start, which forms the product of 610 
by 1210, and then asserts Ready and Done. In Figure 10-44, the waveforms show the 
machine correctly multiplying a sample of data words. The machine was verified 
exhaustively for 4- and S-bit words. 

The controller in Mllltiplier _, M P _I wastes cycles of execution by cycling through 
a ll of the bits of the multiplier, e ven after Ready has been asserted. A more efficient 
design, Multiplier_IMP ..,2. is shown in Example 10.7,9 whe re Controller jM P _2 termi­
nates activity when Ready is asserted. The controller dete rmines when the content o f 
the multiplier has the value I and exits the multiplication loop at the next cycle. This 
machine also has a more robust controller th at detects whe ther the multiplicand o r the 
multiplier have a value of 1 and issues a command to the datapath to load either word2 
or word! directly into the register holding product. 

~A compiler directive is placed at the lOp of the file to ddine MlordJiU $0 that a sinale change in Ihe file cus· 
tomizes L _Mlord throughout, but do« not require ediling of the internal modules. 
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Name 
21054 2]274 214~ 217 14 

clock 

\ \ 
wordl ~~~~;~~~~~~~~~~~~~~ mulripllc/llld[7:0j 

wo,t!2 
mulriplier(3:OJ 

prod .. "r(7:O) 
e,rp<'c:ltd_""'ul!'[7:O) 

( 

~ 

~\ 

.... ply"'wMpii ... 

~ 

:::-' 
""'''''-

J ~ 

FlGURE 10-.12 Simulaliun results for vcri rocation of M"llipt.'ujMP_J ,demonstrating corrcct 
multiplication with an empty multiplier word (i.e., word2 '"' 0) 

Example J O. 7 

'detlne word size 
module MultiplieUMP _2 #(parameter l _word :: 'word_siZe)( 

output 12"L_word -1: OJ product, 
output Ready, Done, 
Input IL_word -1: OJ word 1 , word2, 
input 

wi .. 

wire 
wire 

Control_Unit MO_Controller 
( 

Start, clock, resel 

Flush, Load words, 
Load multiplier: 

load_;;'ultiplicand; 
Shift, Add_shift: 

.Ready(Ready), .Flush(Flush) •. Load_words(l oad_words) • 

I: 

. l oad_multiplier(l 08d_multiplier), . Load_multiplicand(load~mulliplicand), 

.5hifl(5hift), Add~5hifl(Add~shift), .Done(DOfle), 

.5Iart(5tart), .Empty(Empty), .wUs_'(wUs_' ), .w2_is_l (w2_is_,), 
,w2_bito(w2_bito), .mp_is_ ' (mp_is_ ' ), .mp_bitl (mp_bil l ), .clock(c!ock), 
,reset(reset) 
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d",k 1-" """ """" "U"" "U" ' 
wordl 

mulliplicllnd[7:0} 

wort/2 
mulliplit'r{3;Oj 

NHit'uror 

: \ 

FlGURE II)-4J Simulation ret;ulu fOf" verif1C8.tion of Mulr;pliu_IMP _I , demonstrating r«overy 
from as.5ertion of rt'ltl before completion of a mUltiply sequence (te., a running rese t).lu 

Datapath_Unit M1_Datapath 
( 
.product(product), .Empty(Empty), .wUs_1(wUs_1 ), .w2_iS_1(w2Js_1), 

.w2_bitO(w2_bitO), 
.mp_ls_1(mp_is_1), .mp_bit1(mp_bit1), .word1{word1), .word2(word2), 

.Flush(Flush), 
.Load_words(load_words), .l oad_muniplier(Load_multiplier), 
.l oad multiplicand(Load multiplicand), 
.Shift(Shitt), .Add_shift(Add_shift), .clock(clock), .reset(reset) 
); 

endmodule 

module ControLUnit #(parameter L_word " 'word_size)( 
output reg Ready, Flush, 

Load_words, Load_multiplier, 
Load_multiplicand, 
Shift, Add shift, Done, 

683 

input Start, Empty, w1_is_1, w2_ls_1, w2_biIO. mp_is_1. 
mp_bit1, clock, reset 

I~ote that Don" does not auer1 until completion of a mbsc:quent multiplication sequence. 
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N 46181 

wordl ~~~;~~~~;:~~~~~~~~~I multipliclllld[7:0] 

~"f2 
mulliplier(3 :O] 

s.nb~~/~'~~~~I Empry 
",,_0 

rn_"_' ~~~=:::;;:::=::::;;::~~ 

"GURE 10-44 Simula lion re$UilS for verification of Mulfip/wr_IMP J .sbowin, mullipiicalion sequences. 

Integer k; 

always @(po.edge clock, po.edge reset) begin: Main_Block 
If (reset "'''' l'bl) begin Clear_and_Sel_Regs; dl .. ble Main_Block: end 
els. If (Start 1= 1) begin : Idling 

Flush <= 0: Ready <: 1: 
load_words <= 0; load_multiplier <;; 0: load_multiplicand <: 0: 

.~:i~ ~~I!~~Add_Shift <= 0; 

el •• If (Start && Empty) begin: EarlL Tannlna!e 
Flush <: 1; Ready <: 0; Done <= 0; 
@ (po. edge dock, po.edge reset) 
if (reset:: l 'bl) begin Clear_and_Set_Regs; dl .. ble Main_Block: end 
el •• begin 

Flush <: 0; Ready <= 1: Done <= 1; 
end 

end /I Early_Terminate 

el •• lf (Start && wlJs_l) begin: Load_Multiplier_Direct 
Ready <: 0; Done <: 0; 
Load_ffiulUplier <: 1; 
@ (posedg. clod<, posedge reset) 
if (reset """ l 'bl ) ~in Clear_and_SeI_Regs; dlubl. Main_Block; end 
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el.e begin Ready <:: 1: Done <= 1; end 
end II load_Multiplier_ Direct 
ei.elf (Start && w2_is_1) begin: load_Multiplicand_Direct 

Ready <:: 0: Done <: 0; 
Load_multiplicand <:: 1; 
@ (po .. dge clock, po.edge reset) 
if (reset:'" 1'b1) begin Clear_and_SeCRegs; di.able Main_Block; end 
el.e begin Ready <= 1; Done <:: 1; end 

end IIload_Multlplicand_Direct 
el.e If (Start) begin : load_and_Multiply 

Ready <= 0: Done <= 0; Flush <: 0; load_words <: 1; 
@ (po.edge clock, poeedg. resel) 
If (resel == 1'b1eClear_snd_Sel_Regs; dl.able Main_Block: end 
el •• begin : NoCResel 

l oad_words <: 0; 
If (w2_bi1O) Add_shift <= 1; e'.e Shift <= 1; 
begin: Wrapper 
forever begin : Multiplier_loop 

@ (po.adge clock, po •• dge reset) 

... 

if (resel:: l'b1) begin Clear_and_SeCRegs; dl.able Main_Block; end 
el.e begin : Multiple_Cycles 

Shift <=0; 
Add_shift <= 0; 
if (mp_is_1) begin Oone <: 1; 
@(po.edg. clock, po.edge resel) 
if (reset zoo 1'b1) begin Clear_and_SeCRegs; dl •• bl. Main_Block: end 
el.e dl.able Wrapper; 

end II Done <= 1 
el.elf(mp_blt1)Add_shift <>;: 1; 
el.e Shift <oo 1; II Notice use of multiptier{11 

end /I multiple cycles 
end II Multiplier_loop 

end II Wrapper 
Ready <: 1; 

end /I Not_Reset 
end II l oad_end_Multiply 

end II Main_Block 
t •• k Clear_and_Set_Regs; 

beg'" 
Flush <= 0; Ready <: 1; Done <: 1; 
Load_won:Is <::E 0; Load_multiplier <: 0; load_multiplicand <: 0; 
Shift <: 0; Add_Shift <= 0: 

."d 
endt .. k 

endmodule 

module Datapath_Unit #(paramater l _word '" 'wonCsize)( 
output reg 12*l_word -1 : OJ product, 
output Empty, wUs_' , w2_is_1, w2_bitO, 

mp_ls_1, mp_bit1 , 
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input 
Input 
input 

word1 , word2, 
Flush, l03<Cwords, loa(Cmultiplier, 
Load_multiplicand, Shift, Add_shin, 
clock, reset 

reg [2°L_word -1: O} multipilcand; 
reg [L_word -1 : 0] multiplier; 

assign Empty :z: (word1 == 0) II (w0rd2:: 0); 
••• Ign wl_is_ , = (word1:::: "bl): 
••• ig" w2_is_,::: (word2:: ,'b1): 
.s.ign w2_bitO '" (word210i == 1b1l: 
••• Ign mp_is_, '" (multiplier ",= l 'bl ); 
••• Ign mp_bin '" multiplierf1j: 

always G (poa.ctga clock, poNdga reset) 
It (reset .. = l 'bl) begin multiplier <= 0; multiplicand <:c 0; product <= 0; and 
al •• bagln 

If (Flush) product <= 0; 
a' •• It (Load_words:= 1) begin 

multiplicand <= word1 ; 
multiplier <: word2; 
product <= 0; end 

el •• 1f (Load_multiplicand) begin 
product <:0: word1; and 

a' •• If (load_multiplier) begin 
product <= WOfd2: end 

al •• tf (Shift) begin 
multiplier <= multiplier » 1; 
multiplicand <: multiplicand « 1; end 

els. If (Add_shift) begin 

end 

multiplier <: multiplier» 1; 
multiplicand <: multiplicand « 1; 
product <: product ... multiplicand; end 

endmodule 

End of Example 10.7 

Several cycles of simulation activity are shown in Figure 10-45 . Note that D one 
asserts as soon as product is formed, and tbat Ready asserts when the machine is pre­
pared to initiate another cycle of multiplication. In Figure 10-46, Start launcbes the 
multiplication of 1010 by 210• and is re-asserted before the computation is complete. The 
machine ignores the re-assertion of Sum, completes the multipl ication. asserts Done, 
and tben asserts Ready in the next clock cycle. Then, with Start and Ready both 
asserted, the machine multiplies 1010 by 910- The simulation results in Figure 10-47 
demonstrates the machine's recovery from a running reset. A multiplication sequence 
begins at the first active edge after the de-assertion of reset. 
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ru~t 

dock 
wordl 

mU/lipliccll1ci(7:Q] 

... <>,d2 
mullipliu [3 :0] 

tlCUJlE 10-4.5 Simulation rC$ults for verification of M ullipliu_IMP...1. an efficient mUltiplier 
conlrolled by an implicit -state machinc,d1o ... ·ing multipliQ\iQn K qucnCC$. 

10.3.11 Booth's Algorithm Sequential Multiplier 

68' 

Various algorithms have been developed to improve the performance of sequential 
multipliers and to simplify their circuitry. Booth's recoding algorithm is wide I)' used 
because it has a simple hardware realization , requires less silicon area, and can speed 
up sequential multiplicalion significanll)' [1 ,3-5,9-11 1. 

Multipliers that use Booth's algorithm recode Ihe bits of the multiplier to reduce 
the number of additions required to complete a cycle of mulliplication. Only the multi­
plier is recoded; the mulliplicand is left unchanged. A derivative form, called Radix-4 
recoding or bil-pair encoding, can reduce the number of partia l products by a facto r of 
2 (3] (see Section 10.3. 12). 

Booth's algorithm is applicable to positive numbers and to negative numbers in 
2s complement representation (i.e., signed and unsigned numbers). Thus, a hardware 
multiplier using Booth recoding does not require modification to accommodate nega­
tive numbers. In contrast, multipliers that use signed magnitude representation must 
extract the magnitudes of the inputs. examine the signs of the data words. and then pos­
sibly eonven the result to a 2s complement representation (i.e. , radix-2 complemenl 
fonn). Multipliers that use Booth's recoding ca n multiply 2s complement numbers 
directly. The design given here can multiply two positive numbers, IWO negative nUm­
bers, and a mixture of positive and negative num bers (in 2s complement fonn). 
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FIGURE 19-46 Simulat ion results for MU/lipliuJMP ....2,showing $imula tion activity with Start 
assertedcoincidentallywith Dont 
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Shift 
Done 
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FIGURE 10-47 Simulation results (or Mulripl~'JMP ....2, showing recovery from a running rese!. 
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To gain insight into Booth's algorithm, note that the decimal value of a number in 

an n-bit 2s complement fonnat can be gotten by (1) multiplying the leftmost bit by 
_2n

-
1

, (2) multiplying the remaining bits by 2', where i is the bit position, and (3) adding 
the results [12]. For example, the 2s complement representation of - 7 is 1001 2, The deci­
mal value, with n = 4, is obtained as shown in Figure 10-48. 

The negative weight of the leftmost bit is expressed in signed digit notation [4] as 
an underscore; for example, the signed digit representation of - 7 is given as 1001 . 
Ordinarily, the bilS of a binary number can have only positive weights, but in Booth's 
recoding algorithm, the bits of a number can have positive or negative weights 
expressed in signed digit notation. 

The key to Booth 's algorithm is th at it skips over strings of I s in the multiplier 
and replaces a series of additions by one addition and one subtraction. For example, 
the word 11 I I_{)()(X) is equivalent to 28 - 1 - (24 - 1) = 28 - 24 = 256 - 16 = 240. 
An arithmetic unit that must multiply negat ive numbers can exploit lhis relationship to 
possibly reduce the number of additions in multiplying two numbers. A Booth recoding 
scheme recode~' the multiplier by detecting strings of Is and replacing them by signed 
digits that result in the same decimal value when the indicated addition and subtraction 
operatiom are performed. 

Table 10-1 summarizes the recoding rules. The algorithm reads bits from the LSB 
to the MSB, and the value of two successive bits (m;, mi- l) detennines the Booth 
recoded multiplier bit, BRCi . As the algorithm reads two successive bits, the present 
and the immediate past, it forms and uses BRC; to determine whether to add or sub­
tract before skipping to the next bit. The first step of the algorithm is seeded with a 
value of 0 to the right of the LSB of the word. If the signed digit 1 is encountered, a 
subtraction operation is perfonned (i.e., an appropriately shiftcd copy of the 2s com­
plement of the multiplicand is added to the product ). The process encodes the fi rst 
encountered 1 as a 1, skips over any successive Is until a 0 is encountered. That 0 is 

2s complcmcntof 71O - 1 001 2 

~
1L- 1 X2" 
~ OX 2 1 

O X 2 l .. 0 

-I x 2) ". - 8 

Decimal value of 10012 - - 7 - 1 00 1 2 

HGURE 1048 Extraction of the decimal value from a 2s complemenl number. 

TABLE 1 G- l Rutes for Booth recoding of a 2s complement number 

BRei v.. St.tvII 

String of Os 

End of string of 1$ 

1 Begin string of ls 

o Midstringof ls 
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FIGURE 10-49 Boolh rccoding of -6511) 

encoded as a 1 to signify the end of a string of J S, and then the process continues. The 
algorithm is valid for tbe entire range of 2s complement numbers (i.e., those with a 0 in 
the MSB, and those with a 1 in the MSB [4}). 

As an example of Booth recoding, the encoding of - 65 10 = 101 C lll1 2 is shown in 
Figure 10-49. Note that ordinary multiplication by this nwnber would require seven addi­
tions. but the Booth-recoded multiplier requires only one addition and two subtractions. 

An STG for the controller of a 4-bit Booth multiplier is shown in Figure 10-50. The 
annotation on the branches of the graph indicates that the Booth recoding bits (denoted 
by BRC) control the state transitions. The structural units for Multiplier JJooth_STG_O 
are shown in Figure 10-51, and the VeriJog source code of Mulriplier_Booth_STG_O is 
given in Example 10.8. 
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FlGURE 10 • .51 Siruciura! unilS of a mulliplier with Booth recoding. 

The controller in Multiplier _Boolh_STG_O generates the signals Add and Sub 10 
control the addition and subtractio n operations implied by the Booth algorithm. An 
alternative design could use one signal, AddJub, to control these operations, but 
would need to generate and use a signal Done in the datapath unit to ensure that addi­
tion and subtraction operations are suspended while Done is asserted. Otherwise, the 
fina l value of product would be overwritten in state S_8. Note that the datapath unit 
uses a priority decoding scheme that decodes Shift before Add and Sub. The controller 
requires a flip-nop to storc the LSB of multiplier for use in fonning the Booth recoding 
bits (BRCll:O}), and the datapath operations require an adder/subtractor unit . Also, 
note how the 2s complement representation is formed when the multiplicand is nega­
tive. The left half of multiplicand must be fil led with 1s to form the 2s complement cor­
rectly (sign extension). Similar actions are taken within the lestbench to predict the 
expected value of product. For convenience, a pair of nested for loops generate integer 
values of word] and word2.Additional code converts the patterns to the wordlength of 
the parameterized machine. The testbench for Muftiplier_STG_O is also presented 
because it contains some noteworthy features that are used when the pattern genera­
tor and comparator must form sign extensions of 2s complement negative numbers. 

Example 10.8 

module Muttip!ler_Booth_STG_O #(p.remeter 
l _word '" 4 , 
l _BRC '" 2, 
AI! Ones=4'b1111 , 
AU- Zeros '" 4'bOOOO)( 
output J2*L_word -1 : 0] 
output 
input [L_WOf"d -1 : OJ 
input 

product, 
Ready, 
word1 , word2, 
Start, clock, reset 
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wire mO, Load_words, Shift, Add, 
Sub, Ready; 

Controller Booth STG 0 MO Controller 
(,load_words(LOad_words),-,Shift(Shift), ,Add(Add), Sub(Sub), ,Ready(Read), 
,mO(mO), 

.Start(Start), .clock(clock), .reset(reset»; 

Datapath_Booth_STG_O M1_Datapath 
(.product(product), .mO(mO), .word1(word1), .word2(word2), 
.Load_words(Load_words), 

.Shift(Shift), .Add(Add), .Sub(5ub), .cIock(clock), .reset(resel)); 
endmodule 

module Controllet'_Booth_STG_O #(parlirMt.r L_WOI'd '" 4, L_state'" 4, l _BRC '" 2)( 
output reg Load_words, Shift, Add, Sub, 
output Ready, 
Input mO, Start, clock, reset 

reg Il_state · 1: 0) 
parameter 

assign 

, .. 
wire Il_BRC -1: 0] 

state, next state; 
5_idle:: 0;-5_1:: I, S_2 = 2, 5_3 '" 3, 
S_4 '" 4, 5_5 " 5, 5_6 = 6, S_7 = 7, 5_8:z 8; 
Ready : «state ='" Sidle) && !reset) II 

(state::;: S_8); -
rna del; 
BRC = {rna, rna_del); 1/ Booth 

recoding bits 

1/ Necessary to reset mO_del when loa(Cwords Is asserted, othelWise it would 
start with residual value 

illwilYS@(poHdgeciock, po.edge reset) 
if (reset) mO_del <- 0; el .. if (Load_words) ma_del <;: 0; elae mO_del <: rna; 

always@ (posedge clock, posedge reset) 
if (reset) state 0: 5_idle; elae state <'" nexCstale; 

always C (stale, Start, BRC) begin /I NeKt state and control logic 
Load words'" 0; Shift '" 0; Add '" 0: 5ub :: 0; 

caH (stale) 
5_idle:If(Start) 

.1-
S_1 : ' f «BRC "' .. 0) II (BRC == 3» 

else If (BRC "'= 1) 

else if (BRC =: 2) 

if «BRC :: 0) II (BRC "'''' 3» 

elae if (BRC ::: 1) 

els. If (BRC "';: 2) 

begin load_words r 1: 
next state'" S 1; end 

next_slate'" Sjdle; 
begin Shift = 1: next_state 

:: 5 3' end 
begl;;- Add = 1; next_state 

~~;;-~~~~ 1: next_state 
:r: S_2: end 

begin Shift = 1; neKCstate 
.. 5_5; end 

begin Add = 1; next_state 
;: 5_4; end 

begin Sub = 1; next_stale 
:z 5_4; end 
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S_5: If «BRC == 0) II (BRC == 3)) 

else if (BRC == 1) 

else if (BRC == 2) 

S_7: if «BRC == 0) II (BRC == 3» 

else If (BRC == 1) 

else if (BRC == 2 ) 

S_6: 

S_8' If (Start) 

else 
d.fault: 

.ndease 
end 

endmodule 

begin Shift" 1; next state 
" S_7; end -

begin Add = 1; next_state 
= S_6; end 

begin Sub " 1; next slate 
= S_6; end -

begin Shift = 1; next_slate 
'" S_8; end 

begin Add = 1; next_state 
= 5_8; end 

begin Sub = 1; next_state 
"5_8; end 

begin Shift" 1; next_state 
= S_3; end 

begin Shift:: 1; next_state 
= S_5; end 

begin Shift = 1; next_state 
'" 5_7; end 

begin Load_words = 1; 
next state :: S 1; end 

next_state = S_8; 
next_state = S_Idle; 

module Datapath_Booth_STG_O #(parameter L_word = 4)( 
output reg 12-L_word -1: 0) product, 
output mO, 
input [L_word -1 : 0] word1, word2, 

69' 

input Load_words, Shift, Add, Sub, 

'eo 

"'. a .. ign 
parameter 
parameter 

12'L_word -1: 0) 
[L_word -1: 0] 

" Register/Datapath Operations 

clock, resel 

multiplicand; 
multiplier; 
mO = mulliplier(O]; 
A1LOnes = 4'b1111; 
A1L Zeros = 4'bQOOO; 

always @(posedgeclock, poaedge reset) begin 
if (reset) begin multiplier <" 0; multiplicand <= 0; product <= 0; end 
elae if (Load_words) begin 
if (word1[L_word -1) == 0) multiplicand <= word1; 
else multiplicand <: (AJLOnes, word1[l_word -1 : 0]); 
multiplier <= word2; 
product <= 0; 

end 
else if (Shift) begin 

multiplier <: multiplier » 1; 
multiplicand <: multiplicand « 1; 
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end 
else if (Add) begin product <= product + multiplicand; end 
else If (Sub) begin product <= product - multiplicand; end 

end 
endmodule 

module lest_Multiplier_ STG_O 0: 
parameter 
wire [2"L_word -1: 0 ] 
wire 
integer 

"" reg [3: 0) 

L_word = 4; 
product; 
Ready; 
word1 , word2; 1/ multiplicand, 

multiplier 
Start, dock, rese t; 
mag_', mag_2: 

MUltiplier_Boolh_STG_O M1 (.producl(producl ), .Ready(Ready), .word1(word1), 
.word2(word2), .S!art(Start), .clock(clock), .reset(reset» ; 
/I Exhaustive Teslbench 
reg [Z ' L_word -1: 0) 

<e" parameter 
parameter 
initial #80000 Sfinish ; 

ff Error deleclion 

expected_value, expected_mag; 
code error; 
A II_O-nes = 4 'b1111; 
All Zeros" 4'bOOOO; 
II -nmeout 

always @ (po. edge clock) /I Compare product with expected value 
if (Start) begin 

expected value " 0; 
case({wo7d1[L_word ~ 11 , word2[L_word ~1 ]}) 

0 : begin expected_value'" word1 • word2; 
expected_mag'" expected_value; end 

1: begin expected_value = word1· {AII_Ones,word2[L_word -1: OJ}; 
expected_mag = 1+ -(expected_value); end 

2: begin expected_value'" {AILOnes,word1 [L_word -1 : OJ} ·word2; 
expected_mag '" 1+ -(expected_value); end 

3: bagin expected_value '" ({All_Zeros, -word2[L_word -1: 0]}+1) 
• ({AILZeros, -word1[L_word -1 : 0j}+1); 

expected_mag = expected_value; end 
endease 

ond 
else begin 

code_error :: Ready ? I(expected_value" product) : 0; 
.nd 

initial begin clock'" 0; forever #10 clock = -clock; end 
initial begin 
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It2 reset:: 1; 
#15 reset:: 0; 

'". 
initial begin 

#100 
II ExhauatJve panema 

for (word1 = All_Zeros; word1 <:: 15; WOfd1 :word1 +1) begin 
if (word1[L_word -1] =:: 0) maQ_1 = word1; 
ela. begin maQ_1 = word1(L_word -1: 0]; 

mag_1:: 1+ -ma9_1; end 
for (word2 "All_Zeros; word2 <:: 15; word2:: word2 +1) begin 

If (word2(L_word -1] == 0) ma9_2:: word2; 
elae begin mag_2 = word2(L_word -1: 01; mag_2 :: 1+ -ma9_2; end 
Start = 0; #40 Start = 1; 
1t20Start - O; 
1t200; 

end fI word2 
#140: 
end flword1 

,"d 
endmodule 

End of Example /0.8 
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Figure to-52 shows the simulation results produced by Multiplier _STG_O and 
Multiplier_ Booth_STG_O in multiplying 710 x 711), For these data, the multiplier 
fo rms product in five cycles using Booth recoding, and in seven cycles without 
recoding. The waveforms of product are shown in decimal format (as 2s complement 
va lues), and the waveform s of expected_value and expected_mag are also in deci mal 
formal.1be co mputational efficiency of Booth recoding is more significant for wide 
datapaths. 

The implementation of Booth 's algorithm based on the STG in Figure 10-50 is 
st raigh tforward, but it is limited to a 4-bit multiplier. A block diagram and ASMD 
cha rt for an efficient and more nexi ble controller are shown in Figure 10-53. The 
machine accommoda tes a parameterized wordlength, and is efficient because it 
does not waste time doing needless operations, such as multiplying by 0 or multiply­
ing after the last 1 in the multiplier has been found. We will present the correspond­
ing model here because it reveals a subtlety that is not apparent in the STG-bascd 
model. When the va lue of the multiplier register is 110. the machine's action depends 
on whether this last bit of J is possibly due to word2 having been the 2s complement 
code corresponding to a negative number (i.e., the MSB of word2 was 1). Moreover, 
when m_is_l is asserted, there are only two possible values of BRC: 210 and 310, In 
the former case, the usual subtraction must be performed: Sub is asserted and the 
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FIGURE 10-52 Comparison of I llite transitions in II multiplier with IlIId without 
a Booth recoding scheme. 

Slate moves (rom S_Tunning to S_shiftl , where BRC is now 12_ If word2 was negative 
no further action is needed; othe rwise, a final addition must be executed. Shift is 
asserted in S_shift l to align the multiplicand for the fi na l addition, then the state 
moves to S_shift2, where Add is asserted. The latter case must be handled diffe r­
ently, because the condition that BRC is 112 in S-,unning with m_is_l asserted 
could be due to an intermediate string of Is or to a terminating string of Is in word2. 
A terminating string of 15 corresponds to a negative 2s com plement multiplier and 
dictates tbat A dd not be asserted in S_shift2. There is no way to distinguish between 
these two cases without setting a flag in the datapath to indica te that word2 is nega· 
tive and passing the result as a status signal to t.he controlle r. The machine uses a 
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multiplicand < = 0 
Multip/iu < .. O 
produCl < .. 0 
rnO_de/ <= O 
Flog <~ O 

Ready 

Shift 

Flush 

Shift 

clock f?Set producl 

producl <= product - mu/tipliclUId 

Note: rnO denole~ rnullipliu fO] 
BRC denotes [rnO, mO_dt l] 
m_is_' asserlsifmu/liplier - l 
w2J1egassert~if thew(Jr,nis negative 
<"' denotesnon-bloclr:ingassignment 

"- mulfiplicand < .. multiplicand « I 
rnulliplier < = multiplier » I 

FlGURE 10-53 Block diagram and ASMD chart for a wordsizc-f1exible Booth sequential mullipLier. 
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fl ag register in the datapath to form an additional status signal, w2_neg, to indicate 
that the data pattern of word2 was for a negative value, e.g, word2 = 11102 in the 
case of a 4-bit multiplier. The sequence of states for the special case is illustrated in 
Figure 10-53 by the highlighted path. 
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343\1 34477 34797 

FIGURE 10-54 Simulation results for a wordsize-flcxible Booth sequential 
multiplier with (a) multiplicand = - 8 and mulliplier = + 7 and - 8 and (b) multiplicand _ - 5 

andmuitiplier "' Oandl 

Figure 10-54 shows the product of -8 (encoded in 4-bit, 2s complement as 
810 == 10002) by +7lO and again by -8\0 to produce products af200 (magnitude is 56) 
and 64, respectively. Figure 10-55 shows detection of word2 having a value of 0, and 
correct multiplication of -510 (encoded in 4-bit,2s complement as 11 10 "" 10112) by 1 to 

to give a product of -510_ 
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44528 
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FIGURE 10-54 Continued 

I Bit·pai r recodedword 

FIGURE 10-55 Bit-pair (tadix-4) recoding of - 6510. 
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Example] 0, 9 

module Multiplier_Booth_ASMD #(parameter l_word = 4)( 
output [2·l word - 1: 0] product, 
output - Ready, 

); 

Input [l_word.1:0J word1 , word2, 
input Start, clock, reset 

wire Empty, w2_neg, m_is_l , rna, Flush, load_words, Shift, Add, Sub; 

ControLUnit MO_Controlier (.Load_words(load_words), .Flush(Flush), .Shift(Shift), 
.Add(Add), .Sub(Sub), .Ready(Ready), .Empty(empty), .w2_neg(w2_neg), 
.m_is_1(m_is_ l), .mO(mO), .Start(Start), .clock(clock), .reset(resel»; 

Datapath_Unit M1_Datapath (.product(product), ,Empty(Empty), .w2_ neg(w2_neg), 
.m_ is_1(m_is_l ), .mO(mO), .word1(word1), .word2(word2), 
load_words(load_words), .Flush(Flush), .Shift(Shift), .Add(Add), .Sub(Sub), 
.clock(clock), .reset(reset)); 

endmodule 

module ControLUnit #(parameter l _word = 4, L_state = 3, L_BRC = 2)( 
output reg load_words, Flush, Shift, Add, Sub, 
output Ready, 
Input Empty, w2_nBg, mJs_ 1, rna, Start, clock, reset 

); 
parameter S_idle = 0, S_running = 1, S_working = 2, S_shift1 = 3, S_shift2 

=4; 

reg [l_state · 1: a) state, next_state; 
reg rna del; 
wire [l_BRC - 1: OJ BRe:: {rna, rna_del): /I Booth recoding bits 
assign Ready = (state == S_idle) II (state:::: S_idle); 

/I Necessary to reset mO_del when load_words is asserted, otherwise it would 
start with residual value 

always @ (posedge clock, posedge reset) 
If (reset) rna_del <= a; else If (load_words) rna_del <= 0: else If (Shift) rna_del 
<= mO; 

always @ (po sedge clock, posedge reset) 
if (reset) state <= S_idle; e'_ state <= next_state: 

always@(slale, Start, BRC, Empty,w2_neg,rn_is_ l,mO)begin /I Next state 

load_words:: 0; Flush =0; Shift = a; Add = a; Sub = 0 ; 
next state = Sidle; 
cas;(slale) -

SJdle: If ([Start) next_state = S_ idle; 

and control 
logic 

else if (Empty) begin Flush = 1; next_state:: S_idle; end 
else begin load_words = 1; Flush = 1; next_slate = S_nmning: end 
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S_running: if (m_is_1) begin 
if (BRG "'''' 3) begin Shift . 1; next_state = S_shift2; end 
else begin Sub: 1; next_state = S_shift1; end II Only BRG '" 

2 is possible 
.nd 
else begin 
if (BRC:: 1) begin Add = 1; next_stata: S_working; end 
else if (BRG "": 2) begin Sub"" 1; next_state '" S_working; end 
else begin Shift : 1; next_state = S_running; and 

. nd 

S_shift1: begin Shift = 1; next_state"" S_shift2; end 

S_shift2: begin 
next state"" Sidle; 
if ((I3RC "'''' 1)&& (lw2_neg»Add : 1; 

ond 

S_working: begin Shift '" 1; next_state'" S_nlnning; end 

endcase 
.nd 

endmodule 

module Datapath_Unit #(parameter L_word = 4)( 
output reg [2·L_word - 1: 0] product, 
output Empty, w2_neg, m_is~ 1, mO, 
Input [l~word - 1: 0) word1, word2, 
Input Load_words, Flush, Shift, Add, Sub, clock, reset 

); 
reg [2·L_word - 1: 0) multiplicand; 
reg [L_wOfd - 1: 0) multiplier; 
reg Flag; 

assign Empty = «word1 ;;;; 0) [I (word2 =: 0)); 
a .. lgn w2_neg = Flag; 
assign rnJ s_ ' '" (multiplier == 1); 
assign rnO = multiplier10]; 
parameter AlLOnes = {L_word{1'b1}}; 
parameter A1LZeros = {L_word{1'bO}}; 

1/ Register/Datapalh Operations 

always @ (posedge clock, posedge reset) 
If (reset) begin multiplier <= 0; multiplicand <= 0; product <: 0; Flag <= 0; end 
else begin 
if (load_words) begin 

Flag = word2[L word -1 J; 
If (word1[l _word -1] "'= 0) multiplicand <= word1; 
else multiplicand <: {AlLOnes, word1 (L_word -1: OJ}; 

multiplier <= word2; 
end 1/ Load_words 
if (Flush) product <'" 0; 
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if (Shift) begin 
multiplier <= multiplier» 1; multiplicand <:= multiplicand « 1: .," 

if (Add) begin product <= product + multiplicand; end 
if (Sub) begin product <'" product · multiplicand; end 

eo" 
en d m odule 

End of Example 10.9 

10.3.12 Bit-Pair Encoding 

Booth recoding does not always lead to a reduction in the clock cycles required for 
multiplication in multipliers whose STG has been modified to perform the operation 
of shifting in the same cycle as Add_sub. Depending on the data pattern, Booth recod­
ing may actually increase the number of clock cycles! Thus, the efficiency of the Booth 
recoding algorithm depends on the data. An alternative scheme, caUed bit-pair encod­
ing (BPE), overcomes this limitation by encoding the digits as signed radix-4 digits 
(also called bit-pair encoding) [4.10]. BPE (recoding) ensures that the number of addi­
tions does not increase. In fact. the number of additions is reduced from n to n/2 . 

BPE of a multiplier examines 3 bits at a time to determine whether to (\) add the 
multiplicand, (2) shift the multiplicand by 1 bit and then add, (3) subtract the multipli· 
cand (i.e., add the 2s complement of the multiplicand to the product) , (4) shift the 2s 
complement of the multiplicand to the left by 1 bit and then add, or (5) to only shift the 
multiplicand to the location corresponding to the next bit-pair (i.e., without adding or 
subtracting at the present location). As in Booth recoding, the first step of the BPE algo­
rithm is seeded with a value of 0 in a register cell to the right of the LSB of the multiplier 
word. Subsequent actions depend on the value of the recoded bit-pair. The multiplier bit 
index i increments by 2 until the word is exhausted. If the multiplier word contains an 
odd number of bits, its sign bit must be extended by 1 bit to accommodate the recoding 
scheme. Recoding divides the multiplier word by 2, so the number of possible additions 
is reduced by a factor of2.The rules for BPE are summarized in Table 10-2. 

TABLE 10 2 Rules for bit -pair (radix-4) reroding of a 25 complement numher 

Code BRCH / BRC, SlIIhIIl ActiQll5 

SIring of Os Shiflby2 

+ 1 End of sIring of Is 

Single I 

End of siring of Is Shiftbyl . Add.SII; ftbyl 

Begin siring of ls SlIiftbyl . Subtracl.Slliftbyl 

Single 0 

1 Begin sIring of Is 

0 MidSlringofls Shiflby Z 
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Example 10.10 

The bit-pair recoding of - 6510 = IOICl1l1 2 is shown in Figure to-55(e). 

End of Example 10.10 

Example 10.11 

The 2s complement product of 510 by the multiplier -6510, with -65 10 recoded in a bit­
pair format, is illustrated in Figure 10-56. The first bit-pair (shaded) indicates subtraction, 
so the 2s complement of 510 is fanned and aligned with the LSB of the multiplicand. 
Double shifts result from the next two bit-pairs. The fmal bit-pair (shaded) specifies sub­
traction , so the 2s complement of 510 is fonned at the proper location. Taking the sum of 
the shifted multiplicands forms the 2s complement of the product. The magnitude of the 
result is also shown. Note that it is necessary to sign-extend the copies of the multiplicand 
to fit the word length of the product register. 

End of Example 10.]] 

Example 10.12 

Figure to-57 shows the 2s complement product of - 12810 multiplied by the multiplier 
- 128 10, with -12810 recoded in a bit-pair format. The first three bit-pairs of the multiplier 

~ . 101! IOIOIOIO IOI!1 I.i<·p.""od,dm,'i<pli" 
1, 1,1,1, 1,1 '1, 1,1, 1,1,1, 1, 101, 1,1 ISi"'~","d'd"~mp~m'"'o" ," I 

+1 '1'1 '1'1'1' 1'101' 1'1 I s,,,,~","d"'''~mp''m,"lo''," I 
1'1'1'1' 1'1'1 '10 1+1'1 '1'1+ 1,1 l"od~1;""<omp1'=""O=" 

~_ lo l olo l o l ololo I 110 1 ' 1 0 1 010 1 ' 1 0 1 '1 I M."';"'d,"f'h''''od~' 
JolGURE 10-56 Muhiplication af 510 by bit-pair (rawx-4) recodingaf -6511~ 
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Advanced Dlptal Design with the Verilog HDL 

111111 111 11 1111 11 "' 1010 1010 1010 1 I Sign~."""'m.I'ipl""" I 
i~ -~ -l l l o l o lo l oioloioio l l M.hipli" I 

i TfIl\~ 
S'gn bl, i ~ - II 101 0 I 0 10 I 0 10 101 r:cl .:-h.p--'-", ,-orodo- '-m---:CWlip-li'--', 

'\ 1111101 01 01 01 01 0101 01 01 01 01 01 01 01 I ~~';;i,::'::'''·J'"' 
II I J I 01 01 01 01 01 01 01 01 01 01 01 o!ol 01 I "'od~'('~oompJ,~"') I 

11638«,,, 1- 101 11 0101 0 I 0 I 01 0 I 01 0 I 01 010 101 010 I I M.",h." ""b,,,,od.,, 
FIGURE 10-57 Multiplication of -128 111 by bit-pair (radix-4) rccoding of - 12810, 

(beginning at the LSB) cause a copy of the multiplicand to be shifted by 6 bits toward the 
MSB; the final bit-pair signifies the beginning and end of a string of 1s, so the multiplicand 
is shifted by 1 bit and added to the product register. The magnitude of the result is also 
shown. Note that it is necessary for the product register to have a length (16 bits) of twice 
the word length of the data (8 bits), and for the multiplicand to be sign-extended to fit the 
word length of the product register. 

End of Example 10.12 

Example 10.13 

The Verilog description of an 8-bit radix-4 multiplier having the STG of the control 
unit shown in Figure 10-58, with separate cycles for shifting, adding, and subtracting. 
The recoding rules are also shown. The functionality of the multiplier was verified 
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FIGURE to-51! STG for multiplication with bit-pair rc.:oding of S-bil mUltipliers. 
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exhaustive ly for a ll combin ations of positive and negative data words. The controller 
handles the stales necessary for BPE, and the datapath is expanded to handle single 
and doubl e bit shifts. 

module Mulliplier_ Radix_ 4_STG_ O #( paramet er l_word '" 8) ( 
output [2·L_word . ' : 0) product, 
output Ready, 
input [L_word -1: 0] word1, word2, 
input Start, clock, reset 

); 
w ire load words, Shift 1, Shift 2, Add , Sub; 
wire [2: 0) BPES; - -

Contro ller_Radix_ 4_STG_O MO 
(.Load_words(l oad_words), .Shift_1(Shift_1), .Shift_2(Shift_2), .Add(Add), 
.Sub(Sub), .Ready(Ready), .BPEB(BPEB), .Start(Start) .. clock(clock), 
.reset(reset)): 

Oatapath_Radix_ 4_STG_O M 1 
(.product(product) •. BPEB(BPEB), .wor<:l1(word1) . . word2(word2), 
.load_words(load_words), .5 hift_ 1(5hift_ 1), .5hift_2(Shift_2), .Add(Add), 
.5ub(5ub), .clock(clock}, .reset(reset»; 

endmodule 

module Controller_Radix_ 4_STG_O #(parameter l _word = 8)( 

); 

output reg l oad_words. Shlft_ 1, Shifl_2, Add, Sub, 
output Ready, 
Input [2 : 0] BPEB, 
Input Start, clock, reset 

"'. parameter 
parameter 
parameter 
parameter 
parameter 
assign 

[4: 01 stale, next state; 
S idle = O-S 1 =1 52=2 S 3=3· 
S=4 = 4, S_5- = 5, S_S-= S, S_7-= 7, s_a = 8; 
S_9" 9, 5_10 = 10, S_1 1 = 11, S_12 = 12; 
5_13 = 13, 5_14:: 14, S_15 : 15; 

~e!~y= =1~(~~at;7=~ ~~;d le) && !reset) II 
(next_state == 5_17); 

always @ (posedge clock, po .. edge reset) 
if (reset) state <= 5_idle; else state <= next_state; 

always @(slate, Slart, BPEB) begin 1/ Next state and control logic 
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Load_words = 0; 5hifl_1 = 0; 5hifl_2 = 0; Add = 0; Sub = 0: 
case (stale) 

5_idle: If (Start) begin Load_words = 1; 
else 

next_slale = 5_1: end 
next_slale = S_idle; 

S_ 1: caae (BPEB) 
0: begin Shift_2 = 1; 
2: begin Add = 1; 
4: begin Shift 1 = 1; 
6: begin Sub ~ 1; 
default: 

endcase 
begin Shifl_2 = 1: 
begin Sub = 1; 
begin Shifl_1 = 1; 
case (SPEB) 

0, 7: begin Shifl_2 = 1; 
1, 2: begln Add= 1; 
3,4: begin 5hift_1 = 1; 
5,6: begin Sub = 1; 

endcase 

next_slate" 5_5: end 
next_stale" S_2: end 
next stale = S 3; end 
next=state = 5=2: end 
next_stale = S_idle; 

next_slale = 5_5; end 
next_state = 5_4; end 
next_slale = S_5; end 

next_slate = S_9; end 
next_slale = 5_6; end 
next_slale = SJ: end 
nexl_slale = S_6: end 

5 6: begin Shift 2 '" 1; next slale = S 9; end 
5=7: begin if (BPEB[' : 0] == 2'b01) Add = 1: -

else Sub = 1; next slale = S 8; end 
S 8: begin Shift_1 = 1; nexl=slale = S=9; end 
5=9: caae (SPEB) 

0,7: begin Shift_2 = 1; next_slale = 5_ 13; end 
1, 2: begin Add = 1; next state = 5 10; end 
3,4: beglnShifl_1=1: next=state = S=11 : end 
5,6: begin Sub = 1; next_slale = S_10; end 

endcase 
5_10: begin Shifl_2 = 1; next_slale = 5_13; end 
S_11 : begin If (BPEB[1 : 0] ==2'b01)Add:: 1; 

else Sub = ,; next slate = 5 12; end 
S_ '2: begin Shifl_1 = 1; next=slate =S=1 3; end 
S_'3: case (SPES) 

0,7: begin Shifl_2 = 1: next slate = S 17; end 
1, 2: begin Add = 1: next=slate = S=,4; end 
3, 4: begin Shifl_ ' = 1: next_state:: S_ 15; end 
5, 6: begin Sub = 1; next_slale = 5_14; end 

endean 
S_ '4: begin Shifl_2:: 1; next_slate = S_17; end 
5_15: begin If (SPEB[1: OJ == 2'bOl) Add:: 1: 

else Sub:: 1; next_slate = S_16; end 
5 16: begin Shifl_ 1 = 1; next_state = S_17; end 
5=17: If (Start) begin Loa<Cwords '" 1; next_state = S_I; end 
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default: 
endcase 

.,d 
endmodule 

else next_state" 5_17: 
next_state'" S_idle; 

module Datapath_Radix_ 4_STG_O #(parameter L_word = 8)( 
output reg [2"L_word -1: 0] product. 
output [2: 0] SPES, 
input [L_word -1: 0) word1 , word2. 
input load words, Shift 1, Shift 2, 

Add,Sub, clock. reset -

, .. 
, .. , .. 
parameter 

assign 

[2"L_word -1 : 0] 
[l_word -1 : 0] 

II Regisler/Dalapalh Operations 
always @ (posedge clock, posedge reset) 

if (resel) begin 

multiplicand; 
multiplier; 
rnO del; 
AII~Ones = (L_word{1'b1)}; 

SPES", (multiplieq1: 0]. mO_del); 

multiplier <= 0; rnO_del <= 0; multiplicand <= 0; product <:= 0; 
.,d 
else begin 

if (Load_words) begin 
rnO_del <= 0; 
if (word1[L_word -1);; 0) multiplicand <: word1; 
el •• multiplicand <= ('All_Ones, word1[l_word -1: OD; 
multiplier <= word2; product <= 0 ; 

.,d 
If (Shift_ 1) begin 

(multiplier, mO_del) <= (muHiplier, mO_del) >> 1; 
multiplicand <= multiplicand « 1; .,d 

If (Shift_2) begin 
(multiplier, mO del} <= {muHiplier, mO del}» 2; 
multiplicand <; multiplicand « 2; -

.,d 
If (Add) begin product <= product + multiplicand; end 
if (Sub) begin product <= product · multiplicand; end 

,"d 
endmodule 
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Figure 10-59 shows output waveforms in hex and decimal formats verifying the 
multiplication of -4510 by -38 11)- The values of wordl and word2 are also shown in hex 
and decimal fonnats (mag_l and mag_2); tbe magnitudes of wordl and word2 are 
shown in decimal format. The value of multiplicand and tbe multiplier are shown in hex 
and decimal formats verifying the multiplication of -4510 by -38100 The values of 
wordl and word2 are also shown in hex and decimal fonnats (mag_l and mag~); the 
magnitudes of wordl and word2 are shown in decimal fonnat. The value of 
multiplicand and the multiplier are shown in bex ronnat. The value of product is shown 

2933081 
Namo: 

wordl 
word I 

ma8'_J!7:G) 
mU/liplit;andjIS:O] 

2933171 2933261 2933351 

WO'd2~~~~1 m"8'J[7:G] 
multiplirr[1:G) 00 

producl(1 5:O] 
proo..ctfl5:O] 

r;rprcud Ya/ut\lS:O ) 
r;rprcud_" .. /llr[IS:O) 
r;rprcrt d mag[IS:O) 

Codt_UTor 

FIGURE 10·59 Simulation o f Mullipl~rJaduJ~TG_O mulliplying - 45 JU by -38111-
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in hex and decimal formats. The expected value (produced by the testbench) is shown 
in both fo rmats. 

End of Example ZO.13 

10.4 Multiplication of Signed Binary Numbers 

Although signed binary numbers in 2s complement Cannat can be multiplied with Booth's 
algorithm, we will reconsider their multiplication here, to prepare for multiplication of frac­
tions. There are four cases to consider in multiplying signed numbers in 2s complement for­
mat. depending on the signs of the multiplicand and multiplier. We have already seen that 
the product o f unsigned binary numbers is formed by adding shifted copies of the multipli­
cand. We will consider the remaining three cases, in which one or both words are negative. 

10.4.1 Product of Signed Numbers: Negative Multiplicand, 
Positive Multiplier 

The steps to multiply a negative multiplicand by a positive multiplier are the same as the 
steps taken to multiply unsigned numbers, but the sign bit of the multiplicand must be 
extended to the word length of the final product before operating on the 2s complement 
words The sign-extended multiplicand is used when fo nning the partial products and 
accumulating the sums. The result of the multiplication is the 2s complement of the prod­
uct. Then the magnitude of the product is formed by taking the 2s complement of the 
result, as illustrated in Figure J()..6() for the product of -310 by 6u} The sign-extended mul­
tiplicands are shown, with the carry bits that are generated in each column-wise addition. 

10.4.2 Product of Signed Numbers: Positive Multiplicand, 
Negative Multiplier 

To fo rm the product of a posit ive mu ltiplicand by a nega tive multiplier , extend the 
sign of multiplier to the word length o f the multiplier. Then add shift ed copies of 
the multiplicand, but instead of adding a copy of the mu ltiplicand at the position 
corresponding to the extended sign bi t of the multiplier, add the 2s complement of 
the multiplicand . This last step follows from the observation (see Figure l O-4(b) 
that the decimal value of the 2s complement of an n-bit multiplier can be written as 
the sum: -8,,_12"- 1 + 8,,_22"- 2 + ... + B \21 + B~o. The actions associ ated with 
B,,_2, ... , Bit 8 0 are the usual ones of adding shifted copies of the multiplicand . The 
act ion of the term associated with - 8 ,,_1 x 2,,- 1 is equivalen t to adding a shifted 
copy of the 25 complement of the multiplicand to the su m of the previously accu­
mulated parti al sums. The results in Figure 10-61 form the produci of 310 by - 6\0. 

10.4.3 Product of Signed Numbers: Negative Multiplicand, 
Negative Multiplier 

When the multiplicand and the multiplier are both negative numbers expressed in 2s 
complement forma t, the last sum adds the 2s complement of the multiplicand 10 the 
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1010 1010 10101111 1 '" 
1111 1111 11111010 1 -Bilwisecomplemcnl 

El(lcndedsign bil$ 111111 11111110111 --AddltoLSB 

__________ III J 111111 1110111 _Zscomp1cmcntof - J IU 

1 1 1 111 1 1 1 111 1 11~ 1 11 1 1111 11 1 110 1 11 - - J 'lJ with cxtc ndedsign 

1010 10 10101.11 101 __ 61(,muhiplicand 

10101010 1010 10101010 10 1010 10 10 101 
111111 1111111111 11111 11111 10111 
11 1111 1111 111111 1111 1111 1011 1 
1111111111111111111111 1011 111110 1 _2scomplcmentof - J 1n x61lJ 

1010 101010 1010 101010101110 101011 1 - Bitwise complement 

10 I ololn I 0101 010 lolulo I 0101 010 III - Addl toUiS 

10101010101010101010 101110101110 1 _ 18lO magnitudeofproduct 

FIGURE 10·60 Multiplication of a negative mUltiplicand (- 310), in a 2s complcment.sign,cxlendcd 
forma l, by a positive multiplier (6",). forming the product -18,,}> 

accumulated partial sums, but the accumulated sums are fonned with shifted copies of 
the 2s complement sign-extended mUltiplicand. instead of the multiplicand, For clarity, 
Figure 10-62 also shows the column wise carries that arc generated in forming the prod­
uct of - 3to by - 610, 

10.5 Multiplication of Fractions 

Numbers are nonnalized in digital signal processors to avoid the overflow that would 
result when the product of two numbers exceeds the dynamic range provided by the word 
length of the machine [12J. The dynamic range of the decimal value of the numbers that 
can be represented by Nbits in a2scomplement format is _2N

- 1 :s;: D(S) :s;: 2N - t - 1. 
For example, 2s complement 4-bit words have N = 4, and the dynamic range of their dec­
imal value is from -8 to + 7, Any product whose value exceeds this range causes overflow, 
becalL're the product cannot be stored accurately as a 4-bit value. For example. the product 
of 7 by 3 exceeds the dynamic range provided by a 4-bit word format , 

Nonnalization divides an N-bit 2s complement word by 2N - t to convert a fixed­
point integer representation of a value to a fixed-point fractional representation. l'he 
dynamic range of the magnitude of tbe fractional value is bounded between - 1 and + 1. 
Normalization is equivalent to shifting the word toward its LSB by N - 1 positions, and 
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---- BitwisecQmplcmen! 

-- Add 1 loLSB 

_2scornPlemeotOf610

J ___ 3,omulllplicand 

___ 2scomplementof61O 

-- 2soomplernentofmulllphc30d 

__ 2s complement of 310 X -610 

___ 1810 magnilude of the product 

FIGURE 11).61 MUltiplication of a positive multipIicand (310) by a multiplier (-6'0), in a 2s 
complement, siglHxtended multiplier, forming the product -18)0}-

associating its weights with fractions. If a 2s complement word B has the decimal value 
D(B) = -bN _ t 2N - 1 + bN _ 22N - 1 ... + b l 21 + bo2°, its normalized value is given by 
F(B) = -bN _ t 2fJ + bN _ 2T 1 + ... + bt T (N-2) + bo2-(N- 1l, the so-called Q-format 
representation of the number (12). For example. a 0 -5 number format has 5 bits, including 
a sign bit. The product of two Q-S numbers has 10 bits, including an extended sign bit and 
a sign bit. The radix point of Q-format numbers is to the right of the sign bit. 

Normalization of integers prevents overflow in multiplication , because the prod­
uct of two fractions is always a fraction. It also extends the dynamic range of the num­
bers that can be multiplied, for a given word length. at the expense of precision. The 
result of mUltiplying two normalized numbers may have less precision than if the num­
bers could be multiplied by a machine that has sufficient word length to avoid over­
flow. For example. the product of 8[0 = 1~ by 7]0 = 00112 is 56[0, which cannot be 
stored as a 4-bit value in 2s complement format. Normalization produces the following 
fractions in Q-5 format: F(8\O) = 2--4 = 0.1~, and F(71O) = 0.OllI2' Their product 
is 00.001 LltXlO;z, in Q-1O format. Storing the product as a 0-5 value gives 
F(81O X 710) = 0.0011. The denormalized decimal value is F(8\O X 7\0) !a 48]0, 
obtained by scaling the 0-5 value by 28. or left-shifting the word by 8 bits. 
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Cililililililoll] '" 310 m boomp1cment (sogn-extended) 

x CilllilililOlilOJ- 610mboomplement(5Ign~xtendcd) 

FIGURE 10-62 Multiplication of a negative multiplicand (- 3,0) by a negative 
mult iplie r ( - 6 '0), fonning the product 1811" 

The 2s complement of an n-bit number M is a number M* such that 
M + M* = 2". The 2s complement of a binary fraction M is given by M* = 2 - M. 
so that M + M* .., 2. An m-bit fraction F is represented as F = b_l Tl + 
b_2 T 2 + b_3 T 3 + ... + b- m 2- m• The 2s complement of a fraction is formed by com­
plementing the bits from the sign bit to the least significant 1. then adding t at the posi­
tion of the least significant 1. This is equivalent to complementing the bits to the left of 
the rightmost 1 in the word. Both methods are shown in Figure 10-63. 

Fractions are mUltiplied like whole numbers, but overflow is not possible, because the 
product of two fractions must be a fraction. Care must be taken to adjust the 1<X:alion of Ihe 
radix point of the resull of multiplying fractions. In a ftxed-point format, a 4-bit [raction is 
represented by 5 bits, with the MSB holding the sign of the number in a 2s complement 

Ll_:I~I~:lo_loJ B,twl$eoomp1cment G .. :I£:I~lo_loJ - Bitwiseeomplcmenl 

Lo",1TID .. Add I G.EEl0l oJ " --31410 2"+21 

L1IITQ.0loJ .. 3 .. 410 zO+Z'2 

Slgnblt.-J1 
Radlxpomt=:...J 

FIGURE 111-63 Equivalent methods of the forming 2s complement of a fraction (314.0), 
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fannat. The radix point for a fixed-point fraction will be between the sign bit and the MSB 
of the 4-bit fraction. The product of two S-bit words will produce a 100bit result. The MSB 
will be the extended sign bit, and its neighbor immediately to the right will be the sign bit. 

10.5.1 Signed Fractions: Positive Multiplicand, Positive Multiplier 

Multiplication of two positive fractions is performed as though the words were unsigned 
integers. For example, in the product of two 4-bit fractions, the radix point is interpreted 
to be to the left of the eighth bit. Figure 10-64 shows tbe product of 3/410 by 1/2 10, 

10.S.2 Signed Fractions: Negative Multiplicand, Positive Multiplier 

The product of a negative multiplicand by a positive multiplier is formed by adding 
shifted copies of the sign-extended multiplicand, and adjusting the radix point in the 
result. The example in Figure 10-65 forms the product of -3/410 by 318\0_ 

10.5.3 Signed Fractions: Positive Multiplicand, Negative Multiplier 

If the multiplicand is positive and the multiplier is negative, we add shifted copies of 
the sign-extended multiplicand, except at the position of the sign bit of the multiplier. 
At that position, we add the 2s complement of the multiplicand. In this case, it is con­
venient to define the 2s complement of a fraction A as A * = 2 - A, or 10z - A2' This 
limits the representation of the multiplicand to have only 2 bits to the left of the radix, 

[olDD'"§J§J --- 3/410 = 2- 1 + 2- l 

:.!J:TI:J§f§J --- - 3/4 10 = 2° + r2 

[iJJl~L'T~LlJ.~.TI:[oJ§J --- Sign-extended multiplicand 

X~O~§J _ 311\1Il ~ rl+ r) 

UliJJI~LllIT!J§I§J§J --- Shifted. extended multiplicand 

___ Shifted.extendedmuJ tiplicand 

[IJ}JJJiIIT!I!loJ§J§J --- - 9132 111 - in2soomplement 

[iJ_~ §1~§J§J§J --- 9131 10 = r2 + r S 

Adjusted radix point 

FIGURE 10-65 Multiplication of a negaTive fraction (314 10) by a positive fraction (3/810)' 
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Adjusted radix point 

FIGURE 10-66 Multipllea tion of a positive multipli<:and (314'0) by a negative multiplier (-318", ). 

thereby reducing the number of products that must be added to form the sum, as 
shown in Figure 10-66. 

10.5.4 Signed Fractions: Negative Multiplicand, Negative Multiplier 

To form the product of two negative fractions., add shifted copies of the sign-e:uended mul­
tiplicand. and add the 2s complement of the accumulated sum, as shown in Figure 10.67. 

10.6 Functional Units for Division 

Sequential multipliers use an add-ana-shift algorithm to form the product of two words. 
We will consider various architectures for sequential dividers that use a sublract-and-Jhift 
algorithm to fonn a quotient of two numbers. 

:..o~§J -- 314 11) - 2 - 1 + 2- 1 

:~ ~[~I!I~:LOJ - - 3/410 ~ i' + 2 1 

ULiJ.!J_iJ_1IC02J§J§J -- Sign-exlcnded multiplicand 

)(i_~§J - -318111 

:_IJj}:.LliJJl!ET§J§J§J -- Shifted. extended mult iplkand 

Ll]Jl~§J§J - Shiflcd,e:<lcndedmuitipticand 

LOJ§JTI"§J§J -- 25 eomplcment of multiplicand 

:_OJ..o _OJJ..0TI:IT§J§J§J -- 913110 '" 2- 2 + r' '" ( -3I4)lu)( ( - 318},n 

Adjusted radi:< point 

FIGURE 11).67 Multiplication of a negative multiplicand (-3/41O) by a negative multiplier (-lI8",) . 
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10.6.1 Division of Unsigned Binary Numbers 

A sequential algorithm for dividing two unsigned binary numbers (i.e., positive integers) 
subtracts the d'ivisor from the dividend repeatedly, until the remainder is detected to be 
smaller than the divisor. The quotient is formed by incrementing a counter each time a 
subtraction occurs; the fmal value of the remainder is formed as the residual content of 
the dividend when the subtraction sequence ends. Other architectures, such as one imple­
menting a subtract-and-shift algorithm, can be more efficient, but we will examine the 
basic architecture first. 

Example 10.14 

Figure 10-68 shows the architecture for Divider _STG_O, a machine that forms the quo­
tient of unsigned binary numbers by repeatedly subtracting the content of a divisor 
register from the content of a dividend register until the remainder is less than the divi­
sor. This architecture is effective, but inefficient. It uses more registers than needed, 
and it can require a very long execution sequence to form the quotient when the divi­
sor is small compared to the dividend. 

wo,dl w("d2 

DarQpalr'-c:"":"i' __ ---, 

Srart 

R~ildy ConrrQ/...J4nir 

quolient 

FIGURE 10-68 Architecture of Dividt,_STG_O, a simple, but inefficient, binary divider unil. 
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Divider_STG_O will serve to introduce some features that will be included in a 
more sophisticated machine. Among the machine's features, we want it to detect an 
attempt to divide by 0, and to tenninate without needless computation if the datapath 
presents a dividend that is O. The machine should ignore Star( while a division sequence 
is in progress. A signal Ready should be asserted after a division sequence is completed, 
and remain asserted until a new sequence begins; Ready should also be asserted while 
the machine is in its idle state, with reset not asserted. A signal Error should be asserted 
if a divide-by-zero is attempted, and should remain asserted until reset is asserted. An 
asynchronous reset signal should drive the state to its idle state from any state. 

Divider _STG_O has parameterized word lengths. shown here fo r a dividend data­
path size of 8 bits, and a divisor datapath size of 4 bits. The implementation assumes that 
the length of the divisor does not exceed the length of the dividend. In figure 10-69, 
dividend and quotient are stored in 8-bit registers and divisor is stored in a 4-bit register. 
To implement the subtraction of divisor from diVidend, the word for divisor will be con­
verted to 2s complement value, and extended by concatenating the 4-bit 2s complement 
with four Is. A comparator determines whether or not to subtract. For an 8-bit dividend, 
the worst case will take 255 subtraction steps (dividend = 255, divisor = 1). The 
machine's STG is shown in Figure 10.69, with its control logic annotated with symbols for 
Verilog operators. Unlike an ASMD chart, the STG is not annotated with the register 
operations of the data path unit. State transitions along the branches leaving a state are 
conditioned by the indicated assertions, provided that reset is not asserted. 

NOi£. !word! denotes word! • - 0; 
!wordl denotes word2 - - 0 

"GURE 10.69 Slale·uanailion diagram of controller ror DlviderJTG O. 
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The state of the controller enters S_idle on the asynchronous action of reset and 
remains there until Start is asserted (with reset de-asserted). If wo rd2 (the datapath 
value for divisor) is 0, the state enters an error state,S_Err, when Start is asserted, and 
remains there until reset is re-asserted. The signal Error is asserted as a Moore-type 
output in the state S_Err (the machine also enters S_Err as a fail-safe feature if its 
state is not onc of those specified by the STG, but that detail is not shown on the 
STG).lf word2 is natO, wordl (the datapath value of dividend) is checked. 1 

I If word] 
is 0, the state immediately transfers to S_3, where Ready is asserted as a Moore-type 
output. If not, Load_words is asserted and the machine enters S_1. where Subtract is 
asserted while successive subtractions occur. In stale S_idfe, Load_words and Ready 
are Mealy-type outputs. 

At each step, the algorithm compares divisor and dividend. When dividend is 
found to be less than divisor, the state enters 53, where it remains until the next asser­
tion of Start and Ready is asserted. It is the responsibility of the external agent control­
ling the machine to know that Start will be ignored until the machine is in SJdfe or S3. 
So Start should not be asserted until after Ready is asserted. Otherwise, the contents of 
quotient and remainder could be ntistakenly associated with the new values of wordl 
and word2, rather than the values that were present when the division that led to the 
assertion of Ready was initiated. 

For the architecture shown in Figure 10-68, three status signals are generated in 
the datapath unit: GTE, wl _is_O, and w2_is_O to indicate whether the dividend is larger 
than the divisor, the data path word that would be loaded in the dividend is 0, and the 
datapath word that would be loaded into the divisor is O. These signals are used to 
implement the logic that skips division if the word that would be loaded inlO the divi­
dend is 0, and sends the state to S_Err and aborts an attempt to divide by O. 

End of Example 10.14 

Example 10.15 

The Verilog description of DividerJTG_O is given below for an 8-bit dividend and a 4-
bit divisor. We show two ways to implement subtraction. The first corresponds to the 
actual hardware supporting the machine's datapath operation of subtraction of 2s com­
plement words and requires sign extension of divisor . An alternative uses the statement 
dividend <= dividend - divisor. This form exploits the built·in 2s complement arith­
metic of Verilog and automatically accommodates the different word lengths of the 
operands. leaving the actual hardware up to a synthesis tool.The testbench (see the Web 

Il ln Verilog. the Boolean value of word2 is true if and only if word2 has the value of a positive integer 
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si te) for Dj",jder~TG_O has a triggered stimulus generator. Note that the number of 
cycles required to form quotient is data-depcndenl. so stimulus patterns arc triggered by 
the completion of a division sequence. The machine i.s syn thesizable. because the data 
dependency is handled by the controUer. not by a data-dependent loop. 

module Divider_STG_O j (parameter L_divn = B, L_divr'"' 4)( 
output Il _divn -1 : 0] quotient. 
output Il_divn -1 : 0] remainder, 
output Ready, Error, 
input [l_divn -1 : 0) word1 , fI Datapath for dividend 
input [L_divr -1: 01 word2, fI Datapath for divisor 
input Start, clock, reset 

); 

r Includes checks IOf a divide by zero, subtracts the divisor from the dividend unlillhe 
dividend is less than the divisot, and counts the number of subtractions perlOfTT1ed. 
1lle length of divisor must not exceed the length of dividend . 
' f 

ControLUnit MO_ Controlier 
(.Ready(Ready), .Error(ErrOf), .load_words(Load_words), 
.Subtract(Subtract), .Start(Start), .GTE(GTE), .w1_is_O(WUs_O), .w2Js_O(w2_is_O), 
.cJock(dock), .resel(reset»; 

Oatapath_Unit M1_Datapath 
(.quotient(quolient), .remainder(remalnder) , .GTE(GTE), .wUs_O(wUs_O), 

.w2Js_O(w2Js_O), .word1{word1), .word2(word2), .Load_words(Load_words), 

.Subtract(Subtract), .clodo;(clock), .reset(reset) 
); 

endmodule 

module ControLUnit (output Ready, Error, output reg Load_words, Subtract, 
Input Start, GTE. w1_is_O, w2_is_O, clock, reset 

); 
parameter 
parameter 
reg [l_state-1:01 state, next_state; 

a .. lgn Ready = «slate "'-= S_idle) && !reset) II (stale == S_3): 
a •• lgn Error = (slale ::= S_Err); 

always @ (po.adge clock, posedge reset) 
il (reset) stale <= S_id\e; else state <:: nelCt_state; 

alw. ys @(stale, Slart, GTE, w1 JS_O, w2_is_0) begin 
l oad_words = 0: Sublract = 0: nexl_slate '" S_Err: II Default values 
case (slale) 

S_ldle: case (Start) 
0: next_stale:: SJ dle; 

If (w2_is_O) next_state:: S_Err: 
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elsa If (!wl_is_O) begin next_stale =- 5_, ; Load_words 
= 1; end 

e' •• next_state " 5_3; 

5_1 : If (GTE) begin next_state'" 5_2: Subtract = 1; end 
e' •• next_state '" 5_3; 

5_2: if (GTE) begin next_state '" 5_2: Subtract '" I ; end 
el •• next_state '" 5_3; 

5_3: e ... (Start) 
0: nexCslate = 5_3; 
1: If (w2_is_O) nexcstate '" S_Err; 

else if (w'_ls_O) next_state '" 5_3; 
el •• begin next_stale'" 5_1: Load_words '" 1; end 

eode ••• 
S_Err: nex/_state'" S_Err: 
default: next_state'" S_Err: 

endcase 
end 

endmodule 

module Datapath_Unit ' (parameter L_divn:z 8, L_divr '" 4)( 

); 

output reg [l _divn -1: 0) quotient, 
output (L_divn -1: 0) remainder, 
output GTE, w l _ls_O, w2_is_O, 
input [l_divn-1 : 0) word1 , II Datapathfordividend 
input [L_divr -,: 01 word2, If Datapath for divisor 
input Load_words, Subtract, clock, reset 

reg [l _divn ·1: 0] dividend; 
rag [l _divr ·1: 0] divisor; 

assign GTE'" (dividend >'" divisor); 
assign W1_is_0 :: (word1 "'''' 0); 
assign w2_is_O '" (word2 "'''' 0); 
a.sign remainder '" dividend; 

/I Comparator 

always @(poHdga dock, po_dge reset) begin II RegisterlDatapath Operations 
if (reset) begin divisor <'" 0; dividend <:: 0; quotient <'" 0; end 
el.e if (Load_words :::: 1) begin 

dividend <= word1 ; 
divisor <: word2; 
quotient <= 0; 

end 
el.e If (Subtract) begin /I Note sign extension below 

dividend <:II: dividend[L_divn -1 : 0] + 1'b1 + «(L_divn .l_divr){1'b1)}, 
-divisor(l_dlvr·': OJ}: 

II dividend <:: dividend - divisor; II alternative using built-in 
2's complement arithmetic 



Archhectures lor Arithmetic P rocessors nt 

quotient <; quotient + 1; 
.nd fI Use quotient +2 to test error detection 

.nd 
endmodule 

End of Example 10.15 

Figure 10-70 shows waveforms obtained by simulating DividerJ TG_O dividing 
10010 by 1310 to produce a quotient of81o and a remainder of 310• The values of wordJ, 
word2, dividend, divisor, quotient, and remainder are shown in decimal format. The signal 
code_error is generated by the test bench on delccting an error in either quotient or 
remaiflder. These waveforms do not demonstrate all of the features of the design ; the 
testbench provided at the companion Web site can be used for additional verification, 
including recovery from an attempted divide by O. 

499162 
Name 

499242 499322 499482 

qUOIit'IIr[7:0)~7iE::fE::~O~'~2~3~4~~~E:E53~iiB r~m"illdu[7:0JP23 11)7 94 81 68 55 42 29 16 ::, 107 93 
u:p~l~d_quoti"nI[7:01 

0"X~cl .. d_r~",aind .. r{7:01 

tlGURE 10-70 Simu1alion resulls for Di"UJ~r ...sTG 0, a simple binary divider. 
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Although a Verilog behavioral description can be written without concern for the 
details of implementation. leaving them up to a synthesis tool. it might be wise to consider 
the fact that a synthel";S tool can fail to produce the most efficient impiementofion, by not rec­
ognizing economies in the architecture. For example, the architecture of DividerJ rG_O 
uses a comparator (see Figure 10-68) to determine whether divisor should be subtracted 
from dividend, and uses a subtractor to perform the subtraction. An alternative design 
would exploit the observation that in 2s complement subtraction the carry bit reveals the 
relative magnitude of the numbers. eliminating the need for a comparato r. The subtractor 
is implemented by an adder with a carry-in, and an inverted datapath for divisor (bitwise­
complement). The carry-out of the adder produces the sign bit that controls the datapath. 
An architecture for the alternative machine. Divider....sTG_OJu.b,is shown in Figure 10-71, 
and the machine's Verilog description is presented in Example 10.16. Note that a single 
continuous assignment forms the concatenation {carry, difference} by adding the 2s 
complement of divisor to dividend. 

wo,d2 

Start 

Ready ControCu"it 

£rror 

quollent 

qUOIlt'nt 

FIGURE 10.71 Architecture for Dividu ...-STG_O_sub, a modified archileClllre of a simple. om 
inefficient. binary divider unit with an 8·bit dividend. The carry bit formed in 2s complement 

subtraction replaces the comparator used by Divider _STG O. 
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Example 10. J 6 

The Verilog description of Divider_STG_O_sub I2 uses the carry bit from 2s comple­
ment subtraction to replace a comparator and control the datapath of the machine. The 
control unit from Divide,_STG_O is fe -used; the datapath unit is changed slightly as 
shown below. It has additional code to form the concatenation {carry, difference }. 
The signal carry provides GTE at the interface between the control unit and the data­
path unit. Simulation resul ts (nol shown) for Divider_STG_O and Divide,_STG_OjiUb 
match. 

module Datapath_Unit #(parameter L_divn = 8, L_divr = 4)( 
output reg IL_divn -1 : 0) quotient, 
output (L_divn -1: 0) remainder, 
output carry, w1_is_O, w2_ is_O, 
input [l_divn -1: 0) wordl. 1/ Datapath for dividend 
Input [l_divr ·1 : 0) word2, 1/ Datapath for divisor 
input l oad_words, Subtract, clock, reset 

); ". 'e. 
wire 

[l divn-l : 0] 
[l=divr -l: OJ 
[l _divn .1 : 0J 

dividend; 
divisor; 
difference; 

assign (carry, difference} = dividendIL_divn-l: OJ + (((L_divn -L_divr){I'bl}}. 
-divisortL_divr -1: On + 1'bl; 

assign wl _is_O = (word 1 := 0); 
assign w2j s_0 -= (word2 == 0); 
assign remainder'" dividend; 

always@(posedgeclock, po.edge reset) begin II RegisterlDatapath Operations 

if (reset) begin divisor <: 0; dividend <= 0; quotient <= 0; end 
else if (load_words::: 1) begin 

dividend <= wordl; 
divisor <; word2; 
quotient <= 0; end 

els. If (Subtract) begin 1/ Note sign extension below 
dividend <= dividend[L_divn -1: OJ + , 'bl + (((L_divn -L_divr){1'bl}}, 

-divisor(L_divr -1 : 0]): 
fI dividend <= dividend - divisor; 

quotient <= quotient + 1; end 
eod 

.ndmodule 

End of Example 10.16 

II alternative using built-in 
2's complement arithmetic 

/I Use quotient +2 to test error detection 

l"The complete file and testbencb for Divider3TG_OJub are provided at www.pearsonhighered.com/cile lti . 
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10.6.2 Efficient Division of Unsigned Binary Numbers 

The machines in tbe previous section d.ivide unsigned binary numbers by repeatedly 
subtracting the divisor from the dividend. Both machines are very inefficient when 
dividing by a relatively small divisor, because they must perfonn several subtractions. 
A basic architecture for a more efficient divider is shown in Figure lO-n.Its operations 
parallel the commonly used manual steps that divide two numbers by (1) aligning the 
divisor with tbe MSB of the dividend, (2) then repeatedly subtracting the divisor from 
the dividend, and (3) shifting the divisor toward the LSB of the dividend. However, in 
the hardware impleme ntation, the contents of the (lividend register will be shifted 
repeatedly toward the MSB of the divisor. 

Care must be taken in designing the architecture. In the dividers of the previous 
section, the registers holding divisor and dividend are physically aligned, so their LSBs 
are aligned too. At any stage of subtraction in the next architecture, it might be neces­
sary to a lign the divisor and the dividend, depending on the ir relative size and on the 
re lative location of each word's most significant I bit. Also, the dividend register must 
be extended to the left by 1 bit to accommodate the possibili ty that the initial (decimal) 
value of the aligned content of the divisor register exceeds the (decimal) value of the 

Extra bit to accommodate initial 
shiftofdi~idt"ml. 

qUOI~"1 remai"der 

FIGURE 10-72 Architecture for Di~ider...sTG_l. a self-aligning divider for unsigned binary 
words, with an 8-bi t dividcnd and a 4·bit divisor 
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associated 4 bits of tbe dividend register, in wbich case we must sbift a 1 from the MSB 
of the dividend before subtraction can be performed. For example, to divide 1001 2 by 
101~. we must first shift the dividend to the left to align the dividend for the next sub­
traction. Consequently, the controller for the machine will be more complex, and 
includes signals for shifting both the divisor and the dividend, as shown in Figure 10-72. 

The physical architecture of the machine aligns the divisor word with the leftmost 
four bits of the dividend's S-bit datapath. In operation, the dividend word is shifted 
repeatedly from right to left, and the divisor word is subtracted from the dividend bits 
that it is aligned with at each step, depending on whether the divisor is less than the 
corresponding part-select of the dividend. However, instead of subtracting the divisor 
from the divide nd, the machine is aligned to subrract the largest possible product of the 
divisor and a power of 2, thereby eliminating repeated sublral;tions when the divisor is 
relatively small. 

The machine is said to be ~·elf-aligning. because it automatkally detennines 
whether divisor or dividend need to be aligned at the beginning of a division sequence, 
depending on the relative position of their leftmost nonzero bits. An approal;h that 
would always initially align both words so that their MSB contains a 1 is ineffil;ienl 
because it I;an require far more shifts than arc needed. The approal;h we will take is to 
initially shift the divisor toward the leftmost nonzero bit of the dividend (instead of the 
LSB of the dividend). 

There are two I;ases that require an initial alignment of the datapath words: (1) the 
value of the leftmost 4-bit subword of dividend is less than the value of divisor (e.g., 
11002 divided by 111~) and (2) the LSB of divisor is 0 and the divisor word can be 
shifted to the left and still divide into dividend (e.g., ll ClO:! divided by 01012), In the 
first case, dividend must be shifted repeatedly to the left by 1 bit until the value of the 
leftmost 5 bits of the I-bit-extended dividend equals or exceeds that of divisor, or 
until no further shifts are allowed; in the second case, divisor must be shifted to the 
left until the word produced by a further shifting cannot divide into the leftmost 4 bits 
of the divideTld word (excluding the extra bit). The physical location of the remainder 
bits at the end of a division sequence depe nds on whether the dividend has been 
shifted for alignment . Therefore, the alignment shifts are counted and used to control 
the state machine and adjust the value of the remainder at the end of the execution 
sequence. 

The STG for a self-aligning divider, Divider _STG_l, is shown in Figure 10-73. At 
a given state,a control label that is used on a branch leaving a state node will be treated 
as de-asserted on any other exiting branch where it is nOI used explicitly. A label that 
does not appear on any branch leaving a state node will be considered to be a don 't­
care. The reset signal is shown only at state S_idle, but is understood to have asynchro­
nous action at all of the other states too. 

In state S....Adivr the action of Shift_divisor aligns the divisor with the most signif­
icant I-bit of the dividend; in state S....Adivn the action of Shift_dividend aligns the div­
idend register for subtraction; and in S_div the actual subtraction occurs. together with 
more shift operations. In states S....Adivn and S....Adivr, the variable Max detects when 
tbe maximum allowed shifts have occurred. 
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n GVRE .... 73 STG for Divider JTGJ. a self·aliening divider. 

Example 10.17 

Th e leslbcnch and Vcri log description of a self-a ligning divider, Divider_STG_l , 
corresponding to the STG in Figure 10-73 are given below for an 8-bit dividend an d 
a 4·bit divisor. Note two features of Divider_STG_l: (1) the sign bit produced by the 
subtractor controls the datapat h (an alternative design would rely on a synthesis 
tool to possibly replace the logic of a comparator with the sign bit of the subtractor), 
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and (2) the datapath to the subtractor is multiplexed. This feature elimin ates the 
need for a separate comparator to implement the test to determine whether the 
result of shifting divisor by I bit will divide into the 4-bit sub-word of djvidend. In 
this case. tbe value of comparison depends on whether divisor has been shifted 
before the difference between dividend and divisor is formed. The sign bit of 
comparison detenni.nes sign_bit, Alignment of dividend with divisor occurs in 
S~divn.lbe datapath operations of subtracting and shifting occur in state S_div .13 

The test patterns generated by the test bench are triggered by a de-assertion of 
Ready. This feature was included. because the number of cycles needed to complete 
a division sequence is data-dependent. A fixed-cycle pattern generator wou ld have 
to accommodate the worst-case sequence for division , and use that delay for all pat­
terns, making the test much longer than necessary. The testbench developed for this 
model includes error detection for exhaustive verification, 

module Divider_STG_1 ~parameter L_divn '" 8, L_divr '" 4X 1/ Choose L_divr <s 

); 

L_divn 
output 
output 
output 
input 
input 
input 

[L_divn -1: 0) quotient, 
[L_divn -1: 0) remainder, 
Ready, Error, 
[L_divn -1: 0) wOfd1, If Datapath for dividend 
[L_divr -1: 0] wOfd2, II Datapath for divisor 
Start,clock, nlset 

wire load_words, Shift_dividend, Shift_divisor, Subtract, state_is_S_Adivr. 
wire wUs_O, w2_is_O, sign_bit, Max, MSB_divr: 

ControLUnit MO_Controiler ( 

); 

.Ready(Ready), .Error(Error), .load_words(Load_words), 

.Shift_divldend(Shlft_dividend), ,Shift_divfsor(Shift_dlvisor), 

.Subtract(Sublract), .state_is_S_Adivr(staleJs_Adivr), 

.5tar1(Start), ,wUs_O(w1_is_O), .w2_is_O(w2_is_O), .sign_bit(sign_bit), 

.Max(Max), .MSB_divr(MSB_divr), .clock(clock), ,reset(resat) 

Datapath_Unit M1_Datapath ( 

); 

.quotient(quotient), .remaindef'(remainder), .w1Js_O(w1_is_O), .w2_is_O(w2_is_O), 

.sign_bit(sign_bit), ,Max(Max), .MSB_divr(MSB_divr), 

.word1(won::t1), II Datapath for dividend 

.word2(word2), 1/ Datapath for diviSOf 

.load_words(load_words), .Shifl_dividend(Shifl_dividend), 

.Shitt_diviSOf(Shifl_divisor), ,Subtract(Subtract), ,state_is_S_Adivr(stateJs_Adivr), 

.clock(clock), ,reset(reset) 

endmodule 

IlSe:e Problem 28 BI Ihe end of the: chapler for a modificalion 10 Di .. ider....5TG_l tlial reduces the cye:le. 
ne:e:ded for divi5ion. 
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module ControLUnit (output Ready, Error, 
output reg Load_words, Shift_dividend, Shift_divisor, Subtract, 
output state_is_S_Adivr. 
Input Start, wl_is_O, w2_is_O, sign_bit. Max. MSB_divr, cIocII:, reset 

); 
parameter S_ldle: 0, S_Adivr: 1. S_Adivn • 2, S_div: 3, S_Err = 4, L_state : 3; 

reg [l_state -1 : 0] state, next_stale; 
a .. lgn Ready :«state " '" S_ldle) && !resel): 
••• Ign Error: (state ::'" S_Err); 
a .. lgn state_is_S_Adivr .: (state ::: S_Adivr); 

alway. @ (po.edge dock, po.edge resel) 
If (resel) state <:: S_idle; el.e state <" next_state; 

alway.@ (stale, Start, wl _is_O, w2Js_O, sign_bit. Max, MSB_divr) begin 
Load_WOfds" 0; Shift_dividend'" 0: Shift_divisor = 0; Subtract = 0; next_state 
=S_ldle; 

ca.e (slate) 
S_idle: ca.e (Start) 

0: next_state = S_ldle; 
1: if (w2_is_O) next_stale'" S_Err; 

endca •• 

el.e If (!wl _is_O) begin next_state '" S_Adivr; 
Load words: 1; end 

. 1 •• n;xt_state :: S_idle; 

S_Adivr: ca •• (MSB_dlvr) 
0: If (Isign_bit) begin next_state '" S_Adivr; Shift_divisor:: 1; 

end /I can shift divisor 
el •• If (sign_bit) begin next_state'" S_Adivn; end 1/ cannot 

shift 

1: next_state'" S_div; 
andca •• 

S_Adivn: ca •• ({Max, sign_bit}) 
2'bOO: next_state'" S_div; 

divisor 

2'bOl : begin next_slate .: S_Adivn; Shift_dividend ::E 1; and 
2'bl0: begin next_slate'" S_idle; Subtract:c 1; end 
2'bl1 : next_state'" S_idle; 

endce.e 

S_div: ca.e «Max, sign_bit» 
2'bOO: begin next_state = S_div; Subtract '" 1; . nd 
2'b01 : next_state = S_Adivn; 
2'bl0: begin next_state" S_div; Subtract:: 1: end 
2'b11 : begin next_state'" S_div; Shi1Cdividend = 1; end 

. ndc:e_ 
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default: next_state == S_Err; 
ende •• e 

end 
endmodule 

module Oatapath_Unit " parameter L_divn == 8, l_divr '" 4, L_cnt '" 4)( 
II Choose L_divr <= L_divn 

output reg [L_divn -1: 0) quotient, 
output [L_divn -1 : OJ remainder, 
output w1_is_0, w2_is_O, sign_bit, Max, MSB_divr, 
input (L_divn-1 : 01 word1 , f/ OatapathfOfdividend 
input [L_divr -1: OJ word2, II Oatapath for divisor 
Input Load_words, Shift_dividend, Shift_divisor, 

Subtract, state_is_S_Adivr, 
Input 

); 
clock, reset 

para mete, Max_cot'" L_divn-l_divr; 
reg [L_divn: 01 dividend; 1/ Extended dividend 
reg [L_divr -1: 01 divisor; 
reg (L_cnt -1: 0] num_shift_divldend, num_shifCdivisor: 
II Logic for status signals 
aaaign MSB_divr:: divisor{L_divr -1): 
.aalgn w1_is_0:: IOwOfd1); 
a.algn w2_is_O = I(lWOfd2); 
assign Max'" (num_shift_dividend:::: Max_cnt + num_shlfLdivisor): 

II Shift the remainder to compensate for alignment shifts: 

'2') 

.ulgn remainder'" (divideod(L_divn -1 : l _divn -l_divrJ)>> num_shifLdivisor; 

wire [L_divr: 0] comparison '" «MSB_divr === 0) && (stale_is_S_Adivr»? 
dividend(l_divn: L_divn - L_divrJ + {1'b1, -(divisor« I)} + , 'bl : 
dividend1L_divn: L_dlvn - L_divr] + {1'b1, -divisorfL_divr -1: On 

+ 1'b1; 

.sslgn sign_bit = comparison[l_dlvrl; 

alway. @ (po.edge clock, posedge reset) II Reglster10atapath operations 
if (reset) begin 

divisor <= 0; dividend <:: 0; quoUent <= 0; num_shift_dividend <= 0; 
num_shift_divlsor <= 0; 

end 
el.e begin 

If (Load_words) begin 
dividend <= word 1; 
divisor <= word2: 
quolient <= 0; 
num shift dividend <= 0 ; 
num=shift=diviSOf <: 0; 

end 
If (Shift_divisor) ~In 
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divisor <: divisor « 1: 
nurn_shift_divisor <= nurn_shift_divisor + 1; 

and 
if (Shift_dividend) begin 

dividend <: dividend « 1: 
quotient <"< quotient « 1: 
nurn shift dividend <= nurn shift dividend +1 ; 

end - - - -

if (Subtract) begin 
dividend [L_divn: L_divn -L_divrJ <= comparison; 
quotient[OI <'" 1; 

and 
and 

endmodule 

module lesl_Divider_STG_1 (); 
parameter l _divn ::: 8 ; 
parameter L_divr:: 4; 
parameter word_I _max :: 255; 
parameter word_I _min '" I ; 
parameter word 2 max ::: 15; 
parameter word - 2- min::: 1: 
parameter maxji~e ::: 850000; 
parameter half_cyde::: 10; 
parameter start_duration = 20; 
paramater start offset:: 30; 
parameter delay_fof_exhaustiveyatterns = 490; 
parameter reset offset = 50; 
parameter reset=toggle " 5; 
parameter reset duration = 20; 

parameter word_2_delay = 20; 
wire IL_divn -1: 01 quotient; 
wire [L_divn-1 : 0] remainder; 
wire Ready, Div_zero; 
integer word1; " dividend 
Integer word2: 1/ divisor 
reg Start, clock, reset; 
reg [L_divn-1: 0] expected_quotient; 
reg IL_divn-1 : 0] expected_remainder; 
wire quotient_error, rem_error: 
integerk, m; 
({ probes 
wire IL_divr-1 : 0] Left_bits = MO.M1.dividendIL_divn-1 : L_divn -L_divr]; 
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Divider_STG_1 MO ( 
.quotient(quotient), .remainder{remalnder) •. Ready(Ready), .Error(Error) . 
. word1(word1) •. word2(word2) •. Start(Start), .cIock(c1ocl<) •. reset(resel» : 

Initial #max time Sflnlah; 
Initial begin-clock '" 0: forever #haICcycle dock; '" -clock; end 
Initial bagln expected_quotient:: 0; expected_remainder 
forevar @ (negedge Ready) begin " Form expected values 

731 

#2 If (word2 != 0) begin expecte<Cquotient:: word1 / word2; expecte<Uemainder 
:: wortH % word2; end 

ond 
ond 

aaaign quotient_error:: (!reset && Ready)? I(expected_quotient" quotient): 0: 
aaaign rem_error" (Ireset && Ready)? I(expected_remainder " remainder): 0: 

Initial begin II Test for divide by zero detection 
#2 reset = 1; 
#15 reset = 0; Start '" 0; 
#10 Start" 1; #5 Start" 0; 

ond 

Initial begin II Test for recovery from error state on reset and running reset 
#resel_offset reset:: 1: #reset_toggle Start:: 1; #reset_toggle reset '" 0; 
wortH = 0; 
word2:: 1; 
while (word2 <=word_2_m8x)#20 word2 '" word2 +1 ; 
#Start_duration Start:: 0; 
ond 

Initial begin 1/ Exhaustive patterns 
#deley _for_exhaustive Jlattems 
word1 = word_1_min; while (wortH <:: word_'_mex) begin 
word2 = '; while (word2 <= 15) begin 
IroSlart=O; 
#start offset Start '" 1; 
#start=duralion Start:: 0; 
@ (poaedge Ready) #0; 
word2 '" word2 + 1: end 1/ divisor pattem 
word1 = word1 + 1; end 1/ dividend pattem 

end 
endmodule 

End of Example 10.17 
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Figure 10-74 presents simulation results fo r Divider_STG_l . illustrating the initial 
alignment of dividend by the action of Shift_dividend. Based on the STG in Figure 10-73, 
the machine correctly fonns the quotient 0(28 10 == 0001_1011 2 by 810 = 1000;1> giving a 
quotient of 310 with a remainder of 410, When Stan is asserted, the machine loads 
dividend and divisor, and moves to state SJtdivT, where it compares divisor and the left­
most byte of the dividend word to determine whether alignment is necessary. The 
machine detects a need for alignment of dividend, and with sign_bit asserted, moves at 
the next clock to S...Jldivn to begin aligning dividend. With shift_dividend asserted for the 
next three clocks, dividend (2810 = 0001_11 (02) is shifted three positions to the left to 

;::::..--, 

/ 
1 3 $ttltt [2:0] PD=:::Il:rr:cf:J=:tlrLlo;:::Iilla:::=C~ 

nptc/t d_quQ/ient{7:0] 
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FIGURE 10-74 Simulation results for Divider _STG_I , dividing 2810 by 8m, with initia l alignment 
of dividend by the action of Shift dividend. 
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align its MSB with the MSB of divisor (8\0 Ie 1~), producing for dividend a value of 
III o_~ ,. 224,00 The simulation results reveal a feature of the design: it wastes a 
clock cycle before and after aligning the dividend. Further modification of the machine is 
left to a problem at the end of this chapter. 

Figure 10-75 shows division of 193\0 :II Il(XUX)()12 by 1.0 ::: 0001 2 and the action 
of Shift_divisor in aligning the MSB of divisor in three clock cycles. The waveforms have 
been annotated to show the cycles at which the shifting action occurs. Note that 
Diyider_STG_ l machine requires more communication between the controller and the 
datapath than Di"ider_STG_O, but quotient and reminder are formed in only 18 cycles 
instead of 193 cycles. 

831n4 
N.~ 

831'" 83 1924 83202' 832124 

s/al .. (2:0 ] ~r:=jc::jCIIILDO:==O:==::X:I::O= 

'",,12.~~~~~ 
~ .A 

diVidend(8:01tl~"~~~~~~~~~3:'~'~1 ~3~2~"~'~2~Og~"~3 divisor(3:01~ 5 8 2 

-.::J\.J\.J - Shift divisoflmhs divisor 10 the left 

4 4896 9 19 
Ready 

qUOIi .. ,,1{7:O) 12 
nmaind .. rj 7:O) 12 

tX/H'ctedJemoi"duj7:O) 12 

qum;~:!::~~~~ 

FIGURE 16-75 Simulation resul ts showing division of 193'Q by 2'0 and the initial .lignment of divisor 
with dividend by the action of Shift_divisor. 

96 
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10.6.3 Reduced-Register Sequential Divider 

A more efficie nt architecture for a divider exploits the fact thai the contents of the div­
idend register arc shifted toward its MSB as the division sequence unfolds. leaving 
room in the register for the bits of the quotient. This architecture is more efficient in its 
use of physical resources because it eliminates the need for a separate register to hold 
the quotient, as shown in Figure 10-76. The implementation has the following addi­
tional features: (1) shifting and subtracting occur in the same clock cycle instead of in 
separate cycles. (2) the remainder is adjusted to correct fo r its fina l location in the reg­
ister, and (3) an overflow bit detects an invalid resull. 

The organization of the register shared by dividend and quotient is shown in 
Figure 10-77. The register includes a I-bil extension to accommodate an initial shift that 
might be required to align dividend and divisor. and to hold the sign bit that is fanned 
by subtracting divisor from dividend. The register is extended on the right by t bit to 

S/(lrf­

Rf"Qdy .... 

Extra bit to accommodate initial Extra bit 10 accommodate 
shiflofdividcnd firstbitof'luOI;nu 

/ 

FlGURE 10-76 Architecture 'Of DMdtrJTG RR,a binary divider with reduced registers. 
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FIGUR E 10-77 Register organization for Divitkr JTG..RR, a binary divider with reduced regi$terl. 

hold the first bit that is formed for quotient. Counters within the datapath unit are used 
to generate status signals sent to the control unit. Figure 10-78 shows the ASMD chart 
for the machine. 14 

Example 10.18 

module Divider_RR_STG I(parllmeter L_divn . 8. L_divr = 4 )( 
1/ Choose L_divr <= L_divn 

I: 

output [L_divn -1: 0] quotient. 
output [L_divr -1: OJ remainder, 
output Ready. Error. 
Input [L_divn -1: 0] word1 .11 Datapath lor dividend 
input IL_divr -1: 0] word2 .11 Datapath for divisor 
Input Start, dock. reset 

ControLUnit MO_Controlier ( 
.Ready(Ready) .. Error(Error) •. Load_words(Load_words), 
.Shift_dividend(Shift_dividend), .Shift_divisor, (Shift_divisor), 
.Sub_arnCShift(Sub_8nd_Shift) •. Subtract(Subtract), 
.Flush_divr(Flush_divr), .Xfer_Rem(Xler_Rem), .state_is_ShSub(stale_is_ShSub), 
.Slart(Slart), wUs_O(w1_ls_O), .w2_is_O{w2_is_O), .divUs_1 (divUs_1), 
.MSB_divr(MSB_divr) •. sign_bit{sign_bit), .Max(Max), 

l"lne logic forming the sta lU$ signals within the datapath is nol part of the ASMD chart 
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.num_shift_divUs_O(num_shift_divUs_O), .Rec_Ctr_Max(Rec elr Max), 

.clock(clock) •. reset(reset)) ; - -
Datapath_Unit M1 _Datapath ( 

.quotient, .remainder, .wUs_O(w1_is_O), .w2_is_O(w2_is_O), .divUs_ 1(divrJS_1), 

.MSB_divr(MSB_divr), .sign_bit(sign_bit), .Max(Max), 

.num_shift_divrJs_O(num_shift_divUs_O), 

.Rec_Ctr_Max(Rec_Ctr_Max), .word1(word1), .word2(word2), 

.Load_words(Load_words), 

.Shift_dividend(Shift_divldend), .Shift_divisor(Shift_diviscr), 

.Sub_and_Shift(Sub_ancCShift), 

.Subtract{Subtract) .. Flush_divr(Flush_divr), .xfer_Rem(Xfer_Rem), 

.state_ is_ShSub(state_is_ShSub), .clock(clock), .resel(resel»; 
endmodule 

module ControL Unil ( 
output Ready, Error, 
output reg Load_words, Shift_dividend, Shin_divisor, Sub_and_Shin, Subtract, 

Flush_divr, Xfer_Rem. 
output state_is_ShSub, 
input Start, w1_is_O, w2_is_O, divUs_1, MSB_divr, sign_bit, Max, 

num_shift_divrJs_O, Rec_Ctr_Max, clock, reset 
); 
parameter L_state = 3; 
parameterS idle:O,S Adivr = 1, S ShSub=2, S Rec=3,S Err = 4; 
reg [L_state =1: OJ state, next_state: - - -

aaaign Ready "'«state == S_ idle) && !reset) ; 
assign Error = (state == S_Err); 
assign state_is_ShSub = (state "'''' S_ ShSub); 

always @(posedgeclock, posedge reset) if (reset) state <= S_idle; else state 
<= next_state; 

always@ (state,Start,w1_is_O,w2_is_O,divUs_1, MSB_divr, sign_bit, Max, 
num_shifl_divrJs_O, Ree_Ctr_ Mex) 
begin 

Load_words = 0; Shift_dividend = 0; Shift_divisor'" 0; 
Sub_and_ Shift = 0; Subtract '" 0; Flush_divr '" 0; Xfer_Rem = 0; 
case (state) 

S_idle: case (Start) 
0: nexcstate '" S_idle; 
1: If (w2_is_O) next_state = S_Err; 

else If (lw1 is 0) begin next state = S Adivr; 
Load_words ;;; 1; end - -

else if (sign_bit) next_state = S_ShSub; 
else next stale = Sidle; 

default: next_st;':e = S_Er~ 
endease 
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S_Adivr. if (divf_is_ l) begin next_state'" S_idle; end els. 
case ({MSB_divr, sign_bit}) 

737 

2'bOO: begin nelCCstate = S_Adivr, Shift_divisor: 1: end If can 
shift 

2'bQ1:nexCstate 2. S_ShSub: 

2'b10:next_state :: S_ShSub; 
2'b11 :next_state '" S_ShSub; 

endca •• 

S_ShSub: cue «Max, sign_bit}) 

divisor 
II cannot 

shift 
divisor 

2'bOO: begin nexCstate" S_ShSub; Sub_and_Shift '" 1; end 
2'b01 : begin nexCstate:: S_ShSub; Shift_dividend = 1; . nd 
2'b10: begin Subtract = 1; It (num_shitt_divUs_O) next_slate 

:S_idle; 
else next_stata '" S_ShSub; .nd 

2'bl1: If (num_shift_divrJ s_O) next_state:: SJdla; 
.Ise begin next_state = S_Rec; Flush_divr:: 1; . nd 

endca •• 

S_Rec: if (Rec_etr_Ma,.; ) begin ne,.;Cstate:: S_ldle; end 
el •• begin nelCCstate:: S_Rec: Xfer_Rem = 1: end 

default : next_state:: S_Err. 
.ndca •• 

eo. 
endmodule 

module Datapalh_Unit'( parameter L_divn :: 8, l_divr '" 4, 
L_Rec_Ctr '" 3, L_cnt '" 4, MalC_cnl '" l_divn -l_divr)( 
output [l_divn -1 : 0] quotient, 
output (l_divr -1: OJ remainder, 
output wl_is_O, w2_is_O, divUs_l, MSB_divr, sign_bit, MalC, 
output num_shitt_diYr_ls_O, 
output Rec_elr_Max, 
Input [L_divn-l:0] word 1 , If Datapath for dividend 
Input (L_dlvr -I: 0] word2, /I Datapath for divisor 
input load_words, Shift_dividend, Shift_divisor, 

Sub_and_Shift, Subtract, 
Flush_divr, Xfer_Rem, slate_is_ShSub, clock, reset 

reg (l_divn +1: OJ dividend; II Doubly elCtended dividend 
r.g IL_divr-1: OJ divisor, 
reg Il_cnt -I: OJ nurn_shift_dividend, num_shifCdivisor: 
reg Il _R8C_Ctr-l : 0J Rec_elr; II Recovery counter 
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wire {L_divr: 0] comparison; "includes sign_bit 

assign MSB_divr = divisortL_divr . 1]: 
assign w1_is_O '" !(lword1): 
asslgnw2_is_O '" !(lword2): 
assign num_shift_divUs_O:: !( lnum_shifCdivisor); 
a.sign quotient", «divisor == 1) && (num_shift_divUs_O))? dividend(L_divn: 1): 

(num_shift_divUs_O)? dividend[L_divn -l_divr: 0]: dividend[L_divn +1 : OJ; 
assign remainder = num_shift_divr_is_O ? (divisor =; i)? 0: 
"(dividend[L_divn: L_divn - L_divr +1] ): divisor; 

assign divUs_ 1 '" (divisor == 1): 
assign Rec_ Ctr_Max '" (Rae_etf "': L_divr - nurn_ shift_divisor); 
assign Max = (nurn_shiff_dividend == Max_cnt + nurn_shift_divisor); 
assign comparison = 

(state_is_ShSub)? dividend[L_ divn + 1: l _divn - L_divr + 1] + {1'b1 , 
-divisor(L_divr -1: OJ} + 1'b1: 

MSB_divr? dividend(L_divn + 1: l _divn - L_divr + 1J + {1b1, -(divisor« 1)} + 1'b1 : 
dividend(L_divn + 1: L_divn - l _divr + 1] + (1'b1, -divisor(L_divr -1: 0]) + 1'b1: 

assign sign_bit = comparison[l_ divr): 

always@(posedgeclock, posedge reset) 
if (reset) begin 
dividend <= 0: 
divisor <= 0; 
nurn_shift_dividend <'" 0: 
nurn_shin_divisor <= 0: 
Rec_Clf <: 0; 

e,d 
else begin 

If (Load_words == 1) begIn 
dividend <= {1'bO, word1[L_divn -1: 0], 1'bO}; 
divisor <= word2; 
nurn_shift_dividend <= 0; 

nurn_shift_divisor <= 0; 
Rec Clr <= 0; 

end -

if (Shift_divisor) begin 
divisor <= divisor « 1; 
nurn_shift_divlsor <= nurn_shlft_divisor + 1; 

e,d 
n (Shift_dividend) begin 

dividend <= dividend « 1; 
num_shift_dividend <= nurn_shift_dividend + 1; 

.,d 

II RegislerlDatapath operatioos 

If use to down-cnt 

if (Sub and Shin) begin 
div ide~d <; (comparison[l _divr -1 : OJ, dividend [L_divn -L_divr: 1), 2'b10}; 
nurn_shift_dividend <= num_shift_dividend + 1; 

e,d 
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If (Subtract) begin 
dividend[l_divn + 1: 11 <= {comparison(l _dJvr: 0]. dividend [l_divn -l_divr: 1]) ; 
dividend[O) <: 1: 

end 
If (Flush_divr) begin 

Rec_Ctr <= O; 
divisor <= 0; 

end 
if (Xfer_Rem) begin 

dividendI l _divn - l _divr + nurn_shift_divisor + 1 + Rac_Ctr) <= 0; 
divisortRe<L Ctrl <= dividendI l _divn - l _divr + nurn_shlft_divlsor + 1 + Rec_Ctr); 
Ree Ctr <= Rec Ctr+ 1; 

end - -

end 
endmodule 

End of Example 10.18 

The simulation resul ts for Divider_RRJ TG are shown in Figure 10-79, with 
17710 177 10 d ivided by 510 510 giving a quotient of 3510 and a remainder of 210• The dis­
played waveforms include the status signa ls generated by the datapa th unit. 

10.6.4 Division of Signed (2, Complement) Binary Numbers 

The simplest method of forming the quotient of two signed numbers is to divide their 
magnitudes and then adjust the sign of the result. if necessary. O ther, more complex. 
algorithms exist, but will not be considered he re [I}. 

10.6.5 Signed Arithmetic 

Ordinari ly, Verilog performs signed arithmetic operation on 32-bit integers, and evalu­
ates expressions with signed arithmetic only if every operand is signed. If an operand is 
unsigned an operation is unsigned. In Verilog I 995. only 32-bit intege rs a re signed. Ver­
ilog 200112005 introduced several options for signed data types, ports, and functions 
[1 4}. It uses the reserved keyword signed to declare that a reg or a net type variable is 
signed, and supports signed arithmetic on sized literal integers and on vectors of any 
size, not just 32-bit values. Module ports can be declared to be signed, with the e[fcci 
that the data type of the port will be treated as a signed variable. Lik ewise, the value 
returned by a function can be declared to be signed. Verilog 2001/2005 also supports 
type casting operators $signed and $un.riglled. Care must be taken to ensure that the 
results of operations and synthesis o f code are done with attention to the issue of sign 
extension (1 5). 
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djvid~l1d<= O 

divisor< = O 

''''mJhifuJiYid~"d <= 0 
numJhi!cd;vi.Jor <", ° 

djvidend[L_divn .. I: 1)<= [romparison[L_divr:01 dividendfL_divn - L _divr. 1)1 
di"id~nd[Ol<= 1 

dMdtmd<=divid~nd«1 
""mJ III/cdivid,,,," <= numJhi/cdividend .. I 

divisor[Rt cCtrJ <= dividend[L_divn - LjUvr .. numJhifLd;,'iw, +1 .. Ree_CIt] 
dividt nd[L_div .. - L_divr .. numJhi/Ldivilor .. 1 .. RtcCtrJ <= 0 
Rec <= RU _CIT + I 

nGU RE 10-78 ASMD chart for Dividu-.5TG_RR. 
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491790 
Name 

... 2_u_0 
di"'~Jr_1 r 
MSB_div~ 

siS"'pit 

"umJl!ifcdi"'~Jr_O 
Ru _Ctr....MfIJi 
lbGd_""ords 

Shifcdividmd 
Shifu/M.sor 

SubjmdJhift 
SUblnu:f 

Flush_dil'r 
Xfu_Rt m 

Slalt_u....$hSub 
Htady 
£,.o~ 

qumit nrt7:0] 
rtmDindtr{3:O] 0 

up«ltd_quot;tnr!7:O] 
up«ltd ,...maindtr{3:0J 

qUQlit",_trror 

491900 492010 492120 

-

FIGU RE 10.79 Simulation results for Divider _STG_RR. a binary divider with reduced registers. 
The model il efftcienl in its use <Jf hardware and in its execution lime. 

Example 10. 19 

module Add_Sub ( 
output s igned [63: OJ sum_d iff; 
Input s igned (63: 0) a, b; 

741 
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function signed [64: 01 sum: 

endmodule 

End of Example 10.19 
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PROBLEM S 

1. The 4-bit multiplier shown in Figure 10-13 can be modified to exploit a 4-bit carry 
look-ahead adder instead ora ripple-carry adder. Compare the performance and 
area of the two models. 

2 Modify the models for Multiplier _STG_O to tenninate its activi ty if the multiplier 
or the multiplicand is 0 (see Example 10.2). 

3. Write behavioral models of the flip-flops, shift registers, and adders in 
Figure 10-16, and then build a structural model of the datapath architecture shown 
in Figure 10-16. Develop and verify an STG-based model for the controlier. 
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4. Modify Mulliplier _STG_O and M'lilip fier _STGj (se~ Example 10. 1) to Terminate 
III any intermediate state if the mul tiplier is empty. Synthesize and com pan: thc 
area o f the new machine to that of the baseline machine. 

5. The descript ion in Multiplier ..,ASfoCO (see Example 10.3) asserts Ready one cycle 
after asserting Don,., and is efficient when the da ta word for the multiplier is 1. but 
does not treat the special case in which the data word for the mUltiplicand is I 
Modify the ASMD char t of Mllltiplicr....ASM_O to form a chart for a machine tha t 
does not waste dock cycles when the data word for nm/tip/kaml is I. 

6. Develop logic to terminate the activity of multiplication in MlIlriplie,_RRj\ SM 
as soon as the subword corresponding to the shifted multiplier is empty or Is (sec 
Example 105). 

7. Design and verify Multiplier j MP ....Alternative. an alternative sequential multi­
plicr o btained by embedding the dntapath operations wi thin the implicit state 
machine behavior that implements the contro lle r. Use Mllltiplier_1MPj (see 
Example 10.6) as a starling point for your design. 

8. Devdop and verify MlIlliplier_Booth_STG_I.a Booth multiplier thaI is pat­
terned after Mliltiplier_STG_l (see EKample 10.2). 

9. Develop and verify Multiplier_BootJr....ASM_O. a Booth mUlliplier Ihal is pat ­
te rned after M" lliplier_ASM_O(see Example 10.3). 

10. Develop and verify Mllltipli,.r_Bomh_ASM_l . II 8 00th multiplier th11l is pat­
terned after M ulfip/ier_ASM-' (see Example 10.4). with parameterized word 
length. 

II. Develop and verify Mlllliplier_Hoolh_RR_ASM. a Booth multiplier that is pat­
te rned after MultiplitrJ{R...AS M (sec Example 10.5). (Hint: Consider the role 
of an arithmetic shift operation fo r sign extension. Select a sct of data tha t 
dcmonstra tes a significant reductiun in dock cycles to mul tiply 16-bit words.) 

12. Develop and vcrify Muiliplitr_HoQ(h_ IMI'_I . a Booth multiplier that is pat­
terned after M"il;pii,.rjMP_' (see Example 10.6). Verify that the machine 
resets correclly fro m any intermediate state. 

13. Write the Booth code for the mult iplier word shown in Figure PI O-13: 

14. Develop and verify M ullip/ie r_Radix_4_STG_I. a modified Booth multiplier 
using radix-4 encoding that is patle rned after M II/fipJiI' ,_STG_J (see Example 
10.2). Use the teSlbench given at the companion Web site to conduct exhaustive 
verification. 

IS. Develop and verify MU/liplitr_RQtli.c4...ASM_O, a modified Booth multiplier 
using radix-4 encoding tha t is pallerned after M ll/fiplier..ASM_O (see Example 
10.3). Use Ihe testbench given at the companion Web site to conduct exhaustive 
verificat ion. 
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16. Develop and verify MultiplierJadix_4...J1SMJ,a modified Booth multiplier using 
radix-4 encoding that is patterned after Multiplier ....ASM_l (see Example 10.4). Use 
the testbench given at the companion Web site to conduct exhaustive verification. 

17. Develop and verify Multiplier _Radix_ 4_RR...J1SM, a modified Booth multiplier 
using radix-4 encoding that is patterned after MultiplierJR...J1SM (see 
E:ump1e 10.5). (Him: Consider tbe role of an arithmetic shift operation for sign 
extension. Use the testbench given at the companion Web site to conduct 
exhaustive verification.) 

18 Develop and verify MultipUer_Radi:c4JMP_l, a modified Booth multiplier 
using radix-4 encoding, that is patterned after Multip/ier_1MP_l (see Example 
10,6). Use the testbench given at the Web site to conduct exhaustive verifica­
tion. Verify that the machine resets correctly from any intermediate state. 

19. The machine Multiplier_Radix_4_STG_O has a default state assignment that 
directs the stale to S_idle if an unspecified state is encountered (see Example 
10.12).This could cause a mistaken interpretation of Ready. Develop and verify 
a modified machine with a fail-safe behavior. 

20. The machine Multiplier Jadix_4_STG_O has a simple binary coding of the con­
troller's state (see Example 10.12). Develop and verify a modified machine with 
a one-hot code, and compare the results of synthesizing both designs. 

21. Develop and verify Multiplier_Radix_4_STGJ. a more efficient version of the 
bit-pair encoding multiplier described by Multiplier_Radix_4_STG_O that uses 
additional logic 10 eliminate needless computation when wordl or word2 is 0 or I 
(see ExampJe 10.12). 

22. Write a testbeocb to exercise all of Ihe slate transitions of Divider-.5TG_O in 
Figure 10·56. 

23. Using the testbench /escDivider_STG_O (given al the companion website), 
verify Ihe features of Divider _STG_O that were specified in Example 10.13. 

24. In Example 10.14, Divider_STG_O forms remllinder, Error,and DonI! as combina­
tional outputs by continuous assignment statements. lltis may \ead to a higher 
than necessary signal activity because remainder has needless intermediate transi­
tions while qlWtient is being formed. Similarly, Error and Ready generate needless 
simulation activity because their continuous assignment statements are activated 
every time state changes. Develop and verify a modified machine that reduces sig­
nal and simulation activity by forming qllotil!nl, Error, and Ready as registered 
outputs. 

25. In Example 10.14 Divider_STG_O,an attempt to divide by 0 drives the state to 
S_erT, where the machine remains until rl!sl!t is asserted. Develop an STG for an 
alternative machlne that recovers from S_ 4 when Start is asserted. Develop and 
verify a Verilog description of the alternative machine. 

26. The divider described by Divider-.5TG_O in Example 10.14 asserts Ready when 
the machine enters 5";. An external agent that is using Ready to determine 
whether quotil!nt is valid must wait until the next clock cycle to read quotielll (i.e .. 
the agent reads quotient at the second clock after it is formed). However, there 
are conditions in whlch quotient is formed sooner. Modify the STG shown in 
Figure 10-67 so that Ready asserts as soon as quotient is valid, and modify 
DivisorjiTG_O 10 form an alternative machine tbat implements the STG (i.c., 
allows an external agent to read quo/ielll at the first clock cycle after it is formed). 

27. The machine described by Divider_STG_l in Examplc 10.16 cannot be synthe­
sized because renwinder uses a dynamically determined (i.e., during simula­
tion) shift operation. Develop a synthesizable implementation by (1) modifying 
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the machine's STG to accommodate an additional state in which the reminde r 
is adjusted,(2) develo ping and ve rifying the Verilog model of the machine. and 
(3) verifying that the synthesized machine's behavior matches that o f the 
behavioral description 

28, The self-aligning divider described in Example 10,16 (Divide'~TGJ) has a 
more efficient alte rnative (speedwise) in whieh the operations of shifting and 
subtracting execute in the same clock cycle, Develop an STG for an alternative 
machine that combines the operations in the same state, Develop and verify a 
Verilog description of the alte rnative machine. Examine and discuss whether 
the architecture could have an overflow condition. 

29. The self-aligning divider described in Example 10.16 (Dividtr~TG_J) has a 
more efficient (registeTW"ise) alternative in which the bits of the quot ient are 
loaded into the trailing end of the register. holding the dividend as the dividend 
is shifted. Note that in Dividtr~TG_l the operations of shift ing and adding 
occur in d ifferent clock cycles. Be aware Ihat if the shift and subtract operations 
are not combined in th e same clock cycle. a data configuration might cause an 
overflow condition in which the quotient bit form ed by subtraction would be 
targeted to OCC\lpy the rightmost cell of the register. holding dividend before it 
is vacated by a shift operation. Develop an STG for this alternative machine, 
with an additional output to signal the overflow condition and then deve lop 
and verify a Verilog description o f lhe machine. 

30. Compare the speed and area o f a synthesized 4 x 4 array multiplier to that o f a 
sequeotial multiplier. 

31. The Verilogdescription of Divide,~TG_O (see Example 10.14) shows alterna­
tive implementations o f subtraction. Synthesize each version of the model and 
compare the results. 

32. Synthesize and compare Divide,_STG_O and Divide,_STG_O .. ,wb (see 
Example 10.14) to determine whe ther eliminat ing the comparator from the 
arcbitecture results in a more efficient implementation. 

33. Careful examination of the simulatioo results in Figure IO-n reveals that 
Divide,~TG-, wastes a clock cycle before and after aligning the dividend. 
Develop and verify an alternative machine that eliminates the wasted clock cycles. 

34. The subtraction in Divide'~TG_O (see Example 10. 14) can be writlen directly as 
Dividend - Divisor, to e:a:ploit the built-in 2s complement arithmetic of Verilog. 
Conduct an experiment to determine whether your synthesis tool synthesizes the 
alternative implementation more efficiently. 

35. Modify the machine Divide,_STG_I (see Example 10.16) to detect an attempt 
to divide by 1, allowing tbe machine to have higher throughput. 

36. The machine Di",ide,_STG_RR (see Examwe 10.17) asserts Ready when the 
sta te re turns to S.Jd fe after comple ting a division. Explore the possibility of 
asserting Ready soone r , allowing the machine to have higher throughput. 

37. The machine Divide,_STG_RR (see Example 10.1 7) detects an attempt to 
divide by 1 in state S.,Adivr. Explore the possibility of detecting a divide by 1 in 
state S_idll! . allOwing the machine to have higher throughput. 

38. De termine whether the descriptions given by Divide,_STG_O, Divide,~TG_ 
OJub, Divider~TG_J , and Divide,~TG.fiR are synthesizable models. Mod­
ify any machine that cannot be synthesized so tha t il can be synthesized. 

39. Using a feedforward cutset for the 4 x 4 bioary multiplier shown in Figure 10-14. 
develop and ve rify a balanced one·stage pipelined implementation of th e 
ci rcuit . 
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40. Using a feedforward cutsct for tbe 8 x 4 binary multiplier shown in Hgure PI O-40. 
develop and verify a balanced one "Stage pipelined implementation of the circuit. 

41. Identify the computational wavefronts of the systolic array in Figure 10-14. and 
develop a reservation table (see Table 9-1) that utilizes the maximum number 
of processors that could execute currently to fo rm the 4 x 4 product in a syn­
chronous environment with memory. 

42. Identify the computational wavefronts of the systolic array in Figure PiO·40. 
and develop a reservation table (see Table 9-1) tha t utilizes the maximum num­
ber of processo rs that could execute currently to form the 8 x 4 product in a 
synchronous envi ronment with memory. 

43. A carry-seieci (conditional-sum) adder can be used to improve the performance 
of operational units that require an adder circuit. The adder consists of full adders 
and 2:1 muxes in a configuration in which the datapaths of the muxes are from 
two full adders with the same input data bits. Certain of the full-adder cells have 
a hardwired carry bit_ The actual carry bit from a previous stage selects the cor­
rect cell for a given data pattern. Each cell generates a carry-out bit for the next 
stage. The architecture offers a speed improvement because the parallel addition 
at the inner stages of the adder occurs while the carry to those cells is developed 
and passed to the mux, rathe r than after the carry has arrived. 

a. Develop sui table low-level cells (with hypothetical propagation) delay!!.. or 
use cells from a standard-cell library (with physical delays). and write a Ver­
ilog description of the carry-select adder shown in Figure P IO-43. Use the 
supplyO and supply / nets to implement the hardwired carries. Consider the 
issue of whether the hardwired carries should be driven by an internal signal 
or a signal passed through the port. 

b. Develop and verify the circuit using a nonexhauslive testbcnch to gain a high 
level of confidence in the functionality of your design. Carefully select a 
small but robust set of test vectors. Discuss the testing strategy that you used. 
Develop an automated test bench that includes a 6-bit behavioral adder and 
compares ils output to that of the carry-select adder (at suitable times). Use an 
exclusive-or scheme to generate a lesCrCSlliu_mcss{/ge thaI the circuit operates 
correctly or not. (Note: Do not generate hard copy of the exhaustive simula­
tion.) This scheme should exploit the $dlsplay system task to observe the out­
puts of the two adders at some time after each pattern is applied to their inputs. 
(Note:The $display task provides dynamic control over the display of informa­
tion. It displays results only when the statement executes within a behavior 
The $monllor tasks executes when its argument has an event. If the $manllor 
task is used instead of Sdlsplay, the comparison of the two reliponses wi ll 
report errors until the output of the gate-level adders stabilizes.) 

44. Develop an FPGA-based calculator with the following features: Data entry is 
through a hex keypad in which 10 keys are used to enter the decimal digi ts. and 
the remaining keys are used for the following fu nct ions: Elller jiatn, addition, 
subtraction, mUllipliC(!lion, division, and decimal point. The calculator is to have 
a 100digitdisplay. 

45. Develop, verify, and synthesize an eight-stage finite-duration impulse response 
(FIR) filter faT a 16-bil datapath in Zscomplement formal (sec figure 9-23). Each 
multiply and accumulate (MAC) unit is to use a Booth sequentia l multiplier and 
a two-stage pipelined adder. Determine the maximum clock frequency at which 
the data sequence can be supplied 10 the circuit and the frequency of the internal 
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FIGURE P11).4J 

clock Ihat is to synchronize the operations of the FIR. Compare the area and 
speed of the synthesized FIR to that of a FIR that uses combinational array mul­
tipliers and ripple carry adders to implement the MACs. 

46, Develop, verify, and synthesize a balanced one-stage pipelined FIR with eight 
stages and a 16-bit datapath in 25 complement formal (see Figure 9-23). Each 
MAC unit is to use combinational multipliers and adders. Determine the maxi­
mum throughput of the pipclined circuit. 

47. Compare the results produced by simulating and syntheisizing the following 
alternative models of signed and unsigned arithmetic (i.e., compare fu nctionalilty 
and area): 

module adder_1 (output 13: OJ sum, input [2: 0) a, b); 
... rgn sum'" {a[2J, a} + (b(2), b}; 

endmodule 

module adder_2 (output s igned [3: 0) sum, input signed [2: 0) a, b); 
aaaign sum = a + b: 

endmodule 

module adder_3 (output {3: 0) sum, Input (2: 0] a, b, Input c_ln); 
aaslgn sum'" {a[2J, a} + {b(2), b} + c_in; 

endmodule 

module adder_ 4 (output s igned [3: 0) sum, input signed [2: 0) a, b, input 
c_in); 
••• ignsum=a+b+c in; 

endmodule -

module adder_S (output signed [3: 01 sum, input signed [2: 0] a, b, input 
c_in); 

assign sum'" a + b + Sslgned(c_in); 
endmodule 

module adder_6 (output signed [3: 0) sum, input signed [2: 0) a, b, Input 
c_in); 

assign sum = a + b + Ssigned({1'bO,c_ in}); 
endmodule 



CHAPTER 11 Postsynthesis Design Tasks 

The design flow of an application-specific integrated circuit (ASIC) includes tasks for 
postsynthesis design validation, timing verification, test generation, and fault simulation. I 
Design validation continns that the functionality of the synthesized gate-level netlist 
matches that of the register transfer level (RTL) model from which it was synthesized. 
Tuning verification checks whether a physical implementation of the design meets timing 
specifications, and it detennines the maximum frequency at which the clock of a synchro­
nous circuit can operate. Test generation develops stimulus patterns that will detect the 
presence of a process-induced fault in the fabricated circuit. Fault simulation determines 
how well a set of stimulus patterns exposes the faults that could be in the circuit. 

11.1 Postsynthesis Design Validation 

Postsynthesis design validation is not intended to verify that the functionality of a 
design is correct. Functional verification is achieved earlier in the design flow, before 
synthesis, with RTL models that simulate more efficiently than gate-level models. 

There are two approaches to design validation: fonnal methods and simulation. 
Fonnal methods are beyond the scope of this textbook; we will consider only simulation, 
which is widely used by the ASIC industry. For our purposes,postsynthesis design valida­
tion is to detect a simulation mismatch between the functionality of the RTL model and 
the gate-level netlis!. The consequences of a simulation mismatch can be serious, because 
the physical circuit may fail to operate correctly. The RTL and gate-level models can be 
simulated simultaneously, or Verilog system tasks can be used to record the stimulus and 
response patterns of the RTL circuit and compare them to those of the gate-level circuit 
when it is exercised by the same stimulus. 

ISec Figurcl.1. 
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There arc several potential sources of simulation mismatch between RTL and gate­
level models of a circuit. The gat..:-Ievel model of a circuit uses standard cells, which have 
built-in descriptions of technology-specific propagation delays of the devices; the RTL 
model is delay-free. Consequently, at sufficiently high clock freque ncies. a timing viola­
tion will occur in the gate-level model. but not in the RTL model. Depending on how the 
models treat timing violations, the values that arc propagated in the simulation of the 
gale-level circuit may differ from those propagated by the RTL model. If the clock speed 
is fixed by a specification, the RTL design must be remodeled and/or resynthesized to 
achieve timing margins that eliminate the mismatch between the circuits. 

Simulation mismatch can occur if the modeling style allows software race conditions 
in a sequential machine. In general. software race conditions exist when multiple cyclie 
behaviors in a Verilog model make simultaneous assignments to the same variable. The 
order in which multiple cyclic behaviors are executed by a simulator is indetenninate, and 
there is no simulator-independent way to detennine whether a variable will be assigned 
value by a procedural assignment in one behavior before or after it is referenced by a 
procedural assignment in another behavior. So beware of models in which a variable is 
assigned value in one behavior at the same time that the variable is referenced by another 
behavior. One way to prevent ambiguous outcomes caused by software race conditions in 
a latch-free sequential machine is to place all procedural assignments in a single cyclic 
behavior and order the statements to produce the correct sequence of assignments. 
However, this approach might not be convenient. 

Sequential machines can have race conditions if there is feedback from a data­
path to the state machine that controls the datapath. The methodology discussed in 
Chapter 7 produces race-free logic in such machines by using use nonblocking «"") 
assignments in edge-sensitive cyclic behaviors, and blocked ("") assignments in level­
sensitive behaviors, and by havi ng no variable simultaneously referenced and assigned 
va lue by multiple blocked assignments.2 

The style used to model circuits with latches can also lead to race conditions. A 
circuit will have a race condition if a latch is a reconvergent fanout node,J For example, 
if the enable line and the datapath of a latch have a common variable it is possible for 
the enable and the data to change simultaneously, and race. This style of design should 
be avoided because the outcome of the race is indeterminate. 

Example 11.1 

The output and the level-sensitive (latched-high, enabled-low) event control expres­
sion (sensitivity list ) of the latches in Figure 11 -1(a) are both conditioned on the 
datapath (l J. The RTL models Latch_Race_l and Latch_Race_2 below differ only in 
the order in which the cyclic behaviors appear in the code. The comments in the code 

~See Howe II J for furl her discussion of simulat ion mismatch in design validation. 
-'A node is a reconvergenl fanOUT node if There are muhipk paThs 10 it through combinat ional logic from 
some other node. 
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D_m -~------l 
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180 270 

£"_2 F='----' 
D_D" c2 I------L----------------I 

EII_4 F = '----' 
Djx<C4 

(b) 

FlGUR.E II-I Latch circuit: (a) a race condition exists between the datapath and the enable input. and 
(b) the value that is latched in the RTL model dcpends on the order in whicl:J the I tatements are 
evaluated: the race condition in the physical circuit depends on the relative delay between the 

enabling input and the datapath thfOugh the device. This style of design sJrn"ld bt twoidt J. 

7S1 

explain the sequence of events and evalu ations that correspond to the observed 
waveforms.4 The simulation results in Figure 11 -1(b) show that D_outj and 
D_ouC2 difrer. The models synt hesize to the same structure, a hardware latch with 
D_in connected to the data and enable inputs or the latch. These examples demon­
strate the danger of having a race between the datapath and the enabling signal of a 

"lbc simulator evaluatcs the s«ondcyelic behavior before the thc first cyclicbeh avior. 
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latch. For illustration, we have introduced hypothe tical delays in Latch_Race3 and 
Latch_Race_4. These models also synthesize to a latch-based circuit with V _in 
connected to the data and enable inputs. The physical circuit will have propagation 
delay, and depending on the re lative magnitude of the delays from the inputs to 
the outputs, will produce waveforms like those shown for D_ourJ and D_ou.C4. 
Simulation mismatch is evident in the waveforms. 

module Latch_Race_ ' (output reg D_out, input D_in); 
reg En; 
always @(O_ln) En '" D_in; 
always@(O_in, En) if (En :: 0) D_out <= D_in; 

11 D_in triggers second behavior, with residual En (Enabled-low) 
1/ D_out is scheduled to get D_in (1) 
ff First behavior is triggered by D _ in 
fI En is updated (1) 
1/ Second behavior is triggered by En 
"D_out is latched, so no change is scheduled 
"Scheduled value of D_out is assigned (1) 
endmodule 

module Latch_Race_2 (output reg D_out, Input D_in); 
reg En; 
always @(DJn, En) if (En :::= 0) D_out <== D_in; 
always @(O_in)En==DJn; 

1/ Second behavior is triggered by D_in changing (0 to 1) 
/I En is updated (1) 
/I Second behavior is also triggered by D _in, with updated En value (1) 
/I D_out is latched , so no change 
/I Waveform of D_out_2 is consistent with this assumption 
endmodule 

module Latch_Race_3 (output reg D_out, input D_in); 
wire En; 
buf#1 (En, D_in); 
always @(D_in, En) 
H (En :: 0) D_out <= D_in; 

endmodule 

If Change in D_in scl1edules delayed cl1ange in En 
If Change in D_in schedules change in D_out 
"D out is updated 
II O;layed change in En triggers cyclic behavior, but En has 
/l D outlatcl1ed . 
1/ D=out_3 should exl1ibit change of D_out_3 coincident with DJ n 

module Latch_Race_ 4 (output reg D_out, input D_in); 
wire En, D in del; 
but #2 (D_in_del:" D_in); 



Posts)'lltbesh Deslp Tub 

buf (En, D_in); 
always @ (DJ n_del, En) 
It (En ;:::= 0) D_out <;::: DJ n: 

IIndmodule 

End of Example 11.1 

11.2 Postsynthesis Timing Verification 

'53 

Postsynthesis timing verifica tion is necessary because funct ional veri fication with 
RTL models does not consider propagation delays. does not verify that hardware 
timing constraints are met, and does not verify that perfonnance specifications fo r 
input-output (110 ) timing are mct. Synthesis tools incorporate timing analysis in the 
engine that maps a generic design into a physical implementation. The accuracy of the 
timing analysis performed by synthesis tools is limited, because the tools use prelay­
out statistical estimates (e.g., wireload modelS) of the delay caused by tbe resistance 
and parasi tic capacitance of the inte rconnect and loading of the nets in the design. The 
technology-mapping engine does not have access to the actual delays that result from 
the place-and-route step, so the netlis! produced by the synthesis tool cannot account 
fo r those delays accurately. Estimates of the actual delays are used. The actual values 
of the resistance and capacitance of the interconnect must be extracted from the 
layout and used to back-annotate the delay models o f the gates to obtain a more 
accurate analysis of the postlayout timing. ~ 

The speed at which a circuit can operate correctly is ultimately limited by the 
longest logic path, the so-called critical path, and by the pbysicaUoperational con­
straints of the storage devices in the chip. The critical path and the paths whose 
lengths (in time) are close to th at of the critical path must be verified to satisfy the 
timing constraints. liming verification must consider the propagation delays of gates, 
the interconnect between gates, clock skew. I/O timing margins, and device constraints 
(e.g., setup. hold, and clock pulse width of flip-flops) to verify that the circuit will meet 
the timing specifications of the design without violating device constraints. If the 
setup or hold condition of an edge-triggered nip-nop is violated, the nip-flop may 
enter a metastable state (see Chapter 5). 

Timing verification uses models of the devices and the interconnect i.n a circuit to 
analyze its timing and to determine whether hardware timing constraints and 
input-output liming specifi cations are met in the physical design (prelayout and post­
layout). Timing verification can be achieved direct/y, by simulating the behavior of a 
circuit and confinning that hardware constraints and performance specifications are 

' More reaml developments in EDA tool1; seet 10 improve timin! closure by making 'roUling informalion 
availahle 10 Ihe synlhesis engine. See www.cadence.oom. 
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TABLE 11-1 A oompariwn of me thods for liming verification. 

Approadlu 10 n.bia Ven.nc.ttoll - S .. "" 

Me thod Simula l ion Palh analysif; 

Neecb1ett Vecton Yo. No 
Covera e Pat tc rn-dcpcnden t Pal1cm -indepcndcnt 

Risk MissedalalTllli 

Min-Max Analysis Discontinued Y .. 
Cou le withSyntbesis Not feMib1c Yo. 

CPU Run time Dayslweeks Hours 
MemoryU5e Heavy Light- moderate 

met, or indirectly, by analyzing all possible signal paths in the circuit and determining 
whether timing constraints are satisfied , without actually simulating the behavior of the 
circuit. These two approaches to timing verification arc referred to as dynamic timing 
analysis (OTA) and static timing analysis (STA), respectively [2,3]. Table 11-1 compares 
features of dynamic and static timing analysis. 

DTA uses behavioral , gate-level. and switch-level models of a circuit to simulate 
and analyze its functional paths: transistor-level models are simulated with analogsimu­
lators.6 STA uses the same models as DTA, but creates a directed acyclic graph (DAG) 
of the circuit by systematically and exhaustively elttracting the topology of a gate-level 
representation of the circuit and calculating the propagation delays on all paths. If all of 
the possible paths meet their timing constraints and specifications, then the circuit will 
meet them independently of the stimulus pattern that is applied in operation. 

Dynamic and static timing analysis have different risks and costs. DTA may have 
missed alanns (i.e., fai! to detect and repon a timing violation). DTA is pauem-dependent, 
so the stimulus patterns used to eltercise the circuit might not eltercise the longest path. 
Developing a robust set of stimulus patterns to verify liming is difficult and impractical for 
loday's large, complelt circuits. On the other hand, STA, which exhaustively considers all 
possible topological paths of a circuit, may generate false alanns by reporting a timing 
violation on a nonfunctional path (i.e., one that cannot be exercised in operation). Also. 
event-driven simulation for DTA of large circuits requires significant memory capacity 
and is relatively slow compared to the time required for a static timing analyzer to analyze 
the design and detect timing violations. 

Timing closure refers to the problem of placing and routing the cells. signal paths. 
and clock tree of a design to meet the timing specifications. Timing closure is an issue 
because synthesis tools do not have postlayout infonnation about the delays of the routed 
interconnect. Failure to achieve timing closure requires resynthesis and/or re-placcment 
and routing of cells, and incurs additional cost. Some synthesis tools address the problem 

6Analogsimu Lalion is lime oonsuming.and usuaUy done 10 verify only lhe critical paths of. high·performance 
d rcuit. 
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FIGURE 11-2 An SoC appTOadl to design integrates on a singlc chip intellectual property from 
severa!sourccs. 
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of timing closure by having more accurate models of the interconnect loading, and by 
incorporating physical synthesis within the overall design flow.? 

DTA is limited to circuits that have about 1 million gates. It has very limited 
application in an SoC (system on chip) environment, shown in Figure 11 -2, where intel­
lectual property (IP) from multiple vendors is integrated on a single chip. It can be very 
difficult to integrate the test patterns of the various IPs, thus limiting the coverage that 
can be achieved by simulation. On the other hand, STA does not depend on patterns, 
achieves full coverage, and requires significantly less time. STA is the appropriate 
method for timing analysis and verification in SoC applications. Because STA can 
exploit partitioning of complex circuits, timing analysis of multicore SaCs with millions 
of gates is feasible. 

11.2.1 Static Timing Analysis 

OUf focus will be on full -chip, gate-level, static timing analysis for synchronous designs. 
STA forms a DAG from a netlist of a circuit. The nodes of the DAG represent gates, 
and the edges of the graph represent signal paths. The topological paths of a DAG 
include the timing paths of the circuil (i.e., paths that can be exercised by applying 
stimulus patterns to the primary inputs).The edges are annotated with the propagation 
delays of the paths. The DAG must be acyclic (i.e., it must not have a feedback path). 

Example 11.2 

The circuit in Figure 11-3(a) has the timing DAG shown in Figure 11-3(b). For simplicity, 
the gates in this example are shown with symmetric rising and falling delay. 

7See www.magma·da.com 
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fiG URE 11·] A combinational logic circuit and its timing DAG. 

End af Example 11.2 

A circuit may have four types of timing paths: (1) paths that originate at a primary 
input and tcnninatc at the data input of a storage element, (2) paths that connect the out­
put of a storage clement to the data input of a storage element, (3) paths that originate 
at the output of a storage element and tcnninatc at a primary output of the chip. and 
(4) paths that connect primary inputs to the primary outputs of the circuit. Each type of 
path passes through combinational logic. STA examines timing paths between their sources 
and destinations, commonly called slartpoints and endpoints, as shown in Figure 11-4. 

elk 

CD Input port to register do ta tcnninal 

CD Register to register 

0) Register to output port 

@ lnpUlpoTt looUlpulport 

FIGURE 11-4 Slartpoims and endpoints of signal paths for timing analysis in a synchronous circuit 
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The startpoints of the paths of a circuit are its primary inputs (i.e., package input 
pins) and the clock pins of its storage elements (sequential devices). The physical path 
originating al a sequential device is attached to the output of the device, but the start­
point of the timing path is the clock pin, because the action of the clock initiates signal 
propagation along the physical path. The endpoints of the timing paths of a circuit are 
the primary outputs (package pins) and the data inputs of the storage elements. Not 
every topological path of the OAG is a timing path, and separate timing paths may 
exist between a given startpoint and endpoint, depending on whether rising and falling 
transitions of a signal have symmetric propagat ion delays. 

11.2.2 Timing Specifications 

Perfonnance specifications may constrain the offsets of signals at the interfaces of a 
circuit with its environment, and may constrain the delays of internal paths. 8 An input 
delay (offset) constraint applies to paths from primary inputs (input pads) to a storage 
element of the design. and specifies the latest time of arrival of the input signal relative 
to the active edge of the clock that launched the signal. In a full y synchronous system, 
the signal arriving at the input pad of a circuit would have been launched by a clock 
edge in the circuit to which the input is connected. A timing analyzer uses the specified 
input constraint. (inPUUlcl.y, to determine the timing margin, denoted by tillpl,ltJn.rgin in 
Figure 11 -5, between the arriving signal and the next active edge of the clock. 
(input_margin detennines the time available for the arriving signal to pass through the 
internal combinational logic of the circuit and arrive at the path endpoint in time to 
meet the setup conditions of the flip-flop. 

Output delay (offset) constraints apply to paths from storage elements to pri­
mary outputs. An output constraint specifics the la test time that a signal propagating 
from a startpoint may reach its endpoint, relative to the active edge of the clock at the 
startpoint . as shown in Figure 11-6. The timing analyzer uses tou1pI,IUleiay to calculate 

dock - -----------' 

flGU KEU-.!i lnput delay constraint 

' Path constraints innuem:e the time requited for a synthesis t()()IIO converge on an implementation that 
salisfies the oonlitrainls; path conslraints also influence the placement of logic within an FPGA. A design 
ta rgeted to an FPGA shollkl be synthesized initially withOl,l1 timing eonstrainUi and without pin assignmenls. 
to de termine whether the dcsign fits with in the selected pBrt. 
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clock 

FIGURE 11-6 OUlputdelayconslraint 

loutpucma,gin , the time available for the output signal to reach its destination before the 
next active edge of the clock in the circuit to which the output is connected. 

An inpur- ourput (pad ro pad) consrrainr applies to a path whose start point is 
a primary input and whose endpoint is a primary output. Thc liD delay constrains 
th e maximum timing length of a combi national path betwccn a primary input and a 
primary output. 

A cycle time (period) constraint specifies thc maximum period of the clock of a 
synchronous circuit, and applies to the paths between rcgisters. The constraint specifies 
the period of a named clock. A timing analyzer might also allow specification of the 
duty cycle and offset (skew) ofthc clock wavcform. If a circuit has multiple independent 
clock domains,9 the paths are grouped with the clock that synchronizes the storage 
elcments in the domain,as shown in Figure 11-7. Paths whose endpoints are not thc data 
input of a storage device are placed in a default group. 

CD GroupforClk_1 

CD GTOUp fOT Clk_2 

G)3) Defaull group 

FIGURE tl_7 Path group$ fOT a synchTonOU$ circuit "''lth multiple clock domains. 

'Timing analyzen may detect clocks thaI are derived from the same source (i.e. , dependent clocks). but we 
will n<?t consider them 
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Timing analysis determines whether the timing constraints of the paths in a 
circuit are satisfied. No combinational feedback loops are allowed, and all register 
feedback paths are broken by the clock boundary. All four types of paths pass 
through combinational logic. and the propagation delay of each path is calcu lated 
for both rising and falling edge transitions by back -tracing from the endpoint of the 
path to its start point , accumulating the propagation delays along the path. Paths arc 
sorted by their length and verified to meet 110 timing constraints. If the propagation 
delays of the devices are given as a range of values (i.e., min:max), the delay of the 
path is reponed as a (min:max) range too. 

Verification of an input constraint considers the setup time of the sequential 
device at the endpoint of the path. Likewise, an output constraint is verified by con­
sidering the clock-Io-output delay of the clock that launches the signal along the path 
from the sequential device to the primary output. Verification of a cycle time con­
straint must consider the clock-to-output delay of the device al the path startpoint, 
the propagation delay through the combinational logic on the path, the setup time of 
the device at the endpoint of the path, and any skew of the clock. The longest path 
through the combinational logic between storage element.~ will determine the minimum 
perioli of the clock. 

The paths in a circuit are assumed to be statically sensitized for timing analysis; 
that is, the side inputs of any gate along the path are fixed and do not block propagation 
of a signal through the gate. In Figure 11-8, the side inputs of the NAND gate must be 1. 

Pnmary 
Inputs 

FlCURE 11-11 The side inpuTs of Ihe gales along a STa tically sc:nsiti7.ed path must nOI block 
propagation of a signal Ihrougb the gate. 
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lL2.3 Factors That Affect 'liming 

In a typical synchronous circuit, signals propagate from a SOUTce register to a destination 
register through combinational logic as shown in Figure 11-9. The delay along the path is 
a result of the delay between the clock and the output of the register that propagates the 
signal. and the propagation delay of the gates along the path. The propagation delay of a 
gate is affected by the capacitance of the input pins of the gates that it drives (i.e., the 
fanout loads on the path) and the loading associated with the resistance and parasitic 
capacitance of the path. 

The physical gates and nets that are attached to the output of a gate add to its 
intrinsic capacitance, thereby increasing the propagation delay between a change at 
the input of the gate and the effect of the change at the output of the gate. The slew 
rate of the signals driving a gate affect the propagation delay of the gate too, because 
the capacitor in an RC network will charge slower if the input has a large rise-time 
than if the input is a step signal. The registers in a given clock domain of a circuit are 
synchronized by a common clock, but the edges of the clock cannot be exactly aligned 
in a physical chip, because the clock signal propagates to its destinations along differ­
ent physical paths. The misalignment of clock edges in a synchronous circuit is referred 
to as clock skew. Clock skew reduces the timing margin between the data and the clock 
at the destination register. 

The worst-case delay along a path in a circuit is determined by the intrinsic prop­
agation delays ") of the combinational logic and memory elements along the path, the 
fanou t loading of the gates on the path, the interconnect loading of the signal path, and 
the signal slew rate. The period of the clock must accommodate the worst-case path 
delay between registers in the circuit . A path is a worst-case delay path if it satisfies the 
following conditions: (I) the sum of the functionally appropriate delay vaJues through 

Fan-out 
Interconnect 

loadmg 
Slew\e loading 

J~ 
Clock;,,,,, D dkJ} IUP,,)t':: 'i- t Clock,'ow 

"" dk.,o.O "P~;"u~ ,,/ 
~ delay --1J 

FIGURE 11-9 Factors affecting tbe timing of a synchronous circuit 

Il>Jbe intrinsic delay is that whicb the gateexh.ibits independently of any fanout loads. 

Q 

dk 
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all of the gates in the worst-case path must not be less than that sum over any other 
combinational path. and (2) there must crist a vector of primary inputs and memory 
element values such that the logical value of the output depends on the logical value at 
every node on the path (i.e., the path from the startpoint to the endpoint can be sensi­
tized), and, if the endpoint is a memory element , a clock transition will be enabled. 

The following terms and notation will be used to describe the factors affecting 
the minimum period of the clock of a synch ronous machine: 

l cll _I<>_Q Delay betwee n the active edge of the clock and the valid output 
of a flip-flop synchronized by the clock. 

l comb_mu Longest path delay through combinational logic. 
(sc tup Setup time of a flip-flop driven by the combinational logic. 
t~k"w Clock skew. 

The delay t romb max depends on the intrinsic gate delay,slew. and loading due to fanout 
and routing-depende-nt interconnect. In deep submicron designs (i.e., those with physical 
dimensions < .1 8 ~m), the interconnect delay is considered to play a dominant role. The 
clock period must be long enough to allow the signal to satisfy the setup-time margin of the 
destination register (i.e., the signal must arrive at the data input of the register in time to be 
stable during the setup time of the register). Put another way, the longest path must satisfy 
the constraint: tcombJTIU < Tclod: - tclk_to_output - tsetup - fyc ... , or t .."up_ti/MJ'\arain > 0, 
where tsctup_time_ .... rtln = Tdodr - tcl k_to_Q - l setup - t .hw - tcomb_ma>: ' The circuit has a 
cycle-time violation if tsetup_lime _mar,in :s 0. 

The hold-time margin of a register imposes a constraint on the shortest path through 
the logic. The shortest path must satisfy the constraint: (comb_min> ''' lIld - tclk.,IO_(>Ulput + 
tHew, or t"lIld_limeJTla'gin > 0, where thold_timc_marain = tcombJTlin - t !>old + fdk_lo_oulP\t1 -
f$kcw . This constraint prevents a race condition between the output of the register at the 
startpoint of the path and the data input of a register at the endpoint of the path.11 

A change in the value of the signal at the stanpoint of the path must not arrive too soon at 
the register at the endpoint. 

The relationship between the clock period T ckxk and the delays of a signal path is 
illustrated in figure 11-10, for a constraint in which the skew of the clock is neglected. 

flGURE 11-10 In a skew-free circuit the clock period must satisfy the constrain t· 
T_ > 'tIt. ..,""'''''' + ' ....... b--. + t..,,,,,. 

II Note that minimum path delays are used in the hold-time constraint 
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------ --­~ 
Region of 
possible clock 
transitions 

flGURE 11-11 Skew introduces ambiguity in the loo:ation of lhc clock. edge 

The clock period must be greater than Ihe sum of: the clock-la-output delay, the maxi­
mum delay of the combinational path, and the setup lime of the endpoint (assumed to 
be a fl.ip-flop). The slack, t$lad, of a path is the difference between the clock period and 
the delay of the path. If 1. lack :s 0 for any path the circuit will have a setup timing 
violation if that path is exercised by the stimulus applied to the circuit. 

Synchronous operation of a circuit requires that all memory elements be 
synchronized by the same clock edge. Clock skew is the variation in the arrival of the 
clock edges at their destinations, relative to the edges of the source of the clock signal. 
The skew can be due to the intrinsic jitter of the clock itself, or it can be due to routing­
induced differential propagation delay of the clock to the cells that are driven by it. The 
routing-induced skew of the clock is due to the loading (Re metal interconnect and 
memory elements), and by buffer chains in the clock distribution path. Long metal 
runs introduce proportionately more delay. Path-induced skew is unavoidable and 
must be anticipated [4]. 

Figure 11 -11 illustrates the ambiguity that describes the location of the edge 
of a clock with skew. The jitter establishes an interval of ambiguity on each side of 
the nominal location of the clock edge. The actual transition of the clock occurs 
within the shaded regions. but its actual location is unknown. Figure 11-12 illustrates 
the factors that determine the maximum frequency of a clock that has skew. The 
effect of the skew is to increase the minimum period of the clock, compared to a 
skew-free clock . The clock period must satisfy the following constraint in the pres­
ence of skew: tdock > Id k_IO_OUIPUI + 100m b_max + IselUp + t.ke,," 

~ ________ T_. ________ __ 

~ 

U-'~ .... -------i J y.:,~:. 
1,1t..,(o_"u(PU( 

FIGURE I I.U The period of the clock musl be increased 10 compensate for skew. and mwt satisfy the 
const raint: T<Ioo:.< > t", '" ou("". + toomb m .. + (",up + I.~e. · 
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FIGU RE 11-13 Bu[fen in a doek path progressively increa~ tile skew of the dock at its destinati.cm ... 
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Buffers and any other logic in the path of the clock signal introduce clock skew. In 
Figure 11-13, the clock edge occurs at a different time at each of the registers. The ambi­
guity of the location of the edge of the clock increases along the path. For a given clock 
period, the allowed skew is bounded by T.ke ... < Td ock - td k. IO. OU IPUI - t.,.,mb_m.~ - t..,IUP' 

Example J 1.3 

The shift register in Figure 11-14(a) is shown with unbalanced buffer de lays on the 
clock distribution net. The simulation results in Figu re 11-14(b) compare the output of 
a register with equal delays and with unbalanced delays. In the register with unbal­
anced delays, a sample of D _in passes through the register with clock skew in three 
cycles instead of in four cycles. 

End of Example 11.3 

Example J J.4 

The clock divider in Figure 11-1S(a) creates clock_by...) from clock, but the delay of the 
buffer skews clock_by...) relative to clock The recommended circuit [S1 in Figure 11-1S(b) 
delivers a common clock to the flip-flops and e liminates a buffer. 

End of Example 11.4 

Clock distribution networks for ASICs must be designed carefully to ach ieve 
short transition times and to minimize the effect of skew. Equalizing the delays from 
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Inoorrect output 

................. ~ 

(b) 

FIGURE ll-14 Effect of clock skew; (a) shift register with unbalanced clock distribution, and 
(b) waveforms showing incorrect register operation 

the clock pads to all memory elements, as shown in Figure 11-16, minimizes skew. 
Special compilers are used to place clock trees within a layout. Balanced clock trees 
achieve a balanced physical and temporal topology, leading to synchronous clock 
edges. Otherwise, the edges of the clocks that are farthest from the source of the 
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F1GURE 11-15 Altem ative circuilJ that implement a clock divider: (a) clDck..1JyJ will have 5kew 
re la tive to dock and (b) a romrtlOl'l clock synchroni7.es both flip·Oops, without ~kew. 

"GUIlE 1l·16 A dod: tree balances the delay from the IOUf'Ce of a dock sign.llo ilJ destinations. 
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clock will occur later tban tbe edges thai are closest to the source. Clock trees (also 
called H-trees) are designed to balance Ihe delays tbrough the tree and to reduce tbe 
peak currents at the load stage [4] . The trees of multiple clocks should be routed to 
have similar loads to minimize Ihe skew between the clock phases. Each branch 
should have a balanced load. A testbench can monitor the signals shown in Figure 11-17 
to verify that they do not drift too (ar apart; static analysis can be performed to 
determine the arrival times of the clock signals at the endpoints of the clock tree to 
ensure balance. 
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r----;-_ ____ .clock- 1 

: skew 

r------ - clocl'-2 

I'l GURE 11-17 The skew between two signals in a design can be monitored by a testbench to 
4ielecl a violation of a maximum skew COIlllrainl . 

11.3 Elimination of ASIC TIming Violations 

Table 11-2 summarizes options that can be exercised to e liminate timing violations in 
an AS IC. The simplest option is to lengthen the clock cycle. This approach can eliminate 
the timing violation if the maximum period of the clock is unconstrained. Otherwise. 
an alternative approach is to reroute the crit ical paths of the circuit to reduce their net 
delays. The devices along a path can be resized to reduce the path delay, and to use fli p­
flops having shorte r setup and ho ld times. subject to the availability of parts in the cell 
library. In addition to the options shown in Table 11-2, the behavioral model should be 
reexamined to see whether it can be modified to synthesize into faster logic. For exam­
ple, replacing if . .. e1sr statements by casr statements might lead to paralle l logic: 
state codes might be changed (e.g., use oDe-hot coding), wit h the result that the synthe­
sized circuit is faster. 

There are fewer structural options for eliminating timing violations in a fi eld­
programmable gate array (FPGA), because its architecture is fi xed. However, FPGAs 
include fast carry logic (to improve timing margi ns) and special clock buffer nets and 
delay-lock loops that are intended to minimize the clock skew in the design. FPGAs 

TABLE 11 -2 Options for el imina ting timing violat ions in , nASIC. 

Lengthcn the d ock cyck 

Reroute critical th$ 

Resizc and subst itute dcvices 

Redesignthc.::lock trec 

Substitutc a diffe rent algori thm 

Substitute aTChi tectures 

Cbange tcchnologies 

Elimina te$ the viola tion, constrained by 
perfonnancc specfJCat ions 

Rcduccd nclc.lelays 
Rcduccd dcvicc dclays and improved 

setup andhold margiru 
Reduccd d ock skew 
Rcduccd pa th dclays 

(c.g. • .::arry look-ahead Yf,. ripple carry) 
Rcdu.:cd path de layl 

(e.g., pipe lining) 
Rcduced c.leviu and path ddays 
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arc rich in registers, so pipclining is an attractive option for increasing the throughput 
of multilevel combinational logic. 1/0 flip-nops in FPGAs have guaranteed setup, hold, 
and clock-to-output times, with programmable input delay and programmable output 
slew. For example, the programmable input delay of the Xilinx parts guarantees that 
the device will have 0 hold time, but an extended setup time. The software tools for syn­
thesizing a design into an FPGA attempt to satisfy 110 and internal timing constraints.. 
If the constrain ts cannot be met for a given device the only option is to lengthen the 
clock pe riod o r substitute a device that has a higher-rated clock frequency. 

Error-free synchronous operat ion is the initial focus of timing verificat ion. Setup 
constraints, hold constrain ts. and pulsewidth constraints are imposed on the design by 
the physical storage elemen ts. Constraints on the clock skew are imposed by the inter­
pla y of the setup constraints, the longest path dclay, and the physical layout and distri­
bution of the clock through the circuit. STA can determine whether a circuit has 
sufficient slack to satisfy setup conditions, fo r example. Testbenches can monitor other 
conditions too, such as glitChes and the relative skew between signals (e.g., the skew 
between the control lines of a memory). STA can analyze the distribution of path 
lengths, which can be used as a guide to determine whether device sizes can be reduced 
without violating the timing constraints. 

We saw in Chapter 6 that nested if . . . ds~ statements imply priority and will 
synthesize priority encoders. If this structure cannot be avoided, the timing-critical 
signals should be put in the first clause of the statement , because it will drive the final 
stage of logic and will have the shortest path to the output. case statements synthesize 
to sma ller and faster circuits, but if . . . else statements offer more fl exibility, imple­
ment priority logic, and migh t be needed 10 accommodate late-arriving signals. Nested 
if . •. el!ie and nested case statements syn thesize to multiple levcls of logic, which 
might compromise performance. 

lL4 False Paths 

Not all physical paths in a circuit can be exercised. Static path analysis can produce a 
fa lse alarm if the tool ignores the true functionality of a path. 

Example 11.5 

The path In_l- wO-wl - w2- 0uCO in Figure 11 -18 cannot be scnsiti7.ed. because the 
conditions that sensitize the path through the gates that drive wO and wI also drive a 1 
onto the output of the AND gate that drives the inverter. This condition constrains the 
output of the inverter to be 0, a condition that blocks the signal path by desensitizing 
the AND gate that drives w2. Note that In.,) has two paths to w2,a condition known as 
reconvergent fanout. When a circuit has reconvergcnt ranout the path through the ga te 
a t which the signal reconverges might not be statically sensitizable, because the side 
inputs of the gate cannol be sensitized independently of the signal that is to propagate 
through the gale. 
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OuCO 

tlGURE 11-18 The pa tb /"_I- wO-wJ-w2-0ul_O in cannot be statically ICmitizcd. 

End of Example 11.5 

The delay of a topological path may be reported incorrectly if the analysis docs 
not account for the polarity of signal transitions aiong the path. In general, mere ly 
adding the maximum or minimum delay values of the gates along a path may produce 
a pessimistic calculation of the maximum or minimum path deJay and lead to wasted 
errort to eliminate a timing violation .A timing analyzer must use the appropriate rising 
or falling delay of the devices when calculating the delay along a path. 

Example 11.6 

If the analysis of the delays along the path shown in Figure 11-19 simply adds the maxi­
mum values of the delays through the gales, the maximum rising delay is l delay_riling '" 15. 
Considering the polarilY of the transitions gives l mu_ri' inl "" 5 + 3 + 5 = 13. 

End of Example 11.6 

MinJuintI delQ)' MtuJ Qlling de/Q)' 

\ jJisifltIthlQ), MinJQ~dt/~ 

(H, 2:3) (3:5,2:3) (3:5,2:3) 

~ 

S L S 
flGURE ll·lJ The maximum delay of a riPng edge transition through the inve rter path must 

account for the polarity of tbe signal transi lion. along lhepath. 
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A topological path is said to be a false path if it is not a functional path under the 
action of the primary inputs. For example, mutually exclusive conditions that steer 
datapaths might lead to false paths being reported by a timing analyzer. The steering 
logic eliminates certain paths. which should not be reported by the 1001. 

Example 11.7 

The controlling signals of the multiplexers that steer the datapalhs in Figure 11-20 are 
not independent of each other. Two false paths cannot be exercised. The maximum 
topological delay through the circuit is (lOpologica l = 30 + 30 "" 60, but the maximum 
funct ional delay 'mu = 15 + 30 = 45. 

End of Example 11.7 

A timing analyzer might report false path delays if redundant logic has been 
added to the design to reduce path delay. If the timing analyzer does not account for 
the reduced delay attributable to the redundant logic the reported delays will be pes­
simistic. Also, multicycle paths might trigger a false alarm unless the timing analyzer 
can identify such paths. 

11.5 System Tasks for TIming Verification 

Verilog has several built-in system tasks for performing timing checks during simulation. 
Some of these tasks can be included in models to (1) monitor simulation activity auto­
matically, (2) detect a timing violation, and (3) report a timing violation. 12 

Ilnming checks (na( are specifIC (0 a device are U5ually included in (he standard cell library model o( (he 
device by ineluding a spaif1 . . . Clthpuif1 block in a module. 
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11.5.1 Timing Check: Setup Condition 

An edge-triggered nip-flop will not ope rate correctly if the data at its input is not 
stable for a sufficient ti me before and afler the active edge of the dock. Setup and hold 
times are logic-level constraints on the operation of storage elements. System fa ilure 
can result from nondeterministic behavior of storage elements if the setup and hold 
times of the storage elements are violated. Figure 11 -21 shows the setup interval before 
each active edge of the dock. The system task for detecting violations of the setup time 
of a device has the fo llowing syntax: $setup (datQ_cvctil , rc!erenccevenr, limit). 

A setup time violation occurs when dataJvent is unstable wi thin the specified 
time limit relative to the re!erenccevem. In practice, data must be stable before the 
active edge of the dock of a flip-flop. 

Setup-time violations are ca use by paths that arc long relative to the d ock cyde. 
The delays that contribute to the late arrival of the data must be reduced, or the dock 
period must be increased to eliminate the timing violation (see Table 11-2). 

Example 11.8 

Figure 11-22 shows the waveforms of sys_elk. sig_a. and !J·ig_b. Note that sig_Q satisfies 
the setup timing constraint. but sig_b does not. The liming check would be activated by 
the tasks $setup (sigJl. posedge sys_elk. 5) and $setup (sig_b, posedge sys-,Ik, 5); the 
laller check would report a timing violation. 

End of Example 11.8 

11.5.2 Timing Check: Hold Condition 

For correct operation of a fl ip-flop, the data at its input must be stable for a sufficiently 
long time after the active edge of its dock. A hold violation occurs if the datapath to the 
flip-flop is so shon that a change in the data at the output of the flip- flop at the startpoint 
of the path propagates too quickly to the input of the fli p-flop at the endpoint of the path. 
Figure 11-23 shows the hold interval in which the data path of a flip-flop must be stable. 

Short paths through combinational logic are stretched automatically by synthesis 
tools to reduce the slack and meet timing constraints. It is desi.rable to achieve balance 

FIGURE 11-21 The dill of a nip-nop mUll be l iable during lhe Jelup intcrvallocllcd ahead 
lhelctivecdgeofthedoeli:. 
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FlGUNE 11 -22 The setup time constraint on sys_c1k requires sig...JI and sigJJ to be I table during 
the se tu p interval located ahead of the active edge of the eloclr..siRJJ violates the setup constraint. 

Clock 

~ 
~Hold inlerva l / 

flC URE 11-23 The da ta of a f1ip-nop must be:: stable during the hold interval located after 
the active edge of thc elock.. 

771 

in a design , so that paths arc not faster or slower than nccessary. Needlessly fast paths 
waste silicon area. 

The system task for detecting violations of the hold lime of a device has the follow­
ing syntax: $hold (reference_evem, data_event, limit). A hold time violation occurs when 
dma3vent is unstable within the specified lime limit relative to the reference_event. 

Example J J.9 

For the waveforms in Figure 11 -24,siK_Q is not stable during the hold interval ofsy.f_clvck. 
A timing violation would be reported by the task $hold (posulgt! sys_clk, lig_a, 5). 

End of Example 11. 9 

11.5.3 TIming Check: Setup and Hold Conditions 

The timing task $Sduphold monitors for violations of both setup and hold conslraints 
between a reference_event and a data_event, according to the syntax: $seluphold 
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_ I 5 1_ Hold time i i co nstraint 

sysJIk. ~ b== 
____ ~X~ ____ ~*=== i :- '00" 

,;,-" =:><~ __ X! i 

FlGVRE 1)·24 The hold time constraint on sysJlk is violated by sig a. 

(referenccevent, data_€vent,setup_Iimir, hold_limit), where referenccevent is the edge 
transition that synchronizes the device. 

Example 11.10 

In Figure 11-25 sig_Q and sig_b satisfy both the setup and hold constraints. 

End of Example 11.10 

,;,_b ==>< ___ ~X'-___ _ 
HCURE 11-25 The setup and hold constraints are satisfied by sig_a and sig_b relative \0 the 

active edges of sys_clk . 
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11.5.4 TIming Check: Pulsewidth Constraint 

The minimum width of a clock pulse is constrained for sequential devices. The clock of 
an edge-triggered device must endure for a time sufficient to charge internal signal 
nodes. The task $wldlh (referenccevem, limit) will detect a violation of the minimum 
pulse width (IMPW) ' For example, the task $wldth (posedge elk , 4) will detect a violation 
if the interval between a positive edge of elk and the immediately following negative 
edge is less than 4. This task can also be used in simulation to detect potential glitches 
and degraded (narrow) clock pulses. 

Example 11.1/ 

The minimum pulsewidth constraint in Figure 11-26 is satisfied by clock_a, but violated 
by clock_b. 

End of Example 11.1/ 

11.5.5 llming Check: Signal Skew Constraint 

Clock skew is a critical issue in system perfonnance. It results from unbalanced clock 
trees and degrades setup and hold time margins. The skew between two signals is mon­
itored by the task $skew(reference_event, data_event, limit) ; it will report a violation if 
the interval between reference3vcm and data_event is greater than limit. 

Example 11.12 

$skew(posedge e1kl, posedge e1U, 3) detects a violation if the intetval between the 
rising edge of e1kl and the rising edge of c1k2 exceeds 3, as shown in Figure 11-27. 

End of Example 11.12 

~ i'MPW 

n------n,;, ~ c10ckJl ___ -.J_Ll.._---i...L __ -'-___ _ 

in i, n c1ocl,-b ___ --.J~__L+_----.L...L-

FIGURE U -Z6 The task Spy/sewldrll will det«l. pulse widtb violation by clock_b. 
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elkl l '---__ ----'r--

FIGURE 11-17 Skew is checked between signal edges by the system task Islen<'. 

11.5.6 Tuning Check: Clock Period 

The period of a clock is dete rmined by the interval between successive active edges of 
the waveform. The task $pr.riQd (referencc_evem, limil) will monitor successive edges 
of an edge-triggered referem.:e_el.lcnt and detect a timing violation error if the intelVal 
betwee n successive events is less than lim it. In design fe -use within an SoC e nvi ron­
ment, this timing check would verify th a t a core cell can be used safely at the specified 
clock period. If the timing check is satisfied , the clock period is at least as long as the 
minimum period required by the cell. 

Example 11.13 

The task invoked by the procedural statemenl $pcrJod (posedge clock_a, 25) does not 
detect a timing violation in clock_a, shown in Figure 11 -28. 

End of Example 11.13 

U.5.7 Timing Check: Recovery TIme 

The $f'I!COvny (referencc event, data_event. limit) task checks the time required for 
synchronous behavior to resume after a reset (asynchronous) or a clear condition has been 
de-asserted. The recovery check specifies the minimum time that an asynchronous input 

tlGURE U ·2.8 clockJl satisfies the const raint on its minimum period. 
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FlCURE 11·29 1bc: inu~rval betwccn thc falling (de·asserting) edge of .fel relative to the next 
rising edge ofcfoclc.,JI satisfics thcconslrlint on the reC(l~·erytime. 
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must be stable before the active edge of the clock. The recovery limit specifies the time 
between the referenced de·assertion event and the next active edge of the dnto_evellt. 

Example 11.14 

The task invoked by the procedural statemen t $~covuy(n#!gedge set. pos#!dge clock, 3) 
checks whether the de-assertion of set precedes the active edge of clock by three time 
steps in Figure 11 .29. 

End of Example 11.14 

11.6 Fault Simulation and Manufacturing Tests 

A circuit that has been designed properly may still fail to operate in the fie ld , where it 
is expensive to diagnose and repair. The fai lure of a circuit might be pennanent, inter· 
mittent, or transient. A permanent failure exhibits incorrect operation of the circuit at 
all times. An intermittent failure is exhibited randomly, and for only a finite duration. 
Transient fail ures occur in the presence of certain environmental conditions that alter 
the perfonnance characteristics of the devices. such as high temperature or back· 
ground radiation. The fai lure might be caused by any of the following: (1) wafer 
defects. (2) contaminated atmosphere in the clean room (i.e .. ambient particulates). 
(3) impure processing gasses. water, and chemicals, and (4) photomask misalignment. 

A process-induced (i.e .. manufacturing) defect might cause a high junction leak­
age current. a high contact resistance. an open circuit, a short circuit. or an out-of-spec 
threshold voltage. Our concern will be defecls that cause fa ilures that are apparent as 
fu nctional errors during operation. 

Contaminants in the clean-room environment can introduce defects in thc 
manufactured circui t. The atmosphere of the clean room might contain particles of 
dust, smoke, shaving lotion,or ot her gaseous products. The wafer might bear residues 
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of materials that were not removed properly by a cleaning process, and the chemicals 
used in the fabrication process might not be pure enough. Clean rooms arc con­
structed to purify and maintain a clean atmosphere, but the presence of equipment 
operators and technicians in the room inevitably introduces contaminants. The floor 
of a clean room is specially constructed to minimize the possibility that vibrations 
will cause a photomask to be misaligned, which would cause the devices to be 
exposed improperly and violate spatial constraints on the layout. 

The consequences of device failure are so expensive that the semiconductor 
industry tests devices thoroughly before they are shipped. This testing does not revali­
date the functionality of the device or test for design errors, because design errors are 
assumed to have been found during the verificalion steps tbat are executed in the 
design flow before the mask set is released for fabrication. In fact, it is likely that the 
set of stimulus patterns that verify the functionality of a device will detect only a few 
defects within the fabricated circuit. Failure analysis of defects might point to a design 
error, but that is not its purpose. 

Production testing applies test signals and monitors the response of a circuit to 
identify the presence of defects. The set of test patterns (vectors) that are applied to a 
circuit must be sufficient to test the known failure modes of the chip and detect all 
defects. The vectors that are used to verily the functionally of the design are usually a 
starting point for production testing, bu t they are nOI sufficient if they fail to exercise 
some failure modes of the circuit. It is unlikely that the vectors used for design valida­
tion will provide sufficient coverage of a complex circuit (e.g., one with an embedded 
processor, memory controller, and perhaps an embedded DSP, and having about 
500,000 to 1,000,000 gales). 

Production testing is concerned with detecting permanent errors that are caused by 
manufacturing defects. It involves two major steps: test generation and fault simulation. 
We will examine how tests are generated, but first we must consider what we are testing, 
before we determine how to test it. The tests used in production testing are intended to 
detect failure modes, called faults, within the circuit. The set of test vectors is generated in 
conjunction with a process called fault simulation. which determines whether a test 
detects a fault at a particular site in the circuit. Fault coverage provides a measure of the 
quality of a set of test patterns. 

11.6.1 Circuit Defects and Faults 
Models of the failure modes of a circuit consider the logical effects that result from the 
physical faults in a circuit. The main ph ysical faults that can occur are summarized in 
Table 11-3, which is based on a discussion in Smith [4]. Physical defects and the logical 
faults they cause are assumed to be uniformly distributed over a wafer. 

When a circuit fails to operate correctly. the logic realized by the circuit is different 
from the logic that was specified for the design. There are a variety of modes by which a 
digital circuit may exhibit failure. One common failure mode occurs when a signal line is 
shorted to either the power rail or the ground rail. These failure modes are called "stuck" 
faults, and their location is called a fault site. A complementary metal-oxide semiconductor 
(CMOS) circuit has a stuck-on fault if the gate of a transistor is always on. Such defects in 
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the manufactured part can occur when physical vibrations of the mask aligner occur dur­
ing the photomasking steps, causing the conductor of a signal path to be misaligned and 
placed too dose to the conductor of a neighboring signal path, or when over/under etching 
of the photoresist alters the physical location of a conductor. The resulting defects can also 
occur when the fabrication process does not operate within the range of statistical specifi· 
cations that reduce the possibility of such failure s. 

Faults due to short-circuits occurring in the interconnect between transistors in a 
logic cell are called bddging faults. Bridging faults are detected by measuring the qui­
escent current, Jooo , through a circuit. Testing the quiescent current takes more time 
than tests for stuck faul lS, but lests for Jooo are needed fo r bridging faults, because the 
tests that reveal stuck fau lts are nOI intended to reveal a bridging fa ult, which are man­
ifested by a high quiescent current rather than by an incorrect logic value. 

Example 1l.15 

Figure 11-30(a) illustrates how a bridging fault in a two-input CMOS NOR gate 
connects the gates of the pull-up transistors. Ordinarily. a CMOS device will have a 
short between the power and ground rails of the circuit for only a brief lime while the 
output of the device switches. The quiescent current through the device. Jooo , is 0, but 
the bridging fault in the pull-up logic of this circuit will cause a higb current to flow 
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FIG URE 11-30 A two-input NOR gate with Cal a bridging fault and (b) It . tuck .. n fautt 

between the rails when x l "" 0 and x2 = 1, causing thermal damage and early mortality 
of the device. 1000 testing. which monitors the quiescent current of the circuit, would 
detect the presence of the bridging fau lt (6). 

The two-input NOR gale in Figure 11-3O{b) has an internal defect in which the 
pull-down transistor for xl is stuck on, with xl effectively L Because the signal applied to 
the pull-up gate for x l cannOI be exercised independently of the signal attached 10 the 
pull-down gate for xl , this condition cannot be detected externally by testing the logic of 
the circuit. Note thai if x l = 0 and x2 = Othen y "" 1. but the pull-down transislorwith 
the stuck-on gate tends to pull y to O. The stuck-on fa ul t causes a current that always 
tends to discharge the output node of the device, making the pull-up action slower than 
that of a faul t-free circui!. ln addition, tbe high current through tbe pull-down transistor 
will lead to thermal degradation and early failure of the circuit. 

End of Example ll.I 5 

Faults that are caused by shorts of nets to the power or ground rails of the circuit 
a re called stuck at / or stuck at 0 faults, respectively. A given node in a circuil may be 
stuck at logica l ! , denoted by s·a· / . or stuck a t O. denoted by $·a-O. Thc presence of a 
s-o-1 or s-a-O fault compromises the logic implemen ted by the circu it. 

Example 11.16 

The three-input NAND gate in Figure 11-31 is shown in (a) without a fa ult , in 
(b) with an s·o-O fault on one input. and in (c) wit h an s-u - / fault on on e input . The 
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. ' IGURE 11-31 A three-input NAND gale with (a) no fau lt s. (b) xl with an s-u-O fault , and 
(c)xlwithan s-6-/ faull. 

logic o f the gale in the fault· free circuit has Ygood "" (xl x2 x3)" bUI the ci rcui t with 
the fault xl s-o-O has Y .. , NO'O = I its output is stuck a l J. The circuit with xl stuck at 
I has Yx] N- ' = (xl x3)' ( i.e. , the circuit realizes a two-input NAND gate). The logic 
re alized by the circuits having a fault diHers from the logic of the fault-free 
circuit Y 

End of Example 11.16 

All of the nets auached to the inputs and outputs of the gates in a logic circuit are 
possible sites for 5·(1·0 and s-u-I fa ults. Stuck-at faults cause the disappearance of a lit­
eral or an implicant in the realized logic. or force the logic function to a fixed value. A 
test must detect the diffe rence between the logic of the fa ult-free circuit and the logic 
of the circuit having an s-a-O or s-a-! fa ult. The s·a-O fau lt in Figure 11-31(b) could be 
detected by a test that applied xl = 1, x2 = 1 and x3 = 1. If Yxl - l. x2_1.xJ _ l = 1 then 
the test reveals the presence of the fau lt, because Yxl _ I.z2 _ I, x3 _ 1 = 1 does not match 
Y,ood = O. Similarly. the s-a-! fault in Figure 11 -3 1(c) will be detected by a test that 
applies x l = 0 and x2 = I and x3 = 1 because Yxl - O . .r2 - l.x3 - 1 .=: 0 docs not match 
Y,ood = 1 if the fault is present. 

The fau lts in the isolated three-input NAND gate in Figure 11-31 can be tested 
easily by applying signals directly to the inputs of the gate, and the output can be mon­
itored directly too. This is not the typical situation, because the fault sites al the inputs 
and the outputs of most of the gates in a circuit are not directly available at the ch ip's 
pins. Moreover, a chip is limited to at most a few hundred pins. but may have millions 
of fau lt si tes within the device. Nonetheless. the same principles that were used to test 
the isolated device can be used to develop tests to detect faults at sites embedded 
within a chip. An embedded fault can be detected if (1) primary inputs can assert a 
logic value at the site of the fault, and (2) those inputs are compatible with the inputs 
that propaga te the fau lt to a primary output of the device. 

1·'NOle Ihalthe inlemal bridgill8 laull in Figure 11.31(b) aHecu Ihe laic of Ihe PUU-dOWD Iran5~lor driven by 
xl and does nOI affect Ihe corresponding puu-up ll"aruulof_A shICk fault 1I x l affect! both Inmsillors. 
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11.6.2 Fault Detection and Testing 

If a s·a-O or s-a- I fault in a combinational logic circuit is testable, it can be detected by 
applying a set of inputs, known as a test partem, and observing whether the output of 
the ci rcuit with the fa ult differs from that of a fault-free circuit. A basic scheme for test­
ing circuits for stuck fault s is shown in Figure 11-32. Identical input signals are applied 
to a fault -free circuit, and to a circuit in which a fault has been injected at a particular 
site. The outputs of the circuits are compared to determine whether they differ. If the 
error signal asserts, the applied pattern is a test for the injected fau lt. If the outputs of 
the circuits do not differ, the applied pattern cannot distinguish between the fau lty 
circuit and the fault -free circuit. 

Example 11.17 

A test for the fault xl s-a-O in the circuit in Figure 11 -33(a) is shown in the table in 
Figure 11-33(b). When the stimulus pattern is applied to the inputs of the circuit. the 
outputs of the good and fault y circuits differ, so the stimulus pattern (x l 23) = ( I 1 1) 
detects the fault and is a test for x I s-a-O. 

End of Example 11. / 7 

Note that if x l is stuck at 0 the output of the circuit in Figure 11-33 has a value of 1, 
independently of the inputs. In general, test for a fau lt by applying a pattern that 
asserts the correct (not stuck) value at the fault site, and compare the outputs of the 
circuit with and without a fau lt. If the outputs do not match, the stimulus pattern will 
detect such a fault in the manufactured circuit. 

Slimulus Error 

t'lGURE U_Jl Faul t simulation oompUe5 the response of a fault·Tree circuit to the response 
of acircuilwilbafault. 
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FIGURE 11-33 A test for xl s-a-Odetects a difference between the faulty circuit 
and the fault-free circuit . 
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A test for a s-o-O and a S -(I-/ fault in combinational logic requires a single input 
pattern, and consists of the following four steps: 

(a) Inject a fault in the circuit. 
(b) Justify the fault (i.e., apply inputs that complement the value of the fault at the 

fault site). 
(c) Sensitize one or more paths to propagate the effect of the fault to an output. 
(d) Compare the sensitized output to that of a good circuit. 

To test for a fault in a combinational logic circuit, the primary inputs of the cir­
cuit must be chosen to (1) counter-assert Uustify) the assumed value ofthe fault , and 
(2) propagate the effect of the fault to a primary output (i.e., sensitize the output to 
the fault). If the test is to detect the condition that a node is stuck at 1, the primary 
inputs must be those that would assert the value of 0 at the fault site in a fau lt-free 
circuit. The primary inputs must also propagate a signal value from the site of the 
fault to a primary output. If the sensitized output differs from the output of the fault­
free circuit the test detects a fault. The test pattern that detects a fault does not nec­
essarily isolate the location of the fault to a particular site, because a test might 
detect more than one fault. 

Example 11.18 

'TWo copies of a circuit arc shown in Figure 11-34, with the so-called faulty circuit 
having the fault xl s-o-O. To detect the fault , the stimulus pattern has the value of xl set 
to 1 to justify the fault. The side inputs of the NAND gate (xl, x2,x3) are set to 1 to 
sen.~jtize the output of the gate to the value of xl. The side input of the OR gate (xO) is 
set to 0 to sensitize the path propagating the value of xl to the primary output of the 
circuit. The fault-free circuit has Ygood = 0; the circuit with xl s-a-O has Y/aulry = 1. The 
stimulus pattern (xO xl xl x3) = (0111) is a test for the fault xl s-o-O. 
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Slimulus inputs musl juslify 
the fault and sensilizc the path 

/ of lhCfaUI! 

r-:-:-----:--r::-:---, [:0] 
C--.;-;-'--;;---:-t-----''---'-----1: XI : 
f-=---"'--'=--=l--''''''----''''''--i: x l : 

'-------"-------':::J 

Circui t .... itha 
fault has IUII .. s-a-] 

Yftmll¥ 

FIGU RE 11-34 The slimulus pallem (xOxl x2 x3) .. (0 1\ l ) dete<:ls the fault xl s-Q·Obyjustifying 
the fault and sensitizing Ihe outpUi tOlhe fauLI. 

End of Example Il.l S 

11.6.3 D-Notation 

A special symbol ic nOlation , called D-notation [7], is used in test gene ration and fault 
detection. In D-notation the logical values of the signals in a circuit are denoted by the 
symbols D and D ' . The symbol D indicates that the value of the signal is 1 in a good 
(fault-free) circuit. and D' indicates that the value of the signal is 0 in a good circuit. 

Example 11.19 

In Figure 11-35, signal xl has the value D when the pattern (xl x2 x3) = (1 1 I) is 
applied, meaning that xl = 1 in the fault-free circuit, and 0 in the circuit having xl s-o-O. 

Circuit with 
TestpaUcm afaulthasy 

:: ::~:-;;:_': ~ :~: ,::.: "1 
x3 _ 1 ~ ____ _____ J 

, ---------, 
, lY' 

I YIW'HI 
I _________ J 

FIGURE U-)5 The D-llotation indicates that a ne l in a fault-free circuit has the value 1 and has a 
valueOinthe citcuitwithafaul1 
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Likewise. the output of the fault-free circuit has Y/I<lfJ<f = D'. The symbolic output of the 
fa ulty circuit has Y /,w /(V =:: D. 

Elld of Example ] 1.19 

The D notalion for fau lts is useful in identifying faults that can be detected by 
the same stimulus pattern. and reducing the number of tests that must be applied to the 
circuil. lt is desirable to have a high number of faults detected by a small number of tesl~ 

Example } }.20 

The two-level circuit in Figure J )-36(3) has fau lts sites at nine primary inputs.. three 
internal nels. and one primary output. The tables in Figure Il ·36(b) and 11 .36(c) use 
D-nolation to indicate the values of the internal and primary output ncts for the indi o 
cated stim ulus pattems. 14 The tables are annotated to identify the faults that are 
detected by the pattern. The tests are deve loped under the assumption that a single 
fault is p resent in the circuit (the so-called single stuck fa ult mode l (6», bu t a given test 
may actua lly detect more than one fault. In this circuit. only three tests are needed to 
detect all of the possible S-(l ' / fa ul ts, and another three tests detect all of the S-(l-O fa ults. 

End of Example 11.20 

Example 11.21 

When a test is applied to de tect the fa ult w2 s·o·O in the multile vel combinational 
logic circui t in Figure 11-37(a) , the signals have the values displayed in D-no tation in 
table in Figure 11-37(b). O f the possible tests fo r the fault, the one with 
(x l x2 x3 x4 x5) = (1 x 1 xx) is shown, whe re x denotcs a don 't care. The values of 
the primary inputs that sensit ize the fault do not confli ct with the val ues that justify 
the fau lt, so the patte rn detects the fault. The output o f the fa ult-free circuit is y = 1. 

End of Example 11.21 

Fault sensitization in multilevel networks is accomplished by tracing a path fo rward 
from the fau lt site to a primary output, then setting all o f the side inputs or the gates on the 
path to thcir sensitizing values (e.g., the side inputs of AND gates are sct to I). Then paths 
are traced backward from the side inputs through gales to the primary inputs, to establish 

IOInthisoontcxt. thcsymbol x denotesadon·t-care. 
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FIGURE 11·36 All o( the s-tt.() and Nt-I faults in the circuit in (a) are detected by 
Ihe pauems in (b) and (c). 

values of the primary inputs that sensitize the path from the site of tbe fault to the primary 
output. This step is called line justification.ln general. multipath sensitization must be con­
sidered [6], because single-path sensitization might not produce a test for a testable fault. 

Example]] 22 

The fault 02 $-Q'} in the circuit in Figure 11-38, known as Schneider's circuit 16], 
can be justified by setting x2 = I and x3 == 1. To sensitize a single path from the 
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(.1 

.1 I 

w2 D 
.3 

<b, 
tlGURE U -37 Fault detection: (a) a combinational logic circuil and (b) sipai values in D-nola tion 

fOT jll5tir.ca tion and scnsitizalion of the falllt..,2 $-Q~ . 

• I- +'+- ------j 

tlGU RE 11 -38 The faull G2 S-Q- J cannot be sensitized by aainglc path 

fault site to y_out, set x l ::: 1, which drives the output of 05 to 1. The previous 
choices for xl, xl, and x3 are compatible with seu ing to I the side in pu ts of the 
NAND gate forming y_out, but setting 06 to 1 requires settingx4 to 0, because the 
value of G2 is not known. With x3 = 1 and x4 = 0, the value of G7 becomes 0, 
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which desensitizes the path of the fault. If the single path through G6 is chosen to 
propagate th e fault , a similar condition blocks the propagation of the fault to the 
output. Consequently, the fault G2 s-a- / cannot be detected by sensitizing a single 
path from the fault site to the output of the circuit. The fault ca n be detected only 
by simultan eously sensitizing the paths through both G5 and G6, with the stimulus 
pattern (xl x2x3x4) = (I Ill). 

End of Example 11.22 

11.6.4 Automatic Test Pattern Generation for Combinational Circuits 

It is nOl feasible to develop tests for faults in large combinational circuits by applying 
manual methods. The test for the fault w2 s-o-O in Figure 11-37 could be developed by 
manual methods because the circuit was simple. An alternative approach to testing 
combinational logic is to apply all possible inputs to the circuit and observe whether 
the outputs of the circuit match those of the fault-free circuit. Although exhaustive 
test-pattern generation is straightforward. it becomes unwieldy when a circuit has a 
large number of inputs. and it could be unnecessary. We saw in Example 11.20 that only 
six patterns were needed to detect the entire set of faults. Exhaustive pattern generation 
would have produced 512 patterns. 

Algorithms exist for automatically and efficiently finding/constructing a small 
set of lest patterns thai will detect most, if not all, of the faults in a combinational 
circuit. Commercial tools for test generation incorporate various features of a variety 
of algorithms. The D-algorithm [7], which uses the D-notation discussed above, is 
widely used. It tests for stuck faults at all signal lines embedded in a combinational 
circuit. The D-algorithm has been incorporated in software for automatic test pattern 
generation (ATPG).1t uses multipath sensitization and is guaranteed to find a test for 
a logical fault in a combinational circuit if a test exists. but its efficiency degrades if the 
circuit contains a large number of exclusive-or gales. 

TWo alternative algorithms. PODEM (path-oriented decision making) [8], and 
FAN (fanout-oriented test-generation algorithm) 19), are more efficient than the 
D~algorilhm. The PODEM algorithm uses fo rward implication from a circuit 's pri ­
mary inputs to replace the alternating back tracing and forward propagation steps of 
the D-algorithm. The FAN algorithm uses additional strategies to reduce backtracing 
and is even more efficient than PODEM. See Abramovici et at [6] and Fujiwara and 
Shimono [10] for details of these algorithms. 

ATPG seeks a stimulus pattern that will detect a given fault, but can fail to produce 
a test for a combinational circuit that has reconvergcnt fanout. Some faults might not 
be detectable. Untestable faults are due to (1) redundant logic (see Problem 11.14V$ 

1"A lthough synthesis tools remove redundant logic.a circuit may be modified after synthesis to add redund3nt 
logic to improve the speed of the circuit or to cover hazards. Such modifications are problematic for test 
gcnerationbecausc they can reducc Ihe efficiency of the effort togeneratct cs ts. 
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(2) uncont.rollable nets, and/or (c) unobservable nets. A faull cannot be tested if Ihe net 
on which the fault is located cannot be controlled or if no output paths can be sensitized 
10 observe the fa ult. 

Example J J.23 

A test for the fault w2 s-a-O in Figure 11-39 does not exist. The signal x5 has reconvergent 
fanout at y. so the side inputs affected by x5 cannot be set independently. Sensitization 
of w3 requires setting x5 to I. but sensitization of y requires setting x5 to O. Table 11-4 
shows the signal values in D-notation and shows the conflicts between the values of the 
primary input.<; required to sensitize w3 and y. The reconvergent fanout of x5 forces y toO, 

. 1 ~-------------, 

,,~------4-----r.~-" 

FlCU RE 11·39 A test for the fault ... 2 S·Q·O does not ell ist. The re<:onvergcnt fanout of .d leads to 
~onmetinieonditions totcstthe f.ult""2s-Q·O. 

TABLE 11-4 TIM: reoonvergent fanout ~auscs a contlid bet .... een the values of 
x5 requiredtosensitizc: the fau] t,.,2s·u.{) . 

• J 

" rl . 
d 

I for ... 1 
Ofor y ronfliet 
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., ronflict 
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independently of the fault w2 s-a-O. A test cannot distinguish between the faul ty circuit 
and the good circuit. 

End of Example 11.23 

11.6.5 Fault Coverage and Defect Levels 

Testing for faults ensures the quali ty of the parts that aTe shipped to a customer. The 
probability W of shipping a defective part is related to the test coverage T and the 
fractional manufacturing yield Y by tbe expression: 

W = 1 _ y O- TJ 

where Y represents the fractional yield of the AS IC manufacturing process that 
produced the chips (e.g., Y "" 0.75), and Tis the fraction of faults (Le., coverage) that 
have been tested (by fau lt simulation) (to,ll). It is desirable to have high yield and 
high coverage. Table 11·5 and Figure 11-40 show how the average defect level depends 
on the coverage of the fau lts, for a given process yield. The curves provide a quantita­
tive measure of the payoff of achieving an incremental improvement in coverage. II is 
commonplace fo r semiconductor vendors to cnsure that their fault coverage exceeds 
99% of the faults in a circuit. 

11.6.6 Test Generation for Sequential Circuits 

It can be very difficu lt to find direct tests for a sequential circuit, because the test might 
require a long sequence of inputs to drive internal sequential devices to a known state 
that justifies a fau lt site andlor sensitizes a path . It is impractical to verify that two 
seq uential circuits have the same funct ionality (i.c., are equivalent, by applying input 

TABLE 11 -5 The quantity of undetected defective parts depends on tile proeeu 
maturity and the test vector coverage. Leu mature technologies requiu 
signifICantly higher ' awt coverage to reduce the .verage defect Je~·el. 

70" .. " "" "'- % Dd«U Unoleteded ..... 
Advance<i 10" "" 2% 
Thcb.nology 
Maturing 

50" '" 0.7% 
'Thclu!olop 
Mature .. " 1% 0.1% 

-"''''' 
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sequences and observing output sequences). An alternative is to treat a sequential 
circuit as an iterative network. 

Example 11.24 

The circuit in Figure 11-41 requires a sequence of three stimulus patterns to detect the 
fault wI s·a·I. The patterns are developed in reverse order, beginning with the values 
thai the nets must have in cycle 3, the cycle in which the effect of the fault is to be 
observed at y, and working backward in time to determine the values that must exist in 
cycle 2, etc. The dfect of the fault can be observed in the last cycle. Table 11 -6 shows 
the values of the signals in each cycle of the test. 

End of Example 11.24 

Because direct test generation for a sequential circuit can be very difficult, it is 
usually avoided in favor of scan-path methods. The electronics industry uses scan 
methods to modify a circuit and make it testable by methods that apply to combina­
tionalcircuits. 
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FlGURE U .... , A sequence of three pattern. detects the fault wi £-0-1. 

TABLE " -6 Tcst-patternsequence for tcsting thefault w/$-o-I 
in Figure 1)·42. The test patlern must propagate a ) 
through the shift register to scnsitize theoutput yto 
the fault 

JastUIation Sensltlzatlon Test 
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y D D 
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Cycle 2 

y 
wI 
.2 

.3 
Cyclel 

dOlo 

There are various options to the scan-path method, depending on the extent to 
which the registers in the machine are linked in a scan chain. An AS IC implements a 
partial. or a full-scan method depending on whether some or all of its internal nip­
flops are replaced by scan cells and connected to fonn one or more shift registers that 
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are controlled by an external tester. Partial scan is implemented as a trade-off between 
the fault coverage provided by a scan chain and the additional logic required to imple­
ment the chain. 

Scan design replaces ordinary flip-flops by scan flip-flops to fonn dual-port registers, 
called scan registers.. making a circuit marc controllable and/or observable. Scan registers 
can shift data through a serial pon and can load data through a parallel port. In test mode, 
logic values of a test pattern are shifted into the flip-flops. The values loaded into the flip­
flops drive combinational logic paths in one clock cycle, and the logic values at the desti­
nations of those paths can be captured in parallel in the next clock cycle. The captured 
data can be shifted out of the register and analyzed to detect internal faults in the logic. 

Figure t 1-42 shows a set of dual-port scan cells connected to fonn a 4-bit-wide scan 
register. In nonnal operation, with T = 0, data is loaded in parallel from D[3: OJ. Tn test 
mode (T = 1), data is shifted through the register from x...JruJ can_in to y3_scan_our. 
Depending on the application and the extent to which scan cells are used, the circuit can 
be designed to have 100% controllability and observability of its internal nodes via the 
serial scan path. 

Full scan replaces all of the flip-flops in a design by scan cells; boundary scan 
places scan cells at the 110 ports of an ASIC and links them together to form a bound­
ary scan chain used for board-level testing. The test patterns for an ASIC core with full 
scan are those used to test the combinational logic of the core, because the restructured 
circuit has the configuration shown in Figure 11-43. The test procedure for a circuit 
with full scan tests the circuit of the scan path and then tests the combinational logic. 
The scan path is tested by placing the circuit in test mode (T = I) and toggling the 
clock n + 1 times to propagate a lest sequence through the chain. Placing the circuit in 
test mode, shifting a test pattern into the scan register, and applying the primary inputs 
prepares the combinational logic for testing. With the test pattern in the scan register, 
the mode is set to nonnal (T = 0). and the response of the circuit is observed at the 
primary outputs and at the inputs to the scan register. The clock is again toggled to 
latch the parallel inputs to the scan register. Then the circuit is placed in test mode 
again, and the captured pattern is shifted out of the register for analysis. At the same 
time, another pattern is shifted into the register. 

x_in] 

x_in2 

x_in3Jcan_in 

flGURE 11-42 A scan regisler is formed with dual -port register cells. 
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Primary inputs (PI) 

5CIlII-.in 

Primary OUlPUIS (PO) 

FlGURE 11-43 Circuit structure for full·scan testing 

11.7 Fault Simulation 

Fault simulation compares the behavior of a circuit that has a fault with the behavior of 
a circuit that is fault-frce. If the outputs of the two circuits are different under the appli­
cation of a stimulus pattern, the pattern is said to be a test for the presence of the fault. 
Fault simulation determines the extent to which a given set of stimulus patterns (test 
patterns) detects faults. Fault simulation is now integrated within tools for ATPo. I6 

Nevertheless, we will discuss here some of the key concepts that are helpful for under­
standing this important aspect of the overall design flow. 

We will consider only tests that detect faults in combinational logic with a single 
stuck fault. Faull coverage, the degree to which a set of test patterns detects the possible 
faults in a circuit, is defined below; 

Fault Coverage = Number of Detected Faults I Total Number of Faults 

It is important that a set of tests provide a high level of coverage in order to ensure that 
bad devices are not shipped to customers. Fault gradingJ7 determines the coverage 
provided by a set of test patterns by checking whether a fault is detectable and possibly 
finding a test fOT the fault. In many applications, the coverage must exceed 99.5% of 
the single stuck faults that a circuit could have. 

Fault simulators exercise a circuit by cataloging the fault sites, injecting faults, 
applying stimulus patterns, and comparing the output of the circuit to a fault-free 
circuit . Patterns that do not reveal the presence of a fau lt are not useful in testing. Fault 
simulation is done in conjunction with test generation to evaluate stimulus patterns 
and to guide construction of a set of test patterns that will achieve a high level of 
coverage of the faults in a circuit. Various measures are used to reduce the time and 
effort required for test generation. 

\"See, for example, the T<!fr<lMA XC' ATPG 1001 al www.synopsys.com. 
I1Alsocalledf<luIICOV<!T<lgt llll<llysis. 
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flGlIRE 11-44 The faults xl s·(1.(} and y s·(1-' are equivalent faults. 

11.7.1 Fault CoUapsing 

The efficiency of testing has an impact on the amortization of expensive testers. Need­
less testing wastes tester resources and time, so it is important to test only the faults 
that need to be tested and to quickly find test patterns that reveal as many faults as 
possible. Efficient fault simulators use fault collapsing to form equivalence classes of 
faults that are detectable by the same test. Faults that are detected by the same test 
are indistinguishable and are called equivalent faufts. Fault simulators test only one 
fault in an equivalence class and eliminate the needless simulation of the other faults 
in the class. The same test detects any fault in the class, so only one fault in the class 
needs to be tested. 

Example 11.25 

The fault xl 5-a-0 in Figure 11-44 cannot be distinguished from the fault y s-a-1, so the 
lest that detects xl s-a-O will also detect y s·a· I. The faults are members of the same 
equivalence class of faults. 

End of Example 11.25 

There are three major approaches to fault simulation: serial, parallel, and concur­
rent fault simulation (5]. Serial fault simulation is the slowest of the three approaches, 
but it is the simplest to understand and implement. 

11.7.2 Serial Fault Simulation 

Serial fault simulation considers a circuit's faults. one fault at a time, and executes 
the following sequential steps to determine whether an applied stimulus pattern 
reveals the fault: 

(1) Create a list of fault sites; 
(2) Inject a fault into the circuit and remove it from the list of faults; 
(3) While (the list of fault sites is not empty) { 

Apply a pattern and simulate the good machine and the machine with 
the injected fault; 

Compare the good machine's output to that of the machine with the fault; 
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if (there is a difference between the output of the machines) 
the pattern detected the fault; 
else 

the pattern did not detect the fault; 
inject another fault and remove it from the list of faults; 

11.7.3 Parallel Fault Simulation 

Parallel fault simulation simultaneously simulates multiple copies of a machine (circuit), 
each with its own distinct injected fault, and compares their responses to that of the 
good machine. Although it is faster than serial fault simulation, parallel fault simulation 
requires more memory and efficient memory management techniques to accommodate 
the multiple copies of the circuit. 

11.7.4 Concurrent Fault Simulation 

Concurrent fault simulation is the most widely used algorithm. It limits the scope of 
fault simulation to the portion of a circuit that is relevant to backward justification 
(fanin) and forward sensitization (fanout) from a fault site. Concurrent fault simula­
tion requires sophisticated topological analysis of a circuit to limit the scope of thc 
searches that arc used to justify and sensitize faults. The payoff is that a concurrent 
fault simulator is faster than se rial or parallel fault simulators. 

11.7.5 Probabilistic Fault Simulation 

Another method for fault simulation, called probabilistic fault simulation, identifies test 
vectors that have high toggle coverage and uses them as the basis for test veetors to 
detect faults. There is a high degree of correlation between a test pattern that toggles a 
high number of nodes in a circuit and test patterns that detect a high number of faults 
[4]. Toggle tests are simpler to perfonn and faster than other methods of fault detection. 

11.8 JTAG18 Ports and Design for Testability 

Design for testability (Off) ensures that manufactured circuits can be tested for 
defects. DFf usually requires that a circuit is designed/modified to support testing, 
because the relatively small number of available liD pins on a typical chip is inadequate 
for testing the internal nodes. There are methods for evaluating the testability of a chip 
by measuring the difficulty of controlling and observing internal nodes [12]. There are 
also several approaches to improving the testability of a circuit [6], but we will focus on 
scan-based methods, which extend the concept introduced in Section 11.7.6 for testing 
sequential circuits. We do so because scan-based approaches have become widespread 

'''"The JTAG port is named afte r the Joint Test Action Group, a team of industry experts who defined the 
IEEE 1149.1 and 1l49.la standards. 
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and important. They not only support testing of circuits for defects, but also support 
debugging of embedded processors during software development. and support the field 
programmability of complex programmable logic devices (CPLDs) and FPGAs. 

There are several practical problems in chip and board-level testing: (1) Sequen­
tial machines arc difficult to test because they require a sequence of test patterns. 
(2) The internal nodes of large circuits cannot be observed at output pins, and may not 
be comrollcd easi ly by the availabl.c input pins. (3) The manufacturing process for 
printed circuit boards forms copper traces for signal paths. The circuit has a defect if 
traces are shorted or open. (4) An ASIC chip might not have a good bond between the 
board and a pin of the AS IC or between the pin and the core logic. (5) The core logic 
of a chip that is mounted on a board might have to be tested in the field, without 
removing the chip from the unit. (6) It might be necessary to isolate the location of a 
fault to a particular ASIC or module to reduce the cost of repairing a unit. The 
electronics industry has circumvented these problems by adopting a standard circuit 
interface that uses scan chains for board-level and chip-Icvcltcsting. 

11.8.1 Boundary Scan and JTAG Ports 

Boundary scan is an extension of the scan register concept discussed in Section 11.7.6 
for testing sequential circuit~ A boundary scan chain is added to the netlist of an ASIC19 

by inserting baund(lry s('Un cells (BSG;) at its I/O pins and linking them to form a shift 
register around the chip. The same cell can also be used to replace the flips-flops within 
the core logic and to form internal scan paths consisting of one or more test-data regis­
ters linked together in a seria l connection. When used internally, the cells arc referred to 
as dala register (DR) cells. 

A typical BSe. or DR cell, is shown in Figure 11-45. The cell allows data to be 
scanned through the chip without affecting its normal operation (e.g., in on-line moni­
toring of the chip's operation). 'TWo muxes control the datapaths of the cell. The input 
mux determines whether the capture/scan flip-flop is connected to data_in or to the 
serial input,sctlll_in. The output mux detennines whether data_in or the output flip-flop 
is connected to dara_oul. 

With mode = 0 the cell is in normal mode, and data_in is passed through the output 
multiplexer to dara_ow and to the capture/scan flip-flop, where it can be loaded by a pulse 
of clockDR. The capture/scan flip-flops support a boundary scan chain; the output register 
flip-flops hold their data while new data are scanned into the capture/scan flip-flop. 
data_in and della_Our of a BSC are connected to the inputs and outputs of the core logic of 
the ASIC. In test mode, a pattern of data can be shifted into the capture/scan flip-flops 
under the control of clockDR. When the scan chain holds a desired pattern, the data in the 
capture/scan register can be loaded in parallel by toggling updateDR to update the outpw 
register flip-flops. 

If a BSC resister cell is connected to an input pin of the chip, data_in is connected 
to the input pad of the chip, and data_out is connected to the input pad of the ASIC 

l"We will discuss scan chains for ASJCs. bUI Ihey are aJiIQ used in FPGAs and other devices. 



Advanced Digital Design with the Verilog HDL 

FIGURE 11-45 The DR ce lls used to implement boundary scan lest registe rs and test-data 
registers include a capture/scan flip.nop and an OUIPUI flip-nop. 

core's logic. If the cell is used as an output, the core logic of the ASIC is connected to 
dataJ n, and data_out is connected to the output pin of the ASIC. A Verilog model of 
the BSC cell is given below. 

module SSC_Cell (output data_out, output reg scan_out, 
input data_ in, mode, scan_in, shiftDR, updateDR, clockDR 

); 
reg update_reg; 

alway. @ (posedge clockDR) begin 
scan_out <: shlftDR ? scan_in : data_in; 

end 

always@(posedgeupdateDR)update_reg <= scan_out; 
assign data_out'" mode? update_reg: data_in; 

endmodule 

11.8.2 JTAG Modes of Operation 

The modes of operation of a boundary scan cell (data register cell) are summarized in 
Table 11-7. In normal mode (i.e .• with mode = 0) data pass directly through the cell, 
[rom data_in to dora_out. The multiplexe r driving data_out adds a slight propagation 
delay to the signal path. In test mode, with mode = 1, cell data_out is driven by the out­
put register (updateJeg). 

In scan mode, thc boundary scan cells are connected as a shift register, with 
scan_out from one cell connected to scan_in of the next cell in the chain. A test pattern 
can be shifted into the register and then loaded into the output register to establish a 
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TAB LE 11 -7 Modes of operation of a BSC 

Nonnal With 1tWd~ - 0, data_in is connected directly to dara_out. and 
thc scan chain docs not atfect the operation of thc ASIC. 

Scan WithshiftDR - l ,data cntcrthrough sclVI_inandlcavc through 
scan OUI,at the activc cd eofclockDR. 

Capture With shiftDR .. 0, data_in is loaded into the capture register at 
theactive ed eofclockDR. 

Update With modt - 1. the output of the capture register is shifted 
to the update register a l the active edge of updatt DR. 

m 

logic value at data_out for the purpose of testing the core logic. With shiftDR = 1, 
data are shifted through the capture/scan register flip-flops on the rising edges of 
clockDR, from scan_in to scan_out. 

The capture mode of the cell captures data from tbe ASIC without interfering 
with its operation. The data can be scanned out later, while the chip is operating. This 
mode is operational with shiftDR = 0, which connects the scan path to the capture! 
scan flip-flop. A subsequent clock pulse of clockD R loads data_in into the scan register. 
In this mode, data_out can be driven by data_in (mode = 0) or by the output flip-flop 
(mode = I). 

The update mode drives data_out by the contents of the output register, with 
mode = 1. The output register is loaded with the content of the scan register by applying 
a pulse of updateDR. If data_ow is attached to the input pins of the ASIC, the pattern 
could be a test that is to be applied to the chip. The response of the chip can be captured 
by a pulse of clock DR while shiftDR = 0. 

Boundary scan methods can test multiple chips on a PC board, the board traces 
between chips, and the connections between the pins of a chip and its core logic. A tester 
can isolate and test the core logic of ASICs that are equipped with boundary scan cir­
cuitry and a special test access port (TAP), also called a JTAG port. The TAP allows 
devices on a board to be linked together and tested in-place. A finite-state machine 
called a TAP controller controls a TAP. The ITAG standards IEEE 1149.1 [13) and 
1149.1a specify the implementation of a TAP. The JTAG port of a chip can be daisy 
chained to the lTAG port of another chip, so that a scan chain can connect all of the 
chips on a board. If the chips on a board are equipped with a ITAG port and a bound­
ary scan chain, a tester can detect shorts and opens in board traces, between the chip's 
110 pins and the board. and between the ASIC core and its pad frame. An external 
tester can use the JTAG port to detect internal faults of the ASIC. 

The lTAG port has assumed a much larger role than testing ASTCs and printed 
circuit (PC) boards for production defects. The port is used to program configurable 
PLDs (14) and FPGAs. 20 It is also used to develop and debug software for embedded 
processors by controlling the processor and providing access to its internal registers.2t 

JOsce, for e:<amp1e. www.altera.com and www.:xili n:<.oom 
1IScewww.agilcnl.com 
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11.8.3 JTAG Registers 

Each chip implementing the JTAG methodology must include a boundary scan register 
(formed by linking BSCs), a bypass register, and an instruction register. These manda­
tory registers can be viewed as having the configuration shown in Figure 11-46. The 
bypass register holds a single bit. The size of the instruction register and the other data 
registers can be customized to an application. An optional 32-bit wide device identifica­
tion register can be used to hold data describing the part number, the manufacturer's 
name, and other information that can be accessed by an external tester. The current 
instruction in the instruction register determines which register is connected between 
test-data input (TDI) and test-data output (TDO). The actual register can be fonned by 
linking one or more test-data registers (TORs) of internal scan chains. 

The single-bit bypass rl!gister has a cell like that shown in Figure 11-47,and the 
cells of the instruction register have an architecture like that shown in Figure 11 ·48. 

TDO~-----1 

FIGURE 11-46 Register structure required by the JTAG specification. 

'''".Jn~ D Q scali_out 

shiftDR FF 

dockDR 

FIGURE 11--47 The bypass register (BR) cell {or boundary scan. 



Postsynthesis Design Tuks 799 

shiftlR 

d%.)n 

IIpduu:lR---------1> 

FIGURE 11-48 The instruction register (IR) cell for boundary scan. 

The bypass register bypasses an ASIC in the scan chain on a PC board, reducing the 
length of a lest by reducing the number of shifts that must occur before a pattern is 
located in a given scan register. A Veri log model of a bypass register cell is described 
below by BR_Cell. The signal shiftDR gates the scan path, and clockDR synchronizes 
theceH. 

module BR_Cell (output reg scan_out. input scan_in, shiftDR, clockDR); 
always @ (posedge clockDR) scan_out <;; scanJn & shiftDR; 

endmodule 

The instruction register specifies instructions and controls the internal datapath of the 
TAP. An instruction defines the serial test-data register path connected between TDI 
and TDO during scan operations. The cells of the instruction register have asynchro­
nous set/reset, which can be programmed by the parameter SR_vafue to assen either 
o or 1 at the output, depending on the instruction held when the TAP's state machine 
enters its reset state. The instruction register has serial 110 through scan_inlscan_out, 
and parallel input/output through data_i,lfdatu_out. A Verilog model of the IR cell is 
given below. 

module IR_Cell ( 
output reg dala_out, scan_out, 
input data_in, scan_in, shiftlR, reset_bar, nTRST, clocklR, updatelR 

); 
parameter SR value = 0; 
wire - S_R = reset_bar & nTRST; 

always @ (posedge clocklR) scan_oul <= shift lR ? scan_in: data_in; 
always@(po •• dge updalelR or negedge S_R) 

If (S_R == 0) data_out <:: SR_value; 
els. data out <: scan out; 

endmodule - -
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Note that a new instruction can be shifted into the scan register while an instruc­
tion is held in the output register. The signal shiftlR selects the input datapath of the 
cell, which can be the serial path connected to scan_in, or a parallel path connected to 
data_in. The latter provides a means of including data (e.g., status bits) from the ASIC 
in an instruction. The signal resecbar is generated synchronously by the TAP con­
troller when it enters its reset state; nTRST is an optional, asynchronous, active-low 
fifth input to the TAP. 

11.8.4 JTAG Instructions 

The mandatory instructions specified by the JTAG standard are summarized in 
Tabl e 11 -8. The BYPASS instruction scans data from TDI to TDO through a I-bit 
bypass register, rather than through the entire boundary scan chain. This bypasses 
a chip that is not being tested and shortens the scan chain needed to test other 
components. 

The EXTEST (external test) instruction is used to test the interconnect that 
is external to the chip. A pattern is scanned into the capture/scan register, then the 
data are loaded (in parallel) into tbe output register of the boundary scan chain. 
When the chip is placed in the test mode, the pattern appears at the output pins of 
the chip and drives the interconnect to other chips. Signal values from other chips 
can be captured and scanned out for analysis of the integrity of the interconnect 

TABLE ,,-8 lnstructions spe<:ified by IEEE standard 1149.1. 

BYPASS 

EXTEST 

SAMPLEIPRELOAD 

INTESP 

RUNBIST-

IDCODE· 

Actio." " 

Shifts dala through a single-ceJl bypass n:gister, bypassing the ASIC's 
boundary scan register. reducing tlIe length of the scan path needed 10 test 
otheroomponents. 
Drives 1ol0Wll values onto the output pins of the ASIC for testing 
board-level interconnect and logic external to tlIe ASIC 
SAMPLE captures the data values prescnt at the system pins and loads 
(in parallel) the dala into t.he capture register flip-flops. PRELOAD places 
a test data pallern into the output register . 
Applies a lest pattern to the ASIC logic and captures the response from the 
logic. Connects only the boundary sean register between TDI and TDO 
The host ASIC can execute a se lf-test while the TAP controlier is in the 
s tateS..Ru"Jdl~ 

Shifts out the data in the IDCODE register (device identification register). 
providing the tester with the device manufacturer's name,part number. 
and other data. The instruction defaults to the BYPASS register if there 
is no IDCODE register in the TAP. 

*denotesanopltonaimstrucllon. 
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The SAMPLEfPRELOAD instruction captures data from the 1/0 pins of the 
ASIC without interfering with normal operation. The captured data can be scanned 
out for analysis of the operation of the chip. 

The INTEST (internal test) instruction isolates and tests the internal circuits of 
individual components on a board. A pattern is scanned into the capture register, 
then the data are loaded in parallel into the output register of the boundary scan 
chain. When the chip is placed in the test mode the cells of the output register that 
are connected to input ports of the ASIC exercise the logic of the chip, forming out­
puts that can be captured at the cells of the capture/scan register and then scanned 
out for analysis. While a pattern is being scanned out another pattern can be scanned 
into the register. 

The codes for the instructions implemented by the TAP are partially specified by 
the JT AG standard. The code for the BYPASS instruction is required to be all 1 s. The 
code for the EXTEST instruction is all Os. The TAP may also include optional test-data 
registers for implementing internal scan and other tests. Each test-data register corre­
sponds to an internal scan chain that can be exercised by an external tester under the 
control of the TAP and the instruction register. 

11.8.5 TAP Architecture 
A TAP has the architecture shown in Figure 11-49. The TDI, TMS, and nTRSTinputs 
have pull-ups to conform to the JTAG requirement that if, for example, the TDI input is 
disconnected the" ... undriven input produces a response identical to the application of 
a logic 1." This has implications for the behavior of the TAP controller state machine, 
which will be discussed later. 

An ASIC or other device with a JTAG port requires a test bus of four dedi­
cated input pins (TOl, TDO, TMS, and TCK) to support boundary scan and internal 
testing.22 The TDI and TOO pins of the TAP connect to the first and last cells in the 
boundary scan register chain and serve as an interface to the chip. The test-data 
input (TOT) pin serves as input for test patterns that are applied serially to the port; 
a test-data output (TDO) pin serves as a serial output port. The mode of operation of 
the TAP is controlled by the test mode select (TMS) input. A master clock is applied 
at the test clock (TCK) input pin for testing. A PC board implementing the JTAG 
architecture requires four extra pins to accommodate the TDI, TDO, TMS, and 
TCK signals, and possibly one more pin for nTRST, as shown in Figure 11-49. Each 
ASIC acts as a bus slave; an external agent serves as the bus master, and uses TMS 
and TCK to control the slave devices. 

The TAP of each ASIC on the PC board includes a TAP controller, a state 
machine to which the four pins dedicated to JTAG are attached. The TMS input 
controls the state transitions of the TAP controller, with each transition occurring 

n An optional fifth pin may be used to apply an asynchronous, activc-low test-rcset input signal {nTRSn to 
rese t thcTAPcontroller. Like TMS and TDI. nTRSTmust be aU3ched to a pull·updevice 
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FlGURE 11-49 Chip architecture .... ith JTAG test access port . (0 denoles optional registers. 
The active-low input nTRSTis also optional.) 

on the positive edges of TCK. 2J Signals generated by the TAP controller drive th e 
shifiDR, mode, clockDR, updareDR, shifrlR, clocklR, and updalelR inputs of the 
register cells. Figure 11 -50(a) shows a PC board with two ASICs with boundary 
scans chain connected in a ring configuration [6]. For simplicity, the TAP control 
signals are not shown. In a ring configuration, each chip is driven by the same TAP 
signals. In a more general configuration known as a star (see Figure 1l·50(b», the 
serial ports of the chips are daisy-chained, but each chip in the chain has its own test 
mode select (TMS) signal. A bus master controls the TAPs by controlling the indi­
vidual TMS signals, thereby allowing the individual TAP controllers to be controlled 
independently. 

lJRequired by the JTAG specificalion 
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(.) 

FIGURE 11-50 A PC board with ASICs equipped with boundary $Can cells and ITAG ports: (a) in test 
mode tffi: chips on the board arc daisy-chained in a ring configuration for TMS and (b) in test mode the 

chips on the board are daisy-chained in a star configuration for TMS. 

11.8.6 TAP Controller State Machine 

.. 3 

The instruction register and the TAP controller state machine control the datapath of the 
TAP. The ASM chart of the machine is shown in Figure 11-51 , with decimal annotation 
showing the state codes. 24 All state transitions occur on the positive (rising) edge of TCK; 
the actions of the test logic in the ASIC are to occur on either the rising or the falling 
edge of e in each state of the controller. 

2· The state codes o f the TAP are not specified by the JTAG standard. For clarity, we have added the prefix 
5_ to the names of the states o f the TAP controller shown in Figure 11 .S I. For brevity. the states Tut­
Logic-Ruef, Run- Tt st·ldlt, Stltc f-DR-Sca". and Stlecf-IR-Scan specified in the JTAG standard are named 
S_Rt stt, S_RunJdlt. S..5eINCcDr, and S_SdtcIJR. respective ly, in Figure 11 .51 and in our model of the 
TAP controlle r 
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",," path IJOpad 

FIGURE 11·50 Continued 

The TAP controller's ASM chart is nearly symmetric, with one path controlling 
the activity of the data register, and the other path controlling the activity of the 
instruction register of the TAP. If the state of the machine is in S~unjdle and TMS is 
asserted, the state will return to S_Reset if TMS is held asserted for two dock cycles, 
after moving through 5_Selecc DR,and 5_SelectjR.1t will reside in S_Reset until TMS 
is de-asserted to cause a transition to S~unjdle. 

Note how alternating values of TMS control the activity flow of the TAP controller. 
That is, the value of TMS that causes a transition into SJ?eset, S_Runjdle, S_ShiftJ)R, 
5_Pause_DR, S_ShiftJR,or S_PauseJR will cause the machine to remain in that state 
until the value of TMS is switched. The states S_CapturcDR, S_ExitlJJR, S_Exit2_Dr, 
S_Caprure_1R, S_ExitlJR, and S_ExitlJR are temporary states. The machine passes 
through them in one cycle.S_Capture_Dr and S_CaptureJR are entered and occupied for 
one cycle when the corresponding capture/scan register is loaded. Note that the so-called 
exit states (e.g.,S_Exic2) enable a single controlling signal, TMS, to effectively direct the 
activity flow of the machine. For example, the flow from S_Pause_DR has three ultimate 
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Note: IITRST is asynchronous 
and active low. 
NOI~:Al!stateITansitionsare 

made on the rising edge ot TCK, 
the boundary-scan clocli:. 
"l...indicatcs thatthcasscrtion 

is rqideredonthetaUing 
edgcotTCK. 

l:r indicat~ thattheasscrtion 
ispted by the falling edge 
of TCK. 

_Jignal denotes the assertion 
sig"al - O 

FlGURE 11-51 ASM chart for the TAP controller state machine 

80S 
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destinations (e.g., S_Pause_DR, S_Update_DR, or S_Shift_DR). A single-bit control signal 
selects between three possibilities by sequencing the decisions over two clock cycles. 

The content of the instruction register determines whether the boundary scan 
register or onc of the (optional) test-data registers is affected by the operation of the 
controller. Note that the TAP controller input nTRST is optional, because the state 
S-,eset can be reached from any other state by asserting TMS for at most fi ve clock 
cycles. In post-synthesis simulation, nTRST might be needed to drive the gate-level 
model of the TAP controller into a known initial state. 

The control states affecting the data register are described in Table 11 -9. The control 
states affecting the instruction register have a similar description. 

TABLE 11 9 Control states of the TA P controller state machine 

s .... 

S.fllmjdl~ 

Activity 

The rC5et state of the TAP controller.The test logie of the TAP isdisablcd 
and the host ASIC operates nonnally. If the machine has a device identification 
register, the IDCODE instruction is loaded into the instruction register; 
otherwise. the BYPASS iru;truction is loaded. 
The TAP controller resides in S_Runj,lI~ while the host ASIC e~ecutes 
an internal test. such as 8fST. The in~truction register must be preloaded with 
infonnation supporting the les t. 

S....sel«t...J)R An assertion of TMS while the controller is in S_Run_ldl~ drives the state 10 
S....sd~c/_DR, where it resides for one ~le, before passing 10 S_Caplure_DR 
10 init iate a scan data sequence, or to S_Sd~cCIR. where a sequence can be 
initialed toupdatethcinstructionregisteror tenninale theactivity 

S_Caprun....lJR While the state resides in S Capture_DR, the captureJsean register of the 
boundary !!Can register or the te~t-dPtP register specified by the current 
instJuction can be loaded in parallel (via da/a..)n). Capture is initiated by 
apulseofcWckDR,with$hift DR low. 

S..$hift....lJR A test-data registe r selected by the in~truction register is shifted toward its 
serial output by one cell at each active edge of TCK. A data bit enters the 
register from the TDI port, and leaves from the TDO port. The buffer driving 
TDO is active only during shifting. 

S_FJitl_DR A temporary state, entered from S..5hrJr....lJR (after a shifting sequence), or 
from S_CapruN!_DR (bypassing an initial shifting sequence). Afte r onc cycle, 
the state transitions to S_Paust:_DR to pause until TMS is again asse rted, or to 
S_Upda/t: DR. where the captured data arc loaded into the output register 

SYauseJ)R The sta te resides in S_Pause_DR to temporarily halt the scanning process. 
with TMS '" O. unti l TMS is asserted. with the capture/scan register cells 
holding their state. 

S_Exit2JJR A temporary state. The state resides in S_ExiI2_DR for one cycle. 
before a transi tion to S..5hift...J)R. whcre il initiates a sean sequence. or to 
S_Upd(J/ f_D R, where the scan process is tenninatcd and the captured data 
areloadcdinlothe outputre ister. 

S_Upda/ f...J)R The slate resides in S_Upda/e DR for one cycle after the clock that loads the 
output register from the capture/sean register,bcfore making a tran sitionto 
S_Sel«:CDR. where it initiates a sean sequence or an instruction sequence, 
or 10 S_Run_ld{t:. where it resid~ while the ASIC e~ecutes operations. In test 
mode the contents of the oulput regisler driYe thc paralic! OUlput 
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Oulpul Fum:Uop 

relttJwr Reset! the ill$truction regi!llc r ( IR) to IDCODE or to BYPASS. 

lhiftlR Selectllthe serial input to the capture/!l(an flip-nop;n the instrudion 
registcr cells. 

doclc l R Captures data at the input o f the IR OT shifts the contents of the IR 
toward the test dala output.Aetion is gated by the falling edge of TCK. 

updQlt l R wads the OUlPUt regi$ler flip-flop with the conlent of the c3pturc flip-flop 
orlhe IR. Act;on is galed by the falling edge of TCK. 

shiftDR Selects the serial in ut 10 thc ca turc/!I(an fli ·flo p in the TOR ce lls. 
clockDR Captures data at the input of Ihe IR or shifts Ihe conlenlS of the TOR 

toward the test data output.Adion is ated hy the falling edge of TCK. 
"pdauDR Loa<b the OUlput regisler wiTh the conten t o f the TDR caPIUre/lICan 

Dip- flop. Action is ated by Ihe falling edge of TCK 
stl«tlR Selectseilher the ill$truclioD Tcgisteror a tesl-dala register to he conneeted 

between IherDl and TDO p;1I$ of the TAP. 
mahlt TDO Enables the th ree·sta te buffer that drives the tesi-data output (TDO). 
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The output signals generated by the TAP controller state machine to control the 
operation of the scan registers are shown in Table 11 -10. 

11.8.7 Design Example: Testing with JTAG 

This example shows how to augment an AS IC with a boundary scan chain and a TAP 
controller for lTAG. Then the BYPASS and INTEST commands will be demonstrated. 
Exercises a t the end of the chapter will deal with additional features of the controller. The 
ASIC is a simple4-bit adder, but il is sufficient for demonstrating the same procedure that 
is taken for more comple" ASICs. We will conside r architectural and ope rational details. 

Testing an ASIC with JTAG requires systematic execution of several steps. For 
example, to test an ASIC core consisting of combinational logic, the state of the 
machine must be directed to S_Shi/CDR and remain there for as many cycles as nceded 
to shift a test pattern into the boundary scan register. AI the end of the shifting opera­
tions, the test inputs should reside in tile cells of the capture/scan register that drive the 
inputs of the chip. Toggling update_DR will transfer the content of the capture/scan 
register into the output register. In test mode, the test patterns in the output register will 
drive the input pins of the ASIC. The response of the ASIC will appear at the data_in 
pins of the capture/scan cells that connect to the outputs of the ASIc' With shiftDR 
de-asserted, toggling dockDR will capture the data at the input pins and load the 
capture/scan register with the response of the circuit to the test pattern. Then, with 
shiftDR asserted, successive toggling of clockDR will scan the data out of the scan chain. 
Another pattern can be scanned in while the previous pattern is scanned out. 

The overall structure of an AS IC that has been modified to include a TAP for 
lTAG is shown in Figure II -52. For simplicity, the ASIC is an embedded 4·bit adder. 
The TAP controller and the con trol signals for the TAP are omitted in the illustration , 
but are included in Ihe model of the JTAG -enhanced ASIC. 
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.1GU k E 11·52 Boundary scan regISter and port Interface structure. 

A key step in the implementation is to create an interface between the ASIC 
and its environment. Note that the ASIC retains its port structure, but is wired directly 
to the boundary scan register through the bus BSCjnterjace [13: 0], which accom­
plishes a port interface mapping between the ASIC, the boundary scan register, and 
the environment. The mode of a port of the ASIC determines whether the associated 
wires of BSCjnterface are connected to an input or output port of the boundary scan 
register. The outputs of the ASIC are wired to those input pins of the boundary scan 
register that are connected to the capture/scan register by data_in [1 3: 9]. The corre· 
sponding output register cells are connected to the outputs of ASIC_with_TAP 
(i.e., to the primary outputs). Likewise, the output register cells at data_out [8: 0] drive 
the inputs of the ASIC. The corresponding capture/scan register cells are driven by 
the external (primary) inputs of the chip through dota_in (8: 0]. 

The capture/scan register and output register of the boundary scan register unit 
are shown separately. with a datapath through them representing the scan path. The 
scan register (shaded cells) is connected to the outputs of the ASIC and the primary 
input pins of the chip; the output register is connected to the primary output pins and 



... 
to the inputs of the ASIC. For example, the Suml3: 0] and cow ports of the AS IC a re 
connected to d% _in[1 3: 9], and data_out[13: 9) is connected to {sum{3: 0], C_Ollt } at 
the interface between ASIC_with_TAP and its host environment. 

The structure shown in Figure 11-52 is flexible, and the ordering of the interface 
signals is arbitrary. It is important to note that (1) the port structure can be modified to 
accommodate the ports of a different ASIC (2) the boundary scan register can be resized, 
and(3) the mapping of BSCjnterface can be declared to match the liD of the ASIC. 

As a preliminary step in the overall development and verification of ASIC_with_ 
TAP. we show below models of an instruction register and an 8-bit boundary scan reg­
ister and the results of a brief simulation exercise. demonstrating the parallel and serial 
110 modes of the boundary sean register. For this exercise.shiftDr.clockDR. updareDR. 
and mode were controlled by the test bench. The simulation results in Figure II -53 a re 

BSC..5can..Regu"ltrf7 J 

BSCSca,,_Rtguurf6J 

BSC....5ca"_Regi.l"ltrfS I 

8SC....5ca,,_RtgUltrf41 

BSC_x",, _Rtgultrf31 

HSCSauo..Regls ftrf2] 

BSC....5can..Rtgulerfl] 

BSCSCWI_RtgulerfO] 

Loadcapturei$Canregister 

200 

JIlCURE 11.£\ Simula tion rc::5ults demonstrating correct operation of an 8-bit boundary scan register. 
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annotated to highlight the normal and test modes of operation, and the activity of the 
registers. The fIrst pulse of clockDR captures parallel data at data_in (8'haa), which is 
loaded into BSC_Sean_Register. With shiftDR de-asserted, the first pulse of updateDR 
demonstrates that the scan register (B'haa) is loaded into the output register, without 
interfering with normal operation (data_in and data_out are not affected). With 
shiftDR asserted, the pulses of clockDR scan a 1 into the scan register, and data exits 
through scall_out. The second pulse of updateDR loads the value of the capture/scan 
register (S'hff) into the output register. When the test mode is asserted, the value in the 
output register drives the bus data_oul. When mode is again de-asserted, data_out 
reverts back to 8' haa, the value of data_in. The last pulse of clockDR captures data_ill 
and loads the value 8' haa into tbe scan registe r again. 

module Boundary_Sean_Register #(parameter size = 14)( 
output [size ·1: 0) data_out. 
output scan oul. 
input [size -1: OJ dala.)n. 
input scan In. 
Input shiftDR. mode, clockDR, updateDR 

); 

'0. [size -1:0] 

always @ (posedge clockDR) 
BSC_Scan_Register <= shiftDR? (scan_in. BSC_Scan_Register ! size -1: 11): 

data_in; 

always@(posedgeupdateDR)BSC_Oulput_Register <= BSC_Sean_Register; 

assign scan_oul:: BSC_ Scan_Register [OJ: 
assign data_out = mode? BSC_ Output_Register : data_in; 

endmodule 

module Instruction_Register '(parameter IR_size '" 3)( 

); 

output [IR_size -1: OJ data_oul. 
output scan_out, 
Input [IR_size -1: OJ data in, 
input scan-=-ln,shlftIR, clocklR, updatelR, reset_bar 

reg [IR_size -1: 0) IR_Scan_Register.IR_Output_Register: 

assign 
assign 

always @ (posedge clocklR) 

data_out'" IR_OutpuCRegister; 
scan_out = IR_Scan_Register [0[: 

IR Scan_Register <= shiftlR? {scan_In. IR_Scan_Register [IR_size - 1: 1]) : dataJ n; 
alw-;ys @( posedge updatelR. negedge reset_bar) /I Asynchronous per 

1140.1a. 
{( Fills lRwith Is 
II for BYPASS instruction 

else IR_Outpul_Register <:= IR_Scan_Regisler: 

endmodule 
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A model of the TAP controller stale machine is given below. The state of the machine 
has a binary code. Also, for simplicity, gated clock signals are generated for clockDr, 
updateDR, clocklR, and updatelR. For actual implementation, the signals would be con· 
nected to the clock inputsofspcda\ fli p-flops having a multiplexed input (see Section 6.1 1). 

module TAP Controller ( 
output reg -resel_bar, selectlR, shifUR, 
output reg shiftDR, enableTOO, 

); 

output clockDR, updateDR. clocldR, updatelR, 
input TMS, TCK 

paramatar 5 Reset = 0, 
- S_Run_ldle = 1, 

5 Select DR = 2, 
S=Captu;;_DR : 3, 
S Shift DR :4, 
5- EXitl- DR = 5, 
S=Pause_DR = 6, 
S_Exlt2_DR : 7, 
S_Update_DR : 8, 
S_SeiecUR ., 9, 
5 Caplure IR := 10, 
S- Shift IR- " 11 , 
S- Exit1- IR =12, 
5- Paus; IR ,. 13, 
5- Exit2 IR '" 14, 
S:Update_IR '" 15; 

reg (3:0) slate, next_slate; 

pullup (TMS); II Required by IEEE 1149.1a; ensures that an undriven input 
pullup (TDI); II produces a response Identical to the application of a logic 1." 

" Program for Xilinx implementation 

Ilwly.@ (negadgITCK)reset_bar <:=(state :=S_Resel)?O : 1; II Regislered 
active low 

alway. @ (negedue TCK) begin 
shiftDR <= (state =: S_ShifCDR)? 1 : 0; 
shiftlR <:: (state :: S_Shlft_IR)? 1: 0; 

If Registered select for scan mode 

If Registered output enable 
enableTDO <: «stale:'" S_Shift_DR) II (stale:=: S_Shift_IR»? 1 : 0: 

.nd 

If Gated clocks for capture registers 
assign clockDR = I« (state == S_CaplurB_DR) II (state == S_Shlft_DR» && 

(TCK == 0»; 
••• Ign cIocklR:= !«(state == S_capture_IR) II (state == S_ShifU R» && 

(TCK == 0»: 

/I Gated clocks for output l"9gisters 
... Ign updateDR = (state == S_Update_OR) && (TCK:: 0); 
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••• ign updatelR '" (state;; S_Update_IR) && (TCK:: 0); 

alwaye@(po.edgeTCK ) state <= next_state; 

always@ (slate, TMS) begin 
selectlR = 0; 
next_slale '"' state; 

case (state) 
S_Reset 

S_Run_ldle: 
S_SeIect_DR: 
S_Captura_DR: 
S_Shift_DR: 
5 Exit1 DR: 
S=Pause_DR: 
S Exit2 OR: 
S::::Update_DR: 
S_SelecUR: 

S_ShifUR: 
S_Exit1 _ IR: 

S_Paus~UR: 

S_Exit2_IR: 

!MIgln 
selec1IR = 1; 
If (TMS == 0) next_state'" S_Run_ldle: 

.nd 
begin selectlR = 1; it (TMS) next_state'" S_Select_DR; end 
next_state = TMS? S_SeIect_IR: S_Capture_DR: 
begin next_state'" TMS ? S_EICit1_DR: S_Shift_DR; end 
tf (TMS) next state" S Exit1 DR; 
next_state = TMS? SjJpdate_OR: S_Pause_DR: 
If (TMS) next_state = S_Exit2_DR: 

next_state = TMS ? S_Update_DR: S_ShifCOR; 
begin next_stale'" TMS ? S_ Selec,-OR: S_Ru"_ ldle; end 
begin 

next_state'" TMS ? S_Reset: S_Capture_IR; 
end 
begin 

seIecUR= 1; 
next slale :: TMS ? S Exil1 IR: 5 Shift IR; 

end - - - --

begin selectlR:: 1; if (TMS) next_stale" S_Exit1_ IR;end 
begin 

selectlR = 1; 
next_state'" TMS ? S_Update_,R: S_Pause_ 'R; 

. nd 
begin selectiR = 1; if (TMS) next_state:: S_Exit2_ 'R; end 
begin 
selecUR :: 1; 
next_state = TMS ? S_Update_ IR: S_ShifUR; 

.nd 
begin 

selectlR '" 1; 
next_state :: TMS ? S_Select_DR: S_Run_ldle; 

end 
default nexCslale :: S_Reset; 

endcase 
ond 

endmodule 

The parameterized model listed below, AS1C_with_TA P. instantiates the fo llow­
ing modules: ASIC, TA P_Controller, Boundary_Scan_Register. InstrucrionJlegisrer. 
InstructionJ)ecoder.and TAP_Conlroller. In general. the instruction registerofa TAP 
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loads a parallel data path (datu_in) in the state S_CapturejR, which provides the TAP 
with design-specific infonnation generated in the host component.2.~ In this example, 
Dummy_data = 3'bOOl is passed through the port data..Jn. 

module ASIC_with_TAP #(parameter size = 4)( 

): 

output [size -1: 0] sum, " ASIC interface 110 
output c_out, 
Input ]size -1: 0] a, b, 
input c_in, 
output TOO, II TAP interface signals 
Input TDI, TMS, TCK 

parameter BSR_size = 14; 

IR_size = 3; parameter 
wire [BSR_size -1: 01 BSC_Interface; II Declarations for bound-

wi", 

wire 
wire 

ary scan register 110 
reset bar, II TAP controller outputs 
selectiR. enableTDO, 
shiftlR, clocklR, updatelR, 
shiftOR, clockDR, update DR; 

test mode, select BR; 
TOR_out; - II Test data 

register serial 
dalapath 

wire [IR_size -1: 0] Dummy-data = 3'b001; II Captured in 

wire 
wire 

wire 

wIre 

[IR_size -1: 0] instruction; 
S_Capture_IR 

IItnstruction 
register 

/I Boundary scan 
register 

II Bypass register 

allllign TOO = enableTDO? selectlR? IR_sean_out: TOR_out: 1'bz; 
assign TOR_out = selecCSR ? SR_scan_out: BSR_scan_out; 

ASIC MO( 
.sum (BSC_lnterface [13: 10J), 
,c_out (SSC_lnterface [g]), 
.a (SSC_lnterface [8: 51), 
.b (SSC_lnterface [4: 1]), 
.c_in (BSC_lnterface {O])); 

lYJ'he lTAG standard requires that the ce lls of the two least signifICant bits of the instruction register shall 
load the pattern 2'bOl in the state S_Ctlprur~JR . The remaining bits have fixed (0 or 1) but application· 
dependentva]ucs. 
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Bypass_Register M1( 
.scan_out (BR_sean_oul), 
.scan_in (TOt), 
.shiftDR (shift_BRI, 
.clockOR (clock_SR» ; 

Boundary_Sean_Register M2( 
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.data_out ({sum, c_out, eSC_ Interface [8: 5], eSC_ Interface [4: 1), 
SSC_ lnterface (OJ)), 

.data_ in ({SSC_ lnterface [13: 10j. eSC_ Interface (9j. e, b, c_in}), 

.scan out (BSR scan out). 
scan=in (TOI). - -
.shiftDR(shiftDR) . 
. mode (test_mode), 
.clockDR (crock_ BSC_Reg), 
.updateDR (update_SSC_Reg» : 

Instruction_ Register M3 ( 
.data_out (instruction), 
.dataJn (Dummy-dala), 
.scan_out (lR_sean_out), 
.scan_ in (TOI), 
,shiftIR(shiflIR), 
.clocklR (ciockIR), 
.updatelR (updateIR), 
reset_bar (reset_ bar» ; 

Instruction_Decoder M4 ( 
.mode (test_ mode), 
.select BR (select BRI, 
.shift_BR (shift_ BR), 
.clock_BR (clock_BRl, 
.shift_BSC_ Reg (shift_BSC_Reg), 
.clock_BSC_ Reg (clock_BSC_Reg), 
.update_BSC_Reg (update_SSC_Reg), 
.instruction (Instruction), 
.shiftDR(shiftDR), 
.clockOR (clockOR), 
.updateOR (updateOR)): 

TAP_Controller M5 ( 
.resel_bar(reset_bar) . 
. selectlR (selectlR), 
.shiftIR(shift IR), 
.clocklR (ciockIR), 
.updatelR (updaleIR), 
.shiftOR (shiftOR), 
.clockOR (clockDR), 
.updateOR (updateOR), 
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.enableTDO (enableTDO), 

.TMS (TMS), 

.TCK (TCK)): 

endmodule 

module ASIC #(parameter size:: 4) ( 
output [size ·1 : 0) 
output c_out, 
input (size ·1 : OJ a , b, 
input c_in 

); 

assign {c_out. sum) '" a + b + c_in: 
endmodule 

module Bypass_Register ( 
output reg scan_out, 
input scan_in, shiftDR, clockDR 

); 

always@(posedge clockDR)scan_out <= scanJ n & shiftDR; 
endmodule 

module Instruction_Decoder #(parameler IR_size:: 3) ( 
output reg mode, select_BR, clock_SR, clock_SSC_Reg, 

update_SSC_Reg, 
output shift_SR, shift_SSC_Reg, 
input [IR_size ·1 : 0) instruction, 
input shiftOR, clockOR, updateOR 

); 

'" 

parameter SYPASS 
parameter EXTEST 

= 3'blll; 
'" 3'bOOO: 
'" 3'bOl0; 
= 3'b011; 

II Required by 1149.1a 
II Required by 1149.1a 

parameter SAMPLE_PRELOAD 
parameter INTEST 
parameter RUNSIST 
parameter IOCOOE 

= 3'b100; 
= 3'b101 : 

.sslgn shift SR '"' shiftOR: 

.sslgn shift=aSC_Re9 = shiftOR; 

always@ (instruction, clockOR, updateOR) begin 
mode = 0; selecCSR = 0; II default is test-data re9ister 
dodl_SR = 1; cIock_SSC_Reg '" 1: 
update_SSC_Reg " 0; 

case (instruction) 
EXTEST: 

INTEST: 

begin mode'" 1; clock_SSC_Reg = clockOR; 
update_SSC_Reg = updateOR; end 
begin mode = 1; dock_SSC_Reg = clockOR; 
updatB_SSC_Reg = updaleOR; end 
begin clock_SSC_Reg = clockOR; 



816 

RUNBIST: 
IOCOOE: 
BYPASS: 
default: 

endcas. 
end 

endmodule 
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update_BSC_Reg '" updateDR; end 
begin end 
begin select.:...BR '" 1; clock_BR = clockDR; end 
begin select_BR = 1; clock_BR = clockDR; end 
begin select_BR = 1; end 

The structure of the tcslbench (CASIC_with_TAP) used 10 test ASIC_with_TAP 
is shown in Figure It -54.1\vo arrays., Array_of_TAP_In structions and Array_of 
ASIC_ Test_Patlerns , hold patterns for scanning instructions and test patterns into the 
boundary scan register. The test sequence selects a pattern from onc of the registers 
and loads it into Pattern_Register. When the test sequence asserts a load signal the 
pattern held in Pauern_Register is loaded into the register TD'-Reg within 
TDI_GeneratoT. TheTAP controller scans the pattern from TDCReg into the TDI port 

Array_of-TAP Jnslrucrwns 

FIGURE 11-54 Structure o r a testbench for AS1C_wirh311P 
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of the TAP and into Patttern_Buffe,_l. The pattern from theTDO port of the TAP is 
scanned into TDO_Reg within TOO_Monitor, and at the same time the pattern in 
Pattern_Buffer j is scanned inlO Pattern_Buffer...}.. Whe n the scan activity is complete, 
t.he contents of TDO_Reg and Pattern_Buffer...2 arc compared to detect an error. 

The lestbench CAS1C_wi/h_TAP is given belo w, with comments identifying some 
of the functional features that need to be verified. 

module l_ASIC_wlth_TAP 0; 
parameter 
parameter 
parameter 
parameter 
parameter 
parameter 
parameter 
parameter 

wire 
wire 

wire 
wire , .. 
, .. 
wire 
wire 
wire 

[size- I : 0) 
[s ize- I : 0] 

[slze·l : 0) 

(s ize-I : 0) 
[51ze-l : 01 

reg TMS, TCK; 
wire TOI : 
wire TOO; 

size :::: 4; 
8SC_Rag_size::: 14; 
IR_Reg_size " 3; 
N_ASIC_Panems:: 8; 
N_TAP _Instructions'" 8: 

II Testbench 

Pause Time '" 40; 
End_ot_Test = 1500; 
time_1 = 350, tlme_2 '" 550: 

sum; 
sum_fr_ASIC = MO,BSC_lnterface [13: 10]: 

c_oot; 
c_ooUCASIC • MO.BSC_lnterface 19); 
a, b; 
c_in; 
a_to_ASIC = MO.BSC_lnterface [8: 5}; 
b_to_ASIC = MO.BSC_lnterface (4: 1); 
c_in_to_ASIC = MO.BSC_lnterface [0): 

reg load TOI Generator: 
reg Erro;:: st~be: 
integer pattamJltr: 
reg [BSC_Rag_size -1: 0) Array-oCASIC_Tesl_Pattems 

[0: N_ASIC_Pattems -1); 
reg (IR_R8Q_size -1: 0] Array-oCTAP _Instructions 

[0: N_TAP _Instructions -1); 
reg ISSC_Rag_size -1 : OJ Pattern_Register; II Size to ma)(imum 

TDR 
reg enable_bypassJlattem; 

ASIC_wlth_TAP MO (sum, c_out, a, b, cJ n, TOO, TOI , TMS, TCK); 

TOI Generator M1 ( 
.to=TOI (TOI ), 
.scan_pattern (Pattern_Register), 
.Ioad (load_TOI_Generator), 
.enable _bypass J)8ttem (enable_bypass J)8ttern), 
.TCK (TCK»: 
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TDO_ Monitor M3 ( 
.to_TOI (TDI), 
.from TOO (TOO) • 
. strobe (strobe), 
.TCK(TCK»; 

InitIal #End_oCTest Sfinish; 
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Initial begin TCK == 0; forever #5 TCK == -TCK; end 

,.. Summary of a basic t •• t plan for ASIC_with TAP 

Verify default to bypass instruction 
Verify bypass register action : Scan 10 cycles , with pause before exiling 
Verify pull up action on TMS and TOI 
Reset to S_Reset after five assertions of TMS 
Boundary scan in, pause, update, return to S_Run_ ldle 
Boundary scan in, pause, resume scan in, pause, update, return to S_Run_ldle 
Instruction scan In, pause, update, return to S_ Run_ ldle 
Instruction scan in, pause, resume scan in, pause, update, return 10 S_Run_ldle ., 

II TEST PATTERNS 
II External If 0 for normal operation 

initialforit 
II {a, b, c_in} = 9'bO; 

{a, b , c_ in} " 9'b_1010_0101_0; 1/ sum = F, c_out = 0, a = A, b = 5, c_in = 0 
join 

r Option to force error to test fault detection 

Initial begin :Force_Error 
force MO.SSC Interface [13: 10]" 4'bO: 
end -., 
initial begin (J Test sequence: Scan, pause, return to S_ Run_ ldle 

strobe = 0; 
Declare_Array_oCTAP _ Instructions; 
Declare_Array_oC ASIC_Test_ Patterns; 
Wait_ to_enter_S_Reset; 

II Test for power-up and default to BYPASS instruction (all 1s in IR), with default path 
II through the Bypass Register, with SSC register remaining in wakeup state (all x). 
I! ASIC test pattern is scanned serially, entering at TOt, passing through the 

bypass register , 
/I and exiting at TOO. The BSC register and the IR are not changed . 

paUem-ptr = 0; 
Load_ASIC_Test_Pattern; 
Go to S Run Idle; 
Go- to - S - Select DR; 

Go=to=S=Captu;_DR ; 
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Go to S Shift DR; 
e~b';_bypass"Yattem" 1; 
Scan_Ten_Cycles; 
enable_bypassyattem '" 0; 
Go to S Exit1 DR; 
Go=to=S=Pause_DR; 
Pause; 
Go_to_S_Exit2_DR; 
r 
Go_to_S_Shlfl_DR; 
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l oad_ASIC_ Test_Pattem; If option 10 re-Ioad same pattem and scan again 
enable_bypassJ)attem '" 1; 
Scan_Ten_Cydes; 
enable_bypaSSJ)attem : 0; 
Go_to_S_Exit1_0R; 
Go_to_S_Pause_OR; 
Pause; 
Go_to_S_Exll2_DR; 
./ 

Go_to_S_update_DR; 
Go_Io_S_Run_ldle; 

eo. 

If Test to load Instruction register with INTEST Instruction 

initial #time 1 begin 
pattemytr -; 3; 
strobe :0; 
l oad_TAP _Instruction; 
Go to S Run Idle; 
Go-to - S - Select OR; 

Go=to=S=Select=IR: 
Go_to_S_Capture_IR: 
repeat (IR_Reg_slze) Go_to_S_Shift_IR; 

Go 10 S Exit1 IR; 
Go=to=S=PauseJ R; 
Pause; 
Go_to_S_Exit2_IR; 
Go_to_S_Update_IR; 
Go_to_S_Run_ldle: 

eo. 

1/ Load ASIC test paHern 
initial #t lme_2 begin 

pattemy tr " 0: 
Load_ASIC_Test_Pattem; 
Go_to_S_Run_ldle: 
Go to S Select OR; 
Go=to=S=Captu;;'_OR; 
repe.t (BSC_Reg_slze) Go_lo_S_Shift_DR: 

1/ Capture dummy data (3'bOll) 
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GO_lo_S_Exil'_ DR; 
GO_lo_S_ Paus8_ DR: 
Pause: 
Go to S Exit2 DR; 
Go- to - S - Update DR; 

Go=to=S=Run_ld~; 

AdVllnced Dlglta] DesigR with th~ Verilog HDL 

II Capture data and s ca n out while s canning in another pattern 
patternytr '" 2; 
Load ASIC Test Pattern; 
Go to S S;lec1 -DR; 
Go=lo=S=Caplu;_DR; 
strobe = 1; 
repeat (SSG_ Reg_size) Go_lo_S_Shift_DR; 

Go_to_S_Exitl _DR: 

Go to S Pause DR; 
. Go=to=S=Exit2jlR; 
Go_to_S_Update_DR: 
strobe '" 0; 
Go_to_S_Ru"_ ldle; 

eo" 
,. ••• ** .... O* ....... u • • •••••• TAP CONTROLLER TASKS ........ **** ................. / 

tas k Wait to enter S Reset; 
begin -- --

@ (negedgeTCK) TMS'" 1: 

00" 
endtask 

taak Reset_TAP; 
begin 

TMS'" I ; 
repeat (5)@ (negedge TCK); 

eo" 
endtask 

task Pause; 

task Go_to_S_Reset; 
task Go_to_ S_Run_ ldle; 

task Go_to_S_SelecCDR; 
task Go to S Capture OR; 
task Go=to=S=Shift_DR; 
task Go to S Exit1 OR; 
task Go=to=S=Pause_DR; 
task Go_to_S_Exit2_DR; 
task Go_to_S_Update_DR; 

task Go to S Select IR; 
tuk Go=to=S=Captu;:;UR; 

begin 'Pause_Tima; end endtask 

begln@ (negedge TCK)TMS'" 1; end endt.sk 
begin @(negadgeTCK)TMS'" 0; end endt •• k 

begin @(negedge TCK) TMS'" 1; end endtask 
begin @(negedge TCK)TMS '" 0; end endtesk 
begin @ (neg edge TCK) TMS '" 0; end endtask 
begin@(negedgeTCK)TMS'" 1; end endtnk 
begin @(negedgeTCK)TMS=O; end endtnk 
begin @(negedge TCK)TMS = 1; end endt •• k 
begin @ (negedge TCK) TMS '" 1; end endtask 

begin @(negedgeTCK)TMS = 1; end endtask 
begln@(negedgeTCK)TMS = 0; end . ndt.sk 
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task Go_to_S_ShifUR: 
task Go to S Exit1 IR: 
task Go=to=S=Pause_IR: 
task Go_to_S_Exit2_IR: 
task Go_to_S_Update_IR; 
task Scan_ Ten_Cycles; 

begin G (negedge TCK) TMS = 0; end encttask 
begin @(negedge TCK)TMS= 1; end endt .. k 
begin @(negedgeTCK)TMS= 0: end endtask 
begin@ (negedgeTCK)TMS = 1; end endt.sk 
begin @ (negedge TCK) TMS = 1: end endtask 
begin repeat (10) begin @(negedgeTCK) 

TMS = 0: 
@ (po.edge TCK) TMS E 1: end end endtask 

r······ .. ·· .. ·· .. ····· .. ··· .... ASIC TEST PATTERNS ............................... , 
taak Load_ASIC_TesCPattern; 

begin 
Pattern_Register'" Array_oCASIC_TesCPatterns (pattern...,ptr]; 
@(negedgeTCK)load_Tol_Generator=1 ; 
@(negedge TCK)loaeeToLGenerator =O: 

end 
endt.sk 

task oeclare_Array_oCASIC_Te51_Patterns; 
begin 
1153 s2 sl sO_ cO_a3 a2 a1 aO_b3 b2 b1 bO_cJn; 

Array_oCASIC_TesCPalterns [0) '" 14'b0100_1_1010_1010_0; 
ArraLoCASIC_Test_Patterns [1] '" 14'bOOOO_0_OOOO_OOOO_O: 
Array_oCASiC_Test_Patterns [2):: 14'b1111_1_1111_1111_1 : 
Array-oCASIC_Test_Patterns (3]:: 14'b0100_ 1_0101_0101_0; 

end encttask 

r·········· .. ·· .... ·· .. ······ INSTRUCTiON PATTERNS ............................. , 
parametereYPASS:: 3'b111;11 pattem...,ptr :: ° 
parameterEXTEST= 3'bOO1;fI pattem...,Ptr .. 1 
parameterSAMPLE_PRELOAo= 3'b010;1I pattern...,ptr '" 2 
parameterlNTEST= 3'b011;1I pattern...,ptr '" 3 
parameterRUNBIST'" 4'b100;11 pattern...,ptr = 4 
parameterloCOoE; 5'bl01:11 pattern...,ptr '" 5 

taak l oad_TAP _Instruction: 
begin 

Pattern_Register'" Array_oCTAP _Instructions [pattem...,ptr): 
@(negedgeTCK)load_TOLGenerator'" 1; 
@ (negedge TCK) Ioad_ ToL Generator'" 0; 

. nd 
endtask 

task oeclare_Array_oC TAP_Instructions; 
begin 
Array-oCTAP _Instructions [0] BYPASS; 
ArraLoCTAP _Instructions (1] EXTEST: 
ArraLoC TAP_Instructions (2] SAMPLE_PRELOAD; 
Array_oC TAP_Instructions 13] INTEST; 
ArraLoCTAP _Instructions [4] RUNBIST; 
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Array_oCTAP _Inslruclions [51 = IOCODE; 
. nd 
endtask 

endmodule 

module TDLGenerator #(parameter BSC_Reo_size = 14X 
output to TOI , 
input [BSC_Reg_size ·1 : 01 scan-patlem, 

): 
Input load, enable_bypaSSJl8ttem, TCK 

reg [BSC_Reg_size ·1 : OJ TOI_Reg: 
wire enableTOO:: I ASIC with TAP.MO.enable 

TOO: -- -

always @(posedgeTCK)lf (load)TOI_Reg <= scanJl8ttem; 
else if (enableTDO II enable_bypassJl8t1em) 

TDLReg <= TDLReg:>:> 1; 
endmodule 

module TOO_Monilor #(parameter BSC_Reo_size = 14)( 

): 

Input to_TOI , 
input from_TOO, strobe, TCK 

reg [BSC_Reg_size -1: 0] TOI_Reg, Pattern_Buffer_l , 
Pattern_Buffer_2, 

'eo 
parameter 
w ire 

wi re 

wl~ 

Initial 

[lest_width .l : 0] 

[tesLwidth · 1: OJ 

Captured_Pattern, TOO_Reg; 
Error; 
lest width = 5; 
enableToo = I ASIC with TAP.MO.enable 

TOO; - - -

Expected_out '" 
Pattern_Buffer_2 [BSC_Reg_size·1 
: BSC_Reg_size . test_width]: 

ASIC_out " 
TOO_Reg [BSC_Reg_size · 1: 

BSC_Reo_size .tesl_wldth]: 

Error:: 0; 

always @(negedge enableTOO) if (strobe=::1) Error::[(Expected_oul" 
ASIC_out); 

aiways @(posedgeTCK)lf (enableTDO) begin 
Pattem_Buffer_1 <= {to_TOI, Pattern_Butfer_ l [SSC_Reg_slze·l: Ill; 
Pattern_Buffec2 <={Pattern_Buffer_110], Patlern_Buffer_2 [SSC_Rag_size .1: II}: 
TOO_Reg <" {from_TOO, TOO_Reg [BSC_Reg_size · 1: I I}; 

ond 
endmodule 

NOie Ihallhe ASM chart of the TAP controller (see Figure 11·51) has the prop· 
erty thai the value of TMS that causes a transition into a state of the chart is the same 
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for all paths that enter the state. With this observation. we write a set of tcstbcnch 
tasks to specify a sequence of inputs directing the flow along arcs of the ASM chart. 
The test patterns in the testbench conform to the port structure shown in Figure 11-54. 
The patterns demonstrate the flow of data in ASIC_with_TAP and demonstrate that the 
testbcnch detects an error that has been injected into the circuit. Th e instruction 
patterns conform to the instruction code in the model for Instmction_Decoder. The 
test sequences arc generated by TDCGenerator and moni tored by TDO_Monitor, 
and given below. The task Load..ASIC_Telt_Pattern executes a test sequence to select 
and load a scan pattern into the register TDCReg within TDCGenerator. This 
pattern scans out of TDCGeneraror while enableTDO or enoble_bypass-pattern is 
asserted. TDO_Monitor includes a two-stage pipeli ne burter whose input stage 
receives the pattern that is shifted into the AS IC. The first stage holds the pattern thai 
is currently in the boundary scan register of ASIC_with_TAP; the second stage holds 
the previous pattern held by ASIC_with_TAP, and is used to compare the actual 
paltern scanned from ASIC_with_TAP to the expected pattern. Data from the cells of 
the boundary scan register that correspond to the outputs of the ASIC are compared 
with the test pattern data for those ce lls. A mismatch is detected as an error. The 
testbench includes an optional segment of code that injects an error into the bits 
corresponding 10 the sum generated by the adder, and that checks whether an error is 
detected by TDO_Monitor. 

The simulation results shown in Figure II -55 demonstrate that the default 
instruction is the BYPASS instruction. The signals cin, b, a, c_OIlt, and sum are exter­
nal ports of ASIC_with_TA P; c_in_ro....ASIC. b_to....ASlC, and a_IO....AS IC are input 
ports of ASIC, and ,-olltJr ....ASIC and sumy _ASIC are output ports of ASIC. The 
system resides in an unknown state when simulation initiates at time t = O. At the first 
active edge of TCK the state of the machine enters S_Reset (0),26 where it remains 
(Figure 11-55(a» until the sequence of inputs of TMS scans 10 bits of the Pouern_Register 
(1354 H) through the TAP (Figure I t -55(b».27 In the test bench. Pattern..Register holds 
the pattern selected by paUern.../Jtr. The pulse of Load_TDCGenerator loads the pat­
tern into TDCReg (within TDCGenerator). The LSS of TDCReg drives TD I. After 
the machine enters S_ShifcDR (4), 10 cycles of TCK with shiftDR asserted scan ten 
bits of the pattern through the bypass register. Note in Figure 11-55(a) that the state 
transi tions occur on the rising edges of TCK, and that the waveform of TDO is a copy 
of the waveform of TDI delayed by one cycle while enableTDO is asserted. Also note 
that clock_SSC_Reg is fixed (i.e .. the boundary scan register is idle). 

The JTAG specification for the bypass register requires that the output of the reg­
ister be set to logical 0 on the rising edge of TCK following entry into the TAP controller 
stote S_Caplllrc DR. Note in Figure 11 -56(a) that this edge occurs at the transition 
between S_CapturcDR and S_Shift_DR. and that the output of the bypass register is O. 
The output of the register will be the value scanned out of TDO and the next rising edge 
of TCK following assertion of TOO_enable. 

li>seeProblem2taltheendofthischapter. 
llThe data patterns and test sequence intervals have been chosen to i11lliuate the operation of the TAP. 



824 Advanced DigitaJ Design lrith the Verilog HDL 

b[3:0] 

.. [3:0] 

s"m(3:{}j 

c.Jn_IO....ASICI~~~~~~~~~~~~~~~ bJQ_ASIQ3:0] 

Q_lo..../tS1Q3:0j 

c_oUlJr..fiSIC 

, .mJ,-"SIQ3,O] 

~"'-'"la------rr---------­
TCK 

TMS~ Jl 

Sl<U~[3:01IiGoill:rr==!::;:=a:::~6::nr::::==Il ==:q 
............. Scanning (State: 4. S-.5hift_DR) 

c1ock_8SC_Rtg 

UPdaII!JJSC_Reg!~;~~~~s;~~~~~~~ BSC_SccucRegister[13:0 ] 

BSCOulput.fiegisluf.i3:O] 

Scanning!hebypaurcgislcr 

shiftDRFa-------P 

"~::,: ~UU~ 

,,,,_moM ,- No=" moo. TDO is TDI delayed by onccycJc 

"'m--"R/ ___ - ,/rf---- ----
TD'~ 

I!nabII!TD0P-----------l u-l 
TDO~ 

(.j 

FIGURE 11-55 Simulation results - scanning a paucrn through the bypass register of ASIC_",itl,-TAP 
after power-up: (a) the pattern scans through the chip with a delay of one clock cycle and (b) control 

signals,TAPrcgisters, andlestbencbregistcrs. 
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nGURE 11-55 Continued 

The scan ning process does not affect the values of the signals at the ports of 
ASIC clockBR is aCI.ive fo r one cycle in state S_CapwreJJR (3) and for 10 cycles in 
state S_ShiftJJR (4). selectBR connects the bypass register to TDI and TDO. 
BSC_ScarcRegister and BSC_ou.tpu.c.Register hold 14 'Hx because they have not yet 
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"" 
b[3:0] 

a[3:0] 

sum{3:0] 

rtse/J>or 

TCK_ 

TMSf--rt------n--- -.n 

TDO lSlJUl. 

(,) 

tlGURE 11·56 Simulation results -luading !he instruction lNTEST in!o !he instruclion registe r 
(3) mableTDO is asserted only while scanning (otherwise TDO is in !he high· impedance slale), 

and (b) the instruc!ion INTEST is loaded, then 3 data pattern is reloaded and scanned out of 
the TDCGmuator and into ASIC_with_TA P. via TD! 
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Sean.ra: 

Error 

(b) 

FIGURE U-S6 Continued 

received data. reset_bar is asserted (active-low) and resets the 3-bit instruction register 
to hold all Is (the BYPASS instruction) in state S_R eset (0). The subsequent bits of 
TDO replicate the waveform of TDI. 

The simulation resulls in Figure 11 -57(a) show the BYPASS i n~t ruction being 
shifted out of the TAP and the instruction INTEST being loaded into the TAP while 
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flGURE 11-57 Simulation resuh§: (a) ailer scanning the test pallem 1354 11 into the capture/scan 

register, the boundary scan output register is loaded, and lest inputs are applied to ASIC 
and (b) the outputs of ASIC are captured and scanned out through TDO, and shifted inlo 

TDO_RcS fOToomparison 1"ilh Pallern_BuJfn J (see Figure 11.66). 



.,. 
the machine is in the state 5_Shi!cl R (11), with shiftlR and enableTDO asserted. The 
testbench loads Pattern_Register with INTEST, then asserts load_TDCGenerator to 
load TD/_Reg with INTEST. In state S_Shift...JR(II) the instruction scans into 
IR_SCAN_Register (Figure II -S7(b» while BYPASS scans out ofthe register through 

120 ")0), 
slUlq3:Oj 4 

Error 

(b) 

FIGURE 11-57 Conlinucd 
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TDO. When the state of the TAP controller enters S_UpdatejR, the instruction 
INTEST is loaded into IR_OutpuC Register. The waveforms in Figure 11 -S7(b) also 
show the testbench reloading Pattern_Register with 1354 11 , transferring the pattern to 
TDI_Reg, and scanning the pattern into the BSC_Sean_Register while the state 
resides in S_SlIiftJR.Also note that the three-state behavior of TDD conforms to the 
JTAG standard. 

With IR_OutpuCRegister holding the instruction INTEST, the pattern (1354/i) 
that was loaded into BSC_Sean_Register in Figure 11 ·56(b) is transferred to 
BSC_Update_Register in Figure 11 -57(a) for execution of an internal test of ASIC. 
Notc that the values at Ci'Uo_ASIC,b_to_ASIC,and a_fo_ASIC change 10 the values 
specified by the applied test pattern, and that c_oUlJr_ASIC and sumJr_ASIC are 
produced by the adder within ASTC.2~ A second test pattern (3fffH) is loaded into 
TDIJeg (see Figure Il -57(b)) and shifted into BSC_Scan_Registerwhile the results of 
the previous test pattern are scanned out. 

The test process is completed in Figure 11-58. The new test pattern is loaded into 
BSC_Outpuc Reg;ster (see Figure II-58(a)),and Expected_out is compared to ASIC_ow 
in Figure ll-58(b). The patterns match, and Error remains de-asserted.29 

11.8.8 Design Example: Built-In Self-Test 

Built-in self-test (B1ST) logic allows an ASIC to test itselL BlST circuitry is used when 
it is not practical or possible to test an ASIC with an external tester. Some circuits must 
be tested in the field each time the host system is restarted; others must be tested as 
part of a board environment. For example, computers and other sequential machines 
use BIST to test block RAMs on power-up. 

A simple architecture for a machine with BlST hardware is shown in Figure 11-59. 
In nonnal mode, the unit under test (UUT) is driven by external (primary) inputs, but in 
test mode, patterns are generated by built-in circuitry and applied to the circuit. The 
response of the circuit is monitored by additional hardware and compared to an expected 
response to the input pattern. A difference between the expected and actual response 
patterns indicates the presence of an internal fault. A controller (state machine) governs 
the overall process of applying patterns and observing the response of the machine. 

The pattern generator for BIST can be implemented by storing stimulus patterns 
in memory and retrieving them during test mode, but that approach requires a relatively 
large amount of memory compared to other alternatives. We will consider an alternative 
using a linear feedback shift register (LFSR)30 as a pseudo-random pattern generator 
(PRPG), and a multiple-input signature register (MISR) to monitor patterns. LFSRs 
are used as PRPGs because they require a small amount of hardware to generate a 
large set of patterns. 

~e adder implemented in this example hasO delay. 
~e testbench includes an example in whieh a fault is injecled inlo ASIC and detected by an applicd test 
patte rn . 
'~'Scc Chaptcr5 
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1104 1224 1344 I 

sfa/e(3:O] 4 

enOble;:~~'-----------------
TDOI"~J"L _____________ _ 

Error 

(b, 

flGURE 11-58 Continued 

The coefficients of an n-bit autonomous LFSR can be chosen to produce a 
pseudo-random sequence of n-bit patterns that repeats after 2/1 - 1 steps (i.e., the 
sequence of patterns is cyclic). This method for generating patterns is attractive 
because the hardware required to generate the sequence of patterns is significantly less 
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flGUR£ 11-59 Architecture for a BIST machine. 

Primary 
outputS 

833 

Ihan the hardware that would be required to store the same patterns in memory. 
LFSRs that have an irreducible and primitive characteristic polynomial produce a 
sequence of patterns having maximum length (16J. 

Tho types of LFSRs are shown in Figure 11-60. A Type I LFSR augments an 
ordinary shift register with "external" exclusive-or gates. This type of LFSR can use the 
same register for ordinary operation. The Type-I shift register in Figure 11-60(a) is 
tapped to feed cell outputs back to the first (left most) cell in the chain. The Type II struc­
ture shown in Figure 11-60(b) has exclusive-or gates in the shift register path at locations 
wherc the tap coefficients have the value 1. Both structurcs generate maximum-lcngth 
pseudorandom binary sequences, depending on the tap coefficients. 

Type II LFSRs are preferred in testing because their patterns are more random 
(i.e., less correlated) than those produced by the Type I machine [4]. Shift register tap 
coefficients that generate maximal-length pseudorandom binary sequences are given 
in Table 11-11. Note that the lap coefficients of the two types of LFSRs are labeled in 
ascending order in opposite directions in Figure 11-60. 

The response of a BIST-driven circuit can be compared to its expected response 
to detennine whether the circuit is operating correctly. Instead of storing the patterns 
of the expected responses, a MISR compresses the patterns generated by the circuit to 
form a signature [6]. The signature of a correctly operating circuit is stored for compar­
ison to the actual response. Thus, the MISR circuit and the signature eliminate the need 
to monitor and compare the responses of the individual test patterns. The MISR in 
Figure 11-61 is driven by the response vectors of the circuit. The state Yof the circuit 
after a pattern has been applied is the circuit's signature. 

The machine ASIC_with_BIST shows how an ASIC can be combined with addi­
tional hardware for built-in self-test. For simplicity, the ASIC will be modeled as a 4-bit 
adder with carries in and out. Figure 11-62 shows the architecture of ASIC_with_BIST, 
including ports for the adder's datapaths, a signal tescmode, which controls whether 
ASIC_with_BIST is operating in test mode or in normal mode, and a signal reset that 
drives an internal state machine to a reset state. The signal done asserts for one cycle of 
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'b) 

FIGURE 11-60 Linear feedback shift registers: (a) Type I (external xor gates) and (b) Type II 
(internalxorgates) 

clock to indicate that the BIST test sequence is complete; error indicates that the sig­
nature produced by Response-Analyur does not match the expected stored signature 
for the sequence of test vectors generated by the BIST circuit. 

The model of ASIC_with_BIST includes Verilog modules ASIC, Pattern_Generator, 
ResponscAna1yzer,and BlST_ControCUnit. The BIST implementation does not modify 
ASIC. the circuit that is to be tested by the BIST hardware. Pauern_Generaror is a cus­
tomized LFSR, with the parameter size, specifying the size of the datapaths of the adder in 
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R(1) 

TABLE 11 -11 Tap coefficients for maximum-length pseudo-random binary 
Kqucncegeneraton. 

I. 
II 

12 

101 ClC, 
1001 C. C! 

1_0010 C, Cz 
10_0001 C,C! 

100_0100 C1C.1 
IOOIUIIO C1C,Cj C1 

U lOOILlooo C9 C. 
103,(XIO_OIOO C!oCj 

l00_(XXXU10l0 C ll C: 
IOO(UlOIO_IOOI C' l C6 C. C, 

U)(XXU)()()(U IOI CUc,cl e , 
14 10_0010_001o_0001 C,.ClO C6C, 
IS IOIUXMXUlOOO_oool C, ~ C , 

16 1000_1000_0000_0101 C!6C12 C) C , 
J2 lIX)(UlOO(UXllO_OOOO_OOOO_OOOO_OOOO_OOII Cll Cn C2C, 

Rl21 R(N - 1I RIN] 

flG URE Ll-61 Mulliple-input linear feedback shift register (M1SR). 

835 

ASIC; Length, specifying the length of the shift register; and initiaCrtate, specifying the 
state that results when an external reset is asserted, The maximum-length LFSR in 
Pattern_Generator wiU generate stimulus patterns, and a MISR in Response_Analyzer will 
generate a signature. At the end of the test sequence, BIST_ControCUnit will compare 
the signature and the stored pattern and assert an error signal if they do not match. The 
multiplexer and the three-state output buffer in Figure 11-62 are modeled by Verilog 
continuous-assignment statements in ASIC_withJJIST. 



836 Advanced Digital Design with the Verilog HDL 

clock 

FIGURE 11-62 Architecture for AS1C_wilh_BIST 

Th e ASM chart in Figure 11-63 describes the state-machine controller for 
ASIC~wilh_BIST. The signals clock, reset, and tescmode are driven by the host 
environment. The BIST circuit includes a counter, which determines the length of 
the test sequence. The state remains in S_tesl wh ile patterns are applied and then 
transitions to SJompare, where the signature produced by ResponscAnolyzer is 
compared to storedyattem. If the patterns match, the state transitions to S_done 
and asserts the Moore-type output done for onc clock cycle before returning to 
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flGURE 11-63 ASM chart for the controlle r o f ASIC wirhJJIST. 

S_idle. If the patterns do nOI ma tch, the state transitions to S_error, where il remains 
until reset is asserted. 

module ASIC_with_BI ST #(parameter size'" 4){ 
output (size -1: 0] sum, II ASIC interface 1/0 
output c_out, 
Input (size -1: 0] a. b, 
Input c_in! 
output d0fl8 , error, 
Input test_mode, clocl<, reset 

): 
wire 
wire 
wire 
wire 
wire 
wi", 

[size-1 : 01 

(slze-1: 0] 

[5iz8 -1: 0] 

ASIC sum; 
ASIC- c out; 
LFSR-=.; LFSR_b; 
LFSR c in; 
mwU;. ~ux_b; 
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wire enable; 
wire (1 : size +1 ) signature; 
••• ign (sum, c_out) : (tesCmode)? 'bz : (ASIC_sum, ASIC_c_out); 
assign (mux_a, mwe_b, mux_c_in): (enable := O)? (a, b, c_in) : 

(LFSR_a, LFSR_b. LFSR_c_in): 
ASIC MO ( 

,sum (ASIC_sum), 
.c_out (ASIC_c_out), 
.a (mux_a), 
.b (mux_b), 
.c_in (mux_c_in»; 

Pattem_Generator M1 ( 
.a (LFSR_a), 

); 

.b (LFSR_b), 

.c_in (LFSR_c_in), 

.enable (enable), 

.clock (clock), 

.reset(reset) 

Response_Analyzer M2 ( 
.MISR Y (signature), 
.R_in ({ASIC_sum, AStC_c_out}), 
.enable (enable), 
.clock(clocJo;), 
.reset (reset»; 

BIST_ConlroL Unit M3 (done, error, enable, signature, test_mode, dock, reset): 
endmodule 

modute AStC #(paramatar size == 4X 
output (size ·1: 0) sum, 
output c_out, 
Input [size · 1: 0) a, b, 
Input c_in 

); 
assign (c_out, sum): a + b + c_in; 

endmodule 

module Response_Analyzer #(perameter size: 5)( 

); 

Input (1 : size) R_in, 
Input enable, clock, reset 

always @ (po.edge clock) 
If (reset == 0) MISR_ Y <~ 0; 
eo. 

andmodula 
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module Pattern_Generator #(parameter size " 4, Length: 9)( 

I: 

output [size -1: 0) a, b, 
output c_'n, 
input enable, clock, reset 

reg [1 : Length) LFSR~Y; 
parameter 11 : Length) initial_state'" 9'b1_1111_1111: 
parameter ILength: 1) Tap_Coefficient '" 9'b1_0000_1000; 
integer k: 
assign a '" lFSR_ Y[2: size + 1); 
assign b :: lFSR_ Y[size + 2: Length]: 
assIgn c_in" LFSR_YI1): 
always @ (posedge clock) 

If (reset .. :: 1'bO) LFSR_ Y <= initiaL state; 
et. e H (enable) begin 
for (k = 2; k <: Length; k= k+ 1) 

lFSR_Ylk) <a Tap_Coefficientllength -k +1] 
? lFSR_Ylk -1]" LFSR_YILength] : LFSR_Y[k . 1): 

LFSR_Y[1J <:: LFSR_ YILength]; 
end 

endmodule 

module BIST_ControCUnit #( parameter sig_slze '" 5, c_size '" 10, size = 3, 
c_max = 510)( 

I: 

output reg done, error, enable, 
Input (1 : si9_size) Signature, 
input tesUnode, cIocI<, reset 

parameter storedyattem '" 5'h1a; /I signature if fault-free 
parameter S_ldle: 0, 

S_test: 1, 
S compare = 2, 
S=done '" 3, 
S_error = 4: 

reg (size -1: 0] state, next_state; 
reg [c_size -1 : 0] count; 
wire match : (signature :: storedJ)8ttem); 

always @ (posedge clock) If (reset == 0) count <: 0; 
el.e If (count :o:- c_max) count <= 0; 
el.e If (enable) count <:: count + 1; 

alway.@(po .. dgeclock) if (reset ::: 0) state <:: S_idle; 
els. state <:II: next_state: 

always@ (state, tesUnode , count, match) begin 
done : O; 
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error = 0 ; 
enable = 0; 
nexCstate :: S_error; 
case (state) 

SJdle: If (test_mode) next_state" S_tesl: el •• neld_state = S_idle; 
begin enable = 1: if (count == c_max .1) next_state = S_compare; 

el • • next state:: S test; end 
S_compare: If (match) ne)(Cs~te = S_done: 

el •• next_state:: S_error: 
S_done: begin done = 1; next_stale:: S_idle: end 
S_error: begin done = 1; error = 1; end 

endcase 
eod 

endmodule 

The teslbench for ASIC_with_B1ST executes the following tests: (1) power-up 
reset, (2) reset on-the-fly, (3) three-state action of sum and c_out and selection of the 
input datapath when tescmode is asserted, (4) initiation of activity in the LFSR 
pattern generator and the MI SR when enable is asserted by BIST_ControCUnit, and 
(5) detection of an injected fault at an input pin of ASIC. 

module t_ASIC_with_BIST #(parameter size'" 4, End_oCTest '" 11000); 
wire (size -1: OI l/ ASIC interface I/O 
wire c_oul; 
reg c_in; 
wire done, error. 
reg test_mode, clock, reset; 
reg EITO(_"ag" 1; 

ASIC_with_BIST MO (sum, c_out, a, b, c_ln, done, error, tesl_mode, clock, reset); 

Initial begin Error_flag" 0; forever @ (negedge clock) if ( MO.error) 
Error_flag'" 1; end 

Initial #End_oC Tesl $finlsh ; 
Initial begin clock" 0; forever #5 clock '" -clock; end 
/I Declare external inputs 
initialfor1!: 
a" 4'h5; 
b=4'hA; 

~~"c~in "'1 ; 
join 

II Test power-up reset and launch of test mode 
Initial fork 

#2 reset " 0; 



#10 reset = 1: 
#30 test_mode :: 0; 
#6Otesl_mode= I ; 

join 
II Test action of reset on-the-fty 

Initial fot1t 
#150 reset = 0; 
#160 test_mode = 0; 

join 

/I Generate signature of fault-free circuit 
Initial fork 

#180 test_mode" 1: 
#200 reset'" 1: 

join 
If Test for an injected fault 

Inttlalfork 
#5350 rel ... e MO.mulI_b [2} : 
#5360 force MO.mux_b[O] = 0; 
#5360 begin reset = 0; test_mode '" 1; end 
#5370 reset'" 1: 

join 
endmodule 
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The simulat ion results in Figure 11-64 demonstrate that power-up reset drives 
the state of the B IST_ColllroCUnit to S_idle (0), and resets the state of th e LFSR to 
Hfll _ When tesunode is asserted the state transitions to 5_test (1), whe re enable is 
asse rted. The assertion of enable connects the datapath from the LFSR (see mux_o. 
mlLlch. and mux_cin) to the ports of ASIC and drives the output datapath (see 
sum and COul) of ASIC_with_BIST into the high-im pedance state. With enable 
asserted, the LFSR generates patterns driving the internal datapath for ASIC_sum 
and AS1C_c_out, and the MISR within Response_Analyzer begins to generate pre­
liminary signatures. A second asse rtion of re.fet demonstrates that the machin e 
reselS on-thc-ny. 

The simulation results in Figure 11-65 demonstrate that the signature of the 
fault -free circuit matches the stored pattern. After 510 clock cycles the state enters 
S_compare (2). detects a match, and then enters S_done (3) for one cycle, before 
returning to S_idle. The testbench includes Error....flag to detect an error when multi­
ple test sequences arc applied to detect injected faults. The simulation results in 
Figu re 11-66 were generated after a fault was injected at an input of ASIC. They 
demonstrate that t.he machine detects tbe mismatch between the stored pattern of the 
fault -free machine and the signa lUre produced by tbe MISR when the machine has 
the injected fault. 
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Name 80 120 160 

signtlllu·t [1:5[ 00 'O"m[9'OJ~~~~~~~ 
sfortd_ pattun [4:0! 

done 
mmchftl-_________________ _ 

FIGURE U-64 Simulation results showing (1) power-up reset. (2) reset "n-the-fly, (3) three-slate 
action of sum and C_ OUl and sclel::lion of the input datap3thswhen re sl.fl1ode is asserted. 

and (4) initialion of activity in the LFSR and the MISR when leSIJHode is asserted 
in ASIC wit1c BfST 



5255 5305 

,,'" '------f 
dOCk~ 

1~51Jtfodl! 

'[3'OJ~~ b[3:0) 

c_in 

sl<mp:O) 

,,/"""h 

'_[9"J~~~~1~2 ~ signoWrt'[l:5] 10 06 Id 1a 00 If 

s/OIl'd..,p(Jrttrn[4:0] la 

d~ 

mmch 

ErrorJlagl-_______ ___ _____ _ 

FIGURE 11-65 Simulation results showing match between the stored pattern and the signature 
of the fault-free circuil in ASIC_w;thJ11ST. 
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FIGURE 11.66 Simulation results ~howing detection of an injected fau lt in A S IC_",ith_BIST, 
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PROBLEMS 

1. The gates in Figure Pl l- l are annotated with (min:max) delay ranges for riSing 
and railing output transitions.. Develop a DAG for the circuit, and enumerate 
the delay ranges of the paths through the circuit for rising and falling transi tions 
of the outputs.. 

2. Using a static timing analyzer. determine the maximum clock frequency at 
which a synthesized implem~ntation of ALU_machine_4_bit can operate with­
out a timing violation (see Problem 7 in Chapter 8).e 

3. Using a static timing aoalyrer, determine the maximum clock frequency at 
which a synthesized implementation of UART_Transmiuer.....Arch can operate 
without a timing violation (see Chapter 7). 
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'"_0-------- ----, 

(2:3 , 3:4) 

)0----- -----Om_l 

(4:5,6:7) 

tlGURE PII ·I 

4. Using a static timing analyzer, determine the m3lCimum clock frequency at 
which a synthesized implementation of UA RT _8_Receiver can operate wi thout 
a liming violation (see Chapler 7). 

5. Gated clocks can be problematic in ASICs and FPGAs. Compare the circuits 
shown in Figure Pll ·S, which can be used to generale a clock pulse when a 
binary counter reaches a specified count. 

6. Conduct a slatic timing analysis of a 4-bit ripple-carry adder and a 4·bil carry 
look-ahead adder. The adders a rc to be implemented using cells from a CMOS 
standard·~ 11 library (include the source code for the models of the adders). 
U S! in the table below the cells that are used in your design, along with their 
propagation delays (indicate the physical units). 
a. Using a static timing analyzer (e.g., Synopsys PrimeTIme) 

i. Create a timing analysis report and a distribut ion of the path lengt hs of 
the ripple carry adder. Find the longest path. identify it below, and indi­
eate ilS delay. 

Longest palh begins 011:_ 
Longest path ends at:_ 
Delay of the longest pat.h_ ns 

ii. find the shortest pat.h. identify it below, and indicate its delay. 

Shortest path begins al:_ 
Shortest path ends at:_ 
Pathdelay:_ns 

iii. Create a timing analysis report and a distribution of the path lengths of 
the carry look-ahead adder. Find the longest path. identify il below, and 
indicate its delay. 

Longest path begins al:_ 
Longest path ends at:_ 
Delay of the longest path_ ns 

iv. find the shortest path. identify it below, and indicate its delay. 

Shortest path begins al:_ 
Shortest path ends al:_ 
Palhdelay:_ ns 
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TABlEP I1-6 

c .. _ _0010, ............ .,..., ,-, .. ....., 

b. Using cell a rea datB, compare the areas of the two implementations. 

Area (ripple earry)_ 
Area (look.ahead)_ 
Provide data showing how the a rea was ealculated. 
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c. Develop a testbench for the designs. and identify below input pattems that 
will exercise the longest and shortest paths. and the delays that are 
observed in simulation wilh these patterns. Provide waveforms of the 
results (annotate th.e results to show the delay). 

Patte rn for longest path:_ 
Delay observed in s imulation:_ 
Pattern for shortest path:_ 
Delay observed in simulalion:_ 
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d. For 16-bit ripple carry (RCA) and carry look-ahead (eLA) adders 
implemented in 4-bit slices. find the shortest clock cycle under which 
data can be fetched from a register, added, and then stored in a register 
(see Figure 1\ -7), using the flip-flops of the ee l! library. (Nole: The regis­
ters aTC not part of the adder). Provide annotated simulation results 
showing the above delays. 

Shortest clock cycle:RCA:_ 
Shortest clock cyde:CLA:_ 

e. Discuss tbe significant differences between the adders. 

7. Find a minimum set of test patterns that will cover all of the s-a-O and s-a-J 

faults in the gate-level mode l of a full adder circuit shown in Figure PII -7. 
8. The circuit in Figure PII -S was developed in Example 2.34. where the redun­

dant logic of the AND gate driving f2 was added to the circuit to cover a 
hazard. Determine whether th e: s·a·O fault on the: input to the: AND gate is 
detectable. 

FlGUREPll.' 

C 
F..,,5lalic A~ F_dynamic 

C_lalt 
8 Fl 

$-a-O F2 

FlGURE Pll-8 
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9. Develop tests for the faults G4 s-a.f) and G4s-a-1 in Figure PII -7. 

10. Ve rify that AS1C_wilh_TAP (see Section 11.8.7) is synthesizable. Check for 
latches in the ne llist of the synthesized circuit. 

II. What feature of Ihe ITAG TAP controller (see Figure II -51) enables the 
machine to enter S_Reset at the first active edge of the clock following 
power-up. in the absence of the optional active-low external asynchronous 
reset nTRST? 

12. The model for ASIC_with_TA P (see Section 11.8.7) generates gated clocks in 
Instruction_Decoder. Develop, verify, and synthesize ASIC_with_TA P _NGe, a 
model tbat does not bave gated clocks.. 

13. The model for ASIC_with_TAP (see Section 11.8.7) has parameters in several 
modules. Consequently, each module must be edited to resize the design. Using 
the de/porallJ construct to dcfin e all of the parameters of ASIC_with_TAP, 
develop and include an annotat ion module in the testbench t...ASIC_with_TAP 
to paramete rize the design. 

14. The model ASIC_with_TAP (see Seetion 11.10.6) includes pull-up devices for 
TMS, TDI, and nTRST. Dcvelop a testbench 10 vcrify that the models conform 
to the JTAG speCification that e(at TMS. TDI. or IITRSn shall be identical to 
the application of a logic 1. 

IS. The state of the JTAG TAP contro lle r enters S_Rcut on power-up and remains 
the re uOlil TMS is asserted low. Using the ASM chart in Figure 11.63,explain 
how the host system is protected from a glitch on TMS (i.e .. TMS inadvertently 
changes to 0 for one clock cycle befo re returning 10 I). 

16. Develop A LU_4_bit_withJTAG, a lTAG-enhanced version of ALU_4_bit 
(see Tablc PS.7a in Chapte r 8 for'a functional specification of ALU_4...bit), and 
a testbench,I...ftLU_4_bi,-wilh..JTAG having scan patterns that exhaustively 
verify the functionality of the opcode A_andJJ and tests for any s-a-O or s-a-I 
fault that can be detected at the output. Include in Ihe testbench a tesl demon­
strating that a fault injected al an output pin of ALV_4_bit wilJ be detected. 

17. Explain why the state S_Exitl_DR is needed in the ASM charI of the TAP 
controller. 

18. Develop a model for Board_witll_Four...ASICS. a module that contains four 
copies of ASIC_witll_TAP (see Section 11.10.6) connected in a ring configura­
tion (see Figure 1 1-62). The ASICs are to be connected to form a 16-bit ripple 
carry adder with the port structure (sum/H:OJ, Cow, a/I5:0/. b/15:0J. cin). 
Develop a lestbench, ,-Board_with_Four ..ASICS, and lesl sequences tha t ( I) 
bypass all four chips, (2) bypass all but Ihe chip producing the most significanl 
bit-slice of the board's output.(3) test the interconnect between the ASICs pro­
ducing the least significant 8 bits o f the machine, (4) teSls the ASIC producing 
sumf7:4J for inte rnal faul ts (use gate-level models for tbe bit-slice adders). 
U5ing the/or« ..• n/~tUe construct. the testbcncb is to inject faults as needed 
to demonstrate tha t faults a re detected. 

19. Repeat Problem 11 · 17, but with the copies of ASIC_with _TAP connected in a 
star configuration. 
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20. The Type I and Type II LFSRs shown in Figure 11-60 do not enter the state 
Y = 0, because they could !lot exit from that state. Explain how the modified 
Type T LFSR shown in Figure Pll -20 enters and leaves the stale Y = 0000. 

FlGUREPll-2G 



APPENDIX A Verilog Primitives 

Verilog has a set of 26 primitives for modeling the functionality of combinational and 
switch-level logic. The output terminals of an instantiated primitive are listed first in its 
primitive terminal list. The input terminals are listed last. The buf and '101 primitives ordi· 
narily have a single input, but may have multiple scalar outputs. The other primitives may 
have multiple scalar inputs, but have only one output. In the case of the three-state primi­
tives (buflfJ. buflftJ, nOlI/I , nOliftJ, tranifJ, IraniftJ. rtranl/l . rtranifl) . the control input 
is the last input in the terminal list. When a vector of primitives is instantiated the ports 
may be vectors. If the inputs and outputs or a primitive are vectors. the output vector is 
fanned on a bitwise basis from the input's vector. 

Primitives may be instantiated with propagation delay. and may have strength 
assigned to their output net(s}. Their input-output functionality in Verilo~'s four-valued 
logic system is defined by the foUowing truth tables, where the symbol L represents 0 or 
Z, and the symbol H represents 1 or z. These additional symbols accommodate simula­
tion results in which a signal can have a value of 0 or z, or a value of 1 or z. respectively. 

A.I Multiinput Combinational Logic Gates 
The truth tables of VeriJog's combinational logic gates are shown ror two inputs, but 
the gates may be instantiated with an arbitrary number of scalar inputs-

fiGU R E A-I Thlth table for bit ..... ii\e·and gate (and) . Terminal order: ""I, in_I, inJ 
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.... 0 

flG URE 1\·2 Truth table for bitwise-nand ga te (nand). Terminal order: 01"" in I, in 2 

FIGUR E "'.J Truth table for bitwisc-or gate (or). Terminal orde r: ou~ in_I, in...} 

flG UR E 1\·4 Truth table for bi twise-nor gate (nor). Tenninal order: OUI, in J, in...} 
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flG URE A-S Truth fable for bifwise exclusive-.or gate ("'01'). Terminal order: ow. mJ. m....2 

FIGURE A.(i Truth table for bilwlSC exclusive·Nor gate (mor). Terminal order: OUl, inJ, in..J 

A.2 Multioutput Combinational Gates 

t"lG UKE A-' Truth table for bitwise buffer (bu/) . Terminal order:ouCl. QUI..J. . QUcN. in 
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FlG UREA-8 Truth table for bitwi:<e inven er ("01). Thrminal order:o,,(J. 0"1....2 • .. • o"tfi. ;11 

A.3 Three-State Logic Gates 

.""" 0 

I
!· 0 " I 
~ , , , 

FIGURE 1\-9 Truth table for three·slale buffer (bufifO) with ac tive- low enable. Terminal 
order:out. in. clrl 

control 

1''''''' 0 I , , 

1111 

, 0 l- I-, I H H , , , , , , , , 

nGURE A-lO Truth table for three-lla te buffer (buf ifJ ). Terminal order: OUI. in, clrl 
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control 

1
00"'0 0 1 , , 

Ir 
1 , II II 
0 , L l. , , , , 
, , , , 

FIGURE A-ll Truth table for three-sta te inverter (noriftJ) with active- low enable. 
Terminal order:ou/,in, c/r/ 

i.~O"' 
control 

l1Ioli/l 0 1 , , 

~I ~ 
, 1 II II , 0 L L , , , , , , , , 

FIGURE A·12 Tru th table for three-state inv.:rte r ( florl/l ). Terminal order:ou/, in, cui 

A.4 MOS Transistor Switches 
The c:mos, rc:mos, nmos, rnmos, pmos, and rpmos gates may be accompanied by a delay 
specification with one, two, or three values. A single value specifies the rising. fa lling. 
and turn-off delay (i.e., to the z state) of the output. A pair of values specifies the rising 
and fa lling delays, and the smaller of the two values detennines the delay of transitions 
to x and z. A triple of values specifies the rising, falling, and turn-off delay. and the 
smaJlest of the three values detennines the transition to x . Delays of transitions to L 
and H are the same as the delay of a transition to X.I 

IScC Cilc lli MD. Modding Synthesis and Rapid Prutotyping with the Veri/og HDL (Prentice_Hall, Upper 
Saddle Rive r. NJ: ]999) for a discussion of the rules governing the strength of nets driven by switch-level 
primitives. 



Advanced Dipal DesJp .nth the VerUol HDL 

c,,/ 

...L 
ill.SL... o"l 

~trOI 

_M 0 

I~ 
HiZ 5<0 S,L S,L 
HiZ sn S,H S<H 
HiZ SO< S<X S,X 
HiZ HiZ 

FIGURE A·13 nmos p3.S1 transistor switch (IImoJ). Terminal order: OUI, ill , ,1, 1 

,,,i 
-.l 

,·IIJL. OUI 

control 

p~N 

I ~ 
S'O S,L S,L 
sn HiZ S<" S," 
SO< HiZ S.x S.x 

HiZ HiZ HiZ 

f1GURE A·I" pmos pass tralui, tor switcb (plllo.l) . Tenninal order: OUI, ill, Cf,/ 
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-- - - - - - - - - - - - - - - ----

input 

StO HiZ 

HiZ HiZ 

SIL StH StX HiZ 

StL StX HiZ 

SlO 

S'O 

S,O 

SIC 

S'C 

S,C 

S<o 

S,C 

SIC 

su 
S<1 

SlH 

S,H 

S<1 

S,H 

SlH 

HiZ 

StX HiZ 

HiZ 

S<X HiZ 

S<X 

HiZ 
----- - - - ----

s<x HiZ 

SIX 

S<X HiZ 

F1GURE A-Hi CMOS transmiss ion gate (cmos). Terminal order: output, input, "_.:n .. bl", PJn .. bl" 

857 
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errl 

~ 
in...JL. Ollt 

control 

HiZ PuL PuL 
HiZ PuH PuH 
HiZ PuX PUX 
HiZ HiZ HiZ HiZ 

fiGURE "-16 High-resistance nmoa pus transistor switch ("",,01). Terminal order: 0 111, i/t, e,,1 

~ 
in...JL. 01I1 

contrQI 

.... M 0 

I~ "'" "'L 
"" HiZ "'H "'H 

HiZ PuX PuX 
HiZ HiZ BiZ 

FIGURE A-17 High-resistiUlCe pmos pus transistor $Witch (pmN). Terminal order. out, in, CfT/ 
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~ l control mput 

PUO Pul 

HiZ HiZ HiZ 

PuH PUX HiZ 

HiZ 

PuO PuX HiZ 

,,"0 

""0 
""0 

""0 

""' 
"" 

HiZ 

""X 
PUX HiZ 

HiZ 

PUX HiZ 

HiZ 

PuL PuH PUX HiZ 

PuO Pul PuX 

PuL PuH HiZ 

PuH PUX HiZ 

HiZ 

FIGURE A-l8 High-rcsistance cmos transmis.sion gatc (rcmos). Thrminal ordcr:output, 
input,n_enllble,p_tnable 

os. 
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A.5 MOS Pull-UplPull-Down Gates 
The pull-up (pullup ) and pull-down (pulldown ) gates place a constant value of 1 or 0 
with strength pull, respectively. on their output. This value is fixed for the duration of 
simulation, so no deJay values may be specified for these gales. The default strength of 
these gates is pull. Note: The pulldow" and pullup gates are not to be confused with triO 
and trll nets. The latter arc nets that provide connectivity, and may have multiple 
drivers; the former are functional elements in the design. The triO and tri l nets may 
have multiple drivers. The net driven by a pullup or pulldown gate may also have mul­
tiple drivers. Verilog'spullup andpulldown primitives can be used to model pull-up and 
pull-down devices in e lect rostatic-discharge circuitry tied to unused inputs on flip-flops. 

n GUK£A·l'il Pull· updevicc. Tcnninal order: 0 11' 

FIGURE A·20 Pull-down deviee. Terminal order. Oill 

A_6 MOS Bidirectional Switches 
Verilog includes six predefined bidirectional switch primitives: Iran, rlran, franiftJ, 
rfranljfJ, tranifI . and rlranJfl . Bidirectional switches provide a layer of buffering on 
bidirectional signal paths between circuits. A signal passing through a bidirectional 
switch is not delayed (i.e., output transitions follow input transitions without delay). 

Note: The fran and rtran primitives model bidirectional pass gates, and may not 
have a delay specification. These bidirectional switches pass signals without delay. The 
rtraniftJ, rtranifI. rranifl . and rtranifl switches are accompanied by a delay specification. 
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which specifies the turn-on and turn-off delays of the switch; the signal passing through 
the switch has no delay. A single value specifies both delays, a pair of values (tum-on, 
turn-off) specifies both delays, with the turn-on being the first item and tum-off being 
the second item. The default delay is O. 

FIGURE A·2t Bidireetional swiech (trall).Terminal order: in_oull. in 01.112 

FlGURE A_22 Resi~[ive bidirectional ,switch (rfflUI). Terminal order: in 01.111, in_oUl2 

FlGURE A·23 Three·state bidirectional switch ( IraniftJ). Terminal order: ill_OUll, in3 'uI2. elfl 

FlGURE A·~ Resiseive three-state bidirectional switch (rfflUIlfti). Terminal order: in 01.111. in_Qull, clrl 

FlGURE A-:M Three-state bidirectional switch ('rtUlifl). Tenninal order: in_Qurl. in_QUl2. elri 

FlGURE A·26 Resistive three-state bidirectional switch ("ranI/I ). Terminal order: in Qull, in_ouI2, elrl 





APPENDIX B Verilog Keywords 

Verilog keywords in Verilog 1364 (1995,2001, and 2005) are predefmcd, lower-case, 
nonescaped identifiers that dcfine the language constructs. An identifier may not be a key­
word, and an escaped identifier is not treated as a keyword. In this text, Verilog keywords 
are printed in boldface. 

always endfunction instance puliO 
,nd cndgenerate integer pull 1 
assign endmodule join pulldown 
automatic endprimitive large pull up 
begin endspecify liblisl pulseslylc_onevent 
bur cndtable I.ibrary pulsestyle_ondetecl 
bu fi fO endlask localparam rcmos 
bufi fl event macromodule real 

ro' medium realtime 
force module .. g 

cascz forever nand release 
cell fork negedge repeat 
cmos function mmos 
config generate rpmos 
deassign genvar noshowcancelled rtTan 
default highzO not rtranifO 
defparam highz1 notifO rtranin 
design ;r notin scalared 
disable ifnone 0' showcancelled 
edge incc..li r output signed 
else include parameter small 
ond initial pmos specify 
endcase inout posedge specparam 
endconfig input primitive strongO 
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strongl 
supplyO 
supp\yl 
table 
task 
time 

tranifO 
tranifl 
Iri 
triO 
tTil 
triand 
trior 
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trireg 
unsigned 
use 
uwire 
vectored 
wait 
wand 

weakO 
weak! 
while 
wire 



APPENDIXC Verilog Data Types 

Verilog has two families of fixed data types: nets and registers. Nets establish structural 
connectivity. Registers store info nnation. 

C.I Nets 
The family of net data types isdescribcd in Table C I. 

TABLE C 1 Data types in Ve rilog 

NelTypa 

We Establisha connectivity. with DO logical behavior o r functionalily implied. 

b'I Establishes connectivity. with no logical behavi.o:r o r functionality implied. 1lIi~ type 
o f net has the same functionali ty as win. bul is iden tified distinctively to indicJlte that 
it will be three·sta tedin hardwlll"e . 

..aDd A net that is connected to the output of mUlt iple primi tiveL It models the hllrdware 
implementa tion of a wired ·AND. e.g.. open collector technology. 

A net that is connected to the output o f mul tiple primitiveL It modeLs the hardware 
implementation ora wired-OR.e.g..emiuercoupkd logic. 

trIa.d A net that is connected to the output o f mult iple primi tivC$. i t (l'I(I(!,els the hardwlln: 
implementation o( I wired-AND. e.g.. open collector techn<>logy. The physical net is 
tobethree·stated. 

A net that is connected to the o utput of mul tip le primitive!>. It models the hardware 
implementat ion o ( a wired-OR. e.g .. emitter coupLed logic. The physicill ne t is to be 
three-stated . 

• upplyO Agloblll ne t tha t il connccted to the circuit around . 

... pIy' A global ne t that is connected to the power supply. 

trMI A net tna l isconnectcd 10 ground by II TC5istivepuU-down conneclion. 

trO A net thaI is connected 10 lhe power supply by I Te$iSlive pull-up conneetion. 

btrea A net that models Ihe charge stored on a physical nel. 
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At time l . im = 0, nets that are driven by a primitive, module,or continuous assign­
ment have a value determined by their drivers, which defaults to the (ambiguous) logic 
value, x. The simulator assigns the default logic value z (high impedance) to all nets 
that are not driven. These initial assigned values remain until Ihey arc changed by 
subsequent events during simulation. 

C.2 Register Variables 
Register variables are assigned values by procedural statements within an always or 
Initial block. Register variables hold their value unli l an assignment statement changes 
them. The following are predefined register types: "8. ;nteg~r, "ai, "a/rime, and time. 

C.2.! Data Type: reg 

The data type reg is an abstraction of a hardware storage e lement, but it does not corre­
spond directly to physical memory. A "8 variable has a default initial value of x. The 
default size of a register variable is a single bit. Verilag operators create a reg variable as 
an unsigned value. A register variable may be assigned value only by a procedural state­
ment, a user-defined sequential primitive,a task,or a function. A reg variable may never 
be the output of a predefined primitive gate, an input or inou. port of a module, or the 
target of a continuous assignment. 

C.2.2 Data Type: integer 

The data type integer supports numeric computation in procedural statements. Inte­
gers are represented internally to the word length of the host machine (at ieaSl32 bits). 
A negative integer is stored in 2s complement form at. A intqer variable has a default 
initial value of O. 

Verilog operators operate on integers with 2s complement arithmetic, with the 
(most significant bit) indicating the sign of the value. For example, the negative integer 
- 410 is stored as 1111_1111_ 1111_1111_1111 _1111_1111 _ 1100. When the size of a 
number assigned to an integer is less tban the length of the word used by the machine to 
store an integer, the: number is padded with Os to the left. The number assigned to an 
integer variable must have a decimal equivalent (i.e .. x and, are not allowed). Because 
integers have a fixed word size. they may not be declared to have a range specification. 
Some examples of valid declarations of integers and arrays of integers are shown below: 

Example 

integer A1, K, Slze_oCMemory; 
integer Array-oUnts 11:100); 

End of Example 
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An integer will be interpreted as a signed value in 2s complement form if it is 
assigned a value without a base specifier (e.g., A = - 24). If the value assigned has a 
specified base, the integer is interpreted as an unsigned value. For example, if A is an 
integer, the result of A = - 1213 is - 4; the result of A = -'dl 213 is 1431655761. Both 
words evaluate to the same bit pattern , but the former is interpreted as a negative 
value in 2s complement. 

C.2.3 Data Type: real 

Variables having type real are stored in double precision, typically a 64-bit value. A 
nal variable has a default initial vaJue of 0.0. Real variables can be specified in decimal 
and exponential notation. An object of type real may not be connected to a port of a 
module or to a terminal of a primitive. Verilog includes two system tasks that convert 
data types to permit real data transfer across a port boundary in a hierarchical struc­
ture: $reallobits and $bitstoreal. The language reference manual (LRM) describes lim­
itations on the usc of operators with real operands. 

C.2.4 Data Type: realtime 

Variables having type reallime are stored in real number fonnat. A reallime variable 
has a default initial value of 0.0. 

C.2.S Data Type: time 

The data type lime supports time-related computations within procedural code in Ver­
ilog models. lime variables are stored as unsigned 64-bit quantities. A variable of type 
time may not be used in a module port, nor may it be an input or output of a primitive. 
A time variable has a default value of O. 

C.2.6 Common Error: Undeclared Register Variables 

Verilog has no mechanism fo r han dling undeclared register variables. An identifier 
that has not been declared is assumed to reference a net of the default type (e.g., win). 
A procedural assignment to an undeclared variable will cause a compiler error. 

c.z.7 Addressing Nets and Register Variables 

The most significant bit of a part-select of a net or register is always the leftmost array 
index; the least significant bit is the rightmost array index. A constant or variable expres­
sion can be the index of a part-select. If the index of a part-select is out of bounds the 
value x is returned by a reference to the variable. 



... Advanced Digit.1 OesigJI with the Veri~1 HDL 

Example 

If an 8·bit word veccword has a stored value of decimal 4, then veccwordf2/ has a 
value of 1; vecc word/3:0J has a value of 4; veccword{5:1] has value 2; i.e., 
vecLword{7:0J = OOO(L Ol OO2• and vt!cLword[5:I} = O_OOl \h. 

End of Example 

C.2.8 Common Error. Passing Variables through Ports 
Table C-2 summarizes the rules that apply to nets and registers that 8re port objects 
in a Vcrilog module. For example, a register variable may nOI be declared to be an 
inout port. 

TABLE C-2 Rules ro r !XI f ! modcswilh ne ts and register$. 

""'Modo 

I ViNbleType input I output I inoul 

I Nel Variable I I 
I RegilteJ Van.ble No I Ya I No 

A variable that is declared as an input port of a module is implicitly a net variable 
within the scope of the modu le, but a variable that is declared to be an output port may 
be a net or a register variable. A variable declared to be an input port of a module may 
not be declared to be a register variable. An inout port of a module may not be a regis­
ter type. A register variable may not be placed in an output port of a primitive gate, and 
may not be the target (LHS) of a continuous assignment statement. 

C.2.9 Arrays 
A one-dimension array with elements of type reg is called a memory, and represents an 
array of words. This construct is an extension of the declaration of a register variable to 
provide a memory, i.e., multiple addressable cells of the same word size. An example of 
the syntax for a memory of register variables is shown below. Bit-select and part-select 
are not valid with a memory. Reference may be made to only a wo rd of a memory. The 
MSB of a part-select is the leftmost array index; the LSB is the rightmost. If an index is 
out of bounds the result is the logic value x. A constant expression may be used for the 
LSB and the MSB in a declaration of an array. 
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Example 

The code fragment below shows ho w the syntax for declaring a reg memory variable 
simplifies to the form: ~g word_size arraYJlame memorYJi1.e for an array of 1024 
32-bit words: 

End of Example 

worl 11izc TOe70ry name mer IJZe 

reg (31:0) C8Che.ftl&lOOlY IO: 1023); 

Multi-dimensional arrays of elements a re formed by appending one or more 
address ranges to a declaration providing the type, size, and name of an object. 

Example 

reg 115 : 0) data 10 : 1271[0: 127); 

End of Example 

Verilog 1995 allows a part-select of contiguous bits from a vector if the range indices 
of the part select are constant. Verilog 2001, 2005 provide two additional part-select 
operators to provide a indexed variable pa rt-select of fi xed width, +: and -:. having 
the syntax [<starcbit> +: <width>] and (<starcbit> -: <width>], respectively. The 
parameter width specifies the size of the part select, and starc bit specifies the right­
most or the leftmost bit in the vector from which the part-select is taken, depending 
on whether the selection will be made by incrementing (+) or decrementing (-) the 
index of the bits of the vector. 

C.2.10 Scope of a Variable 

The scope of a variable is the module. task, function, or named procedural 
(begin . . . end) block in which it is declared. In Figure C-I a ne t at the input port of 
child_module can be driven by a net or register in the enclosing parent_module, and a 
net or a register at the output port o f child_module can drive a net in parenc modu!e. 

C.2.n Strings 
Verilog does not have a distinct dats type fo r strings. Instead, a string must be stored 
within a properl y sized register by a procedural assignment statement. A properly 
sized reg (array) has 8 bits of storage for each character of the string thai it is to hold. 
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/AClual 

NET 

"GURE Col Scope of net~ and registers. 

Example 

A declaration of a reg, string_holder, that will accommodate a string with numJhar 
characters is given below. 

reg [8"num_char-l : 0] string_holder; 

End of Example 

The declaration in the example implies that 8 bits will encode each of Ihe 
numJhar characters. If the string "Hello World" is assigned 10 string_holder, il is nee· 
essary that numJhar be at least 11 to ensure that a minimum of 88 bits are reserved. If 
an assignment to an array consists of less characters than the array will accommodate, 
Os arc automatically filled in the unused positions, beginning at the position of the 
MSB (i.e., the leftmost position). 

C.3 Constants 
A constant in Verilog is declared with the keyword parameter, which declares and 
assigns value to the constant. The value of a constant may not be changed during 
simulation. Constant expressions may be used in the declaration of the value of a 
constant. 
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Example 

parameter high_index = 31; 
pllrameter width :: 32, depth '" 1024; 
parameter byte_size = 8, byte_max := byte_size- I; 
parameter a_real_value:: 6.22; 
pllrameter av_delay :: (min_delay + ma,c delay)l2; 
parameter initiaLstate = 8'blOOl_OI \0; 

End of Example 

C.4 Referencing Arrays of Nets or Regs 

'71 

!! integer 
II integers 
If integer 
If rea l 
If rcal 
II reg 

A net or a register is referenced by its identifier. A reference to a vector object can 
include a bit-se lect (i.e .. a single bit, or element) or part-select consisting of a range of 
contiguous bits enclosed by square brackets (e.g., (7:0)). An expression can be the 
index of a part-select. If a declared vector identifi er has an ascending (descending) 
order from its LSB to its MSB, a referenced pari-select of that identifier must have the 
same ascending (descending) order from its LSB to its MSB, 





APPENDIXD Verilog Operators 

The built-in operators of the Veri log HDL manipulate the various types of data imple­
mented in the language to produce values on nets and registers. Some of the operators 
are used within expressions on the righthand side of continuous-assignment statements 
and procedural statements; others arc used in Boolean expressions in conditional state­
ments or with conditional operators. Verilog 2001, 2005 implements the classes of opera­
tors listed in Table 0 · 1. The meaning of Vcrilog's operators is fixed; there is no provision 
for "overloading" an operator. The interpretation of the operators and operands is auto· 
matic and transparent to the user. The arithmetic supporting these operators is fully 
implemented in Verilog for scalar and vector nets and regs, for 2 complement arithmetic 
modulo 2", where n is the length of the operand word. 

D.1 Arithmetic Operators 
Arithmetic operators create a numeric value by operating on a pair of operands repre· 
senting numeric values expressed in binary, decimal, octal, or hexadecimal form. The 
ari thmetic operators supported by Verilog are identified in Table 0·2. 

When arithmetic operations aTe performed on vectors (nct and registers) the 
result is determined by modulo 2" arithmetic, where n is the size of the vector. The bit 

TABLE 0 -1 ArgumcnU and results prod~d by Ventog 
operators. 

o,erMor A ........ . .... 
Arithmetic: Pair of operands Binary word 
Bitwise Pair of operands Binary word 
Reduction Single operand Bit 
Logical Pair of operands Boolean value 
Relational Pair o f operands Boolean value 
Shift Single operand Binary word 
Conditional Three operands Expression 
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TABLE 0 -2 Veri log arilhmclic opera tors 
and $ymbols. 

Symbol 0pen10l' 

Muhiplication 
Division 
Exponentiation 
Modulus 

pattern that is stored ill a register is interpreted as an unsigned value. A negative value 
is stored in 25 complement format. but it is interpreted as an unsigned quantity when 
it is used in an expression. For example, if - 1 is stored in a 2-bit register, its value, 
after its 2s complement is formed, is 1]2 = 3d_ On the other hand, if - 1 is stored in a 
3-bit register its value 111 2 = 7,j. 

Example 

The simulation results shown below illustrate the modulo Zn arithmetic operations of 
addition, subtraction, and negation. 

Csim 

15 

module arith1 0: 
reg [3:0J A, B; 
wire (4:01 sum, diff1 , diff2 , neg; 
assign sum'" A + B: 
allsign diff1 = A - B; 
assign diff2 : B - A; 
assign neg = -A; 

initial 
begin 

liSA = S; B =2; 
Sdisplay (" t_sim A B A+B A-B B-A -A"); 
Smonitor (Stime; %d %d %d %d %d %d", A, B, sum, diff1 , diff2, neg); 
1110 Smonitorotf; 
Smonltor (Stlme,,"%b %b %b %b %b %b", A, B, sum, diff1, diff2, neg); 

.od 
endmodule 

A 

0101 

B 
2 
0010 

A + B A - B 

7 
00111 000 11 

B-A 
29 
11101 

- A 
27 

11011 

Note that A + B and A - B have values that are expected. But B - A does nol 
ret urn the decimal equivalent of 2 - 5 = - 3. The actual value of B - A is obtained 
by adding the 2s complement of A (110112) to the value of B (000102), using the word 
length of the result. Verilog descriptions involving operations on nets and registers 
must anticipate modulo 2n ari thmetic, or implement an arithmetic scheme, such as 
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signed magnitude arithmetic. Note that the value of B - A is the 2s complement of the 
correct result, but without the correct sign. The presence of 1 in the MS8 indicates that 
the result is to be interpreted as a negative value expressed in 2s complement fonnat. 

End of Example 

D.2 Bitwise Operators 
The bitwise negation operator negates the individual bits of a word. The other bitwise 
operators produce a binary word result by operating bitwise on a pair of operands. The 
operands may be scalar or vector. Table D-3 lists the Veri log bitwise operators. 

Example 

TABLE D-3 Verilog bitwise operators. 

SylIlbol 

& 

! 

Operator 

Bitwise negat ion 
Bitwise and 
Bitwise inclUl;iveor 
Bitwise exclusive or 
Bitwise exclusive nor 

If yl is the binary word 101 1_0001 and y2 is the binary word 0010_1001, then the 
bitwise operation y l & y2 produces the result: 0010_0001. A 1 is produced in a given 
position of the result if a 1 is present at that position in both of the operands. 

End of Example 

D.3 Reduction Operators 
Reduction operators are unary operators. They create a single-bit value by operating 
on a single data word. Table D-4 lists the Verilog reduction operators. 

TABLE 0-4 Verilog reduction operators. s,..... Operator 

Reduction and 
Reduction nand 
Reduction or 
Reduction nor 
Reduction exclusive or 
Reductionxnor 
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Example 

If y is the eight-bit binary word 1011_0001 , the " reduction and" operation on y pro­
duces: &y "" O. The reduction and opera tion takes the "and " of the bils in Ihe operand. 
II returns a 1 if all of bits in the operand are 1. 

End of Example 

Example 

Examples of the reduction operator are given below. 

E qU'ession 
&(0101 01) 
1(010101) 

&(010 x 10) 
I (010 x 10) 

End of Example 

Result 

D.4 Logical Operators 

Operator 
Reduction And 
Reduction O r 

Reduction A nd 
Reduction Or 

The Verilog logical operators operate o n Boolean operands as logical connectives to 
create a Boolean result. The operand may be a net, a register, or an expression that is 
evaluated to produce a Boolean result. This famil y of operators is listed in Table D-5. 
Logical operators are commonly used with the conditional assignment operator and in 
conditional (if) statements within behaviors, functions, or tasks. 

TAB LE D-S Veriloi togical operalon.. s,..... 
&& 

II 

Logicalncgalion 
Logical and 
Logical or 
Logicalequatily 
Logical inequality 
Case equality 
CaseinequalilY 



VerilOI Operators 877 

Example 

Examples using logical operators are given below: 

a. if ((a < size - t ) && (b! : c) &&(index! : last-one ) . 
b. if (! inword) . . 
c. ir(inword ::O) . . 

End of Example 

The case equality operators (e.g., :==) are used to determine whether two words 
match identically on a bit-by-bit basis, including bits that have values x or z. The logical 
equality operator (:=) is less restrictive - it is used to test whether two words are iden­
tical, but it produces an x result when the test is ambiguous. The comparison is made bit 
by bit, and Os are filled in as necessary. The result of the test is 1 if the comparison is true, 
and ° if the comparison is false. If the operands are nets or registers. their values are 
treated as unsigned words. If any bit is unknown, the relation is unknown, and the result 
that is returned is ambiguous (x value). If the operands are integers or reals, they may be 
signed values, but they arc compared as though they are unsigned. 

The appropriate use of the logical OR and the logical AND operators is as con­
nectives in a logical expression. Verilog is loosely typed, so the logical operators can be 
used inappropriately. For example A &:& B will return a Boolean scalar result. If A and 
Bare scalars. the result will be the same asohlained using A &: B.llA andB are vectors, 
A && B returns Boolean true if both words are positive integers. A &: B returns true if 
the word formed from the bitwise operation is a positive integer. For example, suppose 
A ::= 3'bllO and B = 3'bllx. Then A && B = 0, which has a Boolean value of false , 
because B is false. On the other hand, A & B = 110, which has a Boolean value of true. 

D.S Relational Operators 
The Verilog relationaJ operators compare operands and produce a Boolean (true or 
false) result. If the operands are nets or registers, their values are treated as unsigned 
words.. If any bit is unknown, tbe relation is unknown, and the result that is returned is 
ambiguous (x value). If the operands are integers or reals, they may be signed. Thble D-6 
lists the Verilog relational operators. 

TABLE 0 -6 Verilo relationa l operators. 

Sym ... I 
Less than or equal 10 I 
G reater than 
Grealer lhan or equal 10 
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D.6 Shift Operators 
Vcrilog logical shift operators (Verilog 1364-1995,2001,2005) shift the bits o f a single 
operand left or right by a specified number of position. filling in with zeros the positions 
that arC! vacated by the shift. Verilog arithmetic shift operators (Verilog 1364-2001,2005) 
shift the bits of a single ope rand left or right by a specified number of positions. If the 
shift is to the right, the vacated bils are replaced by the MSB of the word; if the shift is 
to the left, the vacated bits arc replaced by O. 

Note: the effect of the left arithmetic shift is identical to Ihal of the le ft logical 
shift. Table 0 .7 identifies the shift operators. 

TAB LE 0 7 Vcrilog , hirE operaton.. 

Example 

Symbol Operator 

Ldtlogical shift 
» RighllogkaL shifl 
«< Left arithmetic shir, 

Righl ari lhmelic $hifl 

If wardA bas the bit pauem IOIl _OOll, lhestatementsA "" A « 1 aodA «< I cre­
ate the bit pattern A :::: 0 110_0110. The statement A "" A » 2 creates the bit pattern 
A = 0010_1100. The statement A = A »> 3 creatcs lhe pattern A = 111 1_01 10. 

End of Example 

D.7 Conditional Operator 
The Verilog conditional assignment operator selects an expression for evaluation, based 
on the value of conditionaLexpression. The conditional assignment operator has the syn­
tax: conditionaLexpressjon ? trucexpressjon .' /alse_expression. lf contiitionaCexpression 
evaluates to Boolean true, then true_expression is evalu8ted;otherwise,fa/scexpression 
is evaluated. 

Example 

The statement below assigns the value of A to Y if A "" 8 ; otherwise, it assigns the 
value of B. 

Y "" (A == B )? A:B; 

End of Example 
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Example 

The followin~ Verilog statement uses the conditional operator to assign value to bus_a. 

wire 115:0] bus_a'" drive_bus_a? data : 16'bz; 

The effect of the assignment is summarized below: 

drive_blls_o'" 1 sets data on bllsJ) 
drive_bus_o '" 0 sets bus_o to high impedance 
drive_blls_o = x sets xon blls_a 

End of Example 

The conditional operator can be nested to any depth. 
The conditional operator can also be used to control the activity flow of the proce­

dural statements within a Verilog behavior. The following rules determine the value that 
results from an assignment using the conditional operator:(l) logic value t is not allowed 
in the conditionaCexpression, (2) Os are automatically filled if the operands have differ­
ent lengths, (3) if the condirionaCexpression is ambiguous, then both rrue3xpression and 
faise3 xpression are evaluated and the result is calculated on a bitwise basis according to 
TableD-B. 

Note that the truth table assigns 0 (1) to the expression when both true_expression 
and false_expression have the va1ue 0 (1). In these cases the result of the evaluation does 
not depend on conditionaLexpression. One restriction that applies to the use of the con­
catenation operator is that no operand may be an unsized constant. 

TABLE D-8 Truth table for the 
condilional assigruncnt opemtor 

tt1llCuprasl(M 

D.S Concatenation Operator 
The concatenation operator forms a single word from two or more operands. This 
operator is particularly useful in forming logical busses. The concatenation result fol­
lows the same order in which the words are given. The concatenation operator nests to 
any depth and repetition. 
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Example 

a. If the operand A is the bit pattern 1011 and the operand B is the bit pattern 0001, 
then {A , B } is the bit pattern lO11~OOO1. 

b. {4{a)) ~ {a,a, a,a) 
c. {OOl1, {{Ol}, {lO}}} ~ 00lL01lO. 

End of Example 

D.9 Expressions and Operands 
Verilog expressions combine operands with the language's operators to produce a 
resultant value. A Verilog operand may be composed of nets, registers, constants, num­
bers, bit-select of a nct , bit-select of a register, part-select of a net, part-select of a regis­
ter, memory e lement. a function call, or a concatenation of any of these. The result of 
an expression may be used to determine an assignment to a net or register variable or 
to choose among alternatives. The value of an expression is determined by performing 
the indicated operations on its operands. An expression may consist of a single identi­
fi er (operand), or some combination of operands and operators that conforms to the 
a llowed syntax of the language. The evaluation of an expression always produces a 
value that is represented by one or more bits. 

Example 

Some examples of expressions are given below: 
a. assign THJS_SIG = A_SIG " B_SIG; 
b. assign y_out = (select) ? input_a : input_b; 

End of Example 

D.lO Operator Precedence 
Verilog evaluates expressions from left to right, and the evaluation of a Boolean 
expression is termin ated as soon as the expression is determined to be true or fa lse. 
The precedence of Veri log operators within an expression is given in Table 0-9. The 
operators in the same row have the same precedence, and the rows are ordered from 
top to bottom. 

The result produced by a compiler may not correspond to th e intent expressed in 
an expression. As a precaution, use parentheses to eliminate ambiguity in expressions. 
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TABLE 0-9 Verilog operators and their precedence 

Openltol' S,.-. 
+ ! -(unary) 

+ - (binary) 

&& 
II 

Sign,complement 

Exponentiation 

Multiplication, Division, Modulus 

Addition,Subtraction 

Rclational 

Logical 

Conditional 

0.11 Arithmetic with Signed Data Types 

88' 

Highest 

Lowes1 

Verilog-1995 is limited to signed arithmetic on 32-bit integers.. The reg and net data types 
are unsigned, and expressions are evaluated as signed arithmetic only if every operand is 
a signed variable (i.e. has type ;",~,,), The data types of the variables in an expression, 
not the operators, determine whether signed or unsigned arithmetic is peIformed. Verilog-
2001,2005 use the reserved keyword slg"ed to declared that a reg or a net type variable is 
signed, and supports signed arithmetic on vectors of any size. not just 32-bit values. 

Example: Arithmetic with Signed Variables 

Figure 0 ·1 declares signed variables in Verilog 2001 and illustrates the results stored 
from arithmetic operations in Verilog 1995,2001 , and 2005. 

'Integer 
reg [63: OJ v: 

VeriloalOO1,lOO5 

integer 
regelgned [63: OJ v: 

I/valuestOfed I... I/value stored 
m" 12; /I 0000_ ... _0000_1100 m" 12; II 0000_ ... _0000_1100 
n=-4; 1/1 111 _ ... _1111_1100 n = -4; 111111_ ... _1111_1100 
v=8; II 0000_ ... _0000_'000 v=8; II 0000_ ... _0000_'000 

m=m fn; II result:-3 m= mIn; II result:-3 

v=vfn;lIresult:O v=vln; f/ result:-2 

FIGURE D-l Arithmetic Wi1h signed dala types. 

Example End: Arithmetic with Signed Variables 
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D.ll Signed Literal Integers 
Verilog-1995 represents literal integers in three ways: a number (e.g., - 10). an unsized 
radix-specified number (e.g., 'hA),and a sized radix-specified number (e.g., 64'hF). If a 
radix is specified the number is interpreted as an unsigned value; if a radix is omitted, 
the number is interpreted as a signed value. In Vcrilog 2001, a sized literal integer can 
be declared as signed. The symbol s is pre-appended to the base specifjer to specify that 
a sized or unsized literal integer is signed. 

Example: Declaration of Signed Variables and Literals 

The statements below illustrate the declaration of a signed variables and the results of 
arithmetic with signed variables and literals. 

"0 signed [63: 0] v; 

v:: 12: 

v =v/-64'd2; 
v =v/-64'sd2; 

{I Signed variable 

II Literal integer 

II Stored asO 
II Stored as-8 

Example End: Declaration of Signed Variables and Literals 

0 .13 System Functions for Sign Conversion 
Verilog 2001 provides two new system functions for converting values to signed or 
unsigned values. The function $signed returns a signed value from the value passed in. 
The function $unsigned returns an unsigned value from the value pass in. The functions 
are useful because an expression returns a signed value if and only if all of its operands 
are signed variables. Sign conversion e liminates the need to declare and assigned value 
to additional variables to circumvent the restrictions ofVerilog-I995. 

Example: Arithmetic with Sign Conversion Functions 

In the statements below the function $signed returns a signed value from its argument, 
slIm_diff. with the result apparent in the value stored for siglled_sum_diff. 

integar v; 
reg [63: 0] sum_diff; 

v:: -16; 
sum_diff:: 48; 
sum diff ::sum difflv; 
sign~_sum_diff = 'signed (sum_diff)/v; 

II RetumsO 
II Retums-3 

Example End: Arithmetic with Sign Conversion Functions 
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2.1.1 Assignment Width Extension 
Verilog- I995 has two rules for extending the bils of a word when the expression on the 
RHS side of an assignment statement has a smaller width than the expression on the 
LHS. If the expression on the RHS is signed, the sign-bit determines the extension to fill 
the LHS. If the expression on the RHS is unsigned (i.e. "g. lime, and all net types), its 
e xtension is formed by filling with O. This can lead 10 inappropriate extensions whe n the 
LHS exceeds 32 bits. 

Verilog-2001 has a more elaborate set of ru les for extending the width of a word 
beyond 32-bits. as summarized in Figure 0 -2. These rules differ from those fo r Veri log-
1995, so a mode l th at adhered to the rules of Vcrilog- J 995 will not work he same as a 
model e mploying the rules o rVcrilog-2001. 

Enended ~alue 

Left-most bit of UD$igned Signed 
RHS RHS RHS 

upreuion expression u prusion 

FIGURE D-2 Width extension in Verilog200I, 2005. 





APPENDIXE Verilog Language 
Formal Syntax 

The syntax of the Verilog language conforms to the following Backus-Naur Form 
(BNF) of formal syntax notation. 

1. White space may be used to separate lexical tokens. 

2. Name :: = starts off the defini tion of a syntax construction item. Sometimes Name 
contains embedded underscores ( _ ). Also, the symbol: := may be found on the 
next line. 

3. The vertical bar, I, introduces an alternative syntax definition, unless it appears in 
bold. 

4. Name in bold text is used to denote reserved keywords, operators, and punctua­
tion marks required in the syntax . 

5. [item] is an optional item that may appear once or not at all. 
6. {item} is an optional item that may appear once, more than once,or not at all. If 

the braces are in bold, then they are part of the syntax. 
7. Name/_name2 is equivalent to the syntax construct item name2. The name1 (in 

italics) imparts some extra semantic information to name2. However, the item is 
defined by the definition of name2. 

8. The notation I ... is used in the non-appendix text to indicate that there are other 
alternatives, but that due to spaee or expediency they are not listed here. 





APPENDIXF Verilog Language 
Formal Syntax 

This formal syntax specification is provided in Backus-Naur form (BNF). It is reprinted 
from IEEE 1364-2001,2005. The IEEE disclaims any responsibility or liability resulting 
[rom the placement an usc in this publication. This information is reprinted with permis­
sion of the IEEE. 

Th e syntax of the Vcrilog language conforms to the following BNF of formal syn­
tax notalion. 

F.l Source text 

RI.l Library source text 
library_text ::= (library_descriptions) 
library_descriptions :: '" 

library_declaration 
I include_statement 
I confiQ_declaration 

library_declaration ::-
library library_klentifier fiJeJ)atn_spec I ( , fileJ)8th_spec) I 
(-lnedIT file...,Path_spec [{ • file...,Patn_spec} I ; 

fi le...,Palh_spec ::: file...,Path 
Include_statement :: '" Inelude < filQ...,path_spec > ; 

F.l.2 Configuration source text 
conrl~Ldeclaration :: '" 

c:onfig config_ldentifier; 
design_statement 

From IEEE Std. 1364-2001. IEEE Std. 1364-2005. Copyright 200S IEEE. A ll rights reserved. 
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{config_rule_statement} 
endconfig 

Ad'l'anced Digital Design with the Verilor: HDL 

design_statement :: '" design {(libraryJdentifier.] celUdentifier) ; 
config_rule_statement ::: 

default_clause liblis,-clause 
I inst clause libUst clause 
I inst-clause use dause 
I cell-clause libli~ clause 
I cetl-clause use Ciause 

defaul,-clau;e ::= defauit 
inst clause ::= instance inst name 
ins(name :: " topmoduleJdentifier( .inslance_identifier} 
cell_clause ::= cell [library_identifier. J celUdentifier 
liblisCclause :: := liblist ({ library_ identifier ) I 
use_clause ::: use [l ibrary_identifier.J celUdentifier [ contig I 

Rl.3 Module and primitive source text 

source_text :: '" {description} 
description ::= 

module declaration 
I udp_declaralion 

module_declaration ::= 
(attribute_instance) module_keyword module_identifier 

(module...,parameteu:)OrUist I 
[list_of_ports 1; {module_item) 
endmodule 

I (attribute_instance) module_keyword module_identifier 
[module...P8rameter...,porU isll 
[lisl_oCport_declarations I ; { nonj>Ort_module_item} 
endmodule 

module_keyword :::: module I macromodule 

F.l.4 Module parameters and ports 
module...,P8rameter...,porUist :::: # (parameter_declaration ( , parameteuieclaration}) 
IisCof...,POrts :::: ( port {. port» 
Iist_ofj>Ort_declarations :::: 

( port_declaration (, port_declaration) ) 

I () 

port 
[port_expression I 

I. port_identifier ( [port_expression) 
port_expression ::= 

port_reference 
I { port_reference ( , port_ reference) } 

From IEEE Std. 1364-2001, IEEE Std. 1364-200s. Copyright 2005 IEEE. All rights reserved. 



port reference 
- portJdentifier 

I port_Identifier [constan,-ell:pression 1 
I port_identifier [ rangB_expression] 

port_declaration ::" 
(attribute_instance) inout_dedaration 

I (attributeJ nstance ) inpuUSeclaration 
I (attribute_instance) output_dedaration 

F.l .S Module items 
module_item ::'" 

module_or_generate_item 
I port declaration; 
I (attrlbuteJnstance) generatedJnstantiation 
I {attributeJnstance} IocaI...,Parameter_dedaration 
I {attribute_Instance } parameteu~eclaration 
I {attribute_Instance} specify_block 
I {attribute_Instance} specparam_declaration 

moduI8_0rJlenerate_item ::= 
{attribute_instance} moduIB_Or..JlenerateJtem_declaration 

I (attribute_instance) parameter_override 
I {attributeJ nstence} continuous_assign 
I {attribute_Instance} gateJnstantietion 
I {attributeJnstance} udp_instantiation 
I { attribl,lteJnstance} moduleJnstantiation 
I {attribute_instance} initial_construct 
I {attribute_Instance} always_construct 

module_or_generateJtem_declaration ;: ~ 

net declaration 
I reg~declaration 
I integer_declaration 
I real_declaration 
I time_declaration 
I realtime_declaration 
I event_declaration 
I genvar_declaration 
I task declaration 
I function_declaration 

non...,POrt_module_item ::: 
{attribute_instance} generated_instantiation 

I {attribute_instance } local...,parameterJnstantiation 
I {attribute_instance } module_or.JIenerate_item 
I {attributeJnstance } parameter_declaration 
I {attributeJnslance} specify_block 
I {attribute_Instance ) specparam_declaration 

paramete,_ovenide ::: detparam Iis,-ofJ)8ram_8ssignments ; 

From IEEE Sid. 1364-200I, IEEE Sid. 1364·2005. Copyri&hl 2OO.S IEEE. All righls reselVed 

... 
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F.2 Declarations 

F.2.1 Declaration types 
F.2.1.1 Module parameter declarations 

Iocalyarameter_declaration ::= 
localparam [signed] [ range ]lisCofyaram_assignments ; 

I localparam Integer IisCof.."param_assignments ; 
Ilocalparam reallist_of-param_assignments ; 
Ilocalparam realtime iist_of-param_assignments ; 
I localparam time lisCofyaram_assignments ; 

parameter declaration ::= 
p;rameter [signed] (rang e]list_of""param_assignments ; 

I parameter Integer IisCofyaram_assignmenls ; 
I perameter reallisCotparam_assignments ; 
I parameter realtlmelisCof-param_assignments ; 
I parameter time list_ofyaram_assignments ; 

specparam_declaration ::= speeparam [range ]lisCoCspecparam_assignments; 

R2.t.2 Port declarations 
inout_declaration ::: inout (net_type I (signed I [range) 

lisC oUxlrt_identifiers 
input_declaration ::= input (net_type] (signed] [range I 

list_ofJ>Ort_identifiers 
ouiput_declaration ::= 

output [ net_type) i signed I [range llisCof..port_identifiers 
I output I reg I I signed ) i ranga IlisCofyort_idantifiars 
I output reg (signed J I range) iisCoCvariableJ>OrUdentifiers 
I output [outpucvariable_lype) iisCoCport_identifiers 
I output outpuCvariable_type lisCoC variableJ>OrUdentifiers 

R2.t.3 Type declarations 
event_declaration ::= avant list_oCavant_idantifiers ; 
ganvar_declaration ::= genvar list_of-.Qenvar_identiflers ; 
integer_declaration :: = integar list_oCvariableJdentifiers; 
nat declaration ::= 

- net type [signed J 
- [delay31IisCoCneUdentifiers; 

I net_type [drive_strength J (signed] 
(delay3)lisl_oCneCdecLassignments; 

I net_type [ vectored I sealared I I signed I 
range I delay3 J iiS!_oCneUdentifiers ; 

I net_type I drive_strength I [vectored Iscalared I [ signed I 
range [dalay31IisCoCneCdecl_assignmenls; 

I trireg [charge_strength I [signed J 

From IEEE Std. 1364·2001, IEEE Std. 1364-2005. Cop)'Tight 2005 IEEE. All right! reserved. 
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I delay31list_oCneUdentifiers ; 
I trlreg I drive_strength ) I signed J 

I delay31 Iist_oCneUiecl_assignments ; 
I t rlreg I charge_strength) I vectored I scetered I [signed I 

range [delay31 list_oCneUdentifiers ; 
I trl reg I drive_strength I [vectored I scsl.red I [signed I 

range [delay31 tisl_oCnet_decl_assignments; 
real declaration ::'" .... l lisl of real identifiers; 
rearume declaration ::z .... ttl';. list of real identifiers; 
reg_decl8ration ::- reg [signed II ra~e1 -

list of variable identifiers j 
time_declaration ::: ti~list_oCvariable_identitiers j 

F.2.2 Declaration data types 

F.2.2.1 Net and variable types 

net type :: = 
- supplyO I supply1 

I lrl I trland I trior I triO Itrl1 
I wire 1 wand I wor 

output_variable_type ::" Intes.er I time 
reaLtype ;:= 

reaUdentifier 1= conslan,-expression) 
I reaUdenlifier dimension (dimension ) 

variable_type ::= 
variable_Identifier ['" constant_e)(pression I 

I variable_identifier dimension (dimension) 

F.2.2.2 Strengths 

drive_strength ::= 
( strengthO • strength! ) 

I ( strength1 • strengthO) 
I ( strengthO , hlghz1 ) 
I (strength1, highzO ) 
I ( hlghzo • strength1 ) 
I ( highz1 • strengthO ) 

strengthO ::- supptyO I strongO I pullO l_akO 
slrength1 ::= suppty1 I strong1 I pull11 w .. k1 
charge_strength ::'" ( small) I ( medium ) I ( I.rge ) 

F.2.2.3 D elays 

delayJ ::= # delay-value I # (delay_value t. delay-value I, delay-value] 1 ) 
delay2 ::= # delay_value I # (delay-value I, delay_value] ) 
delay_value ::-

unsigned_number 
I parameteUdenlifier 
l specparam_identifl8r 
I mintypmax_expression 

From IEEE SId. 1364·2001, IEE E SId. 1364-200S. Copyri&h! 2005 IE EE. An rights reserved. 
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F.2.3 Declaration lists 
list of evenUdenlifiers ::= event_identifier I dimension (dimension» ) 

( , event_ identifier [ dimension ( dimension) J ) 
Iist_oCgenvaUdentifiers :;= genvar _identifier { , genvaUdentifier} 
list_oCnet_decl_assignments ::= ne,-decl_assignment {, ne,-decl_assignment} 
list_oCneUdentifiers ::= neUdentifier [dimension {dimension} I 

(, neUdenlifier I dimension (dimension) I} 
list_of.."param_assignments ::= param_assignment { , param_assignment} 
list_of.. . .POrUdentifiers :: = port_identifier {, port_identifier} 

list of real identifiers :: = real type {, real type} 
IisCof-=-~ram_assignment; ::= specpa';m_assignment {, specparam_assignment} 
Iist_oC variableJ dentifiers ::::: variable_type {, variable_type} 
Iist_oCvariable...,POrt_identifiers ::= port_identifier I = constant_expression 1 
(, portJdentifier I '" constant_expression 1) 

F.2.4 Declaration assignments 
needecl_assignment ::"" neUdentifier '" expression 
param_assignment :: = parameter_identifier'" constant_expression 
specparam_assignment ::= 

specparam_identifier'" constant_mintypmax_expression 
I pulse control specparam 

pulse_conlroL-;pecpamm ::= 
PATHPULSE$ = (rejecUimit_value I ,erroUimit_value J ) ; 
I PATHPULSE$specifLinpuUerminaLdescriptor$specify 

output_terminaLdesCl"iptor 
'" (rejecUimit_value [, erroUimit_value) ); 

error_limi,-value ::'" limi'-value 
rejecUimi,-value ::", limit_value 
limi,-value ::= constant_mintypmax_expression 

F.2.5 Declaration ranges 
dimension ::::: I dimension_constant_expresslon : dimension_constant_expression 1 
range ::= I msb_constant_expression : Isb_constan,-expression I 

F.2.6 Function declarations 
function declaration ::'" 

-function I automatic] I signed] I range_oCtype J function_identifier; 
function_item_declaration ( functionJtem_dedaration) 
function_statement 
endfunctlon 
I function I automatic) [signed) [ range_oCtype) 
function_identifier ( function""porUist) ; 
block_item_declaration (block_item_declaration ) 

From IEEE Std. 1364·2001.1EEE Std. \364-2005. Copyright 2005 IEEE. All rights reserved 



function_statement 
endfundion 

function item declaration :: :: 
-b\od(~item_decl8ration 
I tC input_declaration; 

89' 

functionyortJist ::= {attribute_instance } tUnput_dedaration {, {attributeJ nstance} 
tf_lnpul_declaration} 

rangs_oT_type ::= range I Inte"er I r •• t 1 .... ltlm. I time 

F.2.7 Task declarations 

task declaration ::= 
- taak I automatic] task_ identifier; 

{task_item_declaration } 
statement 
.ndtaak 

1 t .. k I automatic] taslUdentifler (taskyofUist) ; 
(blockJtem_declaration) 
statement 
enclt.ak 

task_Item_declaration ::= 
block_itern_declaration 

'1 (attributeJ nstance} t'-input_declaration ; 
t (attributeJnstance} tf_oulpuCdeclaration ; 
I {attributeJnstance} t'-inout_declaration ; 

task-POrUist ::: taskJxx'Utem ( ,taskJ)OrUtem} 
lask...,POrtJ tem ::= 

{attribute_instance} tUnpuCdeclaration 
, {attribute_instance} t,-outpuT_declaration 
I (attribute_Instance) tUnouCdeclaration 

tf_Input_deciaration ::= 
Input [reg] [ .Igned] (range ]lIst_o(JlorUdentitiers 

I Input [task...,POrt type ) list of...port Identifiers 
tf_output_declaration ::'" ..... - -

output I reg) [.Igned II range J IIsl_ofyorUdentifiers 
I output I task_port_type llist_ofyort_identifiers 

tf_ioout_declaration ::= 
Inout lregl [.Igned II range jllsCofYOf'Udentifiers 

I inout I taskyort_type ]lisCof...,POrt_identifiers 
task...,POrt_type ::= 

time I real I re.ltlmel integer 

F.2.8 Block item declarations 

blockJ tem_declaration ::'" 
(attribute_instance) bioclU9iLldedaration 

I {attribute_instance} event_declaration 
I (attribute_instance) integer_declaration 

From IEEE Std. L)64-2001, IEEE Sid. 1364-200S. Copyright 2OOS 1EEE. AlI rights re~rved. 
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I {attributeJnstance} IocaI...,Parameter_dedaration 
I {attribute_instance} parameter_declaration 
t {attribute_instance} reaUieclaration 
I {attributeJnstance} realtime_declaration 
I ( attribute_Instance) time_declaration 

block_rog_declaration :: '" reg [signed] [range J 
iist_oCblock_variable_ ldentifiers ; 

l is,-oCblock_variable_identifiers ::= 
block_variable_type (, block_variable_type) 

block_variable_type :: '" 
variable identifier 
I variabl8_identifier dimensiofl (dimension ) 

F.3 Primitive instances 

F.3.1 Primitive instantiation and instances 
gateJnstantiation ::" 

cmos_switchtype idelay31 
cmos_swI tch_instance { ' cmos_switchJnstance} ; 

I enable gatetype [ drive_strength I [delay3 ] 
enable gate_ instance (, enable gateJnstance) ; 

I mos_switchtype IdelayJ) . 
mos_switch_lnstance I . mos_switchJnstance} ; 

I nJnputJJ81etype I drive_strength J I delay2) 
nJnput galeJnstance {, nJnput~aleJnslance} i 

t n_oulput~aletype I drive_strength) I delay2 J 
n_outpuCgate_instance {, n_output~ate_lnstance } ; 

t pass_en_switchtype I delay2) 
pass_enable_switchJnstance ( , psss_enable_switchJnstance) ; 

I pass_swilchtype 
pass_switch_instance { , pass_switch_instance } ; 

t pulldown (pulldown_strength I 
pUII_gate_ lnstance (, pull~leJnstance); 

t pullup [pull up_strength} 
pull--'lateJnstanc& { , pull.-QtateJnstance}; 

cmos_switctt_instanoe ::" I name_ofJJCIte_instance I (outpuuerminal , inpuUerminal, 
nconlroUerminal , pconlroLiarminal ) 

enableJlate_instance ::" I name_of~te_instance ) (ouIpuUerminal. inpuUerminal, 
enable_terminal ) 

IT'IOS_switch_instance ::" I name_of~ate_instance I 
( output_terminal, input_terminal, enable_terminal) 

n_input-'!ate_lnstance ::" [name_oCgale_inslance ) 
(output_terminal. input_terminal (, inpuCterminal}) 

n_output-'!ateJ nstsnce ::" [name_oCgate_instance ) 
( outpuUerminal ( , output_terminal) , inpuuerminal ) 

pass_switctUnstance ::" I name_of~ate_instance I (inouUerminal , inout_lerminal ) 
pass_enable_swilch_instance ::= (name_ofJlate_instance I 

From JEEE SId. 1364-200I . IEEE Sid. 1364-200.5. Copyrig,hl ZOOS IEEE. All fi&.hIS reserved. 



( inout_termlnal • inout_terminal • enable_terminal) 
pullJ)ate_instance ::'" [name_of~ate_instance I (output_terminal) 
name_oCgateJnstance ::= gate_instance_identifier [range I 

F.3.2 Primitive strengths 
pulldown_strength ::­

(strengthO . strength 1 ) 
I ( strength1 • strengthO) 
I (strengthO) 

pullup_strength ::= 
(strengthO . strength 1 ) 

I (strengthl , strengthO) 
I (strength1 ) 

F.3.3 Primitive terminals 
enable terminal ::= expression 
Inou_terminal ::= neUvalue 
input_terminal ::'" expression 
ncontroUerminal :: '" expressiOfl 
outpuCterminal ::'" neCtvalue 
pcontroUerminai :: '" expression 

F.3.4 Primitive gate and switch types 

cmos_switch type ::'" cmos I fcmos 
enable_gatetype :: '" bufifO I bufifl l nol ltO I nollf1 
mos_swilchtype :: '" nmos I p mos I rnmos I rpmos 
n i nput~atetype :: '" and I nand I or I nor I xor I xnor 
n=oulputJJaletype :: '" but I not 
pass_en_switchtype ::'" I ranit1l 1 Iranifll rtranif1 I rtranlfO 
pass_switchtype :: '" I ran I rtran 

FA Module and generated instantiation 
F.4.1 Module instantiation 

module instantiation :: '" 
~odule_identifier [parameter_value_assignment I 

module_ instance ( ,module_instance) ; 
parameter _value_assignment :::: 'JI. ( IIst_of.."parameter_assignments ) 
list_ofyarameler_asslgnments :: '" 

orderedysrameter_sssignment { , orderedyarameter_asslgnment } I 
namedJ>8rameter_assignment { , namedyaramete'_8ssignment} 

orderedJ>8rameler_8ssignment ::'" expression 
named.....P8rameler_assignmenl ::= . parameteUdentifier ( I expression 1) 
module_instance :;= name_oCinstance ( [lisCof...,POr1_connections I ) 

From IEEE Sid. 1364-200l.IEEE Std. 1364-2005. Copyrighl 2005 lEEE. All rightS reserved. 
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name_oUnstance ::= module_instance_identifier [ range I 
list_oUx>rCconnections ::'" 

orderedJK>rt_connection { ,ordered...,porCconnectlon} 
I namedJ>Oel_connection { , named....POrt_connection } ) 

ordered_ port_connection ::'" (attribute_instance) (expression I 
namedJK>rt_connection ::= (attribute_ instance) .port_identifier ( [expression J ) 

F.4.2 Generated instantiation 
generated_instantiation ::= generate {generate_ item) endgenerete 
generateJtem_or_null ::= generats_item I ; 
generateJ tem ::= 

generate_conditionaLstatement 
I generate case statement 
I generata=loop':::-statement 
I generate_block 
I module or generate item 

generate_condili~n~_slateme~t ::= 
if ( constant_expression) generate _item_or _null ( else genemle _ item_or _null ) 

generate_ease_statement :: '" case (constant_expression) 
genvar_ease_ item (genvar_ease_item) endease 

genvar_ease_item ::'" constanCexpression { ,constant_expression}: 
generate_item_or_ null l default [ : I generate_item_or_null 

generate_loop_statement ::= for ( genvar_assignment ; constant_expression; 
genvar_assignment) 

begin: generate_block_identifier {generate_item} end 
genvar_assignment ::= genvar_identifier '" constant_expression 
generats_block :: '" begin I : generate_blockJdentifier I {generate_item } end 

F.S UO P declaration and instantiation 

F.S.l un P declaration 
udp_deelaration :: '" 

{attribute_instance} primitive udp_ identifier ( udp.J>OrtJist ) ; 
udp...POrt_declaration (udpJlOrt_deciaration) 
udp_body 
endprlmltlve 

I {attributaJnstance} primitive udp_identilier ( udp_declarationyort_list) ; 
udp_body 
endprimltlve 

F.S.2 UD P ports 
udp_port_ list ::= outpuUdentifier, input_ identifier {, input_identifier} 
udp_declaration.J>Ort_list ::= 

udp_outpuCdeclaration , udp_inpuCdeclaration (, udp_ input_ddeclaration) 

From IEEE Std. 1364-2001, IEEE Std. ]364-2005. Copyright 2005 IEEE. All rights reserved 



VcrilOI Lanl1lage Formal Syntax 

udpJ>On_declaration 
udp_outpu,-dedaralion; 

I udp_input_dectaration ; 
I udp_feg_declaration : 

udp_output_dedaratlon ::= 
{attribute_instance) output pon_ identifier 

1 (attribute_instance) output reg port_Identifier [ = constanCexpresslon] 
udp_inpuCdeciaration ::= (attribute_instance) Input IIst_o(j>orUdentifiers 
udp_reg_declaration ::= (attribute_instance) reg variable_identifier 

F.5.3 UDP body 
udp_body :::1: combinational_body 1 sequenlia'-body 
combinaliorlaL body :::: table combinationaLentry {combinational_entry} endtable 
combinationaLentry ::: leveUnPUUist : oulpllt_symbol ; 
sequentiaLbody ::: [udpJnitiaLstatement] table sequential_entry (sequential_entry) 
endtable 

udp_initial_statemenl ::= initisl outputJ>Ort_identifier = ini,-val: 
iniCval::: 1'bO 11'b1 11'bx 11'bX 11'BO 11'B1 11'Bx 11'BX t 1 10 
sequentia'-entry ::: seq...input_ list: current_state: ne)(Ustate; 
socUnpuUlst :::: leveUnpuUist t edge_lnpuUlst 
JeveUnput_Jist ::'" level_symbol {level_symbol} 
edge_input_list ::: {leveLsymboJ} edgejldlcator {leveLsymbol} 
edge_indicator ::: ( level_symbol I IeveLsymboi ) I edge_symbol 
current_state ::: leveLsymbol 
next_state ::: output_symbol [ • 
oulplll_symbol ::z OI 1 I x I X . 
level_symbol :: .. 0 11 1x I X I ? I bl B 
edge_symbol ::=rl R l f l F I p i P I n I N I " 

F.S.4 UDP instantiation 
udp_instantiation ::: udp_identifier [drive_strength) (delay2 ) 

udp_instance (, udpJnstance); 
udp_instance ::- [name_oCudp_instance] (oulpllt_Ierminal ,inpuuerminal 

{ , inpuUerminal } ) 
name_oCudp_ instance ::= udp_instance_identifler I range] 

F.6 Behavioral statements 

F.6.1 Continuous assignment statements 
continuous_assIgn ::: assign I drive_strength] ( delay3 J IisCoCne,-asslgnments ; 
Iist_oCnel_assignments ::= net_assignment ( , net_assIgnment) 
net_assignment ::= neClvalue = expression 

From IEEE Sid. 1364-2001, IEEE Std. 1364-2005. Copyrigtll 2005 IEEE. All rights reserved. 



AdvaRl;:ed Digital Design with the Verilox HDL 

F.6.2 Procedural blocks and assignments 
iniliaLconstruct ::" Initial statement 
always construct ::'" always statement 
blocking_assignment :: : variable_lvalue = [delay_or_evenCcontrolj expression 
nonblocking_asslgnment ::= variable_lvalue <= ( delay_or_event_control] expression 
proceduraLcontinuous_assignments ::= 

assign variable_assignment 
I d .... lgn variable_walue 
I fort:e variable_assignment 
I force net_assignment 
I release variable_lvalue 
I release net Ivalue 

function_blocking_assignment ::= veriable_walue = expression 
function_statemenCor_null ::= function_statement I {attribute_instance) ; 

F.6.3 Parallel and sequential blocks 
function_se~block ::= begin I : block_identifier 

{block_ item_declaratlon }] {function_statement} end 
variable_assignment ::= variable_lvaiue = expression 
par_block ::'" fork ( : block_ identifier {block_item_declaration} ] {statement) join 
se~block ::: begin I : block_identifier ( block_item_declaration ) j {statement} end 

F.6.4 Statements 
statement ::= 

{attribute_instance} blocking_assignment; 
I (attribute_instance) case_statement 
I (attribute_instance) conditionaLstatement 
I (attributeJ nstance) disable_statement 
I (attributeJnstance) event_trigger 
I (attribute_ instance) loop_statement 
I {attributeJnstance} nonblocking_assignment; 
I {attributeJnstance} par_ block 
I {attribute_instance} proceduraLcontinuous_assignments ; 
I (attributeJ nstance) proceduraUiming_controLstatement 
I (attribute_instance) S94Lblock 
I (attributeJnstance) system_task_enable 
1 {attribute_ instance} task_enable 
I {attribute_ instance} wait_statement 

statemenCor_null ::= 
statement 

I (attribute_instance) ; 
function statement ::: 

{: attribute_instance} function_blocKing_assignment; 
I {attribute_instance} function_case_statement 
I {attribute_instance } function_conditionaLstatement 
I { attribute_instance} function_loop_statement 
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I {attribute_instance} function_~block 
I {attribute_instance} disable_statemant 
I {attribute_instance} system_task_enable 

F.6.5 TIming control statements 
delay_control ::= 

# delay_value 
1# (mintypmax_expression ) 

delay_or_evenCcontrol ::= 
delay_control 

I event_control 
I rtlpeat (expression) event_control 

disable_statement ::= 
disable hierarchical task identifier; 

I disable hierarchlcaLblock_identifler; 
evenCcontrol ::'" 

@ eVent_identifier 
I @( event_expression) 
I @" 
I@(") 

event_trigger ::= 
-> hierarchicaL event_ identifier; 

event expression ::; 
- expression 

I hierarchical_identifier 
I posedge expression 
I negedge expression 
I event_expression or event_expression 
I event_expression , event_expression 

proceduraLtiming_control_statement ::: 
delay_or_event_control statemenCor_null 

wait_statement ::= 
wait (expression) statement_or_null 

F.6.6 Conditional statements 
conditional slatement ::= 

if( expression) 
statement_Of_null( els. statement_or_null} 

I if else if statement 
if els. jf ;tatement ::= 
- - if (expression) statemenCor_null 

{ else if (expression) statement_or_null } 
[ else statement_or_null J 

function conditional statement ::: 
- if (expression) function_statemenCof_null 
[else function_statemenCor_nullj 

I function_if_else_ iCstalemenl 
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function if else if statement ::: -ite exp~sslon) function_statement_Of_null 
( et •• if (expression) function_statemen,-ocoull} 
(., •• funclioo_slalemenl_or_nu ll J 

F.6.7 Case statements 
case_statement ::= 

ca •• ( expression) 
case_item {case_item} .ode ... 

t ca •• z ( expression ) 
case_item {case_item} eode ... 

I cas.x ( expression) . 
case_item (case_item) .nde ... 

case item ::= 
- expression {, expression} : statement_of_null 

t default I : J statement_or_null 
function_ease_statement ::= 

c ... ( expression) 
function_ease_item (function_ease_item) andea •• 
I caa.:z ( expression) 
function_C8se_ilem (function_ease_ilem) endcase 
I cas.x ( expression) 
function_ease_item {function_ease_ilem} andea •• 

function case item ::: 
-expr~ion {, expression } : function_statement_or_null 
I defeult { : 1 function_statement_or_null 

F.6.8 Looping statements 
function~loop_slatement ::'" 

forever function_statement 
I repeat ( expression) function_statement 
I while ( expression) function_statement 
I for (variable_assignment; expression; variable_assignment) 

function_statement 
loop_statement ::-

forever statement 
I repeat ( expression) statement 
I while ( expression) statement 
I for (variable_assignment; expression; variable_assignment) statement 

F.6.9 Task enable statements 
system_lask_enable ::: system_task_identifier I (expression (. expression}) 1 ; 
task_enable ::: hierarchicaUask_identifier I (expression ( ,expression}) J ; 
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F.7.1 Specify block declaration 
specify_block :::: specify (specify_item) end. paclfy 
specify_item ::= 

specparam_dedaration 
I pulsestyle_declaration 
I showcancelled_declaration 
I path declaration 

. I syst;m_timlng_check 
pulsestyle_declaration ::"' 

pul ••• tyle_onevent list_of...,Path_outputs ; 
1 pul ••• tyts_ondetect Iisl_of...,pSlh_oulputs : 

showcaocelled declaration ::= 
.how~anc.lled list_of...,Path_outputs ; 

I noshowcencslled Iist_ofJ)8th_outputs ; 

F.7.2 Specify path declarations 
path declaration :: = 

- simple...,p8Ih_declaration; 
ledge _ S8flsitive J)3th _declaration: 
I state_dependentyath_declaration ; 

simple-path_declaration :::: 
parallBl...,Path_description:: path_delay _value 

t fuU...,path_descriptlon = palh_delaLvslue 
paraUeLp alh_description ::= 

(specify _ lnpuuerminaLdescriplor I polarity_operator I - > specify 
_outptJUerminaLdescriptor) 

fullJ)ath_description ::'" 
(list_ofJ)attU nputs [polarity_operatorj · ;o.lisCofyath_outputs ) 

list_ofyath_inpYts ::~ 

90' 

specify_ inpuUerminaLdescriptor ( , speclfy_input_termlnaLdescriplor} 
list_ofj)ath_outputs ::"" 

specify_outpuUerminaLdescriptor ( , specify_output_lerminaLdescriptor} 

F.7.3 Specify block terminals 
specity_inpuCtenninaLdescriptor ::= 

input denlifler 
I input.identifier [constanCexpression J 
I input_dentifier [range_expression J 

specify_outpuUermlnal_descriptor ::= 
output_identifier 

I output_identifier { oonstant_expression ) 
I output_identifier 1 range_expression) 

input_identifier ::" inpul""porCidentifl8r I inout....POrCidentifier 
outpuU:Jentifter ::" output....POrtJdentifier I il"lOUl....P01Cidentifier 
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F.7.4 Specify path delays 
path delay value ::= 

- list.o(path_delay _expressions 
t (lis,-ofyath_dela'C9xpresslons) 

list_ofy ath_delay _expressions :::= 
t path delay expression 
ftrise_path_d;laL expression, tfallJl8lh_delay _expression 
I trisB_ path_delay_expression, tfaIlYBlh_delay_expression • 
tz-Path_delay_expression 
I t01yath_delay_expression, t10...,path_delaLexpression, 
tOzysth_delay_expresslon, tz1....path_delaLexpression , 
11zyath_delaLexpression. tzO_ path_deJay_expression 
I t01yath_delaL9xpression • t10yath_delay_expression , 
IOzyalh_delaL expression, 
t21 yath_delaL expression , t1zyath_delaL expression, 
tzO...,path_delaY_9xpression 
tOxyalh_delaY_9xpression, tx1J)ath_delay_expression, 
t1xJ)ath_delay-expression, 
txOJ)ath_delay_expression ,txz-PCIth_delay-expression , 
tzx_path_delay_expression 

lJ)ath_delay-expression ::= path_ delay_expression 
triseJ)ath_delay-expression ::= path_delay_expression 
tfallJ)ath_delay_expression ::= path_delay_expression 
tz_ path_delay_expression ::= path_delay_expression 
t01J)ath_delay_expression ::= path_delay_expression 
t10J)ath_delay-expression :: '" path_delay_expression 
tOZ-PCIth_delay _axpression ::= path_delay_expression 
tz1 _path_delay_expression ::= path_delay_expression 
t1zJ)ath_delay-expression ::= path_delay_expression 
tzOJ)ath_delay-expression ::= path_delay_expression 
tOx...,path_delaY_8xpression ::= path_delay_expression 
tx1""path_delay_expression ::= path_delay_expression 
t1x_ path_delay_expression ::= path_delay_expression 
txOJ)ath_delay_expression ::'" path_delay_expression 
txz-PCIth _delay_expression : := path_delay_expression 
tzx-PCIth_delay_expression ::= path_delay_expression 
path_delay_expression ::= constant_mintypmax_expression 
edge_sensitiv8J)8th_declaration ::= 

parallel_edge_sensitive...,path_description = path_delay_value 
I full_edge_sensitive-PCIth_description = path_delay _value 

paralleLedge_sensitive-PCIth_deSGription ::= 
«( edge_identifier I specifyJnpuUerminaLdescriptor => 

specifLoutpuuerminaL descriptor [polarity_operator 1: 
data sautee expression ) 

fu ILedge_sen-sitiv8yath_description ::'" 
( [edge_identifier llisCofJ)ath_inputs·> 
IIst_oC path_outputs [polarity_operator I : data_souree_expression ) 

data_source_8xpression ::= expression 
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edgeJdentifier ::= po •• dge I negedg. 
slate_dependenl...,P8th_declaretion ::= 

if ( moduleyath_6xpression ) simple..path_dedaretion 
I if ( module...,Path_expression ) edge_sensitive....path_dedaration 
Ilfnon. slmpleyath_declaration 

polarity_operator ::'" + 1-

F.7.5 System timing checks 

F.7.5.1 System timing check commands 

system_timing_check ::'" 
$setup_Iimlng_check 

I $hold _liming_check 
I $setuphold_timing_check 
I Srecovery_tirninQ_check 
I $removaUimlng_check 
I Srecrern_timinlLcheck 
I $skew timing_check 
I $timeskew_tlmln\Lcheck 
I Sfullskew_timing_check 
I $perio<Uimlng_check 
I $width_Iiming_check 
I $nochange_tirnb'l9_check 

Ssetup_timin\Lcheck ::: 

903 

S •• tup (data_evenl, reference_evenl, timl~checkJimit(, [notify_reg 11 ); 
$hold _liming_check :: = 

Shold (reference_event , data_event, timinlLcI'leclU imit (, (notify_reg)) ) j 

Ssetuphold_timing_check ::= 
Ssetuphold ( reference_event, data_event, liming_checIUimit, 

timing_cheek_limit 
( . (notify_reg ) I. (stamptime_condition) I, I checktime_conditiOfl) 
I, (delayed_reference) (. (delayed_data II JIll); 

Srecovery timin check ::= 
S-;'cov~ry ( reference_event. data_event, timing_cheek_limit ( • 
[notify_reg))) ; 

SremovaUiming_checll: :: = 
Sremov.1 ( reference_event . dats_event. tlming_check_llmitl . 1 

notify_reg J); 
Srecrem_timing_check :: '" 

Srecrem ( reference_event. data_event. timin9_cheekJlmit. 
timing_cheelUimii 

[, [notlfy_ reg) I .1 stamptime_condition 1 [, [checklime_condition) 
[, [delayed_reference) I. (delayed_data)) J) J) ) ; 

Sskew_Iiming_check ::'" 
S.kew (reference_event. data_event. tirniJ'!{LcheclUimit I.{ notify_reg 1); 

Stimeskew_tirnin9_check :: '" 
Stlmeskew (reference_event, data_event. tirning_checkJimit 

[.1 notify_reg 1 (. (evertt_based_lIag II. [remaln_active_lIag 11) 1) ; 
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$fullskew_timing_check ::: 
SfuUskew ( reference_event, data_event. timing_checlU imit. 

timing_cheek_limit 
[ . 1 notify_ reg I [, [event_basectflag ) [, ( remain_active_f1ag JIll); 

$period timing check :: " 
- Sp.ri~ (controlled_ reference_event, timinR-checkJ imit [ , I notify_reg II ) ; 

$width_timing_check ::= 
Swidth ( controlie<treference_event. timin9-check_limil. threshold I, I 

notify_reg] J) ; 
$oochange_timing_check ::'" 

$nochange (reference_event, data_event, start_edgB_offsBt, 
end_edge_offsel (, (notify_ reg I J ) ; 

F.7.5.2 System timing check command arguments 

checktime_condition ::= mintypmax_expression 
controlled_reference _event ::= controlled_tim in9-check_event 
data_event ::= timing_cheek_event 
delayed_data ::= 

termineUdentifier 
t termlnaUdentifier [constant_ mintypmax_expression J 

delayed_reference ::= 
terminal identifier 

I terminaL idenlifier [constant_mintypmex_expression 1 
end_edge_offset ::= mintypmax_expression 
even,-based_"ag ::= constant_expression 
notify_reg ::= variableJdenlifier 
reference_event :: '" timing_check_ event 
remain_ective_f1eg ::= constant_ mintypmax_expression 
stamplime_condition ::= mintypmax_expression 
start_edge_offset ::::: mintypmax_expression 
threshold ::=constant_expression 
timing_cheek_ limit ::= expression 

F.7.5.3 System timing check event definitions 

timing_cheek_event ::'" 
[timing_check_even,-controll specify_terminal_descriptor [ &&& 
timing_check_condition I 

controlled_timin!Lcheek_event ::= 
[timing_check_even,-control specify-terminaLdescliptor [ &&& 
timing_cheek_condition J 

timing_check_evenl_control ::= 
po. edge 

I negedge 
I edge_control_specifier 

specify_terminaLdescriptor ::= 
specify_inpu1_terminaLdescriptor 

I specify _outpuUerminal_ descliptor 
edge_controLspecifier ::'" edge [edge_descriptor [ , edga_descriptor II 
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edge_descriptor ::: 
01 

110 
I z_or_x zero_or_one 
I zero or onez or x 

zero_or_one ~= 0 11 -­
z_or_x ::: x I X I z I Z 
liming_cheek_condition :::: 

scalaUiming_checlu::ondition 
I (scalaUimlng_checK_condition ) 

scalactiming_check_condition ::= 
expression 

I -expression 
I expression "" scalar_constant 
I expression "',,: scalar constant 
I expression I: scalar ~stanl 
I expression I:'" scala-;:_constant 

scalar constant ::'" 
- 1'bO 11'b1 11'8011'81 l'bO ! 'b1 "80"811110 

F.8 Expressions 

F.8.1 Concatenations 
concatenation ::: (expression {, expression}} 

905 

COMlanl_concatenation ::= (constant_expression { , constant_expression» 
constant_multiple_concatenation ::= (constanLexpression constant_concatenation) 
moduleJlath_concatenation ::= {moduleyath_expresslon (, 

moduIeJlath_expression) ) 
moduleJlath_multiple_concatenation :: '" {constanCexpression 
moduleJlath_concatenation } 
multiple_concatenation :: '" (constant_expression concatenation) 

net_concatenation ::- {net_concatenation_velue {, net_concatenation_value }} 
net concatenation value ::: 

- hierarchieSl net identifier 
I hjerarchicaLne~idenlifier [expression 1 ([ expression]) 
I hierarchicaLneCdentffier [expression 1 ([ expression]) [range_expression] 
I hierarchicaLneUdenlifier I range_expression ) 
I net concatenation 

variable_co~tenation ::: ( variable_concatenetion_ value ( , 
variable_concatenation_value » 

variable_concatenation- value ::'" 
hierarchical_venable_ identifier 

I hierarch icaLvariable_identifier [expression] {[ expression I} 
I hierarchlcaLvariable_identifier (expression 1 {[ expression I} [ 
range expression) 

I hierarChlcaLveriable_identifier (range_expression J 
I variable concatenalion 
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F.8.2 Function calls 
constanCfunction_call ::= function_ identifier (attribute_instance) 

( constant_expression ( • constanCexpression) ) 
function_call :: = hierarchicaUunctionJdentifier (attribute_instance) 

( expression { • expression} ) 
genvar_function_C8 11 ::; genvar_function_identifier {attribute_instance} 

(constanCexpression (, constant_expression}) 
system_function_call ::= system_function_ identifier 

[ ( expression ( • expression) ) J 

EH.3 Expressions 
base_expression ::= expression 
conditionaLexpression ::: expresslon1 ? {attribute_instance} expressi0n2 expression3 
constant_base_expression :: : constant_expression 

constanCexpression ::= 
constant...primary 

I unary_operator {attribute_instance} constant""primary 
I constanCexpression binary_operator ( attribule_instance} 
constant expression 

I constant-expression? (attribute instance} constant expression: 
conslant=expression I siring - -

constant_mintypmax_expression ::= 
constanCexpression 

I constant_expression: constant_expression constant_expreSSion 
constant_range_expression ::= 

constanCexpression 
I msb_constancexpression : Isb_constant_expression 
I constant_base_expression +: width_constanl_expression 
I constant base expression -: width constant expression 

dlmension_consta-;'t_expression ::= conslanLexpresskm 
expresslon1 ::= expression 
expression2 :: '" expression 
expression3 ::= expression 
expression ::= 

primary 
I unary_operator {attribute_instance} primary 
I expression binary_operator {attribute_instance} expression 
I conditionaLexpression 
, string 

Isb_constanl_expression :: = constant_expression 
mintypmax ... expression ::= 

expression 
, expression: expression: expression 
module~ath_conditionaLexpressjon := module....path_expression ? { 

attribute instance} 
module_path_expression : module...,path_expression 
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moduleJ)ath_expression 
moduleJ)athyrimary 

,." 

I unary_moduleJ)ath_operator {attribute_instance} moduleJ)ath...,primary 
I module...,P8th _expression binary_module J)ath _operator { attribute_Instance } 
moduleJ)8th_8xpression 

I module...,path_condHional_expr8ssion 
module...,path_mlntypmax_expressfon :: '" 

module...,path_expression 
I module""p8th_expression : moduleJ)ath_expresslon : 
module ...,path_expression 

msb_constant_expression ::= constanCexpression 
range_expresslon ::= 

expression 
I msb_COI'lstant_expression : Isb_constant_expression 
I base_expression +: width_constanCexpression 
I base_expression .: width_constant_expression 

width_constant_expression ::= constanCexpression 

F.8.4 Primaries 
constanl...,primary ::= 

constant concatenation 
I conslant.function_call 
I (constanCmlntypmsx_expression ) 
I constanCmultiple_concatenation 
I genvaUdentifier 
I number 
I parameter_identifier 
I specparam_ldenlifier 

module...,P8th...,primary ::'" 
number 

I Identifier 
I module...,path_concatenation 
I module...,P8th_multiple_concatenation 
I function call 
I systemj unclJon_cail 
I constanUunction_C811 

primary ::: 
number 

I hierarchlcaUdentifier 
I hierarchicaLidentifier [expression I { [ expression I} 
I hlerarchicaLidentifier [ expression I {[expression I} [range_expression I 
I concatenation 
I multiple_concatenation 
I function_call 
I system_functJon_cali 
I constant function call 
I ( mintypmax_exp-;-ession ) 
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F.8.5 Expression left-side values 
net lvalue :::: 

- hierarchical net identifier 
I hierarchicaLnei= idenlifier [constanCexpression [{ [constant_expression I } 
I hierarchicaLneUdentifier [constanCexpressioo J {[ constanCexpression J} I 

constant_range_expression I 
I hierarchicaL neUdentifier [constant_ range_expression J 
1 net_concatenation 

variable_lvalue ::= 
hierarchical variable identifier 

I hierarchicaLvariable-='identifier (expression I (I expression J} 
I hierarchicaLvariable_identifier (expression I ( [expression I ) 
[range_expression I 

I hierarchicaLvariableJdentifier [range_expression] 
I variable_concatenation 

F.8.6 Operators 
unary_operator ::= 

+1- 1 [ I -I & 1-& I II-II" 1-" 1 ,,­
binary_operator ::= 

+ I _I -III % I = I I'" 1==- 11"-1 &&llIl d 

1< 1<= I > I >= I & II'" I "_1_" I » 1« I <<< I >>> 
unary _moduleJ)8th_operator ::'" 

11- 1& 1-& 111-1 1'1-' 1'-
binary _module_path_operator ::= 

== I!= 1&& 1111&1 I I" I "_1_" 

F.8.7 Numbers 
number::= 

decimal number 
1 octaLn~mber 
I binary_ number 
I hex number 
I reaLnumber 

reaLnumber ::= unsigned_number. unsigned_number 
I unsigned_number [. unsigned_number] exp I sign] 

unsigned_ number exp ::=. I E 
decimaLnumber: := 

unsigned number 
I [size I decimaLbase unsigned_number 
I [siZe I decimal_base x_ digit {_} 
I [size I decimal_base z_digit (_) 

binary_number ::= [ size 1 binary_ base binary_value 
octaLnumber ::= (siZe] octal_base octaLvalue 
hex_ number ::= [size] hex_base hex_value 
sign ::"'+ 1-
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size ::= non_zero_unsigned_number 
non_zero_unsigned_number ::= non_z&rO_decimaLdlgit {.I decimaLdigit} 
unsigned_number :::: decimal_digit { _ 1 decimaLdigit} 
binary_value ::'" binary_digit { _ I binary_digit} 
octaLvalue ::'" octal digit {_ I octaLdigit} 
hex_value ::'" hex_digit {_I hex_digit} 
decimaLbase :: '" ' [. ISld 1'[.ISIO 
binary_base ::= '[.ISjb 1'(. ISj8 
octaLbase ::- '[.1510 1'[.15 ]0 
hex_base ::- '(.15]h 1'(.IS]H 
non_zero_decimaLdigit ::= 1 12 13 14 15 181718 19 
decimaL digit::'" 0 11 12 13 14 15 18 17 18 19 
binary_digit ::'" x_digit I z_digit I 0 11 
octaLdigit ::= x_digit I z_digit 1 0 11 12 1 3 141 5 1817 
hex_digit ::= 

x_digit] z_digitl 0 11 12 1314 15 16 17 18 19 
I_I b Ie j d 1_ l f l A I 8 I e I 0 I E l F 

x_digit ::= x I X 
z_digit ::= z I Z 11 

E8.8 Strings 
string :: '" .. {Any_ASCII_Charactars_excepCnew_line}" 

F.9 General 

F.9.1 Attributes 
attributa_lnstance :'"' (* attr_spec {, attr_spec} " ) 
atlr_spec ::'" 

attr_name '" constanCexprassion 
lattr_name 

atlr_name ::= identifier 

F.9.2 Comments 
comment ::" 

one_line_comment 
I block_comment 

one line comment ::'" /I comment text \n 

block comment ::'" I" comment te~ *' 
com~enuext :: '" {Any_ASCU"=--character ) 

F.9.3 Identifiers 
arrayed_identifier ::= 

simple _arrayed _identifier 

From IEEE Std. 1364·2001, IEEE Std. 1364·2005. Copyright 200S IEEE. All righ ts rczervW. 

... 
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I escaped_arrayed_identlfier 
block_identifier ::= identifier 
celUdentifier ::= identifier 
confi9_identifier ::= identifier 

Advanced Digital Design with the Verilog HDL 

escaped arrayed identifier ::= escaped identifier I range I 
escaped - hiefarctilesl identifier ::= -

~scaped_hie~archical_branch 
{ . simple_hierarchical_branch I . escaped_hierarchical_branch} 

escaped_identifier ::= \ {AnLASCILcharacter_9xoopt_white_space} white_space 
event_identifier ::= identifier 
functicxUdentifier ::= identifier 
gate_instance_identifier ::= arrayedJdentifier 
generate_ bloclUdenlifier ::= identifier 
genvar_funclion_identifier ::= identifier r Hierarchy disallowed of 

genvaUdentifier :;'" identifier 
hierarchical_blockJdentifier :: '" hierarchicaUdentifiar 
hierarchical_event_identifier ::'" hlerarchicaUdentifier 
hierarchical_function_identifier ::== hierarchicaLidentifier 
hierarchicaU dentifier ::= 

simple hierarchicaUdentifier 
I escaped_hierarchicaUdentifier 

hierarchicaLneUdentifier ::= hierarchicaUdentifier 
hierarchicaLvariable_identifier ::= hierarchicaUdentifier 
hierarchicaUask_identifier ::== hierarchicaUdentifier 
identifier::= 

simple_identifier 
I escaped identifier 

inoutyortJdentifi;r ::= identifier 
inputyortJdentifier ::= identifier 
instance identifier ::= identifier 
library_identifier ::= identifier 
memory_ identifier ::= identifier 
module_identifier ::= identifier 
module instance identifier ::== arrayed identifier 
neUdentifier ::= identifier -
output_porUdentifier ::= identifier 
parameter identifier ::== identifier 

:a~=:~:~::;:; ~;~ :~:~::;:; 
simple_arrayedJdentifler ::= simple_identifier (range] 
simple_hierarchical_identifier ::= 

simple_hierarchical_branch [ ,escapedJdentifier] 
simple_identifier ::= [a-zA-Z_] {( a-zA-ZO-9_$]) 
specparam_identifier ::= identifier 
system_function_identifier :: '" $1 a-zA-ZO-9_$]{ [a-zA-ZO-9_$]} 
system_lask_ identifier ::= $[ a-zA-ZO-9_$}( la-zA-ZO-9_$]} 
taskJ dentifier::= identifier 

From IEEE Std. 1364-2001, IEEE Std. 1364-2005. Copyright 2005 IEEE. All rights reserved 



terminaUdentifier ::: Identifier 
text_macro_identifier ::'" simple_identifier 
topmodule_identifier ::= identifier 
udpJdentifier ::= identifier 
udpJ nstanceJdentifier :: : arrayed_identifier 
variable_identifier ::: identifier 
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F.9.4 Identifier branches 
simple_hierarchical_branch 

simpleJdentifier [ [unsigned_number J J 
[( .simple_identifier [ [ unsigned_number J J) I 

escaped_hierarchicaLbranch :: '" 
escape(Udentifier [( unsigned_number I J 

{{ .escaped_identifler (( unsigned_number II) I 

F.9.S White space 

NOTES: 

while_space :'" space I tab I newline I eaf 

I. Embedded spaces a re ittegal. 
2. A simpleJdentifier and arraye(Creference shall start with an alpha or underscore 

(_) character, shall have at least one character,and shalt not have any spaces. 
3. The period (.) in simple_hierarchicaUdentifier and simple_hierarchical. branch 

shall not be preceded or followed by white_space. 
4. The period in escaped_hierarchicaUdentifier and escaped_hie rarchical. branch 

shall be preceded by whiteJpace, but shall not be followed by whiteJpace. 
5. The S character in a system.Junction_identifier or system_task_identifier 

shall not be: followed by white_space. A sYlitem_fun ction_ide ntifier or 
syslem_taskjdentifier shall not be escaped. 

6. End of fil e. 

From IEEE SId. 1364·2001. IEEE SId. 1364·2005. Copyrighl 2005 IEEE.All rights reserved. 





APPENDIXG Additional Features 
ofVerilog 

G.! Arrays of Primitives 
Declaring a range between the key word and ports of a primitive forms an array of 
instances of the primitive. 

Example 

The description in array_oJ_nor contains a declaration of 8-bit input and output data­
paths. The declared instance of the nor primitive with an S-bit range specification creates 
a structure of 8 nor gates. The individual bits of the dalapaths are automatically con­
nected in sequential order to the inputs of the corresponding gate. The array structure is 
shown in Figure G-l. 

module array_oCnar (output (0: 7] 'I, Input (0: 7] a, b,); 
nor (0:7) MO ('I, a, b); 

endmodule 

End of Example 

G.2 Arrays of Modules 
Declaring a range between the instance name of a module and its potts forms an array 
of instances of the module. (Note: The list of ports in an array of instances must be 
compatible with the structure being instantiated. If the port of an instantiated object is 
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y[O:7] 

FlGUREG·1 

an array, then the size of the port in the instantiated array of instances of the object 
must be sufficiently large to accommodate all copies of the object.) 

Example 

An array of full adders connected to form 4-bil slice ripple-carry adders is described in 
array_oJ_adders. 

module array-oCadders (output [3: 0] sum, output c_out, input [3: 0] a, b, 
[nput e in); 
wire [3: 1] carry; 
Add_full M[3:0) (sum, {c_oul , carry[3:1)}, a, b, {carry[3:1]. c_in»; 

endmodut. 

End of Example 

G.3 Hierarchical Dereferencing 
An identifier must be associated with only one object within a scope or domain within 
which the identifier has unique meaning (i.e., within a module, named procedural 
block, task, or function). Consequently, a variable may be referenced directly by its 
identifier within the scope in which it is declared. Verilog also supports hierarchical 
dereferencing by a variable's hierarchical path name. This feature allows testbenches 
to monitor the activity of variables at any location within the hierarchical decomposi­
tion of the unit under test. If a variable is referenced but not declared locally, Verilog 
will search upward through the boundaries of named blocks. tasks. and functions to 
resolve the identifier, but it will not search beyond a module boundary. 
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G.4 Parameter Substitution 
Verilog 1995 supports two methods of changing the values of parameters in a module: 
direct substitution and indirect referencing. Direct substitution overrides the value of 
the parameter on a module instance basis. See Appendix I for enhancements for para­
meter substitution in Verilog 2001,2005. 

Example 

The parameters declared within the G2 instance of modXnor are overridden by includ­
ing #(4,5) in the instantiation of the module. The values given in the instantiation 
replace the values of size and delay that were given in the declaration of modXnor.The 
replacement is made in the order that the parameters were originally declared. This 
method can be cumberwme if the edited value is near the end of a long list. 

module modXnor#(parametersize = 8. delay = 15) (output (size-1:0}Lout. lnput 
[size-1:0Ja. b): 
allllign #delay y_out = a -"'b: l/bitwise xnor 

endmodule 

module Param (output (7 : 0] y1_out. output [3: OJ y2_out, Input (7: OJ 81, b1. 
Input [3: 0) 82, b2): 
rnodXnor G1 (y1_out. a1. b1): !/Uses default parameters 
modXnor #(4.5) G2 (y2_out, a2. b2): If Overrides default parameters 

endmodl,lle 

End of Example 

Indirect substitution uses hierarchical dereferencing to override the value of a 
parameter in a module. Declaring a separate module in which the dtfparam statement 
is used with the hierarchical path name of the parameters that are to be overridden 
most conveniently does this. (Note: This feature can be misused by annotating [rom 
anywhere within a design hierarchy.) 

Example 

In hdref"'param the values of size and delay in instance G2 of modXnor are overridden 
by the statements in the module annotate. 

module hdreCParam (output [7:0] y,_out. output [3: 0) y2_out, Input (7:0J a1, b1, 
Input [3:0J 82, b2): 
rnodXnor G1 (y1_out, a1, b1), 

G2 (y2_out, 82, b2); {/instantiation 
endmodulll 
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module annotate: 

defparam 
hdreCParam.G2.size = 4. 

hdreCParam.G2.delay = 5; 

endmodule 

/la separate "annotation" 
module 

"parameter 
assignment by 

{!hierarchical reference 

module modXnor #(parameter size'" 8, delay = 15) (output [size -1: 01 Lout, 
Input Jsize-1: 0] a, b); 
as.lgn #delay y_out = a -lib; {!bitwise xnor 

endmodule 

End of Example 

G.5 Procedural Continuous Assignment 
There are two constructs for procedural continuous assignments, which declare dynamic 
bindings to nets or registers in a model. Ordinarily, a continuous assignment remains in 
effect for the duration of a simulation. A assign ... deassign procedural continuous 
assignment (PCA) is made by a procedural statement to establish an alternative binding 
(i.e., dynamically substitute the righthand expression). peAs using the keyword assign 
are used to model the level-sensitive behavior of combinational logic, transparent 
latches, and asynchronous control of sequential parts. The binding remains in effect until 
it is removed by the (optional) dtassign key word or until another procedural continu­
ous assignment is made. 

Example 

The four-channel mux below uses the assign .. dtossign PCA to bind the output to a 
selected datapath. 

modul. mux4_PCA (Input e, b, c, d, Input [1 : 0] select, output reg v_out); 
alwaya @ (select) 

It (select "'''' 0) ••• Ign y out = a; .1 •• 
If (select == 1) • •• Ign y - out = b; else 
if (select == 2) a •• ign y -out :: c; el.e 
if (select == 3) assign y=oul = d; .1 ••• sslgn v_out = 1'bx; 

endmodule 

End of Example 

The forct . .. ~ltll$t form of procedural continuous assignment applies to register 
variables as well as nets, and overrides assign .. . df!assign continuous assignments. The 
fOT'Cf! .. . ~1f!1l$f! construct is used primarily within testbenches to inject logic values or 
logic into a design. See CASIC_withJTAG in Section 11 .10.6. 
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Example 

In synchronous operation, the data input of a D-type flip-flop is transferred to the q out­
put at the synchronizing edge of clock (e.g., at the rising edge or the falling edge of the syn­
chronizing signal). If either the preset or the clear signal is asserted, this (synchronous) 
clocking action is ignored and the output is held at a constant value. A Verilog model of 
this behavior is shown below for active-low preset and clear. The PCA bas immediate 
effect when the statement executes. While preset or clear is asserted, the ordinary synchro­
nous behavior is ignored. If both clear and reset are de-assigned, the synchronous activity 
commences with the next active edge of the clock after the deassignment executes. 

module FLop_peA (output reg q, output qbar, Input data, preset, clear, clock); 
assign qbar = -q; 
always @ (negeclge clock) q <= data: 
always@(clear, preset) begin 
if (!clear) .aaign q '" 0; 

else if (!preset) .saign q '" 1: 
else de.sslgn q: 

end 
endmodule 

End of Example 

G.6 Intra-Assignment Delay 
When a timing control operator (II or@)appearsin front of a procedural statement in 
a behavioral model the delay is referred to as a "blocking" delay, and the statement 
that follows the operator is said to be "blocked." The statement that follows a blocked 
statement in the sequential flow cannot execute until the preceding statement has 
completed execution . Verilog supports another form of delay in which a timing control 
is placed to the righthand side of the assignment operator within an assignment state­
ment. This type of delay, called intra-assignment delay , evaluates the righthand side 
expression of the assignment and then schedules the assignment to occur in the future, 
at a time determined by the timing control. Ordinary delay control postpones the exe­
cution of a statement; intra-assignment delay postpones the occurrence of the assign­
ment that results from executing a statement. A statement in a list of blocked 
procedural assignments (i.e. those using the = operator, must complete before the 
statement after it can execute). 

Example 

When the first statement is encountered in the sequential activity [low below, the value 
of B is sampled and scheduled to be assigned to A five time units later. The statement 
does not complete execution until the assignment occurs. After the assignment to A is 



918 Advllnced Di&ilaJ Desilll with tbe VerlJoc HDL 

made, the next statement can execute Thus, C gets D 5 time units after the fi rst state­
ment is encountered in simulation. 

End of Example 

A = 1(58; 

c= D; 

Intra-assignment de lay control (' ) has the effect of causing the righthand-side expression 
of an assignment to be evaluated immediately when the procedural statement is encoun­
tered in the activity flow. However, the assignment that results from the statement is not 
executed until the specified delay has elapsed. Thus, referencing and evaluation are sep­
arated in time from the actual assignment of value to the target register variable. 

Intra-assignment delay can also be implemcmcd with the event-control operator 
and an event control expression. In this case, the execution of the statement is sched­
uled subject to the occurrence of the event specified in the expression. 

Example 

In the description below G gets ACCUM when A _BUS changes. As a result of the inlra­
assignment delay, the procedural assignment to G cannot complete execution until 
A_BUS changes. The statement C = D is blocked until G gets value. The value that G 
gets is the value of ACCUM when the statement is encountered in the activity now. This 
may differ from the actual value of ACCUM when AJiUS finally has activity. 

End of Example 

G =@ (A_ BUS)ACCUM ; 

C - D: 

G.' Indeterminate Assignment and Race Conditions 
Multiple concurrent behaviors (i.e., always or initial blocks) may assign value to the 
same register variable at the same time step. A simulator must determine the outcome of 
these multiple assignments and distinguisb between blocking (=) and non blocking « =) 
assignments. The activity of a simulator is triggered by an event (i.e., a change in the value 
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of a net, a register variable, or the triggering of an abst.ract event). (see Section G.10). The 
processing steps of the simulator are organized to eslablish an event queue to determine 
the order in which assignments to variables occur in simulation. Consequently, the queue 
manages the assignments to registers when non blocking and blocking assignments are 
made simultaneously to the same target variable (i.e .. in the same time step). At a given 
time step, the simulator will (1) evaluate the expressions on the righthand side (RHS) of 
all the assignments to register variables in statements that are encountered at that time 
step, (2) execute the blocking assignments to registers. (3) execute nonblocking assign. 
ments that do not have intra-assignment timing controls (i.e., they execute in the current 
time step). (4) execute past procedural assignments whose timing controls have sched­
uled an assignment for the current simulator time, and (5) advance the simulator time 
(tJim). The language reference manual (LRM) fo r Verilog refers to this organization of 
the simulation activity as a ··stralified.-event queue." That is. the queue of pending simu­
lation events is organized into five different regions, as shown in Table G·1. 

The first region , the active region, consists of events that are scheduled to occur 
at the current simulation time, and which have top priority for execution . These events 
result from (1) evaluating the RHS of nonblocking assignments, (2) evaluating the 
inputs of a primitive and changing the output, (3) executing a procedural (blocked) 
assignment to a register variable, (4) evaluating the RHS of a continuous assignment 
and updating the LHS. (5) evaluating the RHS of a procedural continuous assignment 
and updating the LHS, and (6) evaluating and executing $display and $Hlrlle system 
tasks. Any procedural assignments blocked by a 110 delay control are placed in the inac· 
tive queue, and execute after the active queue is empty, in the next simulation cycle at 
the current time-step of the simulator. The activi ty of the active queue is dynamic. 
When it becomes empty, the contents of the inactivc queue are moved to the active 
queue, and the process continues.. 

The order of processing events in the active queue is not specifi ed by tbe LRM 
and is tool·dependent. For example, if an input to a module at the top level of tbe 
design hierarchy has an event at the current simulation time, as prescribed by a test­
bench, the event would reside in the active area of the queue. Now suppose that the 
input to the module is connected to a primitive with zero propagation delay and whose 
output is changed by the event on the input port. This event would also be scheduled to 
occur at the current simulation time and would also be placed in the active area of the 
queue. If a behavior is activated by the module input and if the behavior generates an 
event by means of a nonblocking assignment. that event would be placed in the non· 
blocking assignment update area of the queue. Events that were scheduled to occur at 
the current simulation time but that originated in non blocking assignments at an ear­
lier simulation time would also be placed in the "nonblocking assignment update" 
area. The monitor area contains events that are to be processed after the activc, inac· 
tive, and non blocking assignment update events, such as the $mon;lor task. The last 
area of the stratified event queue consists of events that are to be executed in the 
future. Given this organization of the event queue, the simulator executes all 0/ the 
active events in a single simulation cycle. As it executes, it may add events to any of 
the regions of the queue, but it may delete events only from the active region. After the 
active region is empty, the events in the inaclive region are activated (i.e., they are 
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added to the active region and a new simulation cycle begins). After the active region 
and the inactive region are both empty, the event~ in the nonblocking assignment 
update area of the queue are activated, and a new simulation cycle begins. After the 
monitor events have executed. the simulator advances to the next time at which an 
event is scheduled to occur. Whenever an explicit ItO, delay control is encountered in a 
behavior, the associated process is suspended and added as an inactive evcnt for the 
current sim ulation time. The process will be resumed in the nen simulation cycle at the 
current time. 

In addition to the structure imposed by the stratified event queue, the simulator 
must also adhere to the rule that the relative ordering of blocking and nonblock ing 
assignments at the same simulation time will be such that the nonblocking assignments 
will be scheduled afte r the blocking assignme nts, with the exception th at blocking 
assignments that a re triggered by nonblocking assignments will be scheduled after the 
nonblocking assignments that are already scheduled. (Caution:The $dlsplay task exe· 
cutes immediate ly when it is encountered in the sequential activity flow of a behavior.) 
The $monitor task executes at the end of the current simulation cycle (i.e. , after the 
non blocking assignments have been updated). Thus, in the code below, executc disp/ay 
assigns value to a and h, samples the current RHS of a and b, displays the current val· 
ues of a and b, then updates a and b. The values of {I and b a t the end of the behavior 
are not the values that were displayed (i.e., $display executes before the non blocking 
assignments). On the o the r hand, executeJ11oniror assigns value to c and d, samples c 
and d, updates c and d ,and then prints the values of c and d. The values of c and d when 
the behavior expires are the same as the values that were printed. The standard output 
is printed below: 

d isplay: a '" I b = 0 
monitor: c = 0 (/ '" I 

Initial begin : execute_display 
a:: 1; 
b:: 0; 
a <= b; 
b<: a; 
$d.~ ("display: a:: %b b = %b-, a, b); 

end 

G.8 wait Statement 

Initial begin: execute_monitor 
c :: 1; 
d ::0; 
c<=d; 
d <:: c; 
$monitor (-monitor: c = %b d" %b-, C, d); 

end 

The wait construct suspends a thread of an activity now within a behavior until an 
expression evaluates true. 
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Example 

The assignment of register_b to register_a below is suspended until enable is asserted 
true. After the assignment is made activity is again suspended for 10 time steps before 
assigning register _d to register_c. 

walt (enable) register_a = register_b; 

#10 register_c = register_d; 

End of Example 

G.9 fork ... join Statement 
The/oTk .. join construct within a behavior branches an activity flow into multiple par­
allel threads, each of which may be a begin ... end block statement. The statements 
within a begin . . . end block statements execute in the ordinary way (i.e., sequentially). 
fork .. . join statements aTC helpful in modeling complex wavefonns in testbenches 
and abstract (and nonsynthesizable) models of behavior. The activity of a/oTk ... join 
statement is complete when all of the statements within it have completed execution. 

Example 

The assignment to A below is made at t .im = 5, and the assignment to C is made at 
' .im = 10: 

'0", 

#SA:: B; 

#1 0C:: D; 

Join 

End of Example 

G.I0 Named (Abstract) Events 
The Verilog named event provides a high-level mechanism of communication and syn­
chronization within and between modules. A named event, sometimes referred to as an 
abstract event, is an abstraction that provides interprocess communication without 
requiring details about physical implementation. In the early stages of design, this can 
free the designer from having to pass signals between modules explicitly through their 
ports. A named event can be declared only in a module; it can then be referenced 
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within that module directly, or in other modules by hierarchically dereferencing the 
name of the event. The occurrence of the event itself is determined explicitly by a pro· 
cedural statement using the event-trigger operator, ->. 

Example 

In the description below, the abstract event up_edge is triggered when clock has a posi­
tivc edge transition. A second behavior detects the event of up3dge and assigns value to 
the flip-flop's output, subject to an asynchronous reset signal. Hierarchical referencing 
allows modules to communicate between any locations in a design hierarchy, without 
requiring structural detail I I]. 

module Flop_Bvent (input clock, reset, data, output reg q, output <t,.bar); 
event up_edge; 
assign <t,.bar.= -q; 
always GI (posedge clock) -> up_edge; 
always @(up_edge, negedge reset) 

begin 
If (reset •• 0) q <: 0; .1_ q <: data; 
end 

endmodule 

End of Example 

G.ll Constructs Supported by Synthesis Tools 
Synthesis tools support a limited subset of the Verilog language. It is essential that mod­
els use only supported constructs. Otherwise a synthesis tool will report an error and fail 
to synthesize a circuit. Table 0-2 lists language constructs that are commonly supported 
by synthesis tools; Table G·3 lists constructs that are to be avoided. Not aU of these are 
inherently unsynthesizable (e.g.., nfHat loops), but they are not supported by vendors 
because equivalent functionality can be described by other constructs. Verilog has robust 
delay constructs fo r modeling inertial delays of primitives, and transport delays of nets, 
and pin-pin path delays of modules (see Appendix F), but technology-dependent attrib­
utes, such as propagation delays. are not to be included in modes for synthesis. The rule is 
to model only the functionality of the circuit, not its timing. The synthesis tools wiU imple· 
ment a design subject to constraints on area, timing, and availability of parts in a cell 
library or speed grade in an FPGA. r'Or additional details, see [I]. 
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Module declaration 
Port modes: input, output, inout 
Port binding by name 
Port binding by position 
Parameter declaration 
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Connectivity nets: wire, trl , wand, war, s upplyO, eupply1 
Register variables: reg, Integer 
Integer types In binary, decimal, octal, hex formats 
Scalar and vector nets 
Subrang8 of vector nets on RHS of assignment 
Module and macromodule instantiation 
Primitive instantiation 
Continuous assignments 
Shift operator 
Conditional operator 
Concatenation operator (including nesting) 
Arithmetic, bitwise, reduction, logical and re lational operators 
Procedural block statements (begin .. . end) 
case, ea • • x, ca • • z , default 
Branching: If, If ... el • • , If .. . el ... ... If 
disable (of procedural block) 
for loops 
Tasks: taak ... endt .. k (1"10 timing or evant control) 
Functions: funct ion ... endfunctlon 

TABlEG-3 

Assignment with variable used as bit select on lHS 
global variables 
case quality, inequality ("''''''', 1==) 
defparam 
event 
fork ... joln 
forever 
while 
wait 
initial 
pulJdown, pullup 
force ... release 

cmos, rcmos, nmos, rnmos, pmos, rpmos 
tran, tranlfO, tranlf1, rtran , rtr"anifO, manlf1 
primitive ... endprlmltlve 
table ... endtable 
intra-assignment timing control 
delay specifications 
scalared, vectored 
small , med ium, large 
specify, endspaclfy 
Stlme 
weskO, weak1, strongO, strong1 , pullO, pull1 
Skeyword 



APPENDIXH Flip-Flop and Latch Types 

Some of the examples in the text use a variety of flip-flop and latches from a standard--cell 
library. The main functional features of those flip-fl ops are summarized in Table H·1. 

TABLE H· ' 

nCK Thcdff'JIPlIh~il . D-type flil>'flop ... ; th rising-edge dod (CK). 
o Q internally gated data input (bfctw~n the output _and the ut~rn ~ 1 

R8 dat .pa th and the output). (D) alyllC hronoul ~ct've-Iow sate 
dffr-gpqb_D oontrol(O).re..,t( ~B). l nd Qoutpul. 

UCK llIedff,mpqb-" isa D.t~fliI>'Oop"';thri.ing-.M.c~loo;k (CKj . 
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APPENDIX I Verilog-2001, 2005 

The Verilog HDL undelWent its first revision in 2000, and emerged as IEEE Std. 1364-
2001, known as Verilog-2001, with significant changes aimed at improving the utility and 
clarity of the language. The Verilog Standards Committee clarified ambiguous syntax and 
semantics in IEEE Std. 1364-19951 and removed errors in the LRM. The language was 
enhanced to support higher level modeling and abstract modeling, while maintaining 
backward compatibility with IEEE 1364-1995. Minor revisions and clarifications were 
again introduccd in 2005. We will discuss a selected set of changes here. For additional top­
ics, see [1 ,2]. In this appendix, we will refer to the revised language as Verilog 2001,2005. 

1.1 ANSI C Style Changes 
IEEE Std. 1364-2oot introduced ANSI C style syntax for module and UDP declarations. 

1.1.1 Module Port Mode and Type Declarations 
Verilog-2001 ,2005 allows the mode and type of a port to be combined in a single declara­
tion, as shown in Figure 1-1.Also, the input ports have default type wire, so the declaration 
of type wi~ for the input ports may be omitted to further simplify the description. The 
optional description in Figure 1-2 places the declaration of the mode, type and vector 
range of the signals in the port. 

1.1.2 Module Declarations 

See Figure 1-2. 

1.1.3 Module Port Parameter List 
Parameters are declared as module items in Verilog-IEEE 1364 (i.e. within the body of 
the module 's declaration). In Verilog-2oo1, 2005, the declarations of parameters may 
be included between the module name and the port list, as shown in Figure 1-3. 

lReferredto as Verilog-I99S 
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module Add_16 (sum, c_oul, a, b, c_in); 
output [15: 0) sum; 

module Add_16 (sum, c_out. a, b, c_in); 
output reg [15: 0] sum; 

output c_out; 
input [15: 0] a, b; 

output ~ c_out; 

input c_out: 
reg[15: 0 ....1llID...cout: 

~'5:01 ~:~;; 

input~115: 0]a, b;. 

opl ional Input wtr. -----:::'oPl ional 

always@(a or b or cJn) 

always@(a or b or c_in) 
{c_out. SlJm)=a+b+c_in; 

{c_out, sum) '"' a + b+ cJn; 

endmodule 

tlGUREI-1 

module Add_16 (sum, c_out, a, b, cJ n); 
output (1 5: 0] 
output c_out; 
Input (1 5: 0] a, b; 
Input c_in; 
reg [15:0] sum; 
reg c_out: 
wire (15: 0] a, b; 
wire cJn; 

atways O {a or b or c_itl) 
{c_oul. sum} = a + b + c_ln; 

endmodule 

module Add (sum, c_out, a, b, cJ n); 
pilrameter slze - 16; 
output [size-I : 01 
output c_out; 
Input [size ~I : 0] a, b: 
Input cj n: 
reg (size - I : 0] sum; 
reg c_out; 

always @(a or b or cJn) 
{c_out, sum} " a + b+cj n; 

module Add_16( 
output reg [1 5: 0] 
output reg c_out, 
Input [1 5: 0] a, b, 
lnput c_In); 

atwaysO(a or b Ol'" c_lnj 
{c_out, sum}za+b+c_ln; 

endmodule 

module Add "<~ size = 16} ( 
output reg [size-I : 0] sum. 
output reg c_out. 
Input r,ize-l : 0J a, b. 
input c_in); 

atways@(a or b or c_ln) 
{c_out, sum)"a + b + cJn; 

endmodule 
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1.1.4 UDP Declarations 

Verilog-2001, 2005 allows ANSI-style declarations combining the mode andlor data 
type of the elements of a port with the port list (see Figure 1-4) , 

I.LS Declarations of Functions and Tasks 

The syntax of Verilog-1995 for declaring functions and tasks separates the arguments 
of a function from its name and associates inputs and outputs with their order in sepa­
rately made declarations. Verilog-2oo1, 2005 adopts an ANSI C style that associates the 
arguments with the name, using the same syntax as that for modules. Examples of the 
new syntax for functions and tasks are shown in Figure 1-5, 

Vl'riiOllt99S Verilog 200t,200S 

p,lmltlve latch (I;LOUt, enable, data): 
output l;Loul: 

p,lmltlve latch (output,eg 
Input 
Input 

CLout, 
enable, 
data): Input enable,data: 

,ag CL°ut; 
table 

endtable 
endprlmltlve 

Verilolll99S 

funct ion [16: 0) sum_FA; 

Input [15:0Ia,b; 
Input cjn; 

and'unctlon 

V .. rilolll99S 

task sum_FA; 
output (16: 0) sum_FA; 
Input (15:0] a,b; 
Input cjn: 

sum=a+b+cjn; 

endtask 

table 

endtabte 
endp,lmltlve 

VeritoIl2001, 200S 

function [16: 0) sum_FA (Input [15:0) a, b, Input cJn); 

sum=a+b+cjn, 

endfunctlon 

(,) 

V .. ritOIl2001.200S 

task sum_FA 
(output (16: 0) sum, Input ]15:0] a, b, lnput c_ln): 

endtask 

(b) 
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function real sum_Real; 
Input real !I,b; 

surn=a+b; 

endfunctlon 

Verilog 1995 

task sum_Real; 
output real sum; 
input real a,b; 

surn=a+b: 

.ndtnk 
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V.,.iIOI!:200I,200S 

function rill sum_Real (Input real a, b): 

sum=a+b; 

(,) 

VerllOl 2001, 1005 

task sum_Real 
(output real sum, input real a, b): 

sum=a+b; 

endtalk 

(b) 

The type of the inputs and outputs of a function or task is reg , unless specified by a 
declaration within the function of task. Verilog-2001, 2005 allows the type to be declared 
within the pori of the function or task, as shown in Figure 1-6. 

1.1.6 Initialization of Variables 
Variables of type Ng, Integer and lime are initialized to a default value2 of x in the first 
cycle of simulation. A wire is initialized to z and inherits the value of its driver. Vari­
ables of type real and real';m~ are initialized to the default value 0.0. In Verilog-I995, 
a separate declaration can declare an initial value for a reg, integer, or time variable. 
Verilog-2001, 2005 combines the declaration of an initial value with the declaration of 
the type of a ng, integer, time, real, or naltime variable that is declared at the module 
level (i.e., a variable declared elsewhere, such as in a task, may not be declared to have 
an initial value). The value of a wire remains at the value of its default until the wire is 
driven to a differe'nt value in simulation. An example of initialization of a variable is 
given in Figure J-7.A wire may inherit an initial value from a continuous assignment. 

An initial value may be assigned to a variable as part of an ANSI C style of a port 
declaration, as shown in Figure 1-8. 

1.2 Code Management 
Verilog-2001 , 2005 expands the capabilities of tasks and functions to include re-entrant 
tasks and recursive functions. 

2>the d efault net type can be overridden by a compile r directive 
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Verilolll995 

module Cllcgen (clock); 
parameter delay = 5; 
output clock; 
reg clock; 

Initial begin 
clock =0; 
forever #delay clock =-dock; 

'"' 
endmodule 

Veriloll 2001. 2005 

module CIk...Gen #(parameter delay '" 5) (output clock); 
reg dock = 0; 

Initial forever #delay clock = "'"Clock; 

endmodule 

Verilolli99S Verilol200I,2005 

module Cilulen (dock); module CIk...Gen #(parameter delay = 5) (output reg clod<. = 0); 
parameter delay=5; 
output clock; Initial forever #delay clock; -clock; ". clod<.; 

endmodule 
Initial begin 

cJock "'O; 
forever #delay clock '" -clock; 

'"' 
endmodule 

1.2.1 Re-Entrant Tasks 

931 

Tasks in Verilog-1995 are allocated static memory that persists for the duration of sim­
ulation. The memory space of a task is shared by aU calls to the task. Task variables 
retain their value between calls. Tasks may be called from multiple concurrent behav­
iors, setting up the possibility that data may be overwritten and compromised before a 
given caJl to a task is complete. Designers work around this problem by placing the 
same task in multiple modules and isolating their memory space, but this wastes 
resources and complicates maintenance of the code [\ ,2]. 

Verilog-2001, 2005 supports re-entrant tasks with dynamic allocation and de­
allocation of memory during simulation, each time a task is called. The keyword 
automatic designates a task with dynamic memory allocation. Such tasks are not sta­
tic, and their allocated memory is not shared. Because the memory allocated for an 
automatic task is released when the task completes execution, models that use such 
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tasks must not reference data generated by the task afte r the task exits. This imposes 
restrictions on the style of code that may use automatic tasks (1, 2). 

1.2.2 Recursive Functions 

Functions in Verilog-t995 arc static 100, and may not include delay constructs (i.e., II, @, 
wait). Functions effectively implement combinational logic equivalent to an expression. 
Because a function executes in 7.ero time. there is no possibility fo r concurrent calls to the 
same functio n. However, subsequent calls to a functio n overwrite its memory space. If a 
function calls itself recursive ly, e ach call will overwrite the memory of the previous call. In 
Verilog-200 \ ,2005 a function can be declared automatic, which causes distinct memory to 
be allocated each time a function is called. The memory is released when the function 
exits. The classical example of recursion in Figure 1-9 compares a recursive implementa­
tion in Verilog-2001. 2005 with an illegal description in Verilog-I995. 

1.2.3 Constant Functions 

Functions may be used in Verilog-I995 only where a nonconstant expression can be 
used. For example. the widths and depths of arrays can be hardwired by fixed numbers 
defined by parameters, which are constants. Although parameters can be defined in 
terms of other parameters, this mechanism for scaling a design can be cumbersome. 

Verilog-2001.2005 supports constant functions, which can be called wherever a 
constant is required. Constant functions are evaluated at elaboration time and do not 
depend on the values of variables at simulation run-time. Only constant expressions 
may be passed to a constant function , not the value of a net or register variable. Conse­
quently, a constant function may reference only parameters, localparams. locally 
declared variables, and other conSlant functions. The parameters that are used by a 
function must be declared before the function is called, and the memory used by a 
function is released after the function has been elaborated. 

Avoid using d~fparam statements to redefine the parameters within a function, 
because the value returned may differ between simulators. The parameters within an 
instance of a module can be redefined unambiguously by the # construct. Constant 
functions may not cali system funct ions and tasks, and may not use hierarchical path 
references. 

function [63: OJ Bogus 
Input [31.01 N; 

if(N •• 1)Bogus= 1; 
.IM Bogus. N'Bogus (N-1); 

.ndfunctlon 

Vtrilol-200t,2005 

functlon.utom.llc [63: 0] faclorial 
Inpul [31.0] N; 

!f(N··1)facIO!ial=1; 
.IM fac\0ri8l- N'factorial (N-1); 

. ndfunCIIon 
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1.3 Support for Logic Modeling 
1.3.1 Implicit Nets 

In Verilog-19<J5, an undeclared identifier will be an implicit net data type if it (1) appears 
in the port of an instantiated module, (2) is connected to an instance of a primitive, or 
(3) appears on the LHS of a continuous-assignment statement and is also declared as a 
port of the module containing the assignmenl.1f the implicit net is connected to a vector 
port, it will inherit the size of the port; otheTWise, it will be a scalar net. The default data 
type of an implicit net is wire, which can be modified by a compiler directive. If the type of 
the LHS of a continuous assignment is not declared explicitly and is not determined 
implicitly by the above rules, an error will result. In Verilog-200l, 2005 an undeclared iden­
tifier that is not a port of a module will be inferred as an implicit scalar net. Figure 1-10 
shows a module that complies with Verilog-2001, 2005, but not with Verilog-I995. 

1.3.2 Disabled Implicit Nets 

The mechanism for implicitly declaring a net can be disabled by including a new argu­
ment, none with thc 'defauicnettype, compiler directive. This argument requires all 
nets to be explicitly declared. Disabling the default assignment of type to identifiers 
will reveal compilation errors that arise from misspelled identifiers but that would be 
otherwise undetected. 

1.3.3 Variable Part Selects 

Verilog-I995 allows a part select of contiguous bits from a vector if the range indexes of 
the part select are constant. Verilog-2001, 2005 provides two new part-select operators to 
support a variable part select of ftxed width, +: and -:, having the syntax <startin&.-bit> 
+: <width> and <startin&.-hit> -: <width>, respectively. The parameter width specifies 
the size of the part select, and starcbit specifies the leftmost or rightmost bit in the vector 
from which the part select is taken, depending on whether the selection will be made by 

Veritogl99S 

module Adder (sum. c_out. a, b. cjn); 
oulput [15:01 
output c_out; 
Input [15:0] a, b; 
Input cjn; 

always@(aorborc_in) 
{c_out,sum)=a+b+cjn; 

asslgnmatch=a&b; IIln .... alid 

Verit<>g2001,200S 

module Adder ( 
output [15: OJ sum. 
output c_out. 
Input [15:01 a.b. 
Input cjn); 

always@(aorborcjn) 
{c_oot,sum)=a+b+c_in: 

asslgnmatch=a&b II Valid 
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Vt:ri I01 1995 Vt:rilog2001.2005 

reg (15: OJ sum; reg [15: 0] sum; 
reg [2: 0] K: reg [2: 0] K; 

/fValid; II Valid; 
wire [7: 0] a_byte:: sum (15, 8]' wire (7: 0] a_byte:: sum[15: 81; 

I/Error: If Valid ' 
wire (3: 0] b_byte :: sum[K + 3; 1<]: wire [3: 0] b_byte:: sum[K +: 3): 

Verilog 200t. 2005 

[31 : OJ d.J)aths [15: 0]: 
reg [15:0) data [0: 127][0: 127]: 
of words 

1/ 1-dimensional array of WOfds 
II 2-dimensional array 

time array [0: 15][0: 15][0: 15]: II 3-dimensional array 

incrementing or decrementing the index of the bits in the vector. See Figure 1-11 for an 
example. 

1.3.4 Arrays 
Verilog-1995 supports only one...£l.imensional arrays of type reg, integer, and time. 
Verilog-2001,2005 supports arrays of real and nalrime variables, in addition to arrays 
of type reg, Integer, and rime. Arrays can be of any number of dimensions in Verilog-2001, 
2005. The range specifications for the indexes of the dimensions of an array follow the 
declared name of the array. Examples are shown in Figure 1-12. 

A bit or a part select of a word in an array cannot be selected directly in Verilog-
1995, but Verilog-2001 , 2005 allows selection of a bit or a part select from an array of 
any number of dimensions. To select a word, reference the array with an index for each 
dimension. To select a bit or a part, reference the array with an index for each dimen­
sion plus a bit or range specification. See Figure 1-13. 

1.4 Support for Arithmetic 
1.4.1 Signed Da.a Types 

Verilog-1995 is limited to signed arithmetic on 32-bit integers. The reg, rime, and all net 
data types are unsigned, and expressions are evaluated as signed arithmetic only if every 
operand is a signed variable (Le., has type Integer). The data types of the variables in an 
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". real 
wire 

[15: OJ data 
lime_array 
[31:0j d-palhs 

Verilog1995 

(0:1271(0:1271: 
{0:15J[0:15110:151: 
[15:0}; 

wire [15: Oja_data_word:dala (4)[21j: 
a_lime_sample:lime_arraY[71[7J(7J; 

wire [7: 01 a_byte: data [64][32][12: 51: 
wire a_bil= data [31)[8)[3]; 

112-dimensional array of words 
l13-dimensionalarray 
111-dimensionalarrayofwords 

/I references a word 
/I references a word 
II references a byte 
I/referencesabil 

.35 

expression, not the operators, determine whether signed or unsigned arithmetic is per­
formed. Veriiog-2001, 2005 uses the reserved key word s;gnedto declared that a reg or a 
net type variable is signed, and supports signed arithmetic on vectors of any size, not just 
32-bit values. See Figure 1-14. 

1.4.2 Signed Ports 
Ports may be declared to be signed in two ways: by declaration wi th the mode of the 
port or by declaration of the type of the associated port variable. Figure I-IS shows 
examples of declarations of signed variables without and with ANS I C style syntax. 

1.4.3 Signed Literal Integers 

Verilog-1995 represents literal integers in three ways: a number (e.g., - 10), an unsized 
radix-specified number (e.g., 'hA), and a sized radix-specified number (e.g. , 64'hF). If a 

Verilollt995 

integer m.n: 
reg [63: 0] v: 

... II value stored 
m = 12; II 0000_ ... _0000_1100 
n :-4: II l11C ... _,,11_"00 
v: 8; 1/ 0000_ ... _0000_1000 

m:mfn: Il result-3 

v:vln; II result ° 

Veriloll 2001. 200S 

integer 
reg signed 

m,n; 
[6301 v; 

II value stored 
m:: 12; 110000_ ... _0000_1100 
n:-4; II l11C .. _1111_tl00 
v: 8; 110000_ ... _0000_1000 

m:mln: Ilresull-3 

v=vln; IIresult-2 
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V('rilo& 2001. 200S 

module Add_Sub ( 
output IlgnMt 163 01 sum_diff; /I stored as Signed value 
Input .Igned 163 01 a, b; If stored as signed value 

endmodull 

(,) 

\ 't' ri1oc 2001. 2005 

module Add_Sub ( 
output ~ signed 
Input wire slgoed 

). 

endmodule 

[630]SlJm_drtr, 
[630Ja.b 

------ ----------------~ 
(b) 

,----------------, 
\HlI&& 20tH. 2.005 

reg signed [63 OJ v: IIslQnedvariabie 

v·'2; II Irteral Integer 

vavl_64'd2: IIstoredasO 

v a vl-64'ld2; II stored as-6 

FIGURE 1-16 

radix is specified the number is interpreted as an unsigned value; if a radix is omitted, 
the number is interpreted as a signed value. In Verilog-2001 , 2005, a sized li teral integer 
can be declared as an inleger. The symbol s is used to specify that a sized or unsized lit· 
eral integer is signed, as illustrated in Figure 1-16. 

1.4.4 Signed Functions 

Functions in Verilog-I995 may be called any place that an expression can be used. The 
value returned by a function is signed if and only if the function is declared to be an 
integer. With the rese rved keyword signt:d, Verilog-2001. 2005 allows signed arithmetic 
to be performed on ret urned values of a vector size. Figure 1-17 identifies the possible 
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Exampk Vt:rilot; l995 Verilo&200I.2005 

function sum single bit 

function (31: 0] sum unsigned vector of 32 bits 

function integ.r sum signed vector of 32 bits 

function l'1Iai sum 64-bitdouble-precislon 

function time sum unsigned 54-bit vectOl" 

function _liInMt {63: OJ sum signed 54-bit vectot 

types of a function in Verilog-I995 and Verilog-2001 , 2005. Remember thai Ihe dala 
types of the variables in an expression, not the operators, determine whether signed or 
unsigned arithmetic is performed. Signed arithmetic is performed only when all of Ihe 
operands are signed variables. 

[.4.5 System Functions for Sign Conversion 

Verilog-2001 ,2005 provides two new system functions for converting values to signed or 
unsigned values. The function $signed returns a signed value from the value passed in. 
The function $unsigned returns an unsigned value fTom the value passed in. The func­
tions are useful because an expTession returns a signed value if and only if all of ils 
operands are signed variables. Sign conversion eliminates the need to declare and 
assign value to additional variables to circumvent the restrictions of Verilog-I995. See 
Figure 1-18. 

[.4.6 Arithmetic Shift Operator 

Logical shift operators « <. > » are supported by Verilog-l995. These operators have 
two operands: an expression (operand) whose value is to be shifted, and an expression 

Inteo-r 

reg [63:01 

v=-16; 

sum_dlff" 48: 

sum_diff-suITLdiff/v: 

Vltrilo,:200l/2OO5 

signe!:Lsum_diff" hlgnMt (suffi_dilf) I v; 
II relums 0 
II returns-3 
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Integer data_value, dala_valu&_'995, da~value..2001: /I signed c1atatype 

data_valu8_1995'" data_value» 3; 

data_va\ue..2001 = dat<t-value »> 3; 

data_valu8_1995 " data_value« 3; 

data_value..2001 = data_value «< 3; 

FlGUREI·19 

Ifstoredasl11' ._111' _0111 

II stored as 0001 .. _"1'_1110 

.. _11 1'_1 110 

1151O'OOa5 1111. ,OI Cl000 

lislored as l 11L_l 011_1000 

(operand) that determines tbe number of shifts. The bitwise-shift operators insert a 0 into 
the cell vacated by a shift. Verilog-2001,200S includes the operators »> 10 shift arith­
metically to the right and «< to shift bitwise to the left. The arithmetic right-shift 
operator ( > > » implemented in Vcrilog 2(1)1 , 2005 inserts the MSB (sign bit) back into 
the MSB at each shift if the expression that determines the value of the shifted word is 
signed; otherwise it will insert a O. The expression forming the second operand of the shift 
operator may be signed or unsigned; all other expressions are interpreted to be signed if 
and only if every operand is signed. The arithmetic left-shift operator « « ) is func­
tionallyequivalent to the logicalleft:shift operator « < ). The examples in figure 1-19 
show the distinctions between the logical and arithmetic shift operators. J 

1.4.7 Assignment Width Extension 

Verilog-1995 has two rules for extending the bits of a word when the expression on the 
RHS side of an assignment statement has a smaller width than the expression on the 
LHS: If the expression on the RHS is signed, the sign-bit determines the extension to 
fill the LHS.lf the expression on the RHS is unsigned (i.e., reg, lime, and all net types), 
its extension is formed by filling with O. This can lead to inappropriate extensions when 
the LHS exceeds 32 bits. 

Verilog-2001 . 2005 has a more elaborate set of rules for extending the width of a 
word beyond 32 bits, as summarized in Figure 1-20. These rules differ from those for 
Verilog-1995, so a model that adhered to the rules of Verilog-1995 will not work the 
same as a model employing the rules ofVerilog-2001, 2005. 

1.4.8 Exponentiation 

Exponentiation is not implemented conveniently in Verilog-1995 - it requires repeated 
multiplication within a loop statement. Verilog-2001, 2005 includes the operator **, which 

'The shift ·left operator implemented in VcriJog-2001 fills with 0, which corresponds to multiplication by a 
power of 2. An arithmetic shift -Jcflthat fills with the LSB produces diffe rent results. 
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Extended value 

Left-most b,t of Un$lg.ned Signed 
RHS RHS RHS 

Upre5S10n expression upreulon 

Veril(lX2(H)1. 2005 

Returned va lue Base Exponent 

double-precision noaung pOint real. Inleger. or signed va lue real. Integer. or signed va lue 

ambiguous 

negahve numlxr 

~g (7 : 0I base; 
r-v (2: 01 exponent 
~ (15: 0) value; 

value .. base •• exponent; 

FIGURE 1·11 

IKlI,aposihve number 

IKlI an mleger 

9 .. 

implements exponentiation directly. The operator has two operands: a base and an expo­
nent. The type of the returned value depends on the operands, as shown in Figure }·21. 
The example in Figure 1·22 illustrates the syntax for using .... (Note: The operator for 
exponentiation has higher precedence than the operator for multiplication.) 



940 Advanced D igital Design with the Verilol HDL 

1.5 Sensitivity List for Event Control 
The event-control expression in Verilog- I995 uses the or operator to compose an 
expression that is sensitive to multiple variables. Verilog-2001, 2005 allows a comma­
separated list, as shown by the example in Figure 1_23.4 

1.6 Sensitivity List for Combinational Logic 
Level-sensitive cyclic behaviors (always) will simulate and synthesize combinational 
logic if the event-control expression of the behavior is complete (i.e., it contains every 
signal that is referenced implicitly or explicitly in the behavior), and if every variable 
is assigned value in evcry execution thread of the behavior (e.g., if statements are 
complete). If the event-control expression is incomplete, a synthesis tool will infer 
latched logic, rather than combinational logic. Unintentional omission of a signal from 
an event-control expression is problematic, so Verilog-2001, 2005 uses a wildcard 
token (*) to indicate a level-sensitive event-control expression that is sensitive to 
every variable that is reference within the behavior, thereby eliminating the need to 
explicitly identify them and avoiding the consequences of an incomplete event-control 
expression. See Figure 1-24. 

Verilo,-I99S 

module Adder (sum. c_out. a. b, cjn); 
output [15: 0] 
output c_out; 
Input [15: 01 a,b: 
Input c_in; 

always@(aor b or c_in) 
{c_oul,sum}=a+b+c_in; 

endmodule 

Veri~lCIOl.lOO5 

module Adder (sym, c_ool. a, b. c_In); 
output [15: OJ 
output c_oul ; 
Input [15;0] a,b; 
Input cjn; 

alwayaG(a,b,c_ln) 
{c_out,sum}=a+ b+c_in; 

endmodule 

FIGUR E 1-23 

"'The new syntax permits mixing separated by or with items separated by commas, but thi~ usage makes the 
code less readable 
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Verilog-199S 

module Adder (sum, c_out. a, b, cjn): 
output [15:0J sum; 
output c_out; 
Input (15:01 a,b; 
Input cj n; 
rag [15: 01 sum: 
reg c_out: 

always @ (a or b or c_in) 
{c_out.sum)=a+b+cJn; 

endmodule 
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Veruog-200I.lOOS 

module Adder ( 
output reg [15:01 sum; 
output reg c_out; 
input [15: 0J a,b; 
Input c_in); 

always @(O) 1/ a~emative: always@ 0 

{c_out,sum}=a+ b+cJn; 

endmodule 

Caution: The @ operator is associated with the single statement or begin , , . end 
block of statements that immediately follow it. Careless use of the operator will lead to 
models that do not represent the functionality of combinational logic, and that do not 
synthesize into combinational logic, In Figure 1-25, the cyclic behavior within Bogus 
misuses the event control operator @. making the behavior sensitive to only a and b, 
but not to cin. 

Verilog-I995 

module Adder (sum, diff, c_out, a, b, cjn): 
output (15: 01 sum,diff; 
output c_out 
Input (15:01 a,b; 
Input cJn: 
rag (15: 0] sum,diff: 
reg c_oul: 

always @ (a or b or cjn) begin 
(c_oul,sum}=a+b+cJn; 
diff=a - b; 

,"d 
endmodule 

module Adcler ( 
output reg [15:0] sum,diff, 
output reg c_oul 
Input [15:01 a,b, 
input cjn); 

alw~l:nsitivetoonlyaandb 

@diff :::a-b; 
{c_oul, sum} ::: a + b + cjn; 

,"d 
endmodule 
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1.7 Parameters 
Parameters make models more configurable, readable, extendable, and portable. 
Declared by the keyword PtJram~'~T, parameters in Verilog-1995 are run-time con­
stants, and their value can be changed before simulation and during elaboration. 
There are two mechanisms for redefining the value of a parameter: remotely, using 
the keyword d~fpaTam. and implicitly, by in-fine redefinition. The declaration 
redefining a parameter with the defparam keyword can be placed anywhere in the 
design hierarchy. and it redefines the value of a parameter at any location in the 
design hierarchy via hierarchical dereferencing of path names. This poses the risk 
that parameters can be changed inadvertently from any location in the design, since 
parameters are not fixed constants. In-line redefinition requires that text adhering to 
the syn tax #(lialucl, liafue_2 , ... , vu/ucm) be inserted after the instance name of a 
module to redefine parameters declared within the module. The order of the 
sequence of value_I, vulue_2 . .. must correspond to the order of the sequence in 
which the parameters are declared within the module. This is cumbersome when the 
modules contain several parameters, not all of which arc to be redefined. Because 
the parameters are not explicitly named in this syntax for redefinition, the practice is 
prone to error, and renders the model1ess readable. Verilog- t 995 also supports spec­
params (specify parameters) that may be declared and used only within specify . . 
elldspecify blocks~ within a module. A specparam is local to the block in which it is 
declared, and may be used only within the block. A standard delay format (SDF) file 
can redefine the value of a specparam. The risk, again, is that specparams could be 
mistakenly redefined. 

A parameter inherits its size and type from the final value assigned to it dur­
ing elaboration, before simulation, which need not be the same type that was 
assigned to the parameter when it was declared in its parent module. A parameter 
can be an unsized integer (at least 32 bits), a sized and unsigned integer, a real 
(floating point) number, or a string. Other parameters can be operands in the 
expression that declares the value of a parameter. Thus, in Verilog-1995 the size 
and type of a parameter can be changed when the parameter is redefined, which 
could produce undesirable side effects, because the operations performed in an 
expression depend on the size and type of its operands. Figure 1-26 displays the 
rules used by Verilog-1995 to determine the arithmetic performed by the operands 
in an expression. 

~Spccify blocks are used 10 declare input-ou tpU( paths across a module. assign delay to those paths, and 
declare time checks to bc pcrformcd on signals a t themooule inputs. 
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Operands 

All operands 
a re signed 
in tege rs 

Anopcrand 
is unsigned 

At least one 
opcrandis a 

reaJvaJuc 

Operation 

Signed 
arithmetic 

Unsigned 
intcger 

arithmctic 

Floating point 
arithmetic 

nGUREI·16 

1.7.1 Parameter Constants 
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Verilog-2001,2005 provides explicit definition of the size and data type of a parameter. 
Figure 1·27 shows the rules for determining how the size and type of a parameter are 
redefined in Verilog-2001 , 2005 by an expression having arithmetic operators. When 
the sign, size, or type of a parameter is explicitly declared it cannot be overridden by a 
subsequent parameter value redefinition. 

1.7.2 Parameter Redefinition 

Verilog-2001 , 2005 provides explicit in-line redefinition of parameters on a module­
instance basis. The syntax for redefining the parameters of an instantiated module is 
shown below. 

module_name instance_name #(.parameter_ name (parameter_value), ... ) 
(port_connections); . 

This feature of Verilog-2001. 2005 explicitly identifies the redefined parameters. 
The redefinition does not depend on the order in which the parameters are defmed in 
the associated module. Consequently, the code is self-documenting and more readable 
than its counterpart in Verilog-1995. 
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Veriloa2001,2005 

R~ddinitionrule 

Same as Veri log-199S1 

Si,.c is 

Inhe rits S;7.e par~~:;~r is inhcril~S~ from 

redefinilion 

Parameter is Sizc is fixed 
unsigned by range 

Yes Parameter retains type 

l in Vcnlog-I995 a parameter mherns Ihe veclor sIze and type of tho;, las t parameter 
redefinit ion 

FIGURE 1-27 

1.7.3 Local Parameters 

Ve rilog-200l, 2005 introduces local parameters (keyword: localparam) , whose 
value cannot be directly redefined from outside the module in which they are 
declared .6 Figure 1-28 co mpares the parameters. specify parameters, and local para­
me ters. Although a localparam cannot be directly redefined, it can be indirectly 
redefined by assigning it the value of a parameter, which can be changed by the 
methods described above. 

I.S Instance Generation 
Verilog-1995 supports structural modeling with declarations of arrays of instances of 
primitives and modules. The g~n~rale . . . endKenerate construct in Verilog-2001, 2005 
extends tbis feature to replicate distinct copies of net declarations, register variable 
declarations. parameter redefinitions, continuous assignments, always behaviors, 

"It mighl be desirable to protecl.for cllamplc.thestate.assignmenl codes from inadvertent change 
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Veriloa 201)1. 2005 

Veriioll995 

paramete r 100001pa ..... 

Module,tem V" No 

Location Taskilem V" No 
01 

Funcl,onllem V" No V" 

Spec.fybloclr: No V" No 

8y.dcfparam V" No 
Melhod 
ofdnecl Redefinedm·lme V" No No 

SOFfiles No V" No 

Fromanothcr 
V" pllrameter 

Melhodof Ind,recl 
redefinit ion by From a 

V" V" No il$S'gnmenlof localparam 
value 

Froma 
'lpl'!q>aram No V" 

Wnhm a module V" No 

Allo .... edrcfercnce 
Withlnaspec1fy No V" block 

initial behaviors, tasks. and functions.1 Verilog-2001, 2005 introduces a new kind of 
variable, denoted by the keyword gmvar, which declares a nonnegative integer' that is 
used as an index in the replicating/or loop associated with a generate .. . mdgenerate 
block. The index of the /or loop of agmerate ... mdgmerate block must be a ~nlllJr 
variable, and the initializing statement and the loop update statement must both assign 
value to the same gmvar variable. The contents of the for loop of a gmerate . . 
endgmerate statement mUSI be within a named begin ... end block . Note: The name of 
the block is used to build a unique name for each generated item. 

' A , MertJtt ... t "dJmtnlltt block may not include port declarations. con.5tanl declarations, and specify 
blocks. 
~A variable of type ,01..," may be dulared within a module or within the ,ttltnllrt .. md,m~u block: il 
may notbeassignedanegalivevalue.anxvalue.or a~value. 
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module Adder_CLA (parameler size .. 32)( 
oulpul [s(ze -1 :0] 
outpul C_OUI, 
Input [size-1:0] a, b, 
Inpul c_in); 

c_o,c_i; wire [sizela -1 :0] 
ISslgn 
IIsslgn 

c_I[O]=c_in: 
c_out "'c_o{sizela-1]: 

generate 
genvar/: 
tor (j=1:j<"3:j=j+ 1) begin: j 

aaaign c_im = c_oU-1 ]: 
ood 

endgenerate 

generale 
genvar k: 
for (k '" 0; k <= sizeJa - 1; k '" k + 1) begin: M 

Add_cla_8 ADO (sum[((k+1)'a -1) -: a]. c_o[k], a[((k+1)'a-1) -:8], b{((k+1)"8 - 1) -:a), c_l(k)) ; 
,"d 

endgenerate 
endmodule 

nGUREI·29 

The model in Figure 1-29 generates a 32-bit adder from copies of ao 8·bit adder, 
with instance names M{OJ, ADD, MII/,ADD, M{2J,ADD, and M{3J,ADD, A separate 
generate statement connects the internal carry chain of the adder by generating 
continuous assignments. Note that the entire model is parameterized, so redefining the 
value of size to 64 will generate and connect 8 copies of the 8-bit slice adder,Add3Io_8, 
This leads to a more compact description than instantiating 8 individual 8-bit adders. 
Also, manual replication of structural items does not lead to a parameterized model. 
which ultimately limits the utility of the model. 

In Figure 1-30, gellerau statements are used to generate a parameterized pipeline 
of words. 

The replication of items by a generate block can be conlrolled by i/statements and 
cose statements. Figure 1-31 uses an if statement to determine whether a ripple-carry 
adder or a look-ahead adder is instantiated, depending on the width of the datapath, 
figure 1-32 uses a cose statement to determine the instantiation. 



moclulegel'l8f"atedarray_pipeline#{p",..rnller widt/l=8. lenglh· 16J( 
output (wicIth -1 : 0) data_out. 
Input [width- l :0] tlataJn, 
Inpute/k,r8sel): 

reg[wldth - 1: OJ pipe[O: length - I): 
wlr.(wldth-l: 0] dJ n[O: length -II; 

.lIlgn d_in [0] :: dataJo: 

... ign da~out = plpe[slze - I): 

gen.ret. 
ganvlrk: 
for (k. ' ; k<= length -I; k= k-+ 1) bagl": W 
.. 1}gn (Un[k]- plpe{k- l ]: 

",. 
e"dllenlrate 

generate 
glnvlr]: 
for O- O; ]<: length- l :j"j+ 1) begin: stage 

alwlY' 0 (poMdIjlI e lk, n.geclgl r •• el) 
If (reset =- 0) pipem <" 0; el .. plpe(jl c_ djlm: 

",. 
Indge"",t, 

endmodule 

module AmCRCA-or_CL.A#{parameter size = 8)( 
output isize- l : 0j sum; 
output c_out, 
Input [slzo-I : 0j ., b, 
Input cJ n): 

genlrate 
If (size < 9) AddJC8 #(size) Ml (sum, c_out. ii , b , c_inJ; 
,I .. Add_cia #(slze) Ml (sum, c_out, •• b, cjn); 

endglMrate 
Indmodule 
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module Add_R~or_CLA (parameter size = 8)( 
output[size-l:0] sum, 
output c_out, 
input (siUl- l : 0) a,b, 
input cjn): 

generate 
ca .. (I ) 

size < 9: AddJca IJ(slze) Ml (sum, c_oo1,., b, cj n); 
default: Add_cia #(slze) Ml (sum, c_out, a, b, cjn): 

ande ... 
endgenerate 

.ndmodule 

1. Sutherland S. Veri/og 2001. Boston, MA: Kluwer, 2002. 
2. IEEE Standard jor Vu ilog Hardware Description Language 2001, IEEE 

Std. 1364-2005. Piscataway, NJ: inslilUle of Electrical and Electronics 
Engineers. 2005. 



APPENDIXJ Programming Language 
Interface 

The Verilog hardware description language has a built-in programming language inter­
face (PLl) that allows the user to create a "super-Verilog"language with user-defined 
system tasks that are implemented by the user in the C programming language. These 
user-defined system tasks are versatile because they are global to the language envi­
ronment, rather than local to a particular module. This capability greatly expands the 
utility of the language. 

A simulator creates a set of data structures when it compiles a Verilog description. 
These data structures contain topological and other information about the design. PU 
includes a library of C-language functions that can directly access the data structures of 
a design, giving the user access to a vast amount of information that can support other 
applications. For example. the data structures that describe the structural connectivity of 
a description would enable a timing analysis algorithm to enumerate all of the paths 
from the input ports to the data input of a given flip-flop. The Language Reference 
Manual lists some of the applications possible with PU: 

• Dynamically scan the dala structures of the design and annotale the delays of 
model instances. (Back-annotation is done after layout to ensure that the mod­
els used in timing verification accurately accoun t for the layout-specific parasitic 
delays induced by the loading of metal interconnect and fanout.) 

• Dynamically read test vectors from a file and pass the information to another 
software tool. 

• Create custom graphical environments for user interfaces and displays. 
• Create custom debugging environments. 
• Decompile the source code to create a Verilog source code description from the 

data structures of the design. 
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• Link a C-Ianguage simulation model into the design during simulation . 
• Interface a hardware unit 10 the design during simulation. 

These are but a few of the uses fOT PLI. The interested reader is referred to the 
Language Reference Manual, of which over one-half of the content is dedicated to 
PL!. and to Sutherland [1] . which provides a comprehensive treatment of PLI. 

REFERENCE 

I. Sutherland S. Th e Verifog PLI HandbOQk. Boston: Kluwer,l999. 



APPENDIXK Web sites 

Additional resources can be obtained at the various Web siles are listed below. Other 
sites will be posted our compan ion Web sile. 

Industry Organization 

www.accelle ra.org 
www.opencores..org 
www.sySlcmc.org 

Accellera 
Opencores 
System C 

FPGA and Semiconductor Manufacturers 

www. acte1.com 
www.altera.com 
www.atmel.com 
www.JatticesemiconduClor.rom 
www.xilinx.com 

Media and Archives 

www.eetimes.com 
www.isdmag.com 
httpJfxup.msu.edu 
http://www.mrc.uidaho.edulv[si! 

Actel Corp. 
A llera, lnc. 
AtmelCorp. 
Lattice Semiconductor Corporat ion: 
Xilinx, Inc. 

EE Times 
Integrated System Design magazine 
Xilinx University Resource Center! 
See this site for additional links 
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EDA Tools, Resources, and Training 

www.cadence.com 
www.co·design.com 
www.mentorg.com 
www.model.comlverilog 
www.simucad.com 
www.silvaco.com 
www.synopsys.com 
www.synplicity.com 
www.tm-associates.com 

Consultants 

www.s;.mburst-design.com 
www.sutherland.com 
www.whdl .com 

Cadence Design Systems, Inc. 
Co-Design Automation, Inc. 
M entor G raphics corp. 
Model Technology 
Simucad, Inc. 
Silvaco, Inc. 
Synopsys, Inc. 
Synplicity, Inc. 
TMAssociates 

Sunburst Design, Inc. 
Sutherland HDL, Inc. 
Willame tte HDL, Inc. 

IThe XiJinlt University Resource Center Web si te, maintained and ho~t",d by the Depanmenl of Electrical 
and ComputeT Engineering at Michigan Siale University, provides a ooHcction of resource, already located 
on the web, as well as original contcnt. A robust online support system, consisting of a mailing list, discussion 
board, and email is in place and monitored to an5wcrs any questio ns that you may have. 



APPENDIXL Web-Based Resources 

The companion Web site for the book, located at www.prcnhall.com.containstutorials 
and other resources, including a limited number of additional problems and solutions.. 
A solution manual and classroom slides for the text are available to instructors upon 
request to the publisher. 
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Summary of Key Verilog Features 
(IEEE 1364) 

(Examples include 1995, 20ot .. and 2005 syntax) 

Design Encapsulation: 

A Veri log module encapsulates functionality; mod­
ules may be nested to any depth. 

module name_l995 (list of ports); 
IID«/llflltiOI'U 
Port modes: Input, output, Inout identifier; 
Nels (e.g., wire A{3:0]:1 
Register variable (e.g .. ... g B(31: 0]:) 
Constants: (e.g . .,.rlm.t.r size = 8;) 
Named events (e.g., ItVent lrigger;l 
Continuous assignments 

(e.g . •• , Ign sum • A" 8 ;) 
BehaViors alwllys (cydic), [nlUll (mgl&-pass) 
specify ... I ndspeelfy 
functlon •••• ndfunctlon 

genel'llta . .. I ndgl".,..te 
IIInslantialiOlu 
primitives 

mod."" 
I ndmodule 
module name_2001_2005111(plram. t.r 

par_' "'val" ... )( 
output reg [Size -1: 0] ouIJX)l11, .. 
Input [s~e_ln -1: O]InJ>OrtL .. 

), 
IIDec/aT{l/;oru 
11/lUlanlwtWns 
I ndmodule 

Multi-(Scalar) Input Primitives 
(Each input isa scalar) 

and (01.11, in,. in2 •.• IrlN ): 
" and {out, irI,. io2 . .. i~): 

or (out, 1n,.ln2' .. inN): 
nO\" (out.In,.Inz, .. InN): 

xor (out. In,. In2 •.. inN); 
xnor (out. in,. in2 . .. InN); 

Multi-Output Primitives 

buf (out,.ouI2, .. ·. ou\ri. in); II buffer 
not (oul, . ou12 . .. .. ou .... in); II Inverter 

Three-State Logic Primith'es 
bufltO (oul . In. control); 
buflf1 (out . In. control); 
notifO (oul.ln. control): 
notlf1 (out. in. control); 

PuUups and Pulldowns 
pullup (out..)'); pulldown (out'-y) ; 

Propagation Delays 

Single delay: and #3 G l (y. a. b. c): 
RiselfaM: a nd #{3.6} G2(y.B. b.c}; 
Riselfall/tumoff: bufifO #(3. 6. 5) (y. JUn. En); 
Min:typ:Max: buflf1 l11(3:4:S.4:S:6.7.8:9) 

(y. xJ n . en): 

Simula lor command line options for single delay 
value simulation: 
+m.xdelay •• +typdelay • • +mInIM lays 

Example : verilog +mlndeiays leslbench.v 

Concurrent Behavioral Statements 

May exerute a level-sensitive assignment of value to a 
net (keyword: MIipI), or may execute the statements 
of a cyclic (keyword:.tways) or single-pass (keyword: 
initial) behavior. The statements in a behavior exe­
cute sequentially or concurrently, depending on the 
assignmen t operator, subject to levcl-sensitivc or 
edge.sensitive event control expressions. 

Syntax! Coatinuous lISSip.ment 
a •• lgn nel_name . [expression]; 

Syntax: Cyelk bell.vior 
alwIY. bagln (procedural statements] and 



Syntax: SingJe-pa5S behavior 
Initial begin [proc&dural statementsjand 

Cyclic (alwaya) and singCe-pess (Initial) behaviors may 
have level sensitive andioredgesenslijveUmlngcootrol. 

Edge sans~ive: alwaya @(po.adge clock) q <= data; 

Levelsansitive: atwaya@(enable, data) 
If(enablo)q"=data 

Sensitivity Lists and Event 
Control Expressions 

Varilog 1995: @(aor b) 
VeriIog2001 : @(a,b) 

Data Types: Nets and Registers 

NelS: Used to establish structural connectivity 
between instantiated primitives and/or modules; 
may be target of a continuous aSSignment; (e.g., wire, 
tri , wand, wor). 

Value is detennined during simulation by the dri­

Procedural (Blocked): uses the := operator; state­
ments execute sequentially; a statement cannot 
execute until the preceding statement completes 
execution. Value is assigned immediately. 
Procedural (Nonblocking): uses the <:= operator; 
executes statements concurrently, independent of 
the order in which they arc listed. Values are assigned 
concurrently. 
Procedural (Continuous): 

.aalgn ... deasalgn Overrides procedural assignments 
toane!. 
force •.. re/ea$. Overrides all other assignments to 
anatoraragistar. 

Operators 
( }.II )) 

+ _ . / 

% 
> > - < < -, 

~ponentialion 
arithmetic 
modulus 

ver of the net, e.g., a primitive or a continuous assign- &.&. 
logical negation 
logical and 
logical or ment(Example:wireY=A+B;). II 
logical equality (jdenti,y) 
logica.linequality 
cascequality 
casc incquality 

Register vari6bles: Store information and retain value \_ 
until reassigned. 

Value is established by an assignment made by a 
procedural statement. 

Value is retained until a new assignment is made 
e.g., reg, integer, real, realtime, time 

Example: always @ (posedge clock) 
If (reset)Q....out .. : o: 

.1 .. Q....out ... data_ in: 

Procedural Statements 

Describe logic abstractly; statements execute sequen­
tially to assign value to variables 

If (expresslon_is_true) statement_1; . 1 .. statemanl_2; 
e. •• (ease expression) 
caseJtem:statemenl ; 

dafault:statement: 
.ndcaae 
for (condilions)statement: 
repeat constant_expression statement; 
whU. (expression_is_true) statement; 
forev.r statement: 
fork statements Join /I execute in parallel 

Assignments 

Continuous: Continuously assigns the value of an 
expressiontoanet. 

& 
-& 

I 
~ I 

Specify Block 

~:=::~ation 

reductionexclutive-<)f 
reductionmor 
leflloglcalohift 
rigbt logicalo.bift 
teft arithmetic,hift 
righlarithmcticshift 
conditional 

Example: Module Path Delays 

ap.clfy 
1/ specparam declarations (min: typ: max) 
apecparam tJ '" 3;4:5, t_' : 4:5:6: 

(A, B)"> Y) : (U, U); II full 
(Bus_1 => 6us_1) : (Cr, U): /fparallel 
If (state'"'' SO) {a, b">y)=2:/Istatedep 
(poaedge dk => (y . : d_in» = (3. 4); 

.ndspaclfy 



Examplr. 1iming Checks 

- poetry 
' poKp.ram I_setup = 3:4:5, I_hold" 4 :5:6; 

$letup (dala, p<lsedge clock. Csetup); 
$hold (posodge clock. dala, I_hold); 
end. peelfy 

Memory: Declares an Array of Words 

Example: Memory Decianltion and Readout 

module ITHIffiOfY_read_disptay(); 
Alg [3 1: 0] mem_aJT&y (I : 1024); 
Inleger k; 
Inltl. l begln 
II read contents of mem_aJT&y from II file 

inhElxionnat 
$re.dmemh ("mllm_contents.dal"). 

mom_aJT&y): 
II dlsplaycontentsofmem_array 
for (k ,. l : k<m 1024: k= k .. 1) 

$dl. pl. y ("'word (%d] '" 
%h',k,mem_aJT&y[k]); 

00" 
Arrays 
rag (7: 0] name {dim 1 . 0] [dim2: 0] (dim3 : 0] .. . nalTHl. 

Multidimensional Arrays (Examples) 
[15: 0] reg data [0: 27][0: 127]; 112-dlmensional 
AI. I timo_array (0: 15][0: 15][0: IS]: l13-<fimonslonal 
Inl' ger Indices [7: O}[63: 0]: 112-dlmenslonal 

Variable Par1 Select (See Appendix F) 

Concurrency and Race Conditions 

Indetenninatc oUlcomes resull from race condi· 
lions when mUltiple edge-sensitive behaviors use 
the procedural assignment operator (=) 10 refer­
ence (read) and assign value to the same variable at 
Ihe same time. 

Example (with race): 

. Iw.y.@(po. edgeclock)a = b; 

. Iw.y.@(pondgll clock) b = a ; 

Use nonblocking assignment operator « __ ) to 
eliminate race conditions; assignments are inde­
pendent of the order of the behaviors and the 
o rder of the statements.. 

Example: 

. Iw.y.@ (pond" edock)a <'" b: 

.Iw.y. G (po ... clock) b <= a : 

Use the procedural assignment operator ('"') in 
level-sensitive behaviors and the nonblocking 
assignment operator «=) in edge-sensitive behav­
iors to avoid race conditions in sequential 
macbines. 

Example (without race): 

alw. y.@(posed"eclock) 
slate <= nellCslata: 

alway.@ (stata,lnputs) 
ca .. (slale) 
slalo_O: begin next_state a state_5; .. 

.n" 
endCI" 

Functions 

May invoke another function; may not invoke a task 
Executes with zero delay time 
May no t contain delay control (' ). event control (0), 

nonblocking assignment operator « =). or H I. 
Must have at least one input argument. 
May not have output or laoui arguments.. 
Function name serves as placeholder a single 
returuedvalue 

EXQmple: 

value = adder (a, b): 

function [4:0) adcler: 
lnput [3:0) a,b: 

addor = a" b: 

endfunetlon 

Tasks 

May invoke other tasks and other functions 
May contain de lay control('). eveot contro l (@). 
and wait 
May have zero o r more arguments having mode 
input.output , inoul 

, Passcsvalucs by its arguments 

EXQmple: 

ackIer{sum.a,b): 

tal k adder; 
output [4 : 0] sum: 
Input (J:O) a.b: 

sum=a+b; 
endta. k 



Selected Compiler Directives 

'defln. width = 16; 
'Include ... /projecCheader.v 
't'mu cala = 100 nsilns fltime_units I precision 
'"de1 .. . ' .... ... '. nd" 

£Xamp{~: 

module or_model (y, a, b); 
output y; 
Inputa,b; 
',fOIf cont_assign 1/ uses continuous 

assignment 
••• Ign y=alb; 
'al .. 
OfGl(y.a.b); I/uaesprlmitive 
'and" 

Simulation Output 
$dl.play ("strinsLof_lnfo %d". variable); 
InlagarK; 
Initial K = Sfop41n("outpuUile-): 
alway.@ (evenU:,.,ntrol_.xpression)lI dumpelata ... '" $fdlsplay (K,"%h", elal8[7: 0]): 

$fcloae ("output file"); 
$monltor ($tlm;' ·ou,-1 = %b 00,-2" 

%b", ouC I , oul_2): 
$monltor (K, "some_value" %h", 
address{15:0]); 

$monltoron; 
$monltoroff; 

,"d 
Simulation Data Control 

Example: 

Inltlol begin 
1/ dump simulation elatalnto my-dal8.dump 
$dumpfil. ("my-data.dump"); 
II dump all signals 
$dumpYars; 
II dump variables in module top. 
$dumpvara(I,top); 
II dump variables 2 10vols below top.mod l ; 
$dumpya,. (2,top.modl); 
II stop dump 

*Ex(:t:pl for division bya powcr of 2. 

#1000 $dumpoH: 
1/ start or restart dump #500 
Sdumpon: 
1/ suspend simulation 
Salop; 
IItermloatesimulation 
#1000 $flnl."; 

Parameter Redefinition 

In -lint (Insranct-based) : 

modul. Something ( ); 
par.m.ter slze=4; 
paramater width=8: 

andmodula 

Something *(8, 32) Ml (); 

Indirtcr (hiuarchical duc!ucncing): 

modula Mootate 0: 

dafparpam .SOmething.width .. 16; 

Local Parameters (See Appendix F) 

Value cannot be directly redefined from outside 
the module in which they are declared. 
Keyword: loa&Iparam 

Constructs to Avoid in Synthesis 
tim., real. and realtlma variables 
named.vant 
triand,trlor,lrHl, trl1 nets 
vector ranges lor integers 
slngt&-pess (Inltl.l) behavior 
aaaign ... deo .. lgn procedural continuous assignment 
force ._. rele ... procedural continuous assignment 
tork .. }olnblock (paratletactivity 1Iow) 
defparem parameter substitution 
OperaloB: Modulus (%) and divlslon(I)", 
==".! ..... 
Primitives: pullup, pulldown, tn lnlfO , tr.nif1 , 
rtran, rtranlfO, rtran"1 
Hierarchlcal pathnames 
CompUerdirectivBs 
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