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Simplify, Clarify, 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 HDL-based
design method to create a high-level, 1 -based, abstract i of a circuit, and verify
its functionality and timing. The language used to teach design methodology in the first edition
of this text, 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 the same as that which guided the first edition:
students preparing to contribute to a productive design team must know how to use a HDL 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. This book is written for such a course.

‘The quantity of books discussing HDLs far exceeds that which was available at the time of
the first edition, and most of these are still oriented 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 role. In this edi-
tion, we have made a strong effort to demonstrate by examples the importance of partitioning 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 the signals produced by the controller, the opera-
tions in the datapath, 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 Verilog 2001, 2005 have been used to reexamine 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
pmblems together with additional solved exercises that are not included in the text, are available
for at the ion Web site: i. The first edition
treated synchronous FIFOs; this edition treats synchronous and asynchronous FIFOs, 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 flux. 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
executes statements; Verilog models ion of multiple 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 /O signals at
the interface to the host machine for a particular application. The distinction here is that
embedded code does 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 a program, and the i is itself tr In
contrast, modeling in Verilog anticipates the hardware that will produce the 1/O signals
demanded by the application, and requires the developer to think in terms of time-sequential
control of register operations. Verilog modeling encourages this understanding about the
nature of a digital machine.

Our goal in this book is to build on a student’s backgmund from a first course in logic
design by (1) briefly reviewing basic principles of i and ial logic, (2) intro-
ducing the use of HDLs in design, (3) emphasizing descriptive styles that will allow the reader to
quickly design working circuits suitable for ASICs and/or 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 on the Verilog language. This edition
maintains that focus.

Most students taking a second course in digital design will be familiar with at least one
programming language and will be able to draw on that background in reading this text. We
cover only the core and most widely used features of Verilog. In order to emphasize using the
language in a synthesis-oriented design envi , we have purposely placed many details,
features, and i of syntax in the ices and at the publisher’s Web site for ref-
erence on an “as needed” basis, but an appendix provides the complete formal syntax of the
language.

Most entry-level courses in digital design introduce finite state machines using state transi-
tion diagrams, and algorithmic state machine (ASM) charts. We do likewise, but we make heavier
use of ASM charts and their utility in i models of
machines. The important problem of systematically dcsngmng a finite state machine to control a
datapath in a complex digital machine is treated in-depth with ASMD charts, i.e. ASM charts
annotated to display the register operations of the controlled datapath. The design of a RISC
CPU and other important hardware units are given as examples. 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 and architectural variants.

The Verilog language is introduced in 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 steps in a VLSI circuit design methodology using the Verilog HDL. The source code of the
examples has been verified to be correct. Source code for all of the examples and their test-
benches 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 flow of modern
integrated circuits. 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 familiarity with synchronous finite state machines. Building on this foundation, 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,
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 Verilog 2001, 2005

Tilustrates 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 architectures for digital machines (e.g. an
image processor, digital filters, and circular buffers) with Verilog 2001, 2005

Includes comprehensive design examples (e.g. a RISC machine and various datapath controllers)
with Verilog 2001,2005

Includes and ined graphical i of si ion results
Contains over 150 fully verified examples with Venlog 2001,2005

Contains a worked example with JTAG and BIST for testing with Verilog 2001, 2005
Contains an 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 princi in inati and ial logic

* Focuses on modern digital design methodolo,

. Demonslrales Lhe utility of ASM and ASMD charts for bchaworal modelmg

* Clearly di: between i and

* Provides practical treatment of timing analysis, fault simulation, tesun; 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

o Includes a set of FPGA-based, lab-ready exercises linked to the book (e.g. arithmetic 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 FIFO)

Supported by an ongoing Companion Web site containing:

1. Source files of all models developed in the examples

2. Source files of testbenches for s|mulalmg all of the examples

3. An *s Classroom Kit i files 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 tutorials helping students get immediate results with selected software tools
(e.g. simulator)

7. Answers to frequently asked questions (FAQs)

for Course P!

‘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 for an ASIC or an FPGA. Chapters
110 6 treat design topics through synthesis, and should be covered in order, but Chapters 7 to 10
can be covered in any order. The homework exercises are challenging, and the lab-ready
FPGA-based exercises are suitable for a ion lab or for end-of ter projects.
Chapter 10 everal archi for ic operations, affording a diversity of cov-
erage. Chapter 11 treats post-synthesis design validation, timing analysis, fault simulation, and
design for testability. The coverage of these topics can be omitted, depending on the level and
focus of the course.

Some Caveats

We do not adhere to common practice for using upper and lower case text, or for using courier
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 clutter, so we typically show only the actual, external names of signals, and omit
their formal, internal counterparts. D-type flip-flops are used almost exclusively because they
play a dominant role in synthesis with modern EDA tools.

Chapter Descriptions

Chapter 1 briefly discusses the role of HDLS in design flows for cell-based ASICs and FPGAs.
Chapters 2 and 3 review mainstream topics that would be covered in a first course in digital
design, using classical methods, i.e. Karnaugh maps. This material will refresh the reader’s back-
ground, and the examples will be used later to introduce HDL-based methods of design.
Chapters 4 and § 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-
tial logic. 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 how to design a controller for a
datapath, including machines having feedback of status signals from the datapath to the con-
troller. The designs of a simple RISC CPU and a UART serve as platforms for the subject matter.

1Universal Asynchronous Receiver and Transmitter (UART), a circuit used in data transmission between
systems.




Chapter 8 covers PLDs, complex PLDs (CPLDs), ROMs, and SRAMs, and then expands the
synthesis target to include FPGAs. Chapter 9 treats the modeling and synthesis of computational
units and algorithms found in computer architectures, digital filters, and other signal processors.
Chapter 10 develops and refines and for the ari ic units of digital
machines. In Chapter 11, we use the Verilog 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 IEEE 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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anrex:  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 i d circuits (ICs) ining several million gates, but using hardware
description languages (HDLs) designers easily manage the complexity 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 performance can be
synthesized from an original HDL-based model.

HDLs are a ient medium for i ing intell 1 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 also support mixed descriptions
based on multiple languages.

The most sngmﬁcam gain that results from the use of an HDL is that a working

circuit can be i from a I; based description, byp
the laborious steps that characterize manual design methods (e.g., logic mlmmlzanon
with Karnaugh maps).

HDL-based is is now the i 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 synthesis tools focus an engineer’s attention on functionality rather
than on individual transistors or gates; they synthesize a circuit that will realize the de-
sired functionality, and satisfy area and/or M , 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.

DLs serve as a platform for several tools: design entry, design verification, test
generation, faul! nnalysls and simulation, timing analysis and/or verification, synthesis,
and of ics. This breadth of use improves the efficiency of
the design flow by eliminating translations of design descriptions as the design moves
through the tool chain.

Two languages enjoy widespread industry support: Verilog™ [1] and VHDL [2].
Both languages are IEEE (Institute of Electrical and Electronics Engineers) stan-
dards; both are supported by synthesis tools for ASICs (application-specific integrated

circuits) and FPGAs (field-p gate arrays). L for analog circuit
design, such as Spice [3], play an lmponam role in veniymg critical timing paths of a
circuit, but these impose a pr burden on large de-

signs, cannot support abstract styles of design, and become impractical when used on a
large scale. Hybrid languages (c.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 [5] and Superlog™ [6], 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 i to imize the likeli that a de-
sign will be correct and will be fabricated without fatal flaws. Designers follow a “de-
sign flow” 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 flows
involve several activities, from specification and design entry, to place-and-route and
timing closure of the circuit in silicon. Timing 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
to be lmear, in pracuce it is not. Various steps might be revisited as design errors are

change, or and design ints are violated.
For example, lf 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 flows for standard-cell-based ASICs are more complex than those for
FPGASs because the architecture of an ASIC is not fixed. Consequently, 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. Interconnect
delays play a significant role in determining performance in submicron designs below
0.18 pm, in which prelayout estimates of path delays do not guarantee timing closure
of the routed design.

The following sections will clarify the design flow described in Figure 1-1.




Introduction to Digital Design Methodology

A

Design specification

Postsynthesis
design validation

} !

M

Design partition

Postsynthesis
timing verification

! }

E-

Design entry: Verilog
behavioral modeling
0

Test generation and
fault simulation

| !

S

Simulation/functional
verification

Cell placement, scan
chain and clock tree
insertion, cell routing

: !

[

Design integration and
verification
I

Verify physical and
electrical design rules

|

-

Presynthesis
i

3

‘Extract parasitics

|
A
]
|
H
— ||

}

E—-

Synthesize and map
gate-level netlist

)

b =

Design sign-oft

L |

Production-ready
‘masks

FIGURE 1-1_Design flow for HDL-based ASICs.




Advanced Digital Design with the Verilog HDL

111 Design Specification

The design flow begins with a written specification for the design. The specification

 can be a very of ity, timing, silicon area, power
ility, fault ge, and other criteria that govern the design. At a
the ificati ibes the i istics that are to be imple-

mented in a design. Typically, state transition graphs, timing charts, and algorithmic-state
machine (ASM) charts are used to describe sequential machines, but interpretation of
lhe specification can be problcmahc, because the HDL-based model might actually

an interp ion of the ification. The emerging high-level
languages, like SystemC [5], and Superlog [6] hold the promise that the language itself
provides an executable specification of the design, which can then be translated and
synthesized into a circuit.

1.1.2 Design Partition

In today’s methodologies for daslgnmg ASXCS and FPGAs, large clrcuns are parti-
tioned to form an architecture—a conf of i ional units, such
that each is described by a model of its i ity. The process by which
a complex design is progressively partitioned into smaller and simpler functional units
is called top-down design or hierarchical design. HDLs support top-down design with
mixed levels of abstraction by providing a common framework for partitioning, syn-
thesizing, and venfymg large, complex systems. Parts of large designs can be linked to-
gether for veri of overall i ity and performance. The partitioned
architecture consists of functional units that are simpler than the whole, and each can
be described by an HDL-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.

113 Design Entry

Design entry means composing a language-based description of the design and storing
it in an electronic format in a computer. Modern 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 case of wnung, changmg. or substituting Verilog descriptions encourages

,a is tool itself will find alternative realiza-
tions of the same i i and g 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 from 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 schemaucs. A behavioral descrip-
tion complex hides underlying gate-level 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 intent, and by explicitly specifying ar-
chitectural relationships, thereby reducing the volume of documentation that must be

kept in other archives. Si of al based model explicitly specifies the
functionality of the design. Since the I is a standard, d ion of a design
can be decoupled from a particular vendm s tools.

is the pred descriptive style used by mdu.srry 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.

to (1) rapidly create a behavioral pro-
totype of a design (without binding it to hardware details), (2) verify its functionality,
and then (3) use a synthesis tool to optimize and map the des:gn into a selected physp
cal technology. If the model has been written in a i dy style, the h
tool will remove redundanl logic, perform tradeoffs between alternative architectures
and/or multi q circuits, and ulti achieve a design that is compatible
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 gates 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 i ing provides ili
toa desngn project by allowing parts of the des:gn to be modeled at different levels of
The Verilog 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 (Step 4 in Figure 1-1) 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 testbench, and (3) execu-
tion of the test.

1141 Test Plan A carefully d test plan is developed to
specify what functional features are to be tested and how they are to be tested. For ex-
ample, the test plan might specify that the instruction set of an arithmetic and logic unit
(ALU) will be verified by an exhaustive simulation of its behavior, for a specific set of
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input data. Test plans for i ines must be more 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.

1142 Testbench Development The testbench 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. Gxaphxcal displays and/or
response monitors are part of the The is 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, cach 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 functional features of cach 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 Verificati The is i i
to the test plan and the response is verified against the original speclflcauon for lhe
design, e.g. does the response match that of the prescribed ALU? This step is intended
to reveal errors in the design, confirm the syntax of the description, verify style conven-
tions, and elimi barriers to V ion of a model requires a systematic,
thorough demonstration of its behavior. There is no point in proceeding further into the
design flow until the model has been verified.

1.1.5 Design Integration and Verification

After cach of the functional subunits of a partitioned design have been verified to have
correct i ity, the i must be i d and verified to have the cor-
rect functionality. This requires P of a separate whose stimulus
exercise the input-output ionality 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 that is being signed off for synthesis is correct.

1.1.6 Presynthesis Sign-Off

A ion of full ionality is to be provi by the testbench, and any dis-

between the i ity of the Verilog behavioral model and the design
specification must be resolved. Sign-off occurs after all known functional errors have
been eliminated.

1.1.7 Gate-Level Synthesis and Technology M

After all syntax and functional errors have been eliminated from the design and sign-
off has occurred, a sym.hesns tool is used to create an optimal Boolean description and

it in an avail hnol In general, a synthesis tool removes redundant
loglc and seeks to reduce the area of the logic needed to implement the functionality
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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.

118 P hesis Design Validati

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 visual/graphical 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.' We will discuss how
good modeling techniques can prevent this outcome.

Testbench for postsynthesis
design validation

FIGURE 1-2 Postsynthesis design validation.

'Postsynthesis validation in an ASIC design flow is followed by a step for postlayout timing verification.
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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 spec\flcauons Resynthesis might require (1) transistor resizing,
?) i 1 itutions, and (3) device substitution (more speed
at the cost of more area).

.9 Postsynthesis Timing Verification

1.1.10 Test Generation and Fault Simulation

After fabrication, integrated circuits must be tested to verify that they are free of
defects and operate correctly. C in the cl can cause
defects 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 tesponse 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-
ncated part that results from synlhesns, but they might not be robust enough to detect a
iciently high level of ing defects. Combinati logic can be tested for
faults ively, but i hines present special challenges, as we will see in
Chapter 11. Fault sxmulauon questions whether the chips that come off the fabrication
line can, in fact, be tested to verify that they operate correctly. Fault simulation is con-
ducted to determine 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 routing step of the ASIC desngn ﬂow arranges the cells on the die
and connects their signal paths. In cell-based the individual cells are inte-
grated to form a global mask that will be used to pattern the silicon wafer with gates.

n paths are formed by replacing ordinary flip-flops with specially designed flip-flops that can be connected
together in test mode to form a shift register. Test patterns can be scanned into the design, and applied to the
internal circuitry. The response of the circuit can be captured in the scan chain and shifted out for analysis.
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This step also might involve inserting a clock tree into the layout, to provide a skew-
free distribution of the clock signal to the sequential elements of the design. If a scan
path is to be used, it will be inserted in this step too.

1.1.12 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 are 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 i are ic. Power dissipation is modeled and analyzed in this
step to verify that the heal 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 then
used to produce a more accurate verification of the clectrical characteristics and timing
performance of the design (Step 13). The results of the extraction step are used to
update the loading models that are used in timing calculations. Then the timing con-
straints arc checked again to confirm that the design, as laid out, will function at the
specified clock speed.

1.1.14 Design Sign-Off

Final sign-off occurs after all of the design constraints have been satisfied and timing
closure has been achieved. The mask set is ready for fabrication. The description con-
sists of the geometric data (usually in GDS-II format) that will determine the photo-
masking steps of the fabrication process. At this point significant resources have
been expended to ensure that the fabricated chip will meet the specifications for its
functionality and performance.

1.2 IC Technology Options

Figure 1-3 shows various options for creating the physical realization of a digital circuit
in silicon, ranging from programmable logic devices (PLDs) to full-custom ICs. Fixed-
architecture programmable Ioglc devices serve the low end of the market (i.e., low vol-
ume and low per ). They are ively cheap dity parts.
targeted for low-volume dcngns
The physical database of a design might be implemented as (1) a full-custom lay-
out of high-performance circuitry, (2) a configuration of standard cells, or (3) gate
arrays (field- or mask-programmable), depending on whether the anticipated market
for the ASIC offsets the cost of designing it, and the required profit. Full-custom ICs
occupy the high end of the cost-performance domain, where sufficient volume or a
with corporate objectives and warrant the development
time and investment required to produce fully custom designs having minimal area
and maximum speed. FPGAs have a fixed, but electrically programmable architecture
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Market volume
to amortize

Standard cells
Time to prototype

Nonrecurring engineering cost
Process complexi:
Density, speed, complexity

FIGURE 1-3 Al for IC

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 at
very low cost. Board layout can proceed concurrently with the development of the part
because the footprint and pin configuration of an FPGA are 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-progr gate-array a wafer is populated with an array
of individual transistors that can be interconnected to create logic gates that imple-
ment a desired functionality. The wafers are prefabricated and later personalized with
metal i for a All but the ization 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.

cell technoll igns and ch individual logic gates to
the mask level and assembles them in a shared library. A place -and-route tool places
the cells in channels on the wafer, i them, and i their masks to
create the i ity for a specific ication. 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 steps in the design flow presented in
Figure 1-1, 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
functionally correct design has been synthesized successfully. The steps we cover are
the mainstream designer-driven steps in the overall ASIC flow.

In the remaining chapters, we will review manual methods for designing combi-
national and sequential logic design in Chapters 2 and 3. Then we will treat combina-
tional logic design (Chapter 4) and sequential logic design (Chapter 5) using Verilog,
and by example, contrast manual and HDL-based methods. This chapter also intro-
duces the use of ASM charts and algorilhmic state machine and datapath (ASMD)
charts, which prove to be very useful in writing behavioral models of sequential
machines. Chapter 6 covers synthesis of i and I logic with Ver-
ilog models. This chapter equips the designer with the background to compose
synthesis-friendly designs and to avoid common pitfalls that can thwart a design.
Chapter 7 continues with a of datapath controllers, including a RISC CPU
and a UART. Chapter 8 introduces PLDs, 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 algorithms and archneclures for
digital processors, and Chapter 10 treats hi for
Chapter 11 treats the postsynthesis issues of timing verification, test generation, and
fault simulation, including JTAG and BIST.

‘Three things matter in learning design with an HDL examples, examples, and
examples. We present several with i i and make ilabl
their Verilog Several s 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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anrerz . 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 modern design tools.

2.1 Combinational Logic and Boolean Algebra

Combinational logic forms its outputs as Boolean functions of its input variables on an
instantaneous basis. That is, at any time ¢ the outputs y,, y,, and y; in Figure 2-1 depend
on only the values of a, b, ¢, and d at time . The outputs of combinational logic at any
time ¢ are a function of only the inputs at time z. The outputs of other circuits may
depend on the history of the inputs up to time ¢, and they are called sequential circuits.
Sequential circuits require memory elements 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 0. In negative logic, a low electrical level corresponds to a logical 1,
and a high electrical level corresponds to a 0.

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 mpu!s.
and Table 2-1 lists common symbols for based Boolean logic

2.1.1 ASIC Library Cells

Logic gates are i i by a istor-level circuit. For example, in
CMOS y metal-oxid i ) logy, a logic inverter consists

! Note: The schematic symbol for the three-state buffer uses the symbol z to indicate the high impedance con-
dition of the device.
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FIGURE 2-1 Block diagram symbol for combinational logic having four inputs and three outputs.
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FIGURE 2:2_Schematic symbols and Boolean ips for some common logic gatcs.

TABLE 2-1 Common Boolean logic symbols
and operations.

Logical “and”
© | Exclusive “or”

A Exclusive “or”

. Logical negation

- Logical negation
(overbar)

of a series ion of p-ch: 1 and n-ch 1 MOS i having a common
drain that serves as the output, and a common gate that serves as the input. When the
input is low, the p-channel device conducts and the n-channel device is an open circuit. In
this mode the output capacitor charges to V. When the input is high, the n-channel
device conducts, and the p-channel device is an open circuit. This discharges the 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).




Review of Combinational Logic Design 15

FIGURE 2-3 CMOS transistor-level schematics: (a) inverter with output load capacitance, (b) inverter
with pull-up (charging) signal paths, and (c) inverter with pull-down (di signal paths.

Other logic gates can be implemented usmg the same basic pnnclplcs of pull up
and pull-down logic. Figure 2-4 shows the for a th;

NAND gate. If one or more of the inputs is low, the output node Y is pulled up to Vud-
all inputs must be high to pull the output to ground.

Very large-scale integrated (VLSI) circuits that implement logic gates are fabri-
cated by a series of processing steps in which photomasks 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 polycryslallme sllxcon The masking
steps are performed in a well-defined with the ion of a
dopant to form the n-well, a region that is heavily doped with an n-type material (e.g.,
arsenic). A p-channel transistor is formed 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 than 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 lmplemen\ basic and moderately complex Boolean functions are

ized for their and timing properties, and packaged in

Vaa

A e

FIGURE 24 Transistor-level schematic for three-input CMOS NAND gate.
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A = e
p-Channel DL == Metal

trans

df p-Channel
Gate ——1

TS s

Input Output  Input | Output iy
- - —t f —] «— Polysilicon

Input — _ Output
=l n-Select
(a)

n+
n-Channel 7/~ __n-Channel

transistor —gate

Vss
(b) (©)

FIGURE 2-5 Views of a CMOS inverter: (a) circuit-symbol view, (b) ic view, and

(c) simplified composite fabrication mask view.

Input Output Vg
H .

‘ | Gate Gate

| Source Drain n Source
i &0
n

FIGURE 2-6_Simplified side view showing the doping regions of a CMOS inverter.

tandard-cell libraries for use in multiple designs. Such libraries commonly
contain basic logic gates, ﬂlp flops, latches, muxes, and adders. Synthesis tools build
complex mteg\'aled cxrcunts by mappmg the end result of logic symhesls onto the parts
of a cell library to with

2.1.2 Boolean Algebra

The operations of logic circuits are described by Boolean algebra. A Boolean algebra
consists of a set of values B = {0, 1} and the operators “+” and “ - ”. The operator “+"
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TABLE 22 Laws of Boolean algebra.

‘Laws of Boolean Algebra
Combinations with0,1 | a+0=a
a+1=1 a-0=0
Commutative a+tb=b+a ab = ba
Associative (@+b)+c=a+(b+c)| (ab)e = a(be) = abe
=a+b+c
Distributive a(b + c) = ab + ac at+be=(atb)atoc)
Idempote a+ta=a aa=a
Involution (@) =
Complementarity ata = aa =0

is called the sum operator, the “OR” operator, or the disjunction operator. The operator
“.” s 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 B, 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 = g,and a-1 = a. Each Boolean variable a
has a complement, denoted by a’, such that a + @’ = 1, and a-a’ = 0. Table 2-2 sum-
marizes the laws of Boolean algebra for f-products (SOP) and product:

(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 B" is called a vertex and is represented by an n-dimensional vector of
binary valued elements, 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., @) of a variable or its complement (e.g., a’). 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 B? 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 » inputs is a mapping
from B” into B™, denoted by f: B” — B™. An incompletely specified function is defined
over a subset of B”, and is considered to have a value of don't-care at points outside the
domain of definition: f: B” — {0, 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 B" 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 € B"and f(x) = 0}. 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 € B"and f(x) = *}. The Don’t-Care-Set set accommodates input patterns that
never occur or outputs that will not be observed.
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FIGURE 27 Points in a Boolean space: (a) represented by vectors of binary variables and
(b)

2.

DeMorgan’s laws allow 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:

3 DeMorgan’s Laws

(@+b+c+..)=a" b-c-..
For two variables, the relationship specifies that
(a+b)y =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:
(@bec...y=a +b +c +...
For two variables, the law states that
(a-b) =a" + b
These i ips are i by the Venn di in Figure 2-9.

2.2 Theorems for Boolean Algebraic Minimization

Important theorems that are used to minimize Boolean alge ions to produce
efficient circuit realizations are shown in Figure 2-10,in POS and SOP form. Logical adja-
cency and the theorem are i by the Venn diags in Figure 2-11. The

consensus term, bc, is redundant because it is covered by the union of ab and a’c. Laws
that apply ifically to the exclusi ion are shown in Figure 2-12.




(a+b)

8le|®

FIGURE 2-8 Venn di illustrating Del s law: (a + b)' = a'+b'.

(a-b)

)

(a-b)

b L
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Theorem SOP form POS form
Logical adjacency ab+ab' =a (a+b)(a+b)
Absorption a+tab=a

or

Multiplication and (@+b)a' +c)=ac+ab | ab+a'c=(a+c)a +b)
factoring

Consensus ab+bctac=ab+ac | (a+b)b+)a +c)=

(a+b)a' +c)

FIGURE 2-10_Theorems for minimizing Boolean

Given a Boolean function f(x;, x,,..., X,
x;is

, its cofactor with respect to variable

fui = X2 X, 1 Xty Xn)s
and its cofactor with respect to x; is
S = G0 %000 Xim1, 0, X Xn)-

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

F(x, %2 > Xn) = Xitfai + Xt fur = (5 4 fu) (e ¥ f)
foralli = 1,2,..., n. The Boolean difference of a Boolean function fis given by
of10x; = fri @ fur

Xi—1> Xi» Xit1,-

Logical adjacency | ‘
ab |
al
\
|

Covered by ab
L

(a) (b)

FIGURE 2-11_Venn diagrams: (a) logical adjacency and (b) consensus.
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Exclusive-OR laws
Combinations with 0, 1 as0=a
aol=a"
aca=0
aoa =1
Commutative a@b=boa
Associative (aeb)
Distributive a(b®c)
Complement (asb) =avb =aab=ab+ab
FIGURE 2-12_Boolean relationships for the exclusive-or operation.

The Boolean difference of f with respect to x; determines whether fis sensitive to
a change in input variable x;. This property has utility in algebraic methods to deter-
mine whether a test detects a fault in a circuit [1]. Also, a binary tree mapping of a
Boolean function can be generated by recursively applying Shannon’s expansion [2].

he .

2.3 Repr ion of C

I 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 (BDD) is a graphical representation of a
Boolean function and contains the information needed to implement it [2,3]. BDDs are
used primarily within EDA software tools because they can be more efficient and easier
to manipulate than truth tables. They can also be helpful in finding hazard covers {4]. We
will not make use of BDDs 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): (c_out, sum) = a + b, where “+” denotes arithmetic addition of the data
words.

‘The Boolean equations (i.e., “+” denotes logical OR) describing the half adder
can be derived from the truth table and written in SOP form:

sum = a'b + ab' = a®b

c_out =a-b

End of Example 2.1
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Inputs Outputs
a b cout__sum
0 0 0 0
o 1 [ : ;
1 0 0 1
1 1 1 0

(a)

a sum
Add_half
b c_out

®
4
. D—. sum
coot
©

FIGURE 2-13 Half adder: (a) 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 full adder is shown in Figure 2-14.
The Boolean equations describing sum and c_out bits are given by

sum =a'+b'-c_in+ a'+b-c_in' +a-b' -c_in' +a-b-c_in

c_out =a'-b-c_in+a-b'-ciin+a-b-c_in’ +a-b-c_in

Tnputs Outputs
a b cin| cou sum ®
o 0o 0 [0 o
0 0 1 [0 1
o 1 0 |0 1 cin
o 1 1 {1 0
10 o |0 1 a
10 1 |1 0
i1 0 [1 0 b
o1 o1 |11

(a)

FIGURE 2-14 Full adder: (a) truth table, (b) block diagram symbol, and (c) schematic for a fulladder
composed of half adders and glue logic.
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These can be rearranged as

sum = a®b®c_in
c_out = (a®b)-cin+a-b

‘The Venn diagram in Figure 2-15 shows the assertions of sum and ¢_out as a function
ofa, b,and c_in.

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

End of Example 2.2

231 S f-Prod R i

P

A cube is formed as the product of literals in which a literal appears in either uncom-
plemented or complemented form. For example, ab’cd is a cube but ab’chd is not. A
cube need not contain every literal. A Boolean expression is a set of cubes, and is typi-
cally expressed in an SOP form as the “OR” of product terms (cubes), rather than in
set notation.

sum . sum

FIGURE 2-15 Venn diagram ion of the truth table for a full adder.
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Example 2.3

The following 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 minterm is a cube in which every variable appears. The variable will be in
either true ( ) or 1 d form (but not both). Thus, a minterm
corresponds to a single point (vertex) in B". A cube that is not a minterm represents
two or more points in B". The minterms of a Boolean function correspond to the rows
of the truth table at which the function has a value of 1.

Example 2.4

‘The cube ab’cd is a minterm in B*. The cube abc is not a minterm. 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
ion has a unique rep: ion in which all of the literals are in complemented
or uncomplemented form.

Example 2.5

The expression abcd + a’bed 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 minterm is denoted by m;, and the pattern of 1s and Os
in the binary equivalent of the decimal number i the true and
literals. For example, m; = 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'bc 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 form is expressed as a sum of minterms.
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FIGURE 2-16 C« between minterms and vertices in B*.

Example 2.6

‘The sum and carry bits of the full adder can be expressed as a sum of minterms,
ordered as {a, b, c_in} in B*

sum = my + my + my + my; = Em(1,2,4,7)
c_out = my + ms + mg + m; = £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, + my=my =a'b'c
+ a'bc’ + a'be.

End of Example 2.7
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FIGURE 2-17_Set of minterms for f = a'b'c + a'bc’ + a'be.

232 Prod f-S R

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

P

Example 2.8

‘The POS representation of the ¢_out bit in a full adder circuit is formed by expressing
the Os of the truth table in SOP form (see Figure 2-14):

c_out’ = a'b’c_in’ + a'b'c_in + a’bc_in’ + ab’c_in’

Then the ion for c_out” is giving

c_out = (a'b'c_in’ + a'b'c_in + a'be_in’ + ab’'c_in')
DeMorgan’s laws can be applied to c_out to give the POS expression shown below:

c_out = (a'b'c_in') - (a'b'c_in)' - (a’bc_in’")' - (ab'c_in")'
cout = (a+b+cin)-(a+b+cin) (a+b +cin)-(a +b+c_in)

End of Example 2.8

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

A maxterm is an OR-ed sum of literals in which each variable appears exactly
once in true or complemented form (e.g., a + b + c_in is a maxterm in the POS
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expression for c¢_out). A canonical POS expansion consists of a product of the
maxterms of the truth table of a function. The decimal notation of a maxterm 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 SOP form of the c_out” bit of a full adder was given in the previous example. The
decimal notation for c_out is given by the product of the maxterms that corresponds to
the cubes of c_out’ as

c_out' = a'b'c_in’ + a'b'c_in + a’bc_in' + ab’'c_in’
c_out = My*M,- M- My = T1 M(0,1,2,4)
cout = (a+b+c_in)-(a+ b+ cin’)-(a+b +cin)-(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 Expr

An SOP expression can be impl d in as a two-level AND-OR logic
circuit. Although a Boolean expression can always be expressed in a canonical form,
with every cube containing every literal (in or d form),
such descriptions are usually inefficient and waste In practice, i

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 literals in a
term, that is, in a cube in an SOP expression.

A Boolean expression in SOP form is said to be minimal if it contains a minimal
number of product terms and literals (i.e., a given term cannot be replaced by another

that has fewer literals). A mini SOP form cor to a two-level logic circuit
having the fewest gates and the fewest number of gate inputs,
There are four common app to ing a Boolean ion. The

first is a manual graphical method that is guided by Karnaugh maps d:sp]aymg logical
adjacencies of the function. Manual methods are feasible only for functions that have
no more than six inputs [5]. The Quine-McCluskey minimization algorithm relies on
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logical adjacency and the same princif as logic minimization with K wugh 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 are used in Boolean minimization are now embedded in

modern hesis tools and such as E 11 [10] and mis-II (multilevel
interactive synthesis) [4], in which they are used to perform logic minimization and
form efficient realizations of two-level and multi loglc circuits.

Logic minimization searches for efficient of Boolean i 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 propcrly comamcd in lhe set of vertices of
another cube of the function. A Boolean is (irredund, 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:

fa,b) =a + ab
‘The redundant cube can be removed to give an equivalent, but more efficient
representation:

fla,b) =a

End of Example 2.10

Example 2.11

The Boolean function given by f(c,d) = ¢'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.
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Example 2.12

With the objective of i ing Boolean minimization of the function f(a, b, c) = abc
+ a'bc + abc’ + a'b'c + ab’c’ + a’b’c’, we start by combining cubes that differ by
only one literal, as shown in Figure 2-18, which shows the Boolean expression for fand
illustrates the adjacent vertices graphically. A pair of adjacent shaded vertices can be
combined into a single cube that covers both of them.

An equi , minimal ion is formed by ing the cubes ab + a'b’
and adding the cube ac’ to the expression, as shown in Figure 2-19:

fla,b,c) = ac’ + a'c + bc + b'c’

Note that f(a,b,c) = ac’ + a’c + a’b’c’ + 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.

f(a,b,c) = bc + ab + a'b’ + b'c’

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 is minimi if a cube has as
¢ ©11) b (111)
ac ™ m
2 A-°
A7 | e
(O’S'I (010) o
B - ms
_ab _a'b i e (110)
fla,b,c) = abe + a'be + abe' + a'b'c + ab'c’ + a'b'e’ my
= ; =
~be ac b
a

f(a,b,c) = ab + be + a'c + b'c' + a'b'
o) f o0
my bet my
@ ()

FIGURE 2-18 A Boolean function: (a) representation of adjacent cubes and (b) a graphical
ion of adjacent vertices.
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FIGURE 219 A second, equivalent minimal expression for the function in Figure 2-18.
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FIGURE 2-20 A third, equivalent minimal expression for the function in Figure 2-18.

few literals as possible. The function f = abc + abc’ shown in Figure 2-21 has two

vertices that can be bined by logical adj into one impli ab. A

tation in terms of just one implicant is preferred to another that uses two implicants
because the 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 terms
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10) implicant
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FIGURE 221 Combi of adjacent vertices into one implicant

(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 the set of vertices of
some other cube of the function.

Example 2.13
Consider the function f(a,b,c,d) = a'b’'cd + a’bcd + ab'cd + abcd + a'b'c'd’ in
SOP form:

fla,b,c,d) a'b'cd + a’bed + ab'cd + abed + a'b'c’d’

=a'cd + acd + a'b'c'd’
=cd +a'b'c'd

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

End of Example 2.13

A prime impli cannot be bined with another impli to elimi aliteral
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 2.14

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 f(a, b,c) = a'bc + abc + ab'c’ + abc’ are shown in
Figure 2-23. The set of prime implicants of fis {ac’, ab, bc}. The set of essential prime
implicants, an SOP expression for f, and a minimal SOP expression are also listed below.
Essential prime implicants: ~ {ac’, bc}
SOP expression f(a,b,c) = ac’ + ab + bc

Minimal SOP expression:  f(a, b,c) = ac’ + be

¢
! (011) any
1
i
|
i

s o,
o
(0’31)C 101)” v
1 ©10)| |- m.
Py % i w0
©000)
N
" (100) P
my

——r—

f(a,b,c) = ab'c_+ abc, + abc t a'bc
f(a,b,c) = ac' + ab t a'b'c Implicants
‘Prime implicants

FIGURE 2-22 The vertices and prime implicants of f = ab'c’ + abc’ + abc + a'b'c.
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FIGURE 2-23 Vertices and implicants of f(a, b, c) = a'bc + abc + ab'c’ + abc’.

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 implicants that covers all of its prime implicants.

Example 2.16

Consider the function given by
f(a,b,c,d) = a'b’cd + a'bed + ab’cd + abed + a'b'c'd’
By combining adjacent terms, we get
fa,b,c,d) = a'cd + acd + a'b'c'd’
f(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
{cd,a’b'c’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 Example 2.17

Boolean minimization also exploits logical adjacency of complementary
expressions.

Example 2.18

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

Then

(c +db)a + e') + c'(d + b')(a + €)= (c + db)(a + €') + (c + dbY(a + ¢')
=a+e.

End of Example 2.18

The absorption (a + ab = a) and consensus (ab + bc + a’c = ab + ac’) prop-
erties of Boolean algebra can be used to elimi terms in an i

c_out

[}

a'bein abcin

cout=bcin+acin+ab

FIGURE 2-24 Boolean minimization of ¢_out in a full adder by inati f logically adjacent terms.
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Example 2.19

The consensus property will be used to reduce the expression: f = e'fg’ + fgh + ¢'fh.
‘We rearrange the terms in f to associate with the terms in the consensus law, leading to
the result f = e'fg’ + fgh, as shown in Figure 2-25.

End of Example 2.19

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

Example 2.20

Consider f = efgh’ + ¢'f'g'h’ + ¢'f and rearrange it to get
f=efgh +ef'gh' +ef =efgh +e(f + fg'h')
= efgh' +e'(f + g'h)

flegh' + ') + e'g'h’
= f(gh' +¢) +eg'h’

= fgh' +e'f +e'gh'

End of Example 2.20

Sometimes it is helpful to introduce terms into an ion 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 b¢ to ab + a’c), and (3)
adding to a literal its product with any other literal (e.g., adding ab to a to form ab + a).

DEO R cl=fa] b |+(a] e
!
W IRt (i |m )+ ef|=efg + fgh

Consensus term: fe'h

FIGURE 2-25 The consensus property and simplification of a Boolean expressior
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A Boolean expression in POS 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 (a + a)], (2) introducing the product consensus factor [e.g.,
introduce the factor (b + c) in (a + b) (¢’ + ¢)], multiplying a literal by its sum with
any other literal [e.g.,a (a + b)]. Expanding with the consensus term is helpful when it
can absorb other terms or eliminate a literal.

Example 2.21

The consensus theorem (ab + bc + a’c = ab + a’c) is usually used to eliminate a
redundant term (bc) 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 expressi
As an example of how to add a redundant term, consider the expression f = bcd + bee
+ ab + a’c and note that the terms ab + a'c are the result of eliminating the consen-
sus term from ab + bc + a'c. So, adding the consensus term (bc) back into f gives the
expression f = b'c + bed + bce + ab + bc + a'c. 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-c_in’ + a-b'-c_in’ + a-b-c_in. This expression simplifies to sum = (a® b) &
c_in = a® b ® c_in, which requires a pair of two-input exclusive-or gates in hardware.

End of Example 2.22

2.4.2 Karnaugh Maps (SOP Form)

Karnaugh maps (K-maps) provide a graphical/visual representation of a Boolean func-
tion of up to five or six variables. The map of an ion reveals logical adj i

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 all 1s 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 ad]acenl can be combined. Any don’t -cares of the funcllon can
be used to form prime i and create additi for

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 minterms at the four corners of the map can be simplified successively as
shown below:

a'b'c’d + a'b'ed’ + ab'c’d’ + ab’cd’ = 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 corners can be combined to give:
a'b'c’d’ + ab'c’'d’ + a'b’cd’ + ab'cd’ = b'c’'d’ + b'cd’ = b'd’
The shaded inner quad of minterms in Figure 2-26 can also be reduced:
a'bc’d + a'bed + abc'd + abed = be'd + bed = bd
and so
f=bd +bd=(b®d)

Note that each corner minterm 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 form a minimal realization from a Karnaugh map, (1) identify all of the essential
prime implicants using don't-cares as needed and (2) use the prime implicants to form a
cover of the remaining 1s in the map (ignoring don’t-cares). In general, the covering set
of prime implicants is not unique.
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FIGURE 226 K-mapof f = a'b'c’d’ + a'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 fare listed below and those that are essential are identified.

Prime Implicants: m3, m2, m7, m6 —a’c (essential)
m2, m10 — b'cd’ (essential)
m7, m15 — bed
m13, m1S — abd
m12, m13 — abc’ (essential)

‘The minimal covers of f are formed by including the essential prime implicants
with implicants that cover the remaining vertices.
Minimal Covers: (1) a’c, b'cd’, bed, abc’

(2)a’c,b'cd’, abd, abc’

End of Example 2.24
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FIGURE 2-27 K-map for f = abc'd’ + abc'd + abed + a'bed + a'b'ed + a'b'cd’ + a'bed’ + ab'cd’

The following steps will form 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
minterm) 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, find a minimal set of prime implicants that cover the other 1s in the map (do
not cover cells containing X). These steps may produce more than one possible minimal
cover. Sclect the cover that has the fewest literals.

2.43 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 Karnaugh map, then applying DeMorgan’s theorem to the
result.

Example 2.25

‘The 0-cells of the K-map shown in Figure 2-28 can be combined through logical adjacency):
mg, my, mg, ms:a'b’c’'d’ + a'b'c'd + a'bc’d’ + a'bc’d — a'c’
mg, my, mg, mg: a'b’c’d’ + a'b’'c’d + ab'c'd’ + ab'c'd —>b'c’
my, my; ab'c'd + ab'cd —ab'd

my sabed’
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FIGURE 2-28 K-map for a minimal POS expression.

The expression for the 0-cells becomes:
f'(a,b,c,d) = a'c’ + b'c’ + ab'd + abcd’
After DeMorgan’s law is applied to f', the minimal POS expression for f becomes:
fla,b,c,d) = (a+ c)(b+ c)a +b+d)a +b +c +d)

End of Example 2.25

2.44 Karnaugh Maps and Don’t-Cares

Don’t-cares represent situations in which 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-
terns, beginning with 0000, and ending with 1001,. The code for each decimal digit N
isobtained by adding 1 to the code of the preceding digit, N — 1. Suppose a function f
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-cares has 16 literals:

f(a,b,c,d) = a’b’c’d’ + a'b'cd + a'bed’ + ab'c'd

If the don’t-cares are included, f has the SOP form f(a,b,c,d) = a'b'c'd’ +

a'b'cd + abe'd’ + abc'd + abed + abed' + ab'c'd + ab’cd, which has 32 literals.

The K-map in Figure 2-29(b) shows how f can be reduced to obtain an SOP form that
has 12 literals:

fla,b,c,d) = a’b’c'd’ + b'cd + bed' + ad
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FIGURE 229 K-maps (a) without and (b) with don't-cares.

which can be reduced to

fla,b,c,d) = a'b'c'd’ + b'cd + ab + ac'd

End of Example 2.26

2.4.5 Extended Karnaugh Maps

A 4-variable Karnaugh map can be extended by entering variables to indicate that
the represented function is asserted if the variable 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
find the minimal cover with the extension variables de-asserted, then (2) for each
variable, to separately find the minimal sum with all 1s 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 2-30(a) indicates where function F asserts independently of vari-
ables f and e, and where it asserts with them. In Figure 2-30(b), we consider logical
adjacencies with fand e both set to 0, then in Figure 2-30(c), we show f asserted with all
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FIGURE 2-30 Extended Karnaugh maps: (a) F asserts independently of fand e, and with them,
(b) logical adjacencies with don’t-cares and with e and fboth 0, (c) f asserted, and x replacing all 15 of
the original map, and (d) with e asserted, f de-asserted, and all 1s of the original map set to .

1s of the original map replaced by an x, and in Figure 2-30(d), we show variable e
asserted with fde-asserted, and all 1s of the original map set to x. The sum of the cubes
obtained from these steps gives F = cd’ + ad' + bc'd + bc'f + bce. Note: fe is con-
tained in e and f, 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
called “glitches.” Glitches are a consequence of the circuit structure, the delays of an actual

ion, and the ication of patterns that cause the glitch 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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1-Hazard 0-Hazard

FIGURE 2-31 Waveforms produced by a circuit with (a) a static 1-hazard, and (b) a static 0-hazard.

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

A circuit has a static 1-hazard 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 1. A circuit has a static 0-hazard 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 0. 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
fanout 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 inputs
are y. However, if the p ion 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 serves 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 that 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 i i dundant 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 = 1, B = 1,C = 1, the output is F = 1. Next, if the inputs
are A = 1, B = 1,C = 0, the output should still be F = 1. In a physical realization of
the circuit (i.e., nonzero propagation delays), the delay of the path to F1 will be greater
than the delay of the path to F0, because the signal travels through an additional gate,
causing a change in C to reach F1 later than it reaches F0 (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 a single, 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

*We will consider simulation of digital logic in ChaplcrA ‘The simulator used to obtain the results in Figure 2.3
is bundled on the CD-ROM that accompanies this.
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Reconvergent
fanout paths

FIGURE 2-32 A circuit with reconvergent fanout and a static 1-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 BC' 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 cover 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 2-32is givenby F = AC + BC' + AB.The
circuit-level realization of the covered function in Figure 2-35 has an additional AND gate.

End of Example 2.28

S R T TR CL < T TP T PP RS AR TN W
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Char _~ Stati Lhazard occurs when FO
and F1 are both momentarily 0

Fo 1

F1
F_static_1

FIGURE 233 Results of simulating the circuit shown in Figure 2.32, which has reconvergent
fanout and a static 1-hazard.
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F=AC+BC o |[1]] o o [1]] 0 cube

FIGURE 2-34 Karnaugh map of the logic for the circuit shown in Figure 2.32, which has
reconvergent fanout and a static 1-hazard. Note: The arrow indicates a transition that causes
the hazard to occur.

2.5.1 Elimination of Static Hazards (SOP Form)

When a signal changes value at the input of a circuit, a static 1-hazard could occur at
the output of the circuit if three conditions are satisfied: (1) an output remains
asserted ,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

Logic for the
redundant cube—""

FIGURE 2-35 Circuit modified to remove a static 1-hazard.




Advanced Digital Design with the Verilog HDL

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 1-hazard actually occurs
depends on the accumulated delays along the signal propagation path from the
inputs to the output.

If a static 1-hazard can be caused by changing the value of a single input signal,
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 1-hazard caused by changing the value of a single input
signal, form an SOP cover that covers every pair of adjacent 1s 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 f = £ m(0,1,4,5,6,7,14,15) = a’c’ + bc, whose K-map is shown in
Figure 2-36, has a static 1-hazard, because f is asserted by the cubes a’c’ and bc, and
witha = 0,b = 1,and d = 1, a glitch can occur as ¢ changes from 7 to 0 or vice versa.
Note that adjacent cells of adjacent cubes are asserted, depending on whether ¢ = 0 or
¢ = 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: f = a'c’ + bc + a’b. Also, observe that the redundant cube that is

- Cover the cube

10 boundaries by

adding a'bd or a'b

w (31T o] o |~ oclminatethe
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FIGURE 2-36 Cover of a static 1-hazard.
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added to the SOP expression to cover the hazard does not depend on the input signal
whose change causes the hazard.

There are two approaches to eliminating a static 0-hazard. The first detects
where the transition of a single input causes a transition across the boundary
between adjacent prime i and adds prime li to f' as
needed. The second method (1) eliminates the static 1-hazards of £, (2) considers
whether the implicants of the Os of the expression that is free of static 1-hazards also
cover all adjacent Os of the original function, and then (3) adds redundant prime

i factors to the p of the static 1-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’ + b (see
Example 2.29) has a static 0-hazard, because fis de-asserted in cubes ac’ and b'c, and
witha = 1,b = 0, and d = 1, switching c from 1 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 eliminating a static 0-hazard, we consider the 0s of the K-map in Figure 2-
37 and apply DeMorgan’s law to obtain f = (a’ + c)(b + c’). We cover the hazard

by adding ab’ to f’, and including the red 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, h d-fi 'OS exp: isf=(a +c)
(b + c')a' + b).

Also observe that, in this example, the POS expressmn that eliminates the static
0-hazard is equi to the that the static 1-hazard, for

f=(a+c)b+c)a +b)
=a'ba’ + a'bb +a'c'a’ + a'c'b + cba' + cbb + cc'a’ + cc'b

=a'b +a'c’ + be

End of Example 2.30
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FIGURE 2-37_Cover of the 0s in the K-map of a static 0-hazard in f = a'c’ + bc.

Example 2.31

The alternative method for eliminating a static 0-hazard from the expression given in
Example 2.29 begins with the static 1-hazard-free function: f = a’c’ + bc + a’'b. Now
consider the K-map for f' = (a + ¢)(b’ + ¢')(a + b’) and examine it for coverage of
the 0s in the K-map of the original function:

f'=ab'a+ ab'b’ + ac’'a + ac'b + ch'a + cb'b’ + cc'a + cc'b’

=ab' + ac’ + b'c

The K-maps of of the static 1-hazard-free function, and the original
function are shown in Figure 2-38.

All the adjacent Os of the K-map for f = a’c’ + bc are covered by Os of the com-
plement of the static 1-hazard-free function, f = ab’ + ac’ + b’c, and no boundary at
which a transition could occur between adjacent 0-cubes is uncovered. Therefore there
is no static 0-hazard.

In this example, there are no static 0-hazards or static 1-hazards in the expression
with the added redundant cube. In general, eliminating the static 1-hazards might not
eliminate the static 0-hazards.

End of Example 2.31

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

The for eliminating static 1-h ds in a level circuit is (1) to cover
with prime implicants all 1s in adjacent cells of adjacent cubes of the K-map of the SOP
form of the function and (2) to add redundant prime implicants as needed to complete
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FIGURE 2-38_Kamaugh maps illustrating the Os of (a) f* = ab’ + ac’ + b'c,and (b) f = a'c’ + be.

the cover of the function. To cover a static 0-hazard, we cover all adjacent 0s in the POS
form of the static 1-hazard-free function, adding prime implicants in the POS form of
the static 1-hazard function as needed to cover any uncovered adjacencies.

2.5.3 Static Hazards in Multilevel Circuits

Like two-level circuits, multilevel circuits are subject to static hazards, but the outputs
of multilevel circuits are not written in SOP or POS forms, which have two levels of
logic. In a multilevel 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 complemenl might not change value at
exactly the same time. For example, a transmon in the variable will precede a transition
in its a', by the p delay of the inverter whose input is @ and
whose output is a’. Thus, the Boolean cube aa’ has a transient interval over which its
value is not 0, and the circuit could have a static 0-hazard. Similarly, the factor (b + b')
might have a transient during which the value of the factor is 0, rather than 1.

The Boolean expression for an output of a multilevel circuit can always be flattened
into a two-level form by multiplying its product factors. To eliminate a static hazard in a
multilevel circuit, we begin by the of the output expres-
sion into an SOP form, f,, 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 fi.;. For example, we do
not cancel aa’ from an SOP form and do not cancel a factor like @ + a’ in a POS form.
Preserving factors such as aa’ and (a + a’) exposes the possible transients in which the
indicated variables are not the complement of each other. The presence of a product of a
variable and its complement reveals a static 0-hazard in that input; a sum of a variable and
its complement indicates a static 1-hazard in that input. After forming the transient output
function, check for static 1-hazards in the two-level expression (terms such as aa’ can be
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ignored in this check), and add redundant prime implicants to cover adjacent s in the
K-map. Then check to see whether the Os of the static 1-hazard-free function cover the Os
of the original function. Introduce redundant terms as needed to create a hazard-free
cover (terms such as aa’ reveal the variable that causes a static 0-hazard).

Example 2.32

Consider the possibility of a static 1-hazard in the multilevel function
f =bcd + (a+ b)(b' +d') = bcd + ab’ + ad’ + bb" + bd’
with the transient output function:
fof = bed + ab’ + ad’ + bd’

Note that f,,r does not include the cube bb’ —it implies a static 0-hazard and has
no influence on a possible 1-hazard. The K-map of f,,; without the bb’ term is shown in
Figure 2-39.

The transient output function has three static 1-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
(1111) <> (1011) denotes a transition of (abcd) between initial and final values.

(@, b,c,d) = (1111) > (1011)
(a,b,c,d) = (1111) <> (1110)
(a, b, ¢, d) = (0111) <> (0110)

By adding two additional cubes, bc and ac, to f, we cover the hazards and form the
static 1-hazard-free expression, fiyF:

fiup = bed + ab’ + ad' + bd' + bc + ac

The final, minimal, form is obtained by ing the redundant cube bcd:

fiup = ab’ + ad’ + bd' + bc + ac

Next, we illustrate the removal of a static 0-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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FIGURE 2-39 Karnaugh map of the transient output function f,,; = bed + ab' + ad’ + bd'.

By applying DeMorgan’s law to the above expression we obtain
fr= @ +c +d) @b + bd)
=a'b' +a'b'c’ + bc'd + a'b'd’
=a'b' +be'd

f= (@b +bc'dy = (a+b)b +c+d)

The cubes of the expression for f* indicate where f will be 0. Now consider the Os
in the K-map of f, as shown in Figure 2-40.

The boundary between the cubes of the (logically and physically) adjacent Os in
the map indicates that a static 0-hazard exists when the inputs make the transitions
(a, b, c,d) = (0101) «<> (0001). We add to f' a redundant cube, a’c’d, to cover the haz-
ard and form the of a static 0-h: d-free function, fjur. The augmented
expression becomes

four = a’'b’ + bc'd + a'c'd
and so fyur has the POS form
four = (@ + B)(b' + c +d')a +c+d)

The final expression for four is free of static 0-hazards. Also, using the results
obtained in Example 2.32, observe that

forr = ab’ + ad’ + bd' + b + ac = fiup

‘We conclude that fyur and fiur are both free of static 0-hazards and static 1-hazards.

End of Example 2.33
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FIGURE 2-40 0s of the K-map of f = (a'b’ + be'd)’

2.54 Summary: Elimination of Static Hazards in Multilevel Circuits

Static hazards can be eliminated in multilevel circuits by (1) forming fi., the transient
output function, by collapsing the multilevel logic into an SOP form (while ignoring
complement relationships, e.g., aa’), (2) covering every group of adjacent 1s of fi,; in
the K-map to form f;, a function free of static 1-hazards, (3) applying DeMorgan’s law
to f, and simplifying with Boolean relationships (treating each variable and its com-
plement as independent variables), and (4) forming f; 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 1-hazards and static
0-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 waveforms of a dynamic hazard are shown in Figure 2-41. 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. C a method for elimi
dynamic hazards is to (1) transform the circuit mto a two-level form, and then (2)
detect and eliminate all static hazards.

Dynamic hazard

S
U UL

FIGURE 2-41 Waveforms illustrating 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 for 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
A Fo

‘ 3
F_static

F_dynamic

Y Clate /

reconvergence

FIGURE 2-42 A circuit having t des of a static hazard, and a dynamic hazard.

0 10 ¢
PO T T U SO S (S A VA A SR A AR

Fo

F1

F_static

F_dynamic

FIGURE 2-43_Simulation results showing the effects of static and dynamic hazards.
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The redundant cube eliminates the static 1-hazard and assures that F_dynamic will not
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 circuit and its simulated
waveforms are shown in Figures 2-45 and 2-46, respectively.

End of Example 2.34

AB

Redundant

01 [ 0 cube

10] 0 |1

FIGURE 2-44 Karnaugh map of F_static in Figure 2-42.

F_static

F_dynamic

B

Redundant
logic for the
cube AB,
which covers
the hazard

FIGURE 2-45 Hazard-free equivalent of the circuit in Figure 2-42. Redundant logic
forming F; has been added to the original circuit.
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FIGURE 2-46 _Simulation results for the hazard-frec 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 are commonly used in many applications, and it is
worthwhile to gain familiarity 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 from only NAND gates or
only NOR gates. DeMorgan's laws provide equivalent structures for NAND and NOR
gates, shown in Figure 2-47.

Networks realizing SOP expressions® can be transformed by DeMorgan’s laws
into a circuit that uses only NAND gates and inverters by (1) replacing AND gates
v NAND gates in the original AND-OR structure, (2) placing inversion bubbles at
the 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

*The output of the network must be the output of an OR gate.
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Gate DeMorgan equivalent
a a
y=(a-b) y=a+b
s e |3 ¥
y=(a+by y=a b

FIGURE 2-47_Equivalent circuits that result from DeMorgan's laws.

has inversion bubbles at its inputs. A circuit in POS form* 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 inputs of the AND gates,
(3) inserting inverters where needed to match bubbles at the inputs of the AND
gates, and (4) substituting a NOR gate for a NAND gate that has inversion bubbles
at 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 into the circuit in Figure 2-48(b)
by placing bubbles at the inputs to the OR gate that forms Y and an inverter at input
G to match the bubble at the input to the OR gate driven by G. Then DeMorgan’s
law is applied to replace the 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)T
= (G + (EFT + [(AB'D)] + [(CD)T
=G+ EF + AB'D + CD

End of Example 2.35

“The output of the network must be the output of an AND gate.




Review of Combinational Logic Design 57

G G G
E E E
F F F
A A A
B Y & Y g Y
D D D
€ c c
D D D
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FIGURE 248 Circuit 10 obtain a NAND/In realization of an SOP expression.
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+B+CY+(A+E+F)+(A+G)T
=(D)[(B+CO)YT(A + E + F')][(A + G)T
=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 2-50(b)), and (3) replace

D D D
B B B
c c c
£ L v g b4
F I F
A A A
G G G
@ (®) (©

FIGURE 2-49 Circuit 1o obtain a NOR/Iny realization 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(c)). Then replace OR gates with
inversion bubbles at their inputs by equivalent NAND gates. These steps ensure that
inversions caused by the repl. of gates will be matched and that the final circuit
will be equivalent to the original circuit.

Alternatively, to transform 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

@

(b)

|
VA

©

Matched
bubbles

(@)

Matched
bubbles

£
;

3

©
FIGURE 2-50 _Circuit ions for a NAND equivalent circuit.
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FIGURE 2-51 Circuit for a NOR equivalent circuit.

NOR gates (Figure 2-51(c)). If, after these 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 2-51(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 Figure 2-51(e)). Then replace the AND gate that has inversion bub-
bles at its inputs with an equivalent NOR gate.

ese 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 to 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
passes through the circuit (with some propagation delay) to y_out; likewise, if sel = 1
the data at input b goes to y_out. The Boolean expression describing the function of the
circuit is given by: y_out = sel’ -a + sel - b.

In general, a multiplexer has n datapath input channels and a single output chan-
nel. An m-bit address determines which input channel is connected to the output chan-
nel. The input channel selected by the multiplexer shown symbolically in Figure 2-53 is
governed by Data_Out = Data_In [Address[k]], where 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 ion might be ineff 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 are 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 function.

End of Example 2.37

sel y_out

b

FIGURE 2-52_Gate-level schematic for a two-channel multiplexer circuit.
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FIGURE 2-53 Schematic symbol for an #-channel multiplexer with an s1-bit channel selector address.

FIGURE 2-54_Tiruth table and circuit for a 16-input mux
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2.6.3 Demultiplexers

A i circuit i the reverse

It has a sin-

ofa
gle input datapath n 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
shown in Figure 2-55 is determined by Data_Out [n — 1:0] = Data_In [Address[k],

where k is an index into the address space.
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Addressim~1:0)

m
Address |———= Data_Out [n~1]
Data_ln
»————{Data_in b
Demulti Data_Out [0]

FIGURE 255 Gate-level schematic for an n-output demultiplexer circuit having
an m-bit destination address.

2.64 Encoders

and i circuits i establish ivity between
datapaths in a system. A data pattern that passes through a multiplexer 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 are
typically wide in comparison to the encoded output word, so encoders serve to 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 larger than the size 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 # clients requesting
service from a server is to be granted service.

An encoder has n inputs and m outputs, with n = 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 one of the inputs is asserted
at a time, and a unique output bit pattern (code) is assigned to each of the n inputs. The
asserted output is determined by the 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 are 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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FIGURE 2-56 Schematic symbols for an encoder: (a) an encoder with an n-bit input bus and
an encoder with individual bit-line inputs.

Input Output Input Output
00000 000 10000 001
00001 001 10001 010
00010 001 10010 010
00011 010 10011 o11
00100 001 10100 010
00101 010 10101 o1l
00110 010 10110 o1t
00111 o1 10111 100
01000 100 11000 010
01001 o010 11001 o011
01010 010 11010 o11
01011 011 11011 100
01100 010 11100 011
01101 o011 11101 100
01110 011 11110 100
01111 100 1mn 101

FIGURE 2-57 Input-output words for a 5:3 encoder that indicates the number of asserted
bits in the input word.

2.6.5 Priority Encoder

A priority encoder allows multiple input bits to be asserted simultaneously and uses a
priority rule to form 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—output patterns for an eight-client priority encoder are shown in Figure 2-58.
(Note: X denotes a don’t-care dition.) The client cor ing to the leftmost 1-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 Output word
IXXXXXXX 000
01xxxxXX 001
001xxxx% 010
0001xxxx 011
00001xxx 100
000001xx 101
0000001x 110
00000001 111

FIGURE 2-58_Input-output words for an 8:3 priority 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.

——= Data_Out[n-1]
=
Data_In Data_out  Data_In T
m n m .
Decoder Decoder | u Daa_Our[0)
() (v

FIGURE 2-59 Block diagram symbols for decoders: (a) decoder with input/output busses and
(b) decoder with an expanded output bus.
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A binary decoder has m inputs and n outputs, with n = 2. There are many different
possible mappings between input words and output words. An encoder can be built from

combinational logic that forms the input-output mapping. ( ial encoders and
decoders are widely used in ication and video ission 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 minterms of its inputs. All of the output lines
are available to form 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.

Input word J Output word
000 10000000
001 01000000
010 00100000
o011 00010000
100 00001000
101 00000100
110 00000010
111 00000001

FIGURE 2-60 The input-output patterns for an eight-client decoder.

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 f1, a majority function, along with some other
function, f2. 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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FIGURE 2-61 A truth table for two functions i by a single 4-to-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 for
all possible input patterns. 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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L Input Word Output Word J
IxxxxXXXX 10000000
OlxxxxxXx 01000000
001xxxxx 00100000
0001xxxx 00010000
00001xxx 00001000
000001xx 00000100
0000001x 00000010
00000001 00000001

FIGURE 2-62_The input-output patterns for an cight-client priority decoder.
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. Find the canonical SOP form of the following Boolean function:

F(a,b,c) = £m(1,3,5,7).

Find the canonical POS form of the following Boolean function: F(a, b, ¢, d) =
T M(0,1,2,3,4,5,12).

Express the function F = a’b + ¢ as a sum of minterms.

Express the function F = a'bcd’ + a'bed + a'b'c’d’ + a'b'c'd as (a) a sum of
minterms and (b) a product of maxterms.
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. Express the function G = (a'bed’ + a'bed + a'b'c’d' + a'b'c’d)’ as a sum of

minterms.

Find a NAND circuit realization of the function f = ac’ + bed + a'd.

Find a NOR circuit realization of the function f = (b + ¢ + d)(a’ + b + ¢)
(a' + d).

Find the of the following

a. ab' + a'b

b b+ (cd + e)a’

c (@ +b+c)b +c')a+c)

Simplify the following Boolean functions to a minimum number of literals:
a F=a+ab

b F=a(a +b)

¢ F=ac+bc' +ab

Using Karnaugh maps, simplify the following Boolean functions:

a. F(a,b,c) = £m(0,2,4,5,6)

b. F(a,b,c) = £ m(2,3,4,5)

c. F(a,b,c) = bc’ + ac’ + a'be + ab

d. F(a,b,c,d) = £m(0,1,2,4,5,6,8,9,12,13,14)

c. Fla,b,c,d) = a'b'c’ + b'cd’ + a'bed’ + ab'c'

Find a NAND gate realization of the following Boolean function: F(a, b, c) =

S m(0,6).

Using the K-map diagram below:

Draw a K-map for f = Sm(0,4,6,8,9,11, 12, 14, 15)

. Identify the prime implicants of f.

. Identify the essential prime implicants of f.

. Find all minimal expressions of f and identify those that use only essential
prime implicants.

o ow

od
ab 0 01 11 10

00
m0 | ml | m3 | m2

01
ma | mS | m7 | mé

it
mi2 | m13 | mis | mi4

10
m8 | m9 | mil | mi0

_FIGURER212

. Design a two-level circuit that implements a 4-bit majority function, that is, the

output is a 1 if three or more inputs are asserted.
Example 2.37 showed how to implement a 4-bit majority function with a 16-input
mux. Show that it is also possible to implement this function with a 8-input mux.
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Compulcrs and other digital systems that have memory or that execute a sequence of

under the direction of stored i are referred to as sequential
machines, and their circuitry is modeled by ial logic. hines do
not follow combinational logic because the outputs of a sequeunal machine depend on
the history of the applied inputs as well as on their 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 1s encoun-
tered by a receiver of a serial bit stream must have storage elements to hold the value
of the count. Today’s ic systems rely on transi: circuits to store information.
Transistors are small, are easy to fabricate, operate reliably, and they have two states,
on or off, which can be used to develop voltages representing logical 0 and logical 1.

Sequential machines can be determmlsllc or pmbablllsuc, and synchronous or

asynchronous. We will consider only A common
clock acts as a izing signal for the op of a h
machine. This i fixed, i le, intervals for p: ing signals through

the circuit, leading to a more reli;b]e design and a simpler design methodology. Today’s
synthesis tools support only synchronous circuits.

3.1 Storage El t

Storage elements store information in a binary format—that is, as a pattern of Os and
1s. For example, the opcode for addition in a simple microprocessor might be the
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bmary word pattern 0010 The circuits that store information can be level-sensitive,

itive, or a of both. Level itive storage are com-
monly referred to as latches, and edge-sensitive storage e]emenls are referred to as
flip-flops. The outputs of a level iti ial circuit are i 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 is in a known state (only one input is allowed to change
at a time). In practice, we avoid applying 11 to a NOR latch because the outputs of the
latch will not be logical complements of each other and because (in a physical circuit)

0 0
o o . o
5 | R | Quen |Qen S | R | Qx| @en
9 Not
0 0 Q Q Hold 0 0 1 1 allowed
0 1 0 1 Reset o 1 1 0 Set
1 0 1 0 Set 1 0 0 1 Reset
Not 9
1 1 0 0 allowed 1 1 Q Q Hold
@ ®

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 11 to 00. This makes the output
unpredictable.' 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 are 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 D-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 has additional NAND gates and uses a clock signal to gate
the inputs; that is, Enable determines whether S’ and R’ will have an effect on the circuit.
When Enable is de-asserted, the circuit is not affected by the values of §" and R". An S-R
latch with gated 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_our will follow the
value of Data while Enable is asserted. When Enable is de-asserted, the feedback loop
ensures that the value of Q_out becomes fixed at its current value and is said to be
latched. It remains latched until Enable is asserted again. The waveforms in Figure 3-3(b)
illustrate the latching behavior of the circuit.

3.2 Flip-Flops

Flip-flops 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 present 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
flip-flops,? depending on the action of additional input signals that control the storage
of data, such as a reset signal [1-4].

3.21 D-Type Flip-Flop

A D-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 D-type flip-flop are shown in Figures 3-4(a)
and 3-4(b), respectively. The truth table includes an entry for the present state of
the flip-flop (Q) and the state (Qy.y,) that will result at the next active edge of the
clock signal (clk) for a given value of the data input (D). The waveforms shown in

"The race condition also leads to an indeterminate result in simulation.
*Only de flip-flops will e those in which only one input may change at a time.
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FIGURE 3-2_An S-R latch with an enabling input signal.
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latch: (a) circuit schematic and (b) input-output waveforms.

FIGURE 3-3 A
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FIGURE 34 A positive-edge-triggered D-type flip-flop: (a) block diagram symbol,
(b) truth table, and (c) sample input-output waveforms

Figure 3-4(c) illustrate how data present at D is stored, for this example, on the rising edge
of clk, and how transitions in D are ignored over the interval between the active edges of
clk. However, D must be stable for a sufficiently long time prior to the active edge of clk;
otherwise, the device may not operate properly. The Boolean logic describing a D-type
flip-flop obeys the following so-called characteristic equation [2], Qpexe = D. AD-type
flip-flop may also have other (level-sensitive) inputs, such as se and reset signals, to over-
ride the synchronous behavior and initialize the output.

3.22 Master-Slave Flip-Flop

A D-type flip-flop can be i by a ter—sl i ion of two data
latches, as shown in Figure 3-5. The transparent latch of the master stage samples the
input during the half-cycle 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 clock, and the slave stage is enabled on the active edge. Setup and
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Master stage Slave stage
Data D Q D o0
Data Data
latch latch
Enable | Enable Q=0
clock
FIGURE 35 A 1 of a negative-edge-triggered D-type flip-flop.

hold conditions apply at the active edge of the clock (see Chapter 10). These specify
conditions for stability of the data relative to the clock in order to ensure proper oper-
ation of the device.

In 'y metal-oxid i (CMOS) technology [5.6] a D-type
flip-flop is i d with ission gates. D-type flip-flops are popu-
lar because they have fewer input signal paths, and circuits using D-type flip-flops are
simpler to design. A transmission gate is formed by a parallel connection of an n-channel

i and p-ch; 1 istor, shown in Figure 3-6 with a circuit symbol for a
transmission 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 0.
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 Data 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

Iemzble

~enable

input_sig output_sig

endtil L enabie
(a) (b)

FIGURE 3-6_CMOS gate: (a) circuit symbol and (b) transistor-level schematic.
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Data

Clear_bar

Clear_bar
clock
Data

Q

(b)

FIGURE 3-7 CMOS master-slave circuit of a D-type flip-flop: (a) circuit schematic and
(b) sample waveforms.

cycle, that is, while clock is high. The output of the slave stage is sustained by its feedback
loop while the master stage is charging. At the active edge of the flip-flop, the output 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 edg itive storage el data storage is ized to
an edge of a clock. The value of the data stored is conditional, depending on the data that
is present at the J and K inputs when the clock makes a transition at its active edge. The
characteristic equation describing the next state of the flip-flop is: Qe = JQ' + K'Q.
A JK flip-flop can be implemented by a D-type flip-flop combined with input logic that
forms the data input as D = JQ' + K'Q. A block diagram symbol, truth table, and
sample waveforms of a J-K flip-flop are shown in Figure 3-9.

3.24 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 i ing a counter. The isti ion of a T flip-flop
is given by Qe = QT + Q'T = Q@ T. This type of flip-flop can be implemented
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~clock clock

Clear_bar

~clock clock
clock(n + &) = 1

w3
clock
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Data L w2
0 =
~clock L] e
Clear_bar
(®)

FIGURE 3-8 Signal paths in a CMOS master-slave D-type flip-flop: (a) master cycle signal paths and
(b) slave cycle signal paths.

by connecting the T-input to the 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 c/k.

33 B and Three-State Devices

Busses are multiwire signal paths that connect multiple functional units in a system. They
are the highways for information 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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FIGURE 3-9 1K flip-flop: (a) Block diagram symbol. (b) truth tablc, and (c) sample waveforms.

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 makes use of h 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-i d state or it is di 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 content of the register is placed on
the external bus, data_to_or_from_bus; when rcv_data is high, data from the external
bus is passed into the circuit via inbound_data.
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U]

© :

FIGURE 3-10 T (toggle) flip-flop: (a) Block diagram, (b) truth table, and (c) 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.

Example 3.1

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

x_in yout x_in y_out  x_in I y_out  x_in ) y_out
en en en en

x_in | en |y_out x_in | en |y_out x_in |jen |y_out x_in y_out
o |o[miz ool o o |o[mz oo 1
o1 0 0 |1 |Hiz 0 1)1 0 [1|HizZ
1|0 |Hiz 1o 1 1 |o|Hiz 1 {00
111 1|1 |HizZ 1[1] 0 1|1 |Hiz

FIGURE 3-11 Circuit symbols and truth tables for three-state devices.
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rev_data

inbound_data

data_to_or_from_bus
send_data

FIGURE 3-12 Bus isolation with three-state devices.

DB3 DB2 DB1 DBO

clk »—8

OE_b3

Register outputs are
internally threestated.  Data_Bus

]
FIGURE 3-13 A register bank with a 4-bit-wide data bus.
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FIGURE 3-14 Bus isolation and data transfer with three-state devices.

would establish datapaths connecting the output of register R3 to the inputs of register
R1 via active-low three-state buffers that are built into the register circuit. To connect
the output of R3 to the input of R1, both OE_3_b and IE_b_I must be low. The other
registers are not 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 “state.” 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 1s that will appear at the input of a machine that counts 1s 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.

Sequential 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 All ial i
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 present input. Combinational logic
forms 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 state is formed from the inputs and the content of the state register. In this struc-
ture, the state transitions are asynchronous.
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Next state
(NS)

L Present

Inputs / — state

(PS)

Next-state logic Memory

Feedback of present state

ram of a sequential macl

The state itions of an 1 machine are unpredictable.
Most application-specific mlegra\ed urcun.s (ASICs) are deslgned for fast synchro-
nous operation because race are very p for
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
sufficient to stabilize the signals in the circuit. In an edge-triggered clocking scheme,
the clock isolates a storage register’s inputs from its output, thereby allowing feedback
without race iti In fact, i are widely used because timing
issues are reduced to (1) ensuring that setup and hold timing constraints® are satisfied
at flip-flops (for a given system clock), (2) ensuring that clock skew* induced by the
physical distribution of the clock signal to the storage elements does not compromise
the synchronicity of the design, and (3) provi i at the
inputs to the system [2].

The state transitions of an edge-triggered flip-flop-based synchronous machine
are synchronized by the active edge (i.e., rising or falling) of a common clock. State
changes give rise to changes in the outputs of the binati logic that di i
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 long enough to allow all transients activated by a
transition 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 constraints require the data to be stable in an interval before the active edge of the clock; hold con-
straints require the data to be stable in an interval after the active edge.

“Clock skew refers to the condition that the active edge of the clock does not oceur at exactly the same time
at every flip-flop.
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Pennd Fallmg edge
Rising edge
FIGURE 3-16 Waveform of an ic clock signal.

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 the
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
are stored.”

The set of states of a sequential machine is always finite, and the number of pos-
sible states is determined by the number of bits that represent the state. A machine
whose state is encoded as an n-bit binary word can have up to 2" states. We will use the
term 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 w1despread application in digital systems, for example, as da!apath con-
trollers in units and p FSMs are char by
a finite number of states and by clock driven state 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 the present state and the inputs, but the output
depends on only the present state. In both machines, the next state and outputs are
formed 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 [1].
Timing 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, the
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

We will consider metastability in Chapter 5.
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FIGURE 3-17 Block diagram structures of finite state machines: (a) a Mealy machine and
(b) a Moore machine.
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write-enable signal. In a synthesis-oriented design timing

are incorporated as constraints on the circuit that must be realized by the design tools.
Our attention here will focus on state tables, state-transition graphs, and ASM charts.
Chapter 11 will consider timing analysis.

State tables, or state-transition tables, display in tabular format the next 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,

p possible itions under the ication 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 flip-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 1° (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 one
arc, i.e., for a given input the machine may exit a node on only one arc [4]. (See Roth [3]
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 present immediately before
the clock.

‘We will now present two 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 to
ohlam theu physical implementation, and validate the design by comparing and

ion results obtained before and after synthesis.”

3.6 Design E le: BCD to Excess-3 Code Converter

In this example, a serially transmitted binary-coded decimal (BCD word), B;,, is to be
converted into an Excess-3 encoded serial bit stream, Byy,. An Excess-3 code word is
obtained by adding 3,9 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 complcmcmg of an Excess-3 encoded word is obtained in hard-
ware by complementing the bits of the word (i.e., by taking the 1s complement of the
word). For example, the Excess-3 code for 6,9 is 1001y; its bitwise complement is
0110,, which is the Excess-3 code for 3)0. This feature of the Excess-3 code makes it
possible to easily impl ished radix’ scheme for subtracting
numbers that are encoded in a BCD form. This is similar to subtraction of signed
binary words by adding the 2s of the mi d to the subtrahend. The 2s
complement is formed by adding 1 to the 1s (diminished radix) complement of the
Thus, the 10s of 69 can be obtained by bitwise

1001,, the Excess-3 code of 6y, and adding 1 to the result: 0110, + 0001, = 0111,,
which decodes to 7.

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, Bj;, entering the converter and the
corresponding serial stream of Excess-3 encoded bits, By, leaving the machine. Note
that the bits of B;, are in with the least signif bit (LSB) first.
Consequently, care must be taken to interpret the waveforms of B, and B, correctly.

“The chart can be simplified by showing only the transitions that leave a state by omitting arcs that begin and
end at the same state and by omitting return arcs that are activated by a reset signal.

"See sections 6.6.1t0 6.6.3.

$The 9s complement of a binary number a is the binary value a’ such thata + a’ = 9.

SThe radix 9 is the diminished radix for a base 10 (decimal) system.
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TABLE 3-1 BCD and Excess-3 code words.

[ Decimal 8421 Excess-3
Digit Code. Code
(BCD)

0 0000 0011
1 0001 0100
2 0010 0101
3 o011 0110
4 0100 o111
3 0101 1000
6 0110 1001
7 o111 1010
8 1000 1011
9 1001 1100

The order of the bits in the waveforms is shown progressing from right to left (with
increasing ¢), with the LSB at the left and the most significant bit (MSB) at the right.
The pattern of bits in the waveform must be reversed, as shown in Figure 3-18, to form
the binary values of the transmitted and received words.

The STG' of a serial code converter that 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 S_0 whenever it is asserted, independently of the clock. The
machine’s action commences in S_0 with the first clock edge after reset and continues
indefinitely, repeating the addition of 0011, 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 for the output word. The state table in Figure 3-19(b) summarizes
the same information as the slate transmon graph but in tabular format. The notation
“-/-" indi an or imp:

Systematic design of a D 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 D flip-flops that hold the state bits, and (6) using K-maps,
optimize the Boolean equations. In general, the number of flip-flops used to represenl
the state of the machine must be ient to a bi of
the number of states—that is, a machine that has 12 states requires at least four flip-flops.

1The STG of a completely specified machine with n inputs must have 2" arcs leaving each node, and the
number of its states must be a power of 2. Otherwise, some bit patterns will be unused in the hardware
implementation.
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FIGURE 3-18 Input-output bit streams in a BCD to Excess-3 serial code converter.

For a given set 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.

reset input/output

Next state/output table

Next state/output
State Input
0 1
50 520
51 5.4/0
sS40 | san
0/0,1/1 5_5/0 5_5/1
s | oseo |
soo | son
S0 1 ‘
0/0, 171
(@ ()
FIGURE 319 BCD to Excess-3 serial cod i as a Mealy-typ

FSM: (a) state transition graph and (b) the machine’s state table.
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Encoded next state/output table
State Next state Output
929190 @t 4" a”

State assigment Input Input
924140 | State 0 1

000 50 50 000 001 101

001 s1 s 001 111 o1

010 S6 52 101 011 o1

o011 54 53 m 110 10

100 54 o011 110 010

101 52 55 110 000 000

110 55 56 010 000 -

1m 53 100 - -

(@ (b)

FIGURE 320 BCD to Excess-3 code converter implemented as a Mealy-type

FSM: (a) state assignment and (b) encoded next state and output table.

Our 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 (Bm) These maps are

shown in Figure 3-21 with their ding Boolean

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 will consider optimization of a set of Boolean equa-

tions in our discussion of logic synthesis in Chapter 6.

The Boolean equations for g, and B, can be converted into the following
NAND gate structure, where, for clarity, we use the symbol “-” to indicate the Boolean

AND operator:

42" = 9/'90'Bia + 32/90Bin’ + Q20190
4" = 47908 + 479080’ + G210
9 = 4790 Bin" 42 00Bn’ * ©201d0

92" = 91'90'Bin* 92'90Bin’ * 929140

and
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40 Bin 90 B
0 0 n 10 0 01 1110
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ooff 1] 1|11 00 0 {1 |1
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o1 0o o ol o (o |[1 |1
sel sol sa| 54 ) sal sa
mw|ofo]ol|o umfo o flt |1
3 ss| ss|[sa| sa
wof x| x| 1|1 10| x| x|l1]1
s2] sa s2l so
%" =a o' =q
0 Bin 0B
o 11 10 o 110
@ Q20

593
) b
e
a3
a: z°
e |

11 0 1 0
ss| 5 53

10 X X 0 0 10 X h 1 0
sa| s2 _J 52

9" = 0'90'Bin + 42’008+ 20190 Bow = 42'Bi' + 42Bia

FIGURE 3-21 Karnaugh maps for the encoded state bits and output bit (By,) of a BCD to
Excess-3 code converter as a Mealy-type FSM with input bit (B,,).

Bow = q2'Bun’ + @2Bia

Bou' = @By’ ¥ @:Bn
Bow' = (@Bin)) " (92B:0)
Bouw = (42'Bin) * (42Bin)

‘The schematic of the code converter is shown in Figure 3-22, with three positive
edge-triggered ﬂlp ﬂops storing the state bits. The slmulauon results in Figure 3-23 illus-
trate the input and the state i of the machine. The annota-
tion of the dlsplayed waveforms shows the bit stream of the encoded word produced by
the converter for B;, = 0100,, where the LSB is asserted first, and the MSB 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 Bj, affect the waveform of B,,,. We have aligned the transitions
of B;, 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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reset

FIGURE 3-22 Circuit for a Mealy-type FSM a BCD to Excess-3 code converter.

edge of the clock. The value of B, immediately before an active edge of the clock
depends on the value of B;, immediately before the clock, and it is the valid output of
this machine.!! Thus, transmitting the input bit stream 0100, (LSB first) generates the
output bit stream 0111,. The waveforms of B, and B,,, in Figure 3-23 are annotated
with bubbles to mark corresponding values of the BCD and Excess-3 encoded bits.

0 150 300 450 t
Name O O T TR T S8 [ T S T | S T T S B '} Ll
el— [ 7 [ [ 7
reset [
B_in
B_out P il
stare[2:0) 0 1 7 s 0
B.in [ o 1 [
B_out 1 1 1 0

FIGURE 3-23 Simulation results for a BCD to Excess-3 code converter implemented
as a Mealy-type FSM, with annotation marking input and output values.'?

"1A physical circuit implementing the machine would have to perform the machine’s addition fast enough to
have the result ready for the active edge of the clock. Performance is an issue for synthesis and will be
addressed in Chapter 10.

'?Note: B_in and B_out in the simulator output represent By, and B, respectively.
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3.7 Serial-Line Code Converter for Data Tr issi

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 fewer signal channels are possible. For example, a phone system
or adisk read/write head will have a smgle chmnel for the data and use a coding scheme
to enable clock recovery and Code the data
stream into a format that has been encoded to enable the 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 1s or Os in a data stream with
a non-return-to-zero (NRZ) format; the clock can be recovered from a data stream
with a non-return-to-zero invert-on-ones (NRZI) format or return-to-: Zero. (RZ) code
format if the data has no long string of Os. ders are because
they can recover the clock independently of the pattern of the data, but they require
higher bandwidth.

Figure 3-24 shows bit data and encoded bit patterns for four common encoding/
transmission schemes. The patterns 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) relationships 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_1.

*  NRZI Code: If the input to an NRZI code converter in the present bit time is 0,
the sequential output of the converter remains at it previous value (ie., 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 1,as shown in Figure 3-24. The asserted value is held for the entire
bit time.
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FIGURE 3-24 Serial line code formats and sample waveforms.

SN

. 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 trans-
mitted as a 0 for the lead half of the bit time and as a 1 for the remaining half. A 1
in the bit stream is transmitted as a 1 for the leading half of the bit time and as a
0 for the remaining bit time.

Note that the clock frequency (clock_2) of the Mealy-type machines implementing
RZ and Manchester encoders must operate at twice the clock frequency of the bit
stream generator (clock_I) in order to assert the line value of a full bit time without

latency.
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NRZ-to-
Manchester > Dafaynchesier
code converter

Datayg

clock 2

FIGURE 325 _Input-output datapaths for a NRZ code converter,

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

A serial line-code converter can be implemented by an FSM in which the inbound bit
stream controls the actions of the machine to produce an encoded outbound bit
stream. As an example, a Mealy-type FSM will be designed to convert a data stream in
NRZ format, Datangz, to a data stream in Manchester code format, Datay,chesters a5
represented 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. The table shows the state
label and code for each state, the codes corresponding to the bits of the next state for
each possible value of B;,, and the output that will be asserted in the indicated state for
each possible value of B;,. An asserted bit in the input will be asserted for two clocks of
the output. Thus, the arcs leaving S_/ with an input of 1 and from S_2 with an input of
0 are not shown because those inputs sequences cannot occur. The corresponding
entries in the next-state table are marked as don’t-cares.

The Karnaugh maps and Boolean equations for the line converter are derived
from the STG, and are shown in Figure 3-28. The circuit schematic shown in Figure 3-29

il the Boolean ions of the machine and stores its state in two nega-
tive edge-triggered D-type flip-flops. The simulation results in Figure 3-30 show the
input (B;,) and output (B,,,) waveforms for a sample of data and also show the state
transitions of the machine that accomplishes the code conversion. Note that because
the machine’s output is generated as a Mealy-type output, there is no latency between

Next state/output
10 on State Input
0 1
@ @ @ s0 | sao | son
s1 | son -
n 010 L2 - s

(a) (b)

FIGURE 3-26 Mealy-type NRZ-to-Manchester encoder: (a) the state transition graph and
(b) the next-state table.
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State Next state Output
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- 7 7 Input Input
0 1 0 1
0| so | s sof o [ o 10 | o 1
1| s2 s1]o [ 00|00 | 1 -
s2[10 [ oo o [ — o

® ()

FIGURE 3-27 Mealy-type NRZ-to-Manchester encoder: (a ). mc state assignment table and
(b) the encoded

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 cannot be tolerated, a Moore-type machine should be used. A
impli STG (without imp 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-
ized by the negati dg i of clmk 1, and the state lransmons of the
encoder and the ling of B_in are d by the negati dg of
clock_2.
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

By, B, B,
4190 o 1 T 90 0 ! 99

o o] Mol =

o1 01 0 0 01

20" = 91'a0'Bu’ Bow = 41" (G0 * Bia)

FIGURE 3-28 The Karnaugh maps and Boolean equations for the encoded state bits and
output bit (Byy) of an NRZ. encoder with input bit B,
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reset_b

FIGURE 3-29 The circuit schematic of a Mealy-type NR encoder.

Boolean equations of the machine with negative-edge triggered flip-flops. The simula-
tion results in Figure 3-35 show the input (B;,) and output (B,,,) waveforms for a sam-
ple of data and also show the state transitions of the state machine that accomplishes
the code conversion. Note that the Manchester encoder must run at 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 one-half the cycle time input clock. The transi-
tions of the input data stream are made at the falling edges of clock_1, and the state

0
Name

|
reset_b (I 1 i
i

L2 S I e N S O s N Yy O s Iy W |
clock 2| MM MMM Mmoo

q0 T 1 |y W | L r L r
P N S p S | 1
statef1:0] |_0 (1 X 02 J o X2 o X2 X o Y1 o X )Co 2 o e Xo T o X e
Bin fmed TN
\, — \ l«—Input and output bit times coincide
Bowld L L
FIGURE 3-30 Simulation results for the Mealy-type NRZ- encoder."?

"In 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
(ie.,S_1 and §_2) in which the input is treated as a don't-care. So the input will not affect the transition from
5_1 or 5_2t0 S_0.The scheme here effectively samples By, in the middle of its bit time, and eliminates a cycle
of latency in the output of the converter.
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<0 =— state code

o>
0
Next state/output
State Tnput
0 1
i O lso |so [s30
sa | sao |-
$3 - son
S22 s_in s3n
P prs
(a) (b)
FIGURE 3-31 Moore machine NRZ encoder: (a) the ion graph and

(b) the next-state/output table.

machine samples the input at the rising edges of clock_I —that is, in the middle of the bit
time of the input, which corresponds to every other falling edge of clock_2. 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 only the state. Thus, a change in the input must first
cause a transition to a state before the encoder can assert 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

State Next State | Output

9190 91" q0"

Input

% 0 [ 1
@] o 1 soJow [0 [ 11 ] o
o 50 51 sio [0 | -] o
= — s3] 11 [ = [ oo 1
1| 82|83 sz 10 | o | 1 1

@ ()

FIGURE 3-32 M pe NRZ. encoder: (a) the table and
(b) encoded table.
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in Bin 40

01'%0 + 90'Bin

FIGURE 3-33 The Karnaugh maps and Boolean equations for the encoded state bits
and output bit (Byy) for a NRZ-to-Manchester encoder implemented as a Moore machine
with input bit B,

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 red in (because the equi states do not
have to be decoded) without compromising functionality [8]. In general, for every
FSM, there 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 = S_5. Both S_4 and S_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

clk

reset bw— ——————&

FIGURE 3-34 The circuit schematic of a Moore machine NRZ-to-Manchester encoder.
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FIGURE 3-35 Simulation results for the Moore machine NR: encoder.

outputs will be the same as if the machine was in S_5 and the same input sequence is
applied. The machine’s STG, given in Figure 3-37(a), shows how §_4 and §_5 map into
the same next state, and that they also have the same outputs for all assertions of the
input.

Two states of a ial machine are equi if their i 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 redirecting the affected arcs to the remain-

ing equivalent state. Likewise, the next-state table can be simplified by eliminating one of
Next state Output
Tnput Tnput
Replace
State 0 1 0 1 label
50 56 53 )
s 51 56 /u//?/
52 2 S4ss4 o 1 Delete
53 s7 53 [ 1
Equivalent ::’ ) [ W4
states P = ,:
56 50 S_1 0 0
57 sS4 53 0 0

FIGURE 3-36 Next-state and output table with equivalent states §_4 and S_5. To simplify the table,
replace the label S_S by the label S_4, and delete the row for §_5.
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1

Equivalent states

(@) (b)

FIGURE 3-37 State-transition graph with equivalent states: (a) graph with S_4 and §_5 and
(b) state-transition graph after removal of 5_5 and redirection of arcs.

the rows and replacing the labels of the deleted state by the label of its equivalent state.
But be careful—do not conclude that two states are not equivalent if their state-table
Tows are different. The dition of his g TOWS of the next-state table is a suffici

i for the i states to be eq 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 p for eliminati i states relies on a recursive
definition of equivalence: Two states are eqmvalent 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 to
be equivalent (we already know that S_4 and S_5 of the original table are equivalent,
so we do not consider S_5). For example, S_0 and S_4 can 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 indicate that S_0 and S_4
have the same outputs, bu! are equivalent only if S_6 and S_7 are equivalent, and if §_2
and S_3 are equi Both conditions must be satisfied do not know in advance
whether S_2 and S_3 are equivalent and whether S_6 and S_7 are equivalent.
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51
52 S6-5.4
S1-57 | s2-57
$3 S6-53 | S4-53
56-57
SA | s3-s2
57-50
56 5$3-51 S2-51
S0-54
87 S$6-54 §2-53 S1-53
5.0 s 52 53 5.4 5.6
FIGURE 3-38 Triangular array showing possible pairwisc ions of states.

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 S_1, its next state is §_/ or S_6 if the input is 0 or 1,
respectively. Likewise, if the machine is in S_3, it reaches S_7 and §_3 under the same
applied input values. Thus, for S_/ and §_3 to be equivalent, it is necessary and sufficient
that §_/ and S_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 states cannot be
equivalent. For example, S_ and S_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

s

52 56-54

s3 e Sasa

s4 | $5°83

56 | s3-51 iﬁ; :gj’

57 | s6-54 §2-53 i:?: f{;
5.0 s 52 53 s4 56

FIGURE 3.39 Triangular array showing possible pairwise combinations of states.
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010

FIGURE 3-40_Completely pruned state-transition graph.

the pairs (S_1, S_7 and S_3, S_6) is lined out because S_I and S_7 cannot be equivalent.
When this process is completed, the remaining labeled cells identify equivalent states.
The results in Figure 3-39 indicate that S 4 =55, S0=S57 §2=S52 and
S_4 = S_6. This leads to the simplified STG shown in Figure 3-40, having only four
states, instead of eight.

End of Example 3.4
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. Using D-type flip-flops, design a synchronous Moore finite-state machine that

monitors two inputs, A and B, and asserts a scalar output if the number of 1s
observed on the inputs is a multiple of 4.

. 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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Using D-type flip-flops, design a 3-bit counter that will count in the cyclic pat-
tern of even numbers: 010 210 410 650

. 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 that the
samples are made at the inactive edges of the clock. Design the machine with
D-type flip-flops.

Draw the state-transition graph of a Moore machine that samples a serial bit
stream and asserts an output if the last three samples are 1. Assume that the
samples are made at the inactive edges of the clock. Design the machine with
D-type flip-flops.

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

Draw the state-transition graph of a M ype state machine that receives a
serial bit stream and generates a serial output in which the output (1) is
asserted for one clock cycle if the input pattern 0111 is recognized, (2) remains
de-asserted until the pattern 0111 is recognized again, and (3) re-asserts on
detecting the second occurrence of 0111, and so forth, continuously. (a)
Assume that the LSB (right-most bit of the binary value) of the indicated pat-
tern (0111,) arrives first in the data stream. (b) Alternatively, assume that the
pattern indicates the left-to-right time sequence of arriving bits, and that 0 is the
LSB and arrives first.

Draw the state-transition graph of a machine that behaves like the machine in
Problem 7, but terminates its activity after it has detected six occurrences of
0111, until a reset condition is asserted.

Draw the state-transition graph of a Moore machine that converts a NRZ bit
stream into a NRZI bit stream.

Draw the state-transition graph (STG) of an NRZI line 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. Caution: Avoid the trap of attempting to read the data bits on the
clock edge that synchronizes their transitions.

Repeat Problem 7 using an ASM chart instead of an STG.

Repeat Problem 8 using an ASM chart instead of an STG.

Draw the STG of a Moore machine that implements a BCD to Excess-3 code
converter.

In the STG shown below, (a) determine whether states s_0 and 5_2 are equiva-
lent, and (b) determine whether states s_ and s_3 are equivalent.

_FIGUREP3-14_
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15. Find the equivalent states of the STG shown below, and draw the STG of the
reduced machine.

FIGURE P3-15




aurers  Introduction to Logic
Design with Verilog

Designers of application-specific integrated circuits (ASICs) use hardware description
languages (HDLs) at key steps in the design flow of a circuit. An HDL model is devel-
oped; synthesized into a physical circuit; and verified for funcuonahty, timing, and fault

coverage. HDLs have some similarity to ordmary,h guages like C huI
they have additi features for modeling and simulati; \he ionality of

tional and ial circuits. Two I are in wi use: Verilog and VHDL.
Both are Institute of Electrical and i i (IEEE) and both

have enthusiastic users. Rather than compare, contrast, and even argue the relative merits
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, and (3) simulate the model to verify the
I'unctlonallty of the deslgn Venflcauon by simulation requires that designers write a

of stimulus 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 detect functional errors.

Verilog gives designers several alternative ways to describe a circuit. Familiar
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
filter. We will see that Verilog accommodates abstract models of behavior too.

The Verilog HDL serves as a vehicle for designing, verifying, and
circuit [1]. It is also a medium for exchanging designs between designers. Inlellecrual
property d as a Verilog iption can be exported and embedded in other
designs.
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Today’s designs are so large that they must be designed with a top-down methodol-
ogy that systematically partitions a complex circuit into smaller functional units that can
be designed and verified individually and more easily, before reintegrating them and re-
verifying the Verilog lets desi create a design hi of i
units. In today’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.

Chapter 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 Verilog constructs cor-

ing to gate-level and truth-table descriptions of combinational logic.

4.1  Structural Models of Combi

al Logic

A Verilog model of a circuit encapsulates a description of its functionality as a structural
or behavioral view of its input—output (I/O) relationship. A structural view could be a
netlist of gates or a high-level architectural partition of the circuit into major functional
blocks, such as an arithmetic and logic unit (ALU). A behavioral view could be a simple
Boolean equation model, a register transfer level (RTL) model, or an algorithm. We will
begin our introduction to HDLs by considering how Verilog supports structural design.
We will introduce basic concepts here 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 I/O pins and internal nodes. Similarly, an HDL structural
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., xor, and) that are interconnected to imple-
ment the desired 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 common combinational
logic gates, called primitives. Primitives are the most basic functional objects that can
be used to compose a design. Their functionality is built into the language by means of

] D——- sum  module Add_half (output c_out, sum, input a, b);
xor  (sum,a, b);

and (c_out, a,b);
endmodule
c_out

FIGURE 4-1 Schematic and Verilog of a half adder.
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TABLE 4-1 Verilog primitives for modeling
combinational logic gates.

n-Input n-Output, 3-state
and buf
nand not
or bufif0
nor bufifl
xor notif0
xnor notifl

internal truth tables that define the relationship between the scalar (i.e., a single bit)
outpul(s) of each primitive and its scalar input(s). Table 4-1 shows an abbreviated list
of lhe predefined pnm es and their reserved keywords.! Their names suggest their

ity (the not primiti to an inverter). The primitives in Table 4-1
are called n-input primitives because the same model keyword (e.g., nand) automati-
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 input but can have
multiple scalar outputs (to model a gate that has fanout to more than one location).
‘The pnmmves bufif0 and bufifl are three-state buffers; notif0 and notifl are three-
state inverters” There are no pre-defined sequential 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 (cor ing to pins/terminals) that con-
nect to its environment. 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 it is connected to
input signals a, b, and ¢ and has output signal y. The list of ports is placed immediately
to the right 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 instantiated within
amodule by a statement declaring its keyword name, followed by an optional instance
name and by a parentheses-enclosed list of its terminals.* 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 referenced directly from outside it.*

'Keywords have a fixed, predefined meaning and may not be used for any other purpose.

*The complete set of primitives is described in Appendix A

See Appendix F for a formal description of the language syntax.

“Verilog has a mechanism for hierarchical dereferencing of an identifier in a design. See Appendix G.
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FIGURE 4-2_A three-input nand gate and an example of its as a Verilog primitive.

A simulator uses built-in truth tables to form the outputs of primitives during simu-
lation. The values of the inputs attached to a primitive are determined by the cn'cunry
external to the primitive, just as the output of a inati logic gate is d d by
the values of its inputs. Figure 4-3 shows a list of instantiated primitives that are connected
by wires’ to have the ionality of a five-input 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 have a name either, but it would
be helpful if it had a descriptive name by which we could identify its functionality. To

these limitati the fu lity of a design and its interface to the envi-
ronment are encapsulated in a Verilog module. A module is declared by writing text
that describes (1) its functionality, (2) its ports to/from the environment, and (3) its tim-
ing and other attributes of the design, such as the physical silicon area, that would be
needed to implement it in on a chip.

Verilog is a standard HDL (IEEE 1364-1995, 2001, 2005). As such, it undergoes
regular scrutiny by an industry-based committee to incorporate enhancements. The
revisions adopted in 2001 incorporated ANSI-style syntax to reduce verbosity and
increase clarity of descriptions. Fortunately, the evolved versions of the language all
accommodate the syntax of their predecessors. Verilog modules using the 1995 syntax
have the text format shown in Figure 4-4. The keywords module and endmodule encap-
sulate the text that describes the module having type-name my_design. A module’s
typ is defined and distingui: the module from others. The ports of the
module are listed beside my_design in a list enclosed by p
in Figure 4-4. Unlike primitives, modules do not have a restriction on the relative
ordering of /O ports in the list. The inputs and outputs can be listed in any order. The
circuit in Figure 4-1 is an exnmple of this syntax. You will notice that the declarations of

the ports require d: —the list in ntains the names of
x_inl n
x_in2 wire
y_out nor (y oul y| y2).
S and  (y1.x] :
- nand (y2, x,lna x| IM x in8);
x_ind 3
x_inS y

FIGURE 4-3 A list of declarations of wire-connected primitives having the functionality of
a five-input AOI gate.

We will see that the data-type wire in Verilog is used to establish connectivity in a design, just as a physical
wire establishes connectivity between gates.
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module my_design (module_ports);
... /] Declarations of ports go here
../l Functional details go here
endmodule

FIGURE 4-4 The format of a Verilog module, with module .. endmodule
keyword

ports, and a separate list contains a declaration of the mode and name of each port. The
ANSL-style syntax approved by IEEE in 2001 has the form shown below and elimi-
nates redundant text.

module my_design ( /* Declarations of port mode and name go here*/);
// Functional details go here
endmodule

This edition of the text will use the 2001 syntax in most of its examples. Other changes
in syntax will be presented and discussed where appropriate. The standard adopted by
IEEE in 2005 made some clarifications but did not 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 chapter will be structural 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 (1) 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 gates 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 mpuls and outputs on an oscilloscope or logic
analyzer. A declared module can be d) within the ion of
some other module to create more elaborate and wmplex structural models.

A complete Verilog structural model of a five-input AOI circuit is listed in
Figure 4-5 in the 1995 and the 2001/2005 syntaxes to illustrate some Verilog termi-
nology. (All keywords in the text are shown in boldface italic type.) The keywords
module and endmodule enclose ( ) the description.’ 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 that are used to
connect the logic gates that model the circuit (by declaring y1 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 a list of Verilog keywords.
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Module name Module ports
Primary Primary
inputs output

module AOl S'l 1996 (y_out, x_in1, x_in2, x_in3, x_ind, x_in5);
output y_ol

input by x.in2, x_in3, x_ind, x_in5; ~ Portmodes
Internal wires

wire y1,y2; establish
connectivity
nor  (y_out, y1,y2);
and (vl xin1, x_in2); ~—— Instantiated
and  (y2,xin3, x_ind, x_in5); primitives
endmodule
(@)

module AOI_str_2005 (output y_out, input x_in1, x_in2, x_in3, x_in4, x_in5);
wire  y1,y2;

nor  (y_out y1,y2);

and  (y1,xin1, x_in2);

and  (y2,x_in3, x_ind, x_in5);
endmodule

(b)

FIGURE 4-5 An AOI circuit and its Verilog model: (a) IEEE 1364-1995 syntax
and (b) IEEE 1364-2002, 2005 syntax.

4.1.3 Module Ports

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
(inout). Signals in the environment of a module are made available through its inpur
ports; signals generated within a module are made available to the environment
through its output ports. Bidirectional (inout) ports accommodate a flow of informa-
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.

414 Some Language Rules

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

Usually, each line of text in a Verilog description must terminate with a semicolon (;).
An exception is the terminating endmodule keyword. Cq may be i in
the source text in two ways. A pair of slashes, //, 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 scope 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 modern and sophisti-
cated design methodologies that integrate entire systems on a chip (SoC) [2]. 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 i iations to create a top-d design

Example 4.1

A binary full adder circuit can be formed 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_half.

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 formed of the nesting/nested design
objects. The apartition and rep ips 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 Add_half within Add_full are child
modules of Add_full. 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.

"The names of predefined system tasks begin with §.
*Do not attempt recursive declarations.
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c.in »—ry

Add_ full M2
y—laab)ocin
a s
M1 ‘ Add_half (a@b)c_in
an—a sum 1= b c_out iout
Add_half
. (u »b) o
be—— b cout [——— (a+b)cin+ab H—
e ab =
@
.

}——e sum ‘module Add_full (output c_out, sum, input a, b, c_in);
an—| Add_full | T T :
b w— ——a c_out Add_half M1 (w2, w1, a, b); \—__names _

Add_half M2 (w3, sum, c_in, wi),
or (c_out, w3, w2);
endmodule

()

FIGURE 4-6 decomposition of a full adder: (a) gate-level schematic and (b) Verilog model.

A module hierarchy can have arbitrary depth. It 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-bit ripple-carry adder can be formed by cnscndmg 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 least significant bit. 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 Add_rca_I6.
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The complete text for Add_rca_16 is given below.

module Add_rca_16 (output c_out, output [15: 0] sum, input [15: 0], a, b, input c_in);

wire c_in4, c_in8, c_in12, c_out;
Add_rca_4 M1 (c_ind, sum[3: 0], b[3:0], c_in);
Add_rca_4 M2 (c_in8, sum[7:4], b(7:4], c_ind);
Add_rca_4 M3 (c_in12, sum[11:8], b[11:8], c_in8);
Add_rca_4 M4 (c_outsum,  sum[15:12], b[16:12),  c_in12);
c_out, a, b,
cin);
endmodule

module Add_rca_4 (output c_out, output [3: 0] sum, input (3 0] a, b, input _in);

wire c_in2, c_in3, c_in4;

Add_full M1 (c_in2, sumi0], a[0), bl0}, c_in);

Add_full M2 (c_in3, sum(1], a[1], b[1], c_in2);

Add_full M3 (c_ind, sum(2], a[2], b[2], c_in3);

Add_full M4 (c_out, sum(3], a[3], b[3], c_ind);
endmodule

module Add_full (output c_out, sum, input a, b, c_in)

wire w1, w2, w3;
Add_half M1 (w2, w1, a, b);
Add_half M2 (w3, sum, c_in, w1);

or M3 (c_out, w2, w3);
endmodule

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

M1 (sum, a, b);
and M2 (c_out, a, b);
endmodule
End of Example 4.2

4.1.6 Design Hierarchy and Source-Code Organization

The hierarchical model for Add_rca_I6 illustrates how Verilog supports top-down
structured design by nesting modules within modules. Figure 4-8 shows the hierarchy
for Add_rca_16. The top-level functional unit is encapsulated in Add_rca_I6, and it
contains i iations of other i units of lesser ity, and so on. The
lowest level of the hierarchy consists of primitives and/or 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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af15:0) b[150]  cin
16 16
16
c_out sum[15:0]
(@

al15:12] b[1512] a[118] bS] a74]  b[74]  a30)  BO]  cin

Add_rca_16

sum|15:12] sum(11:8] sum(7:4] sum(3:0]
®)
a3] b[3] a2] b2 a[1] b1] afo] B0l cin

of a 16-bit, ipple- into a chai

4-bit adders,(c) interior detail of  4-bit adder, (d) a full adder, and (e) gate level schematic of a half adder.
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M m | M4
Add_rca_4 1 Add_an | L Addras | | addreas |
m | M2 | M3 | M4

[ adpar | | ada S | | Add par || Add_par ]

Add_half Add_half norf201 uwfwl
|—; F’; FL\ = =1 =]

FIGURE 4-8 Design hierarchy of a 16-bit ripple-carry 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/instantiated modules.

4.1.7 Vectors in Verilog

A vector in Verilog is denoted by square brackets, enclosing a contiguous range of
bits, e.g., sum/[3:0] represents four bits from sum, which was declared in Add_rca_I as
a 16-bit signal. The language specifies that, for the purpose of calculatirig 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 index of a part-select is out of bounds the value x is returned by a refer-
ence to the variable.” For example, if an 8-bit word vect_word/[7:0] has a stored value
of decimal 4, then vect_word[2] has a value of 1; vect_word[3:0] has a value of 4; and
vect_word([5:1] has a value of 2.

“In Verilog's logic system, the symbol x represents an ambiguous (unknown) value, not a don’t-care.
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4.1.8 Structural Connectivity

Wires in Verilog establish connectivity between design objects. They connect primitives
to other primitives and/or modules, and connect modules to other modules and/or
primitives. By themselves, wires have no logic. The variable !ype wire is a member of a
family of nets, all of which establish connectivity in a design.’

MODELING TIP

Use nets to establish structural connectivity.

The logic value of a wire (net) is determined dynamically during simulation by
what is connected to the wire. If 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_out is driven by a nor gate (primitive). The
logic of the gate and the values of its inputs determine y_out. In that example we
explicitly declared y1 and y2 to have type wire, but did not have to do so. According to
the 2001/2005 syntax, any identifier that is referenced without having a type declaration is
by default of type wire."!:'> Consequently, the input and output ports have default type
wire t00, unless we specifically declare them to have a different type (e.g., we will see
that a variable may have type reg).

MODELING TIP

An undeclared identifier is treated by default as a wire.

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 formal name of the second port of Add_half (i.e.,
the name given in the declaration of Add_half) is Sum, but in instance M1 the actual
name of the port is w1. The actual ports were associated with the formal ports by their
position in the port list. This mechanism works well 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 following convention in the port list: .formal_name(actual_name). This con-
nects actual_name to formal_name, regardless of the position of this entry in the list. The
formal_name is the name given in the declaration of the instantiated module, and
actual_name is the name used in the i iation of the module. A iation by name is
more readable and less error prone than association by position.

1“The Verilog family of predefined nets is described in Appendix C.

!!Caution: The 1995 syntax is more restrictive and in some cases requires that an identifier be explicitly
declared to have the type of a net (see [S]).

"*The default net type can be changed by a compiler directive.
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Actual name

Add_half M1 (b (b),
.c_out (w2),

-aa),
/ .sum (w1)
Formal name

FIGURE 49 Formal and actual names for port association by name in module Add_full.

Example 4.3

The first (M1) instantiation of Add_half in Add_full 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 equations'® below, where A1 and A0 are the bits of A, and B1 and B0 are the
bits of B.

A_lt_B = Al' Bl + Al' A0’ BO + A0’ B1 BO

A_gt_B = A1 B1' + A0 B1' B0' + A1 A0 B0’

A_eq_ B = Al' A0’ B1' B0' + A1’ A0 B1' B0 + Al A0 B1 BO + Al A0’ B1 B0’
The Karnaugh map methods of Chapter 2 can be used to eliminate redundant logic
from these equations and produce the genenc gate-level description of the comparator
shown in Figure 4-10. This gate-level, ional logic impl ion of the com-

parator can be modeled by a structural interconnection of Verilog primitives. Their
aggregate behavior is that of the comparator circuit.

13+ denotes logical OR;' denotes logical complement. A1 A0 denotes the logical AND of A1 and A0.
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AgtB
Bl »—
2
A0 [>o—y = f————=A_B
wl
BO
w3
E—
4—————=A eq B
w5

FIGURE 4-10 Schematic of a 2-bit binary

A structural Verilog description corresponding directly to the schematic of the 2-bit
comparator is shown below. Notice that two of the instantiations of the and gate have
three inputs, and the others have two inputs. This feature of the built-in primitives allows
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_gt_B, A_It_B, A_eq_B, input A0, A1, B0, B1);

nor (A_gt_B.A_It_B,A_eq B);
or (A_ItB, wi, w2, w3);
and (A_eq_B, w4, w5);
and (w1, w8, B1);
and (w2, w, w7, BO);
and (w3, w7, BO, B1);
not (w6, A1);
not (W7, AO);
xnor (w4, A1,B1);
xnor (w5, AO, BO);

endmodule

We will see 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 use the 2-bit comparator as a building block to form a structural model of a 4-bit
comparator.

End of Example 4.4




Introduction to Logic Design with Verilog 17

43—
B3]
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Comp_4_str AlB
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Bl »—|
A0 —]
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FIGURE 4-11_Block diagram symbol of a 4-bit

Example 4.5

/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 based on the observation that a strict inequality in the higher order bit-pair
determines the relative magnitudes of the 4-bit words; on the other hand, if the higher-
order bit-pairs are equal, the lower-order bit-pairs determine the output. The hierarchical
structure shown in Figure 4-12 i the 4-bit p and the si i
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, A1, A0} and B_bus = {B3, B2, B1, B0}
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_2_str that was declared in Example 4.4.

module Comp_4_str (
outputA gt B,A It B,A eq B,

input A3, A2, A1, A0, B3, B2, B1, BO);

wire w1, wo;
Comp_2_str M1 (A_gt_B_M1, A_It B_M1, A_eq_B_M1, A3, A2, B3, B2);
Comp_2_str MO (A_gt_B_MO, A MO, A_eq_B_MO, A1, A0, B1, BO);

or (A_gt_B, A_gt_B_M1, wi);

and (w1, A_eq B_M1,A_gt B_MO);

and (A_eq B,A_eq_B_M1,A_eq B_MO);
or (A_It_B, A_It_B_M1, wO);

and (w0, A_eq_B_M1, A_It_B_Mo);

endmodule
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FIGURE 4-12 Hierarchical structure of a 4-bit binary comparator composed of 2-bit comparators
and glue logic.
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FIGURE 4-13 Simulation results for a 4-bit binary

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. Two 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.™ 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 mgnal in an actual
circuit will have only these values, but si can i 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. (Verilog 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 [1].)

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 Venlog simulator
resolves multiple drivers on a net. Note that the three-state primitives'® produce an
output value of z when they are not enabled, and that the value of x is produced when
a wire 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.

4Appendix A describes Verilog’s built-in primitives and their truth tables in Verilog's four-value logic system.
1*See Appendix A.
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FIGURE 4-15 Resolution of muitiple drivers on a net.

4.2.2 Test Methodology

A large circuit must be tested and verified systematically 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 1mplemem Later, in Chapter 11, testing
verifies that the timing specifications as well as the fu ity, of the design are met,
and that the circuit has no process-induced faults (defects).
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A test makes debugging very difficult, creates a false
sense of security that the model is conecl and risks enormous 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.

Example 4.6

The partition of a 16-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 of a simple hi of half-adders and glue logic. An attempt to
verify the 16-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 applying 2* input patterns! It
would be foolhardy to attempt this if a simpler strategy can be found. Applying 2 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° 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. It 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 format. Testbenches can
be very complex, containing a variety of pattern generators and additional software to
perform 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,'® (3) determines whether the number of ports

16Appendix F presents the formal syntax of the Verilog language.
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Design_unit_test_bench (DUTB)

Stimulus

generator )
Unit_under_test (UL
\Tl |
D Q
g |
CLR"|

( Response
monitor

FIGURE 4-16_Organization of a testbench for verifying a unit under test.

specified by a model are actually toitinani iation, and (4) si 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 bclow, t,Add half has Lhe baslc strucmre of a testbench for verifying
Add_halfin a ser 17 Notice that it contains an
instantiation of the UUT Add Imlf The wnveforms that are to be applied to the UUT
are not generated by hardware. Instead, they are d by a singl

Verilog behavior, declared by the keyword initial and accompanied by statements
enclosed by the block statement keyword pair begin ... end. In this simple example,
the user serves as the response monitor by comparing the output waveforms to their

d values. C usedin a tbench are i d in t_Add_half, and will
be explamed in the next section.
module t_Add_half();
wire sum, c_out;
reg ab;
Add_half M1 (c_out, sum, a, b); Ut

""See “Selected System Tasks and Functions™ at the il
for built-in system tasks, such as $monitor, which can be used to dlsplny nmlllannn results in a text format.
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initial begin 11 Time Out
#100 $finish;

Inltlal bagln I/ Stimulus patterns
#10 b

endmodule

End of Example 4.7

4.2.3 Signal Generators for Testbenches

A Verilog 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 tg, = 0 (We use l4y 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 t_Add_half in Example 4.7 executes, it assigns a value to
a variable. Using the assignment operator, =, such statements are called “procedural
assignments.”

MODELING TIP

Use procedural assignments to describe stimulus patterns in a testbench.

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
from left to right across lines of text that may contain multiple statements. In this
example, each line is preceded by a time delay (e.g., 10 simulator time units) that is pre-
scribed with a delay control opemtar (#) and a delay value, for example, #10. A delay
control operator di al its
and, the ion of the subseq 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 ¢ Add_half are




Advanced Digital Design with the Verilog HDL

assigned value abstractly by a single-pass behavior and are declared by the keyword
reg, whlch indicates that the variables (signals) a and b are getting their values from
of p (just like in an ordinary procedural language, such
as C, but mterpreled as waveforms that evolve under the control of the simulator).
Since hardware is not driving the value of an abstractly generated input, the type dec-
laration reg ensures that the value of the variable will exist from the moment it is
assigned by a dural until ion of a later procedural statement
changes it. The outputs of the UUT are declared as wires. Think of them as providing
the ability to observe the output ports of the UUT.
The waveforms that result from simulating ¢_Add_half are shown in Figure 4-17.
In Verilog, nets are assigned the value z when simulation begins,'® and they then
inherit the value implied by their driver. An undriven net will remain at a value of z.
All variables that have type reg are given the value x when the simulation begins,
and they hold that value until they are assigned a different value. The cross-hatched
waveform fill pattern in Figure 4-17 denotes the value x, which results from having
the inputs (of reg type) holding their initial value of x until time 10, when the first
explicit asslgnment 1s made. The indicated simulation time steps are dimensionless,

unless a ive is used to iate physical units with numerical val-
ues.'” Note the oonespondcncc hclween the waveforms specified by the stimulus
in the bench and the waveforms applied to the circuit. Exe-

cullon of each statement is delayed by 10 time steps, so the final statement in the
stimulus generator executes at time step 40 (i.e., in this example, the delays accumu-
late). The testbench includes a separate behavior for a stopwatch that terminates
the simulation after 100 time steps. The stopwatch executes a built-in Verilog system

0 20 40 v 60

Namey , , 0 v v v by v v v v v by

sum |-
c_out TEX

FIGURE 4-17_Waveforms produced by a simulation of Add_half .a 0-delay binary half adder.

“There is an exception, the so-called trireg net, which defaults to an initial value of x. This type of net has rel-
evance in switch-level modeling, and will not be considered in this text.
"%See Verilog's compiler directives at th web site
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task, $finish, which surrenders control to the operating system of the host machine
when time step 100 is reached. A stopwatch is optional and not necded here, but, in
general, it will prevent endless execution if the testbench otherwise fails to termi-
nate the simulation.

MODELING TIP

A Verilog simulator assigns an initial value of z to all nets, 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
“event.” The one-pass behavior in t_Add_half programmed the inputs to Add_half to
change at prescribed times, independently of the signals in the circuit. However, the
events of the outputs of the UUT, sum and c_out, depend on the occurrence of events
at the inputs to the device, just as the signals in a physical circuit change in response to
the signals at the input. By knowing (1) the schedule of events at the inputs and (2) the
structure cf a circuit, we can create a schedule for the events at the outputs [3].

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

4.2.5 Testbench Template

Testbenches are an important mol in the design flow of an ASIC. Much effort is

ded to develop a th because it is an insurance policy against
faxlurc A test plan should be developed before the testbench 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 testbench (e.g., simulation
with x and z values applied at the inputs to the circuit). Testbenches are customized to
the UUT, but the simple structure given below can be used to develop testbenches for
the problems at the ends of the chapters.

module t_DUTB_name ( ); /I substitute the name of the UUT
reg ...; /I Declaration of register variables for primary
Il'inputs of the UUT
wire ...; 1/ Declaration of primary outputs of the UUT
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parameter time_out = // Provide a value

UUT_name M1_instance_name (UUT ports go here);

initial $monitor ( ); /I Specification of signals to be monitored and
11 displayed as text?
1 to assure ination of si

initial #ime_out $finish;
I

1/ Develop one or more behaviors for pattern
Il generation andlor error detection

begin
"
// o the input ports, and comments documenting
/I the test. Use the full repertoire of behavioral
11 constructs for loops and conditionals.
end
endmodule

4.2.6 Sized Numbers

The values assigned to the stimulus waveforms in the testbench in Example 4.7 are sized
numbers. Sized numbers specify the 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 0000_1010.' Unsized numbers are stored as integers
having length determined by the host simulator (at least 32 bits). Four formats are avail-
able: binary (b), decimal (d), octal (o), and hexadecimal (h). The format specifier is not
case-sensitive, and by default a number is interpreted to be a decimal value.

43 Pr tion Delay

P

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 Verilog have a
default delay of 0, meaning that the output responds to the input immediately, but a
nonzero delay can also be associated with a primitive. Timing verification ultimately
depends on realistic values of the propagation delays in a circuit, but simulation is com-
monly done with 0 delay to verify 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 0-delay simulation.

MODELING TIP

All primitives and nets have a default propagation delay of 0.

“Only one $monitor statement can be active at a time.
2'In Verilog, the underscore may be inserted in the representation of a number to make it more readable.
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Example 4.8

The primitives within Add_full_unit_delay and Add_half_unit_delay are shown below
with annotation that assigns to them a unit delay. The delay notation #1 has been
inserted before the instance name of each instantiated primitive (# denotes the delay
control operator). The effect of the delay is apparent in the simulated transitions of
sum and c_out shown in Figure 4-18. Notice that the 0-delay simulation results in
Figure 4-17 do not reveal whether c_out 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_delay (output c_out, sum, input a, b, c_in);

wire w1, w2, w3;
Add_half_unit_delay M1 (w2, w1, a, b);
Add_half_unit_delay M2 (w3, sum, w1, c_in);
or #1 M3 (c_out, w2, w3);
endmodule
module Add_half_unit_delay (output c_out, sum, input a, b);
xor #1 M1 (sum, a, b);
and #1 M2 (c_out, a, b);
endmodule

ASICs are fabricated by assembling onto a common silicon die the logic cells
from 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 this
book will be on izing gate-level from i

0 30 60 %
Name | \ v b

FIGURE 4-18 Results of unit-delay simulation of a 1-bit full adder.

2Technology-independent behavioral models describe only the functionality of a circuit, not its propagation
delays.
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behavioral models of circuits, using either standard cells or field-programmable gate
arrays (FPGAs). The timing characteristics of the latter are embedded within the syn-
thesis tools for FPGAs; the timing characteristics of the former are embedded 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. Circuit
designers do not attempt to create accurate gate-level timing models of a circuit by
manual methods. Instead, they rely on a synthesis tool to implement a design that will
satisfy timing constraints. We will address this topic in Chapter 10.2

End of Example 4.8

Example 4.9

The models of Add_half _ASIC and Add_full_ASIC shown below use parts (norf201,
invf101, xorf201, and nanf201) from a dard-cell llhrary C y me\al-
oxide semiconductor (CMOS) and gates are by a
nand gate with an inverter; likewise, an or gate is implemented by a nor gate and an
inverter. The Verilog timescale directive 'timescale 1ns / 1ps at the first line of the
source file directs the simulator to interpret the numerical time variables wnhm the

standard cells as having units of with a ion of
‘timescale 1ns/1ps module Add_half_ASIC
module Add_full_ASIC (output c_out, sum, input a, b);
(output c_out, sum, input a, b, c_in);
wire c_out_bar;
xorf201 M1 (sum, a, b);
wire wi, w2, w3; nanf201 M2 (c_out_bar, a, b);
wire c_out_bar; invi101 M3 (c_out, c_out_bar);
Add_half ASIC M1 (w2, w1, a, b); endmodule
Add_half ASIC M2 (w3, sum, w1, c_in);
norf201 M3 (c_out_bar, w2, w3);
invf101 M4 (c_out, c_out_bar);
endmodule

‘The models for norf201,invf101, xorf201, and nanf201 include propagation delays
based on characterization of the physical standard cells. The effect of the realistic prop-
agation delays is apparent in the waveforms produced by simulating Add_full_ASIC,
as shown in Figure 4-19.

2See “Additional Features of Verilog” at the companion web site for additional information about modeling
propagation delay.

“norf201 is a two-input nor gate standard cell; invfI01 is an inverter, xorf201 is a two-input excusive-or gate
standard cell; and nanf201 is a two-input nand standard cell.

See “Compiler Directives” at the companion Web site for a description of time scales.
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FIGURE 4-19 Results of simulating a 1-bit full adder implemented with ASIC cells
having 2y-depends ion delays.

End of Example 4.9

4.3.1 Inertial Delay

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 Verilog 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 1.1f 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.

Verilog uses the propagation delay of a gate as the minimum width of an input
pulse that could affect the output; that 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 the
propagation delay of the gate. The Verilog 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 t;;, = 3. Because the inverter has a
propagation delay of 2, the effect of this change is to cause the output to be scheduled
to change at ¢, = 5. However, for pulsewidth A = 1, the input changes back to the
initial value at 7y, = 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 propagauon delay of the inverter, the simulator

hedules the p d output event cor ding to the leading edge
of the narrow mput 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 A = 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-
tions of the output signal. Accurate standard-cell models of gates account for all these
effects.

End of Example 4.10
Not scheduled
Descheduled
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xinl ——>o——= s
fim = 4
xdn2 oy - a=6
) wi=2 ) oum2
= xin2 e——>o—= O

FIGURE 4-20 Event descheduling caused by an inertial delay.
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432 Transport Delay

The time-of-flight of a signal traveling a wire of a circuit is modeled as a transport delay.
‘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 1 cm. However, Verilog can assign
delay to individual wires in a circuit to model transport delay effects in circuits where it
cannot be such as in a ichi module or on a printed circuit
board. Wire delays are declared with the declaration of a wire. For example, wire #2
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, and do not
include ial parts, the hasa ism for building defined prim-
itives (UDPs), which use truth tables to describe sequential behavior and/or more
complex combinational complex logic. UDPs are widely used in ASIC cell libraries
because they simulate faster and require less storage than modules.

Example 4.11

‘The text below declares AOI_UDP, a truth table version of the five-input AOI circuit
that was introduced in Section 4.1.2.
primitive AOI_UDP (output y, input x_in1, x_in2, x_in3, x_in4, x_in5); // Note: Verilog
2001/2005 syntax
table

00001:
00010:1;
00011:1;
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endtable
endprimitive

UDPs are declared in a source file in the same way that a module is declared, but
with the ing keyword pair primi ive. They can be instanti-
ated just like built-in primitives, with or wnlhoul pmpaganon delay. A UDP has only 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 final column that specifies the output. The order of the input
columns must conform to the order in which the input ports are listed in the declara-
tion.? A si the table wk 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 rows of the table.

*See “Rules for UDPs” at the web site for additional fea-
tures and rules of use for UDPs.
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Example 4.12

‘The Verilog UDP mux_prim, shown in Figure 4-21 describes a two-input multiplexer
and includes comments citing some basic rules for UDP models.

A simulator will automatically assign the (default) value x to the output of a UDP
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 simulation.
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.If the UDP table overlooks this additional detail,
a simulator will propagate a value of x to the output when select is x. It is generally

select

an—o
primitive mux_prim (output mux_out, input select, a, b); ORI W] [P———
table be—1

Il select a b 1 mux_out
0 0 0 0; /1 Order of table columns = port order of inputs
0 0 1 0; /I One output, multiple inputs, no inout
0 0 x 0; 1/Only 0, 1, x on input and output
0 1 0 ke Il Az input in simulation is treated as x
0 1 1 1; 1/ by the simulator
0 1 x 1 /I Last column is the output

Il select a b : mux_out
1 [ 0 0;
1 1 0 0;
1 x 0 0;
1 0 1 1
1 1 1 1%
1 x 1 1
x 0 0 s 0; // Reduces pessimism
% 1 1 8 1

endtable I/ Note: Combinations ot explicitly specified will drive
endprimitive /1 under simulation.

FIGURE 4-21 UDP for a two-input multiplexer.
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desirable to reduce the situations under which a primitive propagates a value of x
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 4.13

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 1 and the b chan-
nel is a 0, the output is a 0 when the a channel is a 0, /, or x. The ? shorthand notation
substitutes 0,1, and x in the table row and effectively implements a don’t-care condition
on the associated input.

table

/I Shorthand notation:

11 2 represents iteration of the table entry over the values 0,1,x.

Il i.e., don't care on the input

" select a b : mux_out

" o [ ? 0;//? = 0,1,x shorthand notation.
" 0 1 ? LA

Il 1 ? 0 0;

l 1 7 1 13

n 2 0 ] 0;

n ? 1 1 1;

endtable
End of Example 4.13

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 D-type 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 present 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 latch_rp. It describes
transparent behavior and latching behavior, and also deals with the possibility that,
under simulation, the input enable might acquire an x value.

primitive latch_rp (output reg q_out, input enable, data);

table

n enable data state q_out/next_state
1 $ ? : H
1 0 i ? H 0;
0 ? g ? H -

1/ Above entries do not deal with enable = x.

/l'lgnore event on enable when data = state:
X 0 5 -
X 3 1 £ -

I Note: The table entry ' denotes no change of the output.

endtable
endprimitive

‘The transparent latch modeled by latch_rp 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 determined 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. UDPs 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), (1x), and (x0); rising edges are denoted by (01),
(0x), and (x1).

End of Example 4.14




Advanced Digital Design with the Verilog HDL

Example 4.15

The UDP d_priml in Figure 4-22 describes the behavior of an edge-sensitive D-type
flip-flop. The input signal clock synchronizes the transfer of data to g_out.

The table-entry notation for a sequential behavior uses to enclose
the defining logic values of a signal whose transition 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-to-high transition of the signal clock—that is a value change. Note,
also, that the row corresponding to the entry of (?0) for clock actually denotes 27 input
possibilities and replaces 27 rows of entries, as there are two more symbols ? in that
row. For example, (?0) represents (00), (10) and (x0). Each of these is combined with
three possibilities for the data; each of the resulting nine possibilities is combined with
three 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 would propa-
gate an x value under simulation. Remember, it is desirable that the UDP table be as
complete and unambiguous as possible.

End of Example 4.15

A truth table can include both level-sensitive behavior and edge-sensitive behav-
ior to model h behavior with h 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.

primitive d_prim1 ( ] dae qou—
output reg q_out,
input clock, data d_priml
)
table *—p clock
" ok data state q outinext_state
oy o 2 0;  //Rising clock edge
(01) 1 ? L
©ox) 1 1 1;
©x) 0 0 0;
20y 2 ? . /i Faling or steady clock edge
2 (27) 2 i I Steady clock, ignore data
endtable Il ransitions
endprimitive

FIGURE 4-22_Truth-table model of a D-type flip-flop.
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Example 4.16

A J-K flip-flop having asynchronous preser and clear with edge-sensitive sequential 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 g_out.
Depending on the values of the preset and clear signals when the clock edge occurs, g_out

primitive jk_prim (output reg q_out, input clk, j, k, preset, clear);

table
I ek j Kk pre  cir state g outinext state
Il Preset logic
? ? 2 [ 1 : ? i
? ? % ' 1 H 1 | 1
Il Clear logic
? ? 1 0 : %@ 0;
? ? ? 1 ¥ s 0o 0;
/I Normal clocking
" cik 1 3 pre  clr state  q_outinext_state
r 0 0 0 0 [
r 0 ] 1 1 ?
r 0 1 1 1 ?
T 1 0 1 1 ?
r 1 1 1 1 0
r 1 1 1 1 1
f ? ? ? ? ?
I/ jand k cases
" ek j 3 pre  cir state  q_outinext_state
b . ? ? ? : -
b ? o ? ? : ? -
I/ Reduced pessimism
b 0 0 1 1 ?
P 0 ? 1 ? 0
p ? [ ? 1 1
(20) 2 ? ? ? ?
(1x) 0 0 1 1 ?
(1x) 0 2 1 ? [
(1x) ? [ ? 1 1
x N 0 ? 1 1
x 0 ™ 1 ? [ -
endtable
endprimitive

FIGURE 4-23_UDP for a J-K flip-flop.
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does not change (j = 0, k = 0), g_out gets avalue of 0, (j = 0, k = 1), g_out gets a value
of1,(j = 1,k = 0), or g_outis toggled (j = 1,k = 1)/

End of Example 4.16
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PROBLEMS

For all of the problems requiring development and verification of a design, a test
plan, a testbench (scc Example 4-7 for an example of a testbench), and simulation
results are to be provided with the solution. Supporting material, such as a state-
transition graph or a truth table should be included too.

1. 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 ports: t_Combo_str(), Combo_str (Y, A, B, C, D). Note: The test-
bench will have no ports. Simulate the circuit exhaustively (i.e., for all values of the
inputs) and provide graphical output demonstrating that the model is correct.
Note: Tf text output is desired, consider using the Smonitor and $display tasks.

B w—t

Co—r1

FIGURE P4-1

7 The symbol * in a UDP table denotes all transitions of an input.
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Repeat Problem 4.1 and develop Combo_prim, a user-defined primitive imple-
menting a truth-table model of the logic. Then instantiate the UDP in a module,
Combo_UDP. Verify that the model is correct and that its response matches
that of Combo_str in Problem 1.

Develop a testbench that contains patterns exercising the structural connectiv-
ity of the 4-bit units in Add_rca_I6 (see Example 4.2). Verifying the structural
connectivity assumes that the internal modules (i.e., Add_rca_4) are correct
and do not need to be re-verified. However, to assure structural connectivity, it
is necessary to verify that the inputs and outputs to Add_rca_4 are connected
correctly, and that the carry chains between the internal modules are con-
nected correctly.

Modify the UDP d_priml (see Figure 4-22) to develop a new UDP for a
D-type flip-flop 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).

Develop and exercise a testbench to verify the functionality of d_priml (see
Example 4.15). Include a written test plan describing (1) 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 testbench with comments to associate
its elements with the test plan.

Develop and exercise a testbench to verify the functionality of jk_prim (sce
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.

‘Write a gate-level model describing the following Boolean functions:
Y1(A, B,C,D) = £ m(4,5,6,7, 11,12,13), Y2(A, B,C, D) = =m(1,2,4,5).
Develop and verify a UDP for a negative-edge triggered D-type flip-flop that
has active-low reset.

Develop and exercise a testbench that verifies the functionality of AOZ_str in
Section 4.1.2.

. Develop and exercise a testbench that verifies the functionality of latch_rp in

Example 4.14,

. 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 are connected correctly, given that the 4-bit slices themselves have been
verified.

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

. DevelopD and exercise a testbench (including a test plan) to verify a gate-level

model of an S-R (set-reset) latch.

. Develop and verify a Verilog module that produces 4-bit output code indicating

the number of 1s in an 8-bit input word.

. Develop and verify a structural (gate-level) description of the circuit shown in

Figure P4-15.
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FIGURE P4-15

. After modifying the circuit shown in Figure P4-15 to have its output exhibit

three-state behavior, develop and verify a structural (gate-level) model of the
circuit.

. Develop and verify a structural (gate-level) Verilog module of a bidirectional 4-bit

ring counter capable of counting in either direction, beginning with the first active
clock edge after reset.

. Develop and verify a structural (gate-level) Verilog module of a decade

counter—that is, a counter whose count sequence is 0,1,2,...,9.0,1,2 ...

Hint: consider a user-defined primitive of a D-type flip-floy
The schematic shown in Figure P4-19 is for Divide_by_I1, a frequency divider
that divides clk by 11 and asserts its output for one cycle. The unit consists of a
chain of toggle-type flip-flops with additional logic to form an output pulse
every 11th pulse of clk. The asynchronous signal rst_b is active-low and drives Q
to 1. Develop and verify a model of Divide_by_I1. Note: you will need to
develop a model of a T-type flip-flop.

Q3usa

clk_by_11

FIGURE P4-19




aurers  Logic Design with
Behavioral Models of
Combinational and
Sequential Logic

In Chapter 2 we Boolean i and truth table iptions of
combinational logic, and Chapter 3 reviewed fundamental models and manual mc!hods
for designing sequential logic. Chapter 4 Verilog ts of

and truth tables. This chapter will present Verilog models based on Boolean equations and
introduce a more general and abstract style of ling for i and

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

Verilog supports structural and Structural ing connects prim-
itive gates and/or functional units to create a specified functionality (for example, 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 understandable models of a circuit, especially
when the design involves more than a few gates. Many modern application-specific inte-
grated circuits (ASICs) have several million gates on a single chip! Also, truth tables
become unwieldy when the circuit has several inputs and/or multiple 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 pamtloned to
form an that is, a i units that

through their ports—such Lhat each unit is descnbed by a behavioral model of its func-
tionality. Even though the architecture consists of simpler 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 automatically
into a gale level circuit (slruclure)

have ds at the gate ) level, using
schematic-entry tools to connect gates to form a circuit, but modern design methodol-
ogy uses a hardware descnplmn (HDL) to pose and rep: a design
ata i level of is tools i translate and map

the HDL into a physical technology, such as an ASIC standard-cell library, or a library
of pmgrammable parts, such as FPGAs.
ing is the p i descriptive style used by the indus-
try, enabling the design of masswc chips. Behavioral modeling describes the func-
tionality of a design—that is, what the designed circuit will do, not ow to build it in
hardware. Behavioral models specify the input-output model of a logic circuit and
suppress details about its low-level internal structure (architecture) and physical
implementation. Propagation delays are not included in the behavioral model of
the circuit, but the propagation delays of the cells in the target technology are con-
sldercd by the synthesis tool when it |mposes timing constraints on the physical
ion of the logic. d designers to (1) rapidly
create a behavioral prototype of a design (without binding it to hardware detail),
(2) verify its functionality, and then (3) use a synthesis tool to optimize and map the
design into a selected physical technology, subject to constraints on timing and/or
area. If the behavioral model has been written in a synthesis-ready style,' the syn-
thesis tool will remove redundant logic, analyze tradeoffs between alternative
i and/or il i circuits, and ulti achieve a design
that is compatible with area or ummg specifications/constraints. By focusing the
designer’s attention on the funcnonahty that is to be u‘nplemenled rather than on

individual logic gates and their i ides the
freedom to explore alternatives and tradeoffs before committing a design to
production.

Aside from its importance in provides
toa desngn project by allowing portions of the design to be modeled at different levels
of and The Verilog 1 mixed levels of
abstraction, so that pomons of the design that are implemented at the gate level (i.e.,
structurally) can be integrated and simulated with other portions of the design that are
d by i ipti

IChapter 6 will consider how to write synthesis-ready models of combinational and sequential logic in
Verilog.
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5.2 A Brief Look at Data Types for Behavioral Modeling

Before considering behavioral models, we must first understand how information is rep-
resented and used in a Verilog model. All computer programs represent information 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_out bits of the half adder described in Chapter 4 evolve in the manner speci-
fied by the interconnection of primitives in the model. Variables are declared and used
according to rules that govern the data types” supported by the language.

All variables in Verilog have a predefined type, and there are only two families of
data types: nets 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 p they store i ion while the program
executes. Not all data types are useful in a synthesis methodology, and we will use mainly
the net type wire and the register types reg and integer. A wire and a reg have a default size
of 1 bit. The size of an infeger 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 inati logic by an ion of ions on
variables. Its counterpart in Verilog is the continuous assignment statement.

Example 5.1

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_CA0 below.

module AOI_5_CAO (
input x_in1, x_in2, x_in3, x_in4, x_in5,
output y_out

vassign y_out = 1((x_in1 && x_in2) || (x_in3 && x_in4 && x_in5));
endmodule

End of Example 5.1

“See Appendix C for a discussion of Verilog data types.
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‘The keyword assign declares a i and i 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 bulll -in operators for arithmetic, logical,
and hi riented op (eg, and shifting opera-
tors) that can be used in expressions.

The expression in AOI_S_CAO0 in Example 5.1 uses the logical inversion (!)
operator,™* the logical AND operator (&&), and the logical OR operator (|]). 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 RHS
expression is reevaluated and the result is used to update the LHS. A continuous
assignment is said to descnbe implicit combinational logic because the RHS expression

of the i is equi to logic gates that implement the same

Boolean funcnon but note lhal a continuous ﬂsslgnmcm can be more compact and
than a sch or a netlist of p

Example 5.2

The five-input AOI circuit can be modified to have an additional input, enable, and to
have a three-state output, as described by AOI_5_CAI below.
module AOI_5_CA1 (
input x_in1, x_in2, x_in3, x_in4, x_in5, enable,
output y_out

ssign y_out = enable 2 !((x_in1 && x_in2) || (x_in3 && x_ind && x_in5)) : 1'bz;
endmodule

The conditional 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 AOI_5_CAI,
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.® This example also illustrates how to
write models that include three-state outputs. The value of y_out is formed by combi-
national logic while enable is asserted, but has the value z otherwise. This functionality
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 i i i an t ing rule between a
target net variable and a Boolean expression. A module may contain multiple continuous

3|, && and ! denotes the logical operations OR, AND, NOT, respectively. When the operands are scalar the
corresponding bitwise operators may be used, but it is advisable to use logical operators where the intent is
10 express logic.

4See Appendix D for a discussion and more examples of Vgnlog operators.

*The syntax of the conditional operator requires that both alternative expressions be specified.
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enable
x_inl
x_in2
y_out
x_in3
x_ind4
x_in§

FIGURE 5-1_Equivalent circuit modeled by AOI_S_CAL.

the assi; are active with all other continuous assign-
ments, primitives, i and i it modules, just as all of the clec-
trical signals in a circuit are active Conti i can also be
written implicitly and efficiently (without the keyword assign) as part of the declaration
of a wire.
Example 5.3

The model described by AOI_5_CA2 implicitly declares y_out to be of the type wire,
and associates with it a Boolean expression that defines the value of y_out. An output
port that is not declared to be of the type reg is implicitly of the type wire.

module AOI_5_CA2 (

input x_in1, x_in2, x_in3, x_in4, x_in5, enable,
output y_out
"assign y_out = enable ? I((x_in1 && x_in2) || (x_in3 && x_ind && x_in5)) : 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 easily synthesized into physical circuits.

Example 5.4

A i i with a iti operator provides a conve-
nient way to model the multiplexer circuit shown in Figure 5-2. In Mux_2_32_CA an
event for signal select or for a selected datapath will cause mux_out to be updated dur-
ing simulation.
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select

32
data_) ——f—>
Mux 2 32_CA mux_out

2
data_1 ——f—>

FIGURE §-2_A two-channel mux with 32-bit datapaths.

module Mux_2_ 32_CA #(parameter word_size = 32) (

output  [word_size ~1: 0] mux_out,
input  [word_size —1: 0] data_1, data_0,
input select

)
assign mux_out = select ? data_1 : data_0;
endmodule

End of Example 5.4

Note that the size of the 32-bit datapath in Mux_2_32_CA is specified by a para-
meter to make the model scalable, portable, and more useful. Parameters are constant
values, and remain fixed during simulation.

54 Pr tion Delay and Conti Assi

Propagation (inertial) delay can be iated with a i i so that its
implicit logic has the same functionality and timing characteristics as its gate-level
counterpart.

Example 5.5

The functionality of an AOI gate structure with unit propagation delays on its implicit
gates is described below by AOI_5_CA3. Each declaration of a wire includes a logic
expression assigning value to the wire, and includes a unit time delay. The three continu-
ous assij are active during sil ion, each having a itori

ism, i d by the sii 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 AOI_5 _CA3 (output y_out, input x_in1, x_in2, x_in3, x_in4);
wire #1 y1 = x_in1 8& x_in2;
wire #1y2 = x_in3 && x_in_¢
wire #1y_out = I(y1 || 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 by three (concurrent)
(implicit binational logic).® The model is equiv-

alent to Comp_2_str but has no explicit binding to hardware or to primitive gates.

module Comp_2_CAO (

input A1, A0, B1, BO,

outputA It B,A gt B,A eq B
)2

assign A_It B = ('A1) && B1 || (!A1) && (!A0) && BO || (!A0) && B1 && BO;

assign A gt B 1 && (IB1) || AO && (IB1) && (I1BO) || A1 && AD && (!BO);
assign A_eq_B = (A1) && (IA0) 8& (1B1) & (IBO) || (!A1) && A0 &3 (1B1) 8& BO
|| A1 8&& AO && B1 && BO || A1 && (!A0) && B1 && (!B0);
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
inpuboutpu[ i ips of the A is tool will create the actual
I ion of the assi

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

The order in which multiple continuous assignments are listed in the source code is arbitrary; that is, the
order of the statements does not establish a precedence for their evaluation and has no effect on the results
of simulation.
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Logic Verilog
description description

Circuit Structural
—_

s (Userdetne

primitive

Boolean Continuous

equations assignments

FIGURE 5-3 Verilog counterparts of three common descriptions of combinational logic.

three descriptions describe level-sensitive behavior; that is, variables are 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
i model for a hard latch.

5.5 Latches and Level-Sensitive Circuits in Verilog

The level-sensitive storage mechanism of a latch (see 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

assign q = set ~& gbar;

assign gbar = 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 form 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 follows the data input while the latch is enabled, but
otherwise will hold the value it had when the enable input was de-asserted. Example 4.14
presented a truth table model of a transparent latch. Here, Latch_CA uses a continuous
assignment statement with feedback to model this functionality.

module Latch_CA (output q_out, input data_in, enable);
assign q_out = enable ? data_in: q_out;
endmodule

Figure 5-4 shows the waveforms produced by simulation of Latch_CA. Note how
q_out follows data_in while enable is asserted, and latches g_out to the value of data_in
when enable is de-asserted. The appearance of g_out in the RHS expression and as the
LHS target variable implies a feedback in and will be ized
as a latch.

End of Example 5.7

‘When feedback is used in a i i with a itional
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 laﬁch model Latch Rbar_CA below uses a nested condmonal operator to add the

ofan low reset to a latch. ion of Latch_Rbar_CA
produces the waveforms shown in Figure 5-5,in which the actions of enable and rst_b are
apparent.

0 t
Name) , , 0 0o e u by v b e

enable

data_in

q_out

FIGURE 5-4 Simulation results for a latch modeled by a
statement with feedback.
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rst_b | S
enable

data_in
q_out
FIGURE 55 _Simulation results for a latch with active-low reser and active-high enable.
module Latch_Rbar_CA (
output q_out,
input data_in, enable, rst_b
assign q_out = I(rst_b 'b0) ? 0 : enable ? data_in : q_out;
endmodule
End of Example 5.8

Venlog supports multiple descnpnve styles that can define the same function-
ality. Ce are for modeling small Boolean expres-
sions, three-state behavior, and P latches. But i writing large
Boolean ion models i i ) are prone to making mistakes
when there are several variables and large expressions. Also, the 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 slmpler.
but more readable alternatives that describe edg itive as well as I

behavior.

5.6 Cyclic Behavioral Models of Flip-Flops and Latches

Conti i are limited to modeling level itive behavior —

logic and P 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 testbenches (see
Example 4.7), cyclic behaviors are abstract—they do not use hardware to specify signal
values. Instead, they execute procedural statements to generate the values of variables,




Logic Design with ioral Models of Combinational and ial Logic 151

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 aﬂer their last has d; instead, they re-
execute. The of these can be ditional or can be governed by
an optional event-control expression or delay trol ion. Cyclic iors are
used to model (and hesize) both level itive and edg itive ( )

behavior (e.g., flip-flops).

Example 5.9

The keyword always in df_behav declares a cyclic behavior corresponding to an edge-
triggered flip-flop. At every rising edge of clk the behavior’s procedural statements
execute, computing the value of ¢ and storing it in memory. A continuous assignment
statement forms g_bar from q immediately after g has changed.” The nonblocking, or
concurrent, assignment operator (<=) will be explained later.

module df_behav (output reg q, output q_bar, input data, set_b, reset_b, clk);
assign q_bar = Iq;
always @ (posadne clk) /I Synchronous set/reset
if (reset_t 0) ;
else if (set_b == 1‘b0) q<=1
else q <= data;
end
endmodule

End of Example 5.9

In df_behav the action of rsz_b is synchronous because it has no influence until
the p are at the active edge of clk. The variable g retains
its resndual value until the next active edge of clk, as specified by posedge clk, because
g was declared as a register variable of type reg.

The operator (<=) ina is called a nonblocki
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.?

"The bitwise operator ~ is commonly used to express an inverter. Since g_bar is a scalar variable the opera-
tor has the same effect as the operator !,
“Chapter 6 wil discuss whether a register variable in a model synthesizes to a hardware storage element.
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5.7  Cyclic Behavior and Edge Detection

A cyclic behavior is activated at the beginning of simulation, and it will execute its
associated procedural statements subject to timing control imposed by delay-control
(# operator) and event-control expressions (@ operator).” The Verilog keyword
posedge qualifies an event-control expression to execute its procedural statements
only when a rising edge of the argument signal (e.g., c/k in Example 5.9) has
occurred. Edge semantics for rising (posedge) and falling (negedge) edges are built
into Verilog.

A simulator automatically monitors the variables in an event-control expres-
sion, and when the expression changes value, the associated procedural statements
execute |I the enabling change took place ‘When all the statements of a cyclic behav-

ior the p activity flow returns to the always key-
word and commences execution again, subject to its event-control expresswn Ifa
delay trol op or an t-control ion is d in one of the

statements being executed, the activity flow of the behavior is suspended to wait
until the indicated time has elapsed or until the event-control expression detects the
qualifying activity. The conditionals in the procedural statements in the cyclic
behavior in df_behav (if and else if) test whether the associated expression evalu-
ates to true. If 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 functionality modeled below
by asynch_df_behav is sensitive to the rising edge of the clock, but also to the falling
edge of rst_b and set_b, with priority given to rst_b. The last clause in the conditional
statement executes at a rising edge of clk only if the asynchronous inputs are not
asserted.

module asynch_df_behav (

input data, set_b, rst_b, clk,
output reg q

output q_bar

)
always @ (posedge clk, negedge set_b, negedge rst_b)
if (rst_b == 1'b0) g <= 0;

A wait statement will also suspend execution, but it is not synthesized by the leading synthesis tools and will
not be discussed here or used in our models.
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else if (set_b==10) q <= 1
else q <= data; 1 synchronized activity
endmodule

End of Example 5.10

Note that clk and clock 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

iated with the s izing signal of a s 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 g between the active edges of the synchro-
nizing signal.

The cycllc behavior in asynch_df_behav is acti at the beginning of simul;
and i ds until its t-control ion changes.!® The expression
is formed as an “event or” of set, reset, and clk."! 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 5.11

A transparent latch is modeled in tr_latch by a cyclic behavior whose level-sensitive
event-control expression is sensitive to a change in enable or a change in data.'?

module tr_latch (output reg q_out, input data, enable);
always @ (enable, data)
if (enable == 1'b1) q_out <= data;
endmodule

‘When enable is asserted in tr_latch the behavior is activated, and g_out immedi-
ately gets the value of data. Then the activity flow returns to the always construct and

'9An event for clk occurs at the beginning of simulation if it is assigned a value of 1.

!1Verilog 2001 (see Appendix I) introduced the option to form the event-control expression more conve-
niently as a comma-separated sensitivity list. Prior to Verilog 2001 the event-control expression would be
written as: enable or data.

12This is the preferred model of a transparent latch (1364.1 TEEE Standard for Verilog Regmer Transfer
Level Synthesis)
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suspends to await the next change of the event-control expression. If data changes
while enable is asserted, the cycle of g_out getting data repeats. The control flow of the
if statement has no branch, so while enable is de-asserted g_out retains the value it had
when enable was de-asserted. While enable is de-asserted the events of data reactivate
the process, but no assignment is made to g_out.

End of Example 5.11

5.8 A Comparison of Styles for Behavioral Modeling

We have already seen how the 2-bit 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 more readable alternatives that also use continuous
assignments, and then we contrast modeling styles based on (1) continuous assign-
ments, (2) register transfer level (RTL) logic, and (3) behavioral algorithms.

5.8.1 Continuous Assignment Models

A modeling style based on i describes level: itive behavior.
Continuous assignments execute concurrently with each other, with gate-level primi-
tives, and with all of the behaviors in a description.

Example 5.12

The functionality in Comp_2_CAl 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.'® Note that the gate-level
implementation is not apparent.

module Comp_2_CA1 (onlplnA It_B, A_gt B, A_eq_B, input A1, A0, B1, BO);
assign B = ({A1, A0} < {B1, BO});

assign A t_B = ({A1, A0} > {B1, BO});
ign A_eq_B = ({A1, A0} == {B1, BO});
endmodule
End of Example 5.12

In general, a Verilog expression is true if it evaluates to the binary equivalent of a positive integer and false
otherwise.
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Another simple, and more elegant, i ion of the 2-bit uses
i i and the i with declared 2-bit

vectors A and B, as shown next.

Example 5.13
The RHS exp ion of the i i in Comp_2_CA2 are

sensitive to A and B and evaluate to 1 (true) or 0 (false).

module Comp_2_CA2 (output A_It B

, A_gt B, A_eq_B, input [1: 0] A, B);
B)

assign AltB=(A<
assign AgtB=(A>B)
assign A eq B =(A==B);
endmodule

End of Example 5.13

Suppose now that we want to extend this model to compare two 32-bit words,
as shown in Figure 5-6. It is not feasible to write the Boolean cquations that compare
32-bit words.

Example 5.14

A 32-bit has the same i ity as a 2-bit So we modify
the model from the previous example by declaring a parameter to size the word length

AgB
compare_32_CA AlB

A_eq B

FIGURE 5-6 Block diagram symbol for a 32-bit comparator.
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of the datapath. The description also declares a ated list of
assignments with one statement. The model is readable, understandable, compact, and
extendable to datapaths of arbitrary sizes.

module compare_32_CA #(parameter word_size = 32)(
output A_gt B,A_It_B,A _eq B,
input [word_size -1: 0] A, B
assign A_gt B=(A>B);
assign A_It_B = (A <B);
assign A_eq B = (A ==B);

endmodule

End of Example 5.14

5.8.2 Dataflow/RTL Models

Dataflow models of combinational logic descnbe concurrent operations on signals,
usually in a machine, where are initiated at the active edges
of a clock and are completed in time 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
formed 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 transfer level) models because they
describe register activity in a synchronous machine [1,2]. RTL models are 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 equivalent
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 indefinitely.

Example 5.15

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_gt_B, A_eq_B, input A1, AQ, B1, BO);

always @ (A0, A1, BO, B1) begin
B= ({A1, A0} <{B1,BO});

AgtB= ({A1,A0} > (B1, BO));
A _eq B= ({A1, AO}=={B1, BO});
en

endmodule

End of Example 5.15

The assignment operator in Example 5.15 is the ordinary procedural assignment
operator (=). Ca the are ted 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_2_RTL, the order in which the
assignments are listed does not affect the outcome. That is not always the case.

Example 5.16

The shift register shown in Figure 5-7 is described below by a synchronous cyclic behavior
with a list of procedural assignments using the blocking assignment operator (=).

module shiftreg_PA (output reg A, input E, clk, rst);
reg B, C, D;
always @ (posedge clk, posedge rst) begin
if (rst == 1'b1) begin A=0;B=0;C =0; D=0; end
else boqln

FIGURE 5-7 A 4-bit serial shift register.
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Now consider what happens if the order of the procedural assignments in the
model is reversed, as in shiftreg_PA_rev below. The list of statements executes in
sequential order, from top to bottom. The effect of the assignment made by the first

is iate. So D changes, and the updated value is used in the
second statement, and so forth. The statements execute sequentially, but at the same
time step of the The list of four is equi toasingle
that assigns E to A. is tools gnize this form of ion, and

will synthesize a circuit consisting of a single flip-flop, shown in Figure 5-8.
module shiftreg_PA_rev (output reg A, input E, clk, rst);
reg B, C,D;

anys @ (posedge clk, posedge rst) begin
if (st == 1b1) begin A=0;B=0;C=0;D =
begin

; end

A=B;
end
end

endmodule

End of Example 5.16

Procedural asslgnments usmg the = operator are called blocked assignments
(or blocked p di ). The that follow a blocked procedural
assignment canno! execute until the statement with the blocking assignment operator
(=) completes execution and updates memory. This sets the stage for expression sub-
stitution. Failure to appreciate the effects of expression substitution can lead to incorrect
models.

An alternative Verilog da(aﬂow model uses concuxrent procedural asslgnmcms,
also called blocki (or

FIGURE 58 Circuit ized as a result of expression
in an incorrect model of a 4-bit serial shift register.
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Nonblocking asslgnmcms are made with the nonblockmg assngnmem operator (<=),

instead of the = effec-
tively execute concurrently (in parallel) ralher than sequennally, 50 lhe order in which
they are listed has no effect. ing mech-

anism by which all of the variables xeferenced by the RHS of the statements with non-
blocking assignments are sampled, held in memory, and used to update the LHS
variables concurrently.'* 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-
ately 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 nonblocking assignment operators (<=).

module shiftreg_nb_V05 (

output reg i

input E, clk, rst
X

reg B,C,D;

:lwlyu @ (posedge clk, posedge rst) begin
if (rst == 1'b1) begin A <= 0; B <= 0; C <= 0; D <= 0; end

o
>W00

endmodule
End of Example 5.17
The ) i i in shiftreg_nb have reversed
order and would lead to the same results in sm-mlauon and will synthesize to the same
structure. The in a list of execute

without dependence on their relative order. This style describes the concurrency '.hal
is found in actual hardware and the register transfers that occur within synchronous
machines.

It is advisable to avoid having multiple behaviors assign value to the same variable because software race
conditions make the outcome indeterminate. See Appendix G.
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‘When a cyclic behavior executes i i the si evalu-
ates each of the RHS expressmns before assigning values to lheu LHS mrgels Thxs, in
general, prevents any i ion between the assi d

an

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 functionality being modeled

by a cyclic behavior does not 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 are modeling logic thal mcludes edge-driven register transfers, it is strongly
d that the edg S (: ) operations be described by non-

blocking assi and that inational logic be described with blocked assign-

ments. This practice will, in general, prevent race conditions between

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 of ing the determines
the values of storage variables and, ultimately, the output of the machine. The algo-
rithm described by the model does not have explicit binding to hardwarc and it does
not have an implied i of registers, and

This style is most challenging for a synthesis tool because it must perform what is
referred to as architectural synthesis, which extracts the resources (e.g., determines
actual requirements for processors, datapaths, and hardware memory) and scheduling
requirements that support the algorithm and then maps the description into an RTL
model whose logic can be synthesized.

Not all algorithms can be imple d in hard this descriptive
style is useful and attractive, because it is abstract, and chmmaln the need for 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 concurrenlly (m parallel) and operate on explicitly declared registers in
the context of a in an algorithmic model execute
sequentially, wnlhou! an explicit archnecmre

Example 5.18

By initializing all variables to 0, the algorithm in Comp_2_ algo need assign only by
exception to the original value, resulting in simplified code. Then the algorithm traverses
a decision tree to determine which of the three outputs to assert. The non-asserted out-
puts will retain the value that was assigned to them at the beginning of the sequence.
module Comp_2_algo (outputreg A_lt_B, A_gt B, A_eq_B, input[1: 0] A, B):
always @ (A, B) Il Level-sensitive behavior
begin
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/I Note: parentheses are required

endmodule

End of Example 5.18

Figure 5-9 shows the gate-level ic obtained by synthesizing'® 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 follow 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 conventions 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 that describe their use (e.g., clock), and modules functions and tasks should be
given names that describe the it y (e.g.,comp ). The exam-
ples in the rest of this book will generally follow a parucular port-naming convention.

, A_eq_B
A_lB
< N N
L
Bl B<0> L
<1:0> D> ——{>o—=
B<1>
—>—e A_gt_B
A<t0>D—eA<> 154

FIGURE 5-9 Synthesis results derived from CompComp_2_algo.

'5With Synopsys’ Design Compiler. Note that the tool represents vector ranges by the braces < > rather
than [].
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The ports will be ordered in the following sequence: (datapath bidirectional signals,

control signals, datapath 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 and/or location in a design hierar-
chy. However, for simplicity, we have almost exclusively used brief, 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 updalmg event for
its output. Likewise, an event in the RHS jion of a i state-
ment causes the scheduling of an event for the assignment’s target variable. In both cases,
the scheduling is governed by any propagation delay associated with the primitive or con-
tinuous assignment, which has the effect of scheduling the output/target event to occur at
a future time step of the simulator, rather than in the current time step. Simulators behave
differently, though, when a cyclic behavior is activated. Their associated statements exe-
cute sequentially, in the same time step, until the simulator encounters either (1) a delay-
control operator (#), (2) an event-control operator @), (3) a wait construct, or (4) the last
statement of the behavior. The first three have the effect of suspending the execution of
the ioral until a dition 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 lhemselves ‘When they do. their activity can cause other behaviors, primitives,
and tobe . 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 off button.

If multiple behaviors are activated at the same time step, the order in which
the simulator executes them is indeterminate. 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 Chap!er 3, we exammed some of the basic building blocks of combinational logic:

and ders. Here we present their Verilog models to illus-
trate alternative level-sensitive behavioral descriptions and the results of synthesizing
them into an ASIC library.'®

1Styles for writing synthesis-friendly models of combinational and sequential logic will be presented in
Chapter 6.
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Example 5.19

Mux_4_32_case is a behavioral model of the four-channel, 32-bit, multiplexer shown in
Figure 5-10 with a three-state output. The defaul case item covers cases that might
occur in simulation in four value logic system, and it is a recommended practice to
avoid of latches if a case statement is not fully
decoded for all possibilities that use 0 and 1. If the case items are not completely
decoded, then the default assignment would be treated as a don’t-care condition in
synthesis and could lead to a smaller circuit.

module Mux_4_32_case (

output [31: 0] mux_out,
input 31:0] data_3, data_2, data_1, data_0,
[1:0) select,
- input enable
X
reg [31: 0]

assign mux_out = enable ? mux_int : 32'bz;
always @ (data_3, data_2, data_1, data_0, select)

case (select)
0: mux_int = data_0;
1 mux_int = data_1;
2 mux_int = data_2;
B mux_int = data_3;
default: mux_int = 32'bx;  // For simulation
endcase
endmodule
End of Example 5.19

select

data 0 32
enable
data_l 32
32
Mux_4_32_case
data2 32 mux_int mux_out
data3 32

FIGURE 5-10 A four-channcl, 32-bit multiplexer.
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The Verilog case statement 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 four-value logic sys-
tem. The case statement executes the first match found, and does not consider any
remaining possibilities.

The keyword always in Mux_4_32_case declares a behavior, or process (computa-
tional activity flow), that begins ion when the ion (data_3,
data_2, data_l, data_0, select) changes during simulation. The behavmr has a simple
interpretation: whenever a datapath input or the select bus changes value, decode and
update the value of an internal storage variable, mux_int. A continuous assignment
statement is included in Mux_4_ 32_case to describe a three-state output under the
active-high control of enable.

‘The @ operator in Mux_4_32_case denotes event control, meaning 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-
putational activity returns to the location of the keyword always, where the event-
control operator @ suspends the behavior until the next sensitizing event occurs.
Then the cycle repeats. A cyclic behavi active in si ion at time 0,
when the simulation begins, but in this example the activity immediately suspends
until the event-control expression changes. Then the case statement executes,
assigns value to mux_int, and immediately returns control to the event-control
operator.

Example 5.20

An alternative model uses nested conditional smemems (if) to model a multiplexer.
‘The model Mux_4_32_if also includes a i that forms a th: t:
output.

module Mux_4_32_if (
output [31:0] mux_out,
input [31:0] data_3, data_2, data_1, data_0,
input [1:0] select,
input enable

%
reg  [31:0] mux_int;
assign mux_out = enable ? mux_int : 32'bz;
always @ (data_3, data_2, data_1, data 0, select)
if (select == 0) mux_int = data_
if (select == 1) mux_int = data_-
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if (select == 2) mux_int = data_2;
if (select == 3) mux_int = data_3;
endmodule

else mux_int = 32'bx;

End of Example 5.20

Example 5.21

Nested conditional assignments, using the ? : operator, are used in Mux_4_32_CA to
model the same functionality as Mux_4_32_if.

module Mux_4_32_CA (
output (31:0)  mux_out,
[31: 0] data_3, data_2, data_1, data_0,
[1:0] select,
enable

wire [31:0]  mux_int;
assign mux_out = enable ? mux_int : 32'bz;
assign mux_int = (select == 0) ? data_0:
(select == 1) ? data_1:
(select == 2) ? data_2:
select == 3) 7 data_3: 32'bx;
endmodule

End of Example 5.21

The inational ders and ders di d in Chapter 3 can be modeled
conveniently with cyclic behaviors.

Example 5.22

‘Two implementations of an 8:3 encoder are shown below. Neither decodes fully all pos-
sible patterns of Data, but both cover the remaining outcomes with a default assign-
ment. The result of synthesis, shown in Figure 5-11, is combinational. This model is
intended for applications in which only 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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FIGURE §-11 Result of synthesizing an encoder described by if statements or a case statement,

as shown in Example 5.22.

module encoder (output reg [2: 0] Code, input [7: 0] Data);
always @ (Data)

e
else Code = 3'bx;

/* Alternative description is given below

always @ (Data)

case (Data)
8'b00000001
8'b00000010
8'b00000100
8'b00001000
8'b00010000
8'b00100000
8'b01000000
8'b10000000
default

endcase

endmodule

End of Example 5.22
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Example 5.23

Alternative behaviors describing an 8:3 priority encoder are shown below.'” The result
of synthesizing the circuit is shown in Figure 5-12. Note that the conditional (if) state-
ment has an implied priority of execution, and that the casex statement combined with
x in the case items implies priority also. The casex statement ignores x and z in bits of
the case item (e.g., Data[6]) and the case expression (Data)—they are treated as don't-
cares. The default assignments in both styles provide flexibility to the logic optimizer of
a synthesis tool.

module priority (output reg [2: 0] Code, output valid_data, input [7: 0] Data);
assign valid_data = |Data; 11 *reduction or” operator
always @ (Data)
begin
if (Data[7]) Code = 7; else
if (Data[6]) Code = 6; else
i else
else
else
else
if (Data[1]) Code = 1; else
Code = 3'bx;

end

[*Il Alternative description is given below
always @ (Data)
casex (Data)
8'b1XXXXXXX
8'bO1XXXXXX
8'b00 1000
8'60001x000¢
8'b00001xxx
8'b000001xx
8'b0000001x
8'b00000001
default
endcase

endmodule

End of Example 5.23

""The reduction or operator is used to form the logic for valid_data. The operator forms the or of the bits in
aword.
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FIGURE §-12 Block diagram and circuit synthesized for the 8:3 priority
encoder described in Example 5.23.

Example 5.24

A 3:8 decoder is described by the alternative behaviors shown below. The decoders
synthesize to the circuit in Figure 5-13.

module decoder (output reg [7: 0] Data, input [2: 0] Code);
always @ (Code)

begin

if (Cod

if (Cod

if (Cod

if (Cod

if (Code

if (Cod

if (Cod

if (Cod

0) Data = 8'b00000001

Data = 8'bx;

end
/* Alternative description is given below
always @ (Code)
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case (Code)
e :  Data = 8b00000001;
1 Data = 8'500000010;
2 Data = 8'500000100;
° Data = 8'500001000;
4 Data = 8'600010000;
5 Data = 8'500100000;
6 Data = 8'601000000;
7 Data = 8'510000000;
default Data = 8'bx;
endcase
endmodule
End of Example 5.24
Code[2:0] Data[7:0]
Data[7:0]
—
] Data[3)
nor3_a
Data[4]
nor_a
Al Datal1]
nor2_a
t "——D_. Dataf2]
nor2_a
m :D,_< Datal5]
Code|2] Do nor2_a
inv_a ‘_—_D,-_« Datal6]
nor2_a
Codel0] o Dakalo]
Lo nandba T ‘[ and3_a
Code[1] N Data[7)
Code[2:0] o4
inv._a nand2_a and3a

FIGURE 5-13 Block diagram and circuit

from a behavioral model of a 3:8 decoder.
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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 boards. Module Seven_Seg_Display accepts
4-bit words representing binary-coded decimal (BCD) digits and displays their decimal
value. The display has active-low illumination outputs,' and «can be implemented with

logic." The intoa circuit. Several of
the input codes are unused and should not occur under ordinary operation. One possibil-
ity is to assign don’t-cares to those codes. However, this would display an output if such an
input code occurred. Instead, 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, but will not cause Display to be an assigned value. 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_Seg_Display (output reg [6: 0] Display, input [3: 0] BCD);

abc_defg
parameter BLANK "b111_1111;
parameter ZERO "b000_0001; /'h01
parameter ONE 'b100_1111; 1l haf
parameter TWO "b001_0010; h12
parameter THREE /I'h06
parameter FOUR Il hdc
parameter FIVE 1'h24
parameter SIX 1'h20
parameter SEVEN 1'hof
parameter EIGHT 1/'ho0
parameter NINE /' ho4
always @ (BCD)

case (BCD)

0:

1:

2:

3

4:

5

6: Display = SIX;

¥ An active-low signal is asserted if its value is 0.
*The underscore character is used in the parameters of Seven_seg_display to make the representation of a
number more readable.
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T Display = SEVEN;
8: Display = EIGHT;
9 Display = NINE;
default: Display = BLANK;
endcase
endmodule
End of Example 5.25

5.10 Dataflow Models of a Li Feedback Shift R

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 ous circuit, an shift register that exe-
cutes concurrent transformations on a datapath under the synchronizing control of its
only input, a clock signal.

Example 5.26
Linear-feedback slnfl reglslers (LFSRs) are ly used in dat: ion cir-
cuits impl analysis techni called lic-redundancy check

(CRC) [4]. Aulonummus LFSRs are used in applications requiring pseudo-random
binary numbers.? 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

FIGURE 5-14_A seven-segment LED display.

2LFSRs are also used as fast counters when only the terminal count is needed.
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reset_b

clock

FIGURE §-15_LFSR with modulo-2 (exclusive-or) addition.

compared to the circuit’s expected response and thereby reveal the presence of an
internal fault (See built-in self testing in Chapter 11). The autonomous LFSR shown
in Figure 5-15 has binary tap coefficients C; __ Cy that determine whether Y(N) is
fed back to a given stage of the register. The structure shown has Cy = 1 because
Y[N] is connected directly to the input of the leftmost stage. In general, if
Cy-j+1 = 1, then the input to stage j is formed as the exclusive-or of Y[j — 1] and
Y[N], for j =2, ...N. Otherwise, the input to stage j is the output of stage
j = 1=Y[j] <=Y[j — 1]. The vector of tap coefficients determines the coefficients
of the charac!ensuc polynomial of the LFSR, which characterize its cyclic nature [2].
The ch i the period of the register (the number of
cycles before a pallcm 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
register is assigned a value concurrently with the other bits; the order of the listed non-
blocking assi is of no qi The 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 fully parameterized,
because the register transfers are correct only if Length = 8.

module Auto_LFSR_RTL #(

parameter Length = 8,
initial_state = 8'b1001_0001,  //91h
parameter [ Length: 1] Tap_Coefficient = 861100_1111
) input clock, reset_b,
output reg [1: Length] Y

nlways Q (pol dge clock)
if (resef 'b0) Y <= initial_state; 1l Active-low reset to Initial state
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else begin
Y[1] <= Y[8];
Y[2] <= Tap_Coefficient[7] ? Y[1]  Y{8] : Y[1};
Y[3] <= Tap_Coefficient[6] ? Y[2] * Y(8] : Y[2};
Y[4] <= Tap_Coefficient(5] ? Y[3]  Y(8] : Y[3];
Y[5] <= Tap_Coefficient[4] 7 Y[4]  Y[8] : Y[4];
Y[6] <= Tap_Coefficient[3] ? Y[5] A Y[8] : Y[5];
Y[7] <= Tap_Coefficient]2] 7 Y[6]  Y[8] : Y[6];
Y[8] <= Tap_Coefficient[1] ? Y[7] A Y[8] : Y[7];

end
endmodule

End of Example 5.26

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_ALGO, an algorithm-
based behavioral model that uses a for loop to sequence through the concurrent

¢[8:1] = [1100_1111] Y[1:8]
Y111 i8]
D ——FO- O OO (]
dn o] l

FIGURE 5-16 Data movement in an LFSR with modulo-2 (exclusive-or) addition.
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) register assi one at a time, beginning with the cell to 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 MSB. The functionality of this machine is identical to that of the machine in
Example 5.26.

module Auto_LFSR_ALGO #(parameter
Length = 8,
initial_state = 8'b1001_0001,
parameter [1: Length] Tap_Coefficient = 851111_0011
)M

input Clock, Reset,
output reg [1: Length] Y
3

integer Cell_ptr;

always @ (posedge Clock)
if (Rst_b == 1'b0) Y <= initial_state; 1/ Arbitrary initial state, 91h
se begin for (Cell_ptr = 2; Cell_ptr <= Length; Cell_ptr = Cell_ptr +1)
if (Tap_Coefficient [Length - Cell_ptr + 1] == 1) Y[Cell_ptr] <= Y[Cell_ptr - 1] Y [Length];
else Y[Cell_ptr] <= Y[Cell_ptr - 1];
Y[1] <= Y[Length];
end
endmodule

End of Example 5.27

A for loop has the form:

for (initial_t control_g ion; index_s
statement_for_execution;

At the beginning of execution of a for loop, initial_statement executes once, usually
to initialize a reglster variable (i.e., an integer or a reg) that controls the loop. If
control_expression is true, the statement_for_execution will execute.?! After the
t_for_ ion has d, the index_: will execute (usually to
increment a counter). Then the activity flow will return to the beginning of the for
statement and check the value of the control_expression again. If control_expression
xs fals: the loop terminates and the activity flow proceeds to whatever statement
follows the t_for_e (Note: The value of the register
variable governed by control_expression in the for loop may be changed in the body
of the loop during execution.)

2\ Statement_for_execution can be a single statement or a block statement (i.c., begin ... end).
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Verilog has three iti loop for

repeat, while, and forever. The repeal loop (see Example 5.28) executes an associated

or block of number of times. When the activity flow
within a behavior reaches the repeal keyword, an expression is evaluated once to
determine the number of times that the is to be If the i
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. Otherwise, the
execution repeats for the specified number of times, unless it is prematurely termi-
nated by a disable statement within the activity flow (see Example 5.33).

Example 5.28

A repeat loop is used in the fragment of code below to initialize a memory array.

word_address = 0;
repeat (memory_size)
begin
memory [ word_address] =
word_address = word_address + 1;
end

End of Example 5.28

Example 5.29

In this example, the for 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: 0] demo_register;

integer

for(K=4,KiK=K-1)
begin
demo_register [K + 10]
demo_register [K + 2]
end

At the beginning of ion the K = 4 executes and assigns the
value 4 to K. Thus, the control_expression, K, is a “TRUE” value. The assignments to
demo_register are made and then K is d. This process i until a
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15 14 13 12 11 10 9

L

FIGURE 5-17 Register contents after execution of the for loop.

x|ofofofo |1f1|1fx|x|x

decrementation assigns the value K = 0. This condition produces a false value for the
expression that controls the loop (i.c., K) and control passes to whatever statement fol-
lows the for loop’s statement_for_execution.

End of Example 5.29

Example 5.30

A majority circuit asserts its output if a majority of the bits of an input word are
asserted. The description in Majority_4b is suitable for a 4-bit 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 to count the asserted bits in Data. A final procedural assignment asserts Y after
the loop has competed execution, provided that count exceeds the value defined by the
parameter majority. The parameters in Majority provide flexibility 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, D);
always @ (A, B, C, D) begin
case ({A, B, C, D))
7,11,13,14,15: Y=
Y=

1
0;

end
endmodule
module Majority #(parameter size = 8, max = 3, majority = 5)(

input [size-1:0]  Data
output reg Y
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reg [max-1: 0] count;
integer k;
always @ (Data) begin

count = 0;

for (k = 0; k < size; k = k + 1) begin
if (Data[k] == 1) count = count + 1;
end

Y = (count >= majority);
end
endmodule

A Verilog while loop has the form:
while (expression) statement;

End of Example 5.30
When the while statement is encountered during the activity flow of a cyclic or
ingle-pass behavior, 2 executes dly while a Boolean expression is
0 50 100 150 ¢
Namey , \ , 0 v v v v b v iy i v a1y

Data[7:0] 00 a3 Y d4 {5 Y(d6 J a7 a8 {9 ) da ) db J( dc Y dd J de \ & X 0]

Dara[7) —

Dataf6] —

Data[5] —
Datal4] — —
Data[3] L—

Data[2]

Datal1]

Dataf0]
lcount(2:0]

y—I LT L] T

FIGURE §-18 _Simulation results for a parameterized majority circuit.

’Statement can be a single statement or a block statement (i.c., begin ... end).
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true. When the expression is false the activity flow skips to wha(ever statement follows
statement. For example, the below a counter while
enable is asserted.

while (enable) begin @ (posedge clock) count <= count + 1; end

5.11.1 Intellectual 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 5.31

The model Auto_LFSR_Param describes the same functionality as Auto_LFSR_RTL
and Auto_LFSR_ALGO (see Example 5.26 and Example 5.27), but uses a parameter-
ized for loop, conditional operators, and concurrent assignments to the register cells.
Unlike Auto_LFSR_RTL, which was hard-wired to eight cells, Auto_LFSR_param is
easily extended to an arbitrary length by changing only its parameters.”

module Auto_LFSR #(

parameter Length = 8,
parameter initial_state = 8'b1001_0001, // Arbitrary initial state
parameter [1: Length]  Tap_Coefficient = 8'b1100_1111
) input Clock, Rst_b,
outputreg [1: Length] Y
Inhpcr
always @ (posedge Clock)
if (Rst_b == 1'b0) Y <= initial_state;
else begin

for (k = 2; k <= Length; k = k + 1)
Y[K] <= Tap_Coefficient[Length-k+1] ? Y[k-1] A Y[Length] : Y[k-1];
Y[1] <= Y[Length];
end
endmodule

End of Example 5.31

2For example, a testbench could assign a different initial state.
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Example 5.32

The algorithm in the named block count_of Is 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-
edly to the right.* The right-shift operator fills a 0 in the MSB position that is emptied
by the shift operation.

begin: count_of_1s If count_of 1s declares a named block of statements

reg [7: 0] temp_reg;
count = 0;

temp_reg = reg_a; Il load a data word
while (temp_reg)
begin
if (temp_reg[0]) count = count + 1;
temp_reg = temp_reg >> 1;

end
end
An alternative description si ifies the logic by eliminating the if as
shown below:
begin: count_of_1s
reg [7: 0] temp_reg;
count = 0;
temp_reg = reg_a; 1/ load a data word
while (temp_reg)
begin
count = count + temp_reg|0];
temp_reg = temp_reg >> 1;
end
end

The right-shift operation will eventually cause temp_reg to have a value of 0,
thereby causing the loop to terminate.

End of Example 5.32

2In general, the operator can be accompanied by an integer value to shift a word by a specified number of
positions, e.g., the statement, word <= word >> 3; will shift word by three bits to the right, and fill in with
0s from the left. The left-shift operator (<< ) has similar effect, but in the reverse direction as the right-shift
operator.
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5.11.2 Clock Generators

Clock generators are used in testbenches to provide a clock signal for testing the model
of a synchronous circuit. A flexible clock generator will be pzrametenzed for a variety
of applications. The forever loop causes P of stale-
ments, subject to the disable and is a ient construct for i
clocks.

Example 5.33

The code below produces the symmetric waveforms in Figure 5-19 under simulation.
The loop mechanism forever exccutes until the simulation terminates. This example
also illustrates how the activity of an initial behavior may continue for the duration of
a simulation, without expiring. The disable statement terminates execution after 3500
time steps by disabling the named block clock_loop.”

parameter half_cycle = 50;
parameter stop_time = 350;
initial
begin: clock_loop /I Note: clock_loop is a named block of statements
clock = 0;
forever
begin
#half_cycle clock = 1;
#half_cycle clock = 0;
end
end
initial
#stop_time disable clock_loop;

End of Example 5.33

In many situations, loops can be constructed using any of the four basic looping
mechanisms of Verilog, but be aware that some EDA synthesis tools will synthesize
only the for loop. Also, note that always and forever are not the same construct, though
both are associated with cyclic execution. First, the always construct declares a concur-
rent behavior. The forever loop is a computational activity flow and is used only within

In general, a named block may contain local register variables.
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clock

100 200 300

FIGURE 5-19 Clock waveform with a forever loop.

a behavior. Its execution is not necessarily concurrent with any other activity flow. The
second significant distinction is that forever loops can be nested; on the other hand,
cyclic and single-pass behaviors may not be nested. Finally, a forever 1oop 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 find_first_one 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: 0] index_value, input [15: 0] 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_value] == 1) disable search_for_1;
end
endmodule

End of Example 5.34
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5.12 Machines with Multicycle Operations

Some digital hi have i distributed over multiple clock
cycles. This activity can be mcdeled in Venlog by a synchronous cyclic behavior that
has as many nested edg itive t P 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 state machine add_d4cycle
adds four successive samples on a data bus.

module add_4cycle (output reg [5: 0] sum, input [3: 0] data, input clk, reset);
always @ (posedge clk) begin: add_loop
if (reset 'b1) disable add_loop; else sum <= data;
@ (posedge clk) if (reset 1) disable add_loop;
@ (posedge clk) if (reset == 1'b1) disable add_loop; else sum <= sum + data;
@ (posedge clk) if (reset == 1'b1) disable add_loop; else sum <= sum + data;

en
endmodule

The behavior in add_4cycle 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 pmperly, regardless of when reset is asserted [5]. A hardware
realization of add_dcycle is shown in Figure 5-20. It synthesizes a state machine to
control the four-cycle operation and uses only one adder.

End of Example 5.35

See Appendix H for a description of ASIC flip-flop standard cells used in the examples.




Logic Design with ioral Models of Combinational and Logic 183

\dfrepab.o|

Y

mux_2a

i

[esdpu
mux 2a

il
1

Tz
mux 20

I
]
j

mux_2a

|
T

=

FIGURE 5-20 Circuit synthesized for a four-sample adder.

5.13 Design D tation with Functions and Tasks:
Legacy or Lunacy?

‘Verilog models are a legacy of their author. Whether a model is useful to anyone else
depends on the correcmess and clarity ef the description. Even a correct model has
limited utility if its credibility is d by poor ion and style. Ver-
ilog 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 let designers manage a smaller
segment of code. Both constructs facilitate a readable style of code, with a single
identifier conveying the meaning of many lines of code. Encapsulation of Verilog
code into tasks or functions hldes the details of an 1mplementmon from the outside
world. Overall, tasks and improve the y, portability, and maintaij
ability of a model.

5.13.1 Tasks

Tasks are declared within a module, and they may be referenced only from within 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 envnmnmenl ‘When a task is
called, copies of the p in the are i with the inputs,
outputs, and inouts wuhin the task according to the order in which the inputs, out-
puts, and inouts are declared. The variables in the environment are visible to the
task. Additional, local variables may be declared within a task. A word of caution: a
task can call itself, but the memory supporting the variables of a task is shared by all
calls. The original standard (1995) language does not support recursion, so antici-
pate side effects.

A task must be named, and may include declarations of any number or combina-
tion of the following: parameter, input, output, inout, reg, integer, real, time, realtime,
and event. The variable types real, time and realtime are additional members of the
register family of types (see Appendix D). The keyword event declares an abstract
event. Abstract events are used in high-level modeling, but we will not use them in our
examples because they are not supported by synthesis tools. All of the declarations of
variables 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_task 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_out, output reg [3: 0] sum, input [3: 0] data_a, data_b, input c_in, clk, reset

?'Verilog-2001 adds auromatic tasks and functions, which allocate unique storage to each call of a task or
function, thereby supporting recursion.
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always @ (posedge clk, posedge reset)

if (reset == 1'b1) {c_out, sum} <= 0; else add_values (c_out, sum, data_a, data_b, c_in);
task add_values (

output c_out, output [3: 0] sum, input [3: 0] data_a, data_b, input c_in

begin
{c_out, sum} <= data_a + (data_b + c_in);
end
endtask
endmodule

End of Example 5.36

5.13.2 Functions

Verilog functions are declared within 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

pab_al sum(30]

data_al30] ._L
1

data_b{ 3]

FIGURE 5-21 Circuit ized from adder_task.
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function’s identifier. i may i only inati behavior, that is,
they compute a value on the basis of the present value of the parameters that are
passed to the function.”® 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 function may not have any declared output or inout port (argument).
It must have at least one input argument. The execution, or evaluation, of a function
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: 0] word_out, input [word_size -1: 0] word_in

assign word_out = aligned_word(word_in);

function [word_size -1: 0] aligned_word;
input [word_size -1: 0] word;
begin
aligned_word = word;
if (aligned_word |= 0)
while (aligned_word[word_size -1]
d

0) aligned_word = aligned_word << 1;

en
endfunction
endmodule

End of Example 5.37

28A function may not contain a nonblocking assignment.




Logic Design with A Models of Ci inati and Logic 187

Example 5.38

The Verilog model arithmetic_unit uses (uncuons with descnpnve names to make the
source code more readable. The circuit h from arithmetic_unit
is shown in Figure 5-22.

module arithmetic_unit (

output [4: 0] resuit_1,
output [3: 0] result_2,
input (3: 0] operand_1, operand_2

)3
assign result_1= sum_of_operands (operand_1, operand_2);
assign result_2 = largest_operand (operand_1, operand_2);
function [4: 0] sum_of_operands (input [3: 0] operand_1, operand_2);
sum_of_operands = operand_1 + operand_2;
endfunction
function [3: 0] largest_operand (input [3: 0] operand_1, operand_2);
largest_operand = (operand_1 >= operand_2) ? operand_1 : operand_2;
endfunction
endmodule

End of Example 5.38

Functions and tasks are used both to improve the readability of a Verilog model
and to exploit re-usable code. Functions are equivalent to combinational loglc, and

cannot be used to replace code that contains event-control (@) or del trol (#)
operators. Tasks are more general than functions, and may contain timing controls.
Tasks that are to be hesi may contain t trol but not delay-

control operators.

5.14 Algorithmic State Machine Charts
for Behavioral Modeling

Many ial ines i i (ie., i ial t
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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Algorithmic state machine (ASM) charts are an abstraction of the functionality
of a sequential machine, and are a key tool for modeling their behavior [1, 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 elements. 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, etc.).

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 fundamental elements shown in Flgure 5-23(a): a state box, a decision box, and a
conditional box [2]. State boxes are ditional boxes are with
round corners, 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

i ion of decision di and i boxes placed on directed paths leav-
ing the block. An ASM chart is composed of ASM blocks; the state box represents the
state of the machine between synchronizing clock events. The blocks of an ASM chart are
equivalent to the states of a sequential machine. Given an ASM chart, equivalent infor-
mation 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
boxes, 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 tail lights of the vehicle are
illuminated while the brake is applied.

Conditional outputs (Mealy outputs) are 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 well 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 to 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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1 CoO O

Statebox  Conditional output or
register operation box

(@)

Decision box

ASM block

(©)

FIGURE §-23 Algorithmic state machine charts: (a) symbols, (b) an ASM block, and (c) an
ASM chart for a vehicle speed controller.
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Note: ASM 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 state 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 machme is to control reglster operations in a more
general 1 machine. For , such 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 annotation that
transforms an ASM chart into an ASMD chart establishes a clear relationship between
the controller and the datapath, w1thout confusing the two umts

ASMD chans are i d by the finite-st: datapath
(FSMD) that was i i model that all design
[9]. ASMD charts help clanfy 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 operations 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 state. The diamond
will have an exit path that returns to the reset state if the reset signal is asserted. Resets
are checked at every state, but their return paths to a reset state will not be shown.

Example 5.39

The internal architecture of the datapath and a block diagram of pipe_2stage, a two-
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.

Data
8
Cir_P1_P0 Dasepath
En 8 8
Ld_P1_PQ PO[7: 0]
Conroller| =" 2 8
e RO[15: 0]
Ile
clk RO[15: 0]
st
(a)
| P PO <= (0.0)
_clr_|P1, PO} <= (0,0}
el (P1, PO} <= 0.0}
~ 2
(Cir_P1_P0)
Ld_P\_PO: P1 <= Data
PO<=P1 P1 <= Data
N PO<=P1
Lp1PePLY (P1. PO} <= (0,0}
/ P1 <= Data
Pl <= Data PO<=P)
PO<=PI
\ Ld_R0: R0 <= (P1, PO} Nro<= 1ol
®) ©
FIGURE 5:24 Two-stage pipeline regi block diagram of pipeline

pipeline diagram
ASMD chart,and (c) complete ASMD chart.
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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-
allel 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, R0, can be shifted out serially, to an overall parallel-to-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 the ASMD chart.” The machine has synchronous reset to S_idle, 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_1,accompanied by concurrent register operations
that load the MSByte of the pipe with Data and move the content of register P1 to the
LSByte register (P0). At the next clock the state goes to S_full,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 which 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 izes the state t itions 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_P0, Ld_P1_P0, Ld_RO, input En, Ld, clk, rst);

parameter S_idle = 2600, S_1 = 2601, S_full = 2b10, S_wait = 2b11;
reg [1: 0] state, next_state;

always @ (posedge
if (rst) state <= S_idle;
else state <= next_state;

always @ (state, En, Ld) begin
0

Unconditional outputs (i.e., Moore outputs) are annotated within a state box.
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case (state)

S_idle: if (En) begin next_state =S_1; Ld_P1_P0 = 1; end
else next_state = S_idle;

s_1: begin next_state = S_full; Ld_P1_PO = 1; end

S_full: if (ILd) begin next_state = S_wait; Ld_RO = 1; end

else if (En) begin next_state =S_1; Ld_P1_P0 = 1; end
else begin next_state = S_idle; Clr_P1_PO = 1; end

S_wait: if (ILd) next_state = S_wait;
else begin
Ld_RO=1;
if (En) begin Ld_P1_PO0 = 1; next_state = S_
else begin next_state = S_idle; CIr_P1_P0 = 1;
end
endcase
end
endmodule
End of Example 5.39

The design of a datapath controller (1) begins with an understanding of the
sequential register operations that must execute on a given datapath architecture,
(2) defines an ASM chart describing a state machine that is controlled by primary
input signals and/or status signals from the datapath, (3) forms an ASMD chart by
annotating the arcs of the ASM chart with the datapath operations associated with the
state it of the 4) 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 to
separately verifiable models for the controller and the datapath. The final 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 transfer
notation (RTN), a set of symbols and semantics that compactly specifies the instruction
set of a computer (2, 6, 7]. We will describe lhose operations by Verilog’s operators,

which oorrespond to common and will the ASMD chart
Note the ion and i i in Figure
5-24. Datapalh register ions made with a operator are

concurrent, so the register transfers denoted by R0 <= {Pl PO} and {P1, PO} <=0
are concurrent and do not race.
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5.16 Behavioral Models of Counters, Shift Registers,
and Register Files

Counters, shift registers, and register files are important datapath units and are used in many
digital machines. The storage elements of counters and registers usually have the same syn-
chronizing and control signals.*® A counter generates a sequence of related binary words; a
register stores data that can be retrieved and/or overwritten under the control of a host
processor. The cells of a shift register ge contents in a ic and h
manner. Register files are 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 files are routinely synthesized by modern 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 units 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 hold the count. The counter
could be modeled 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 the 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-state 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 i here can be by a finite-stat,
machine having a 2-bit input word, wp_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 completed ASMD chart in Figure 5-25(b).

The activity of the counter has three states: idling (S_idle), incrementing (S_incr),
and ing (S_decr). The asynch tive-low reset signal reset_ drives the
state to S_idle and its action is not confined to the active edges of the clock. The signal
reset_ is shown only at S_idle, to indicate that S_idle is reached from any state when

“An exception is a ripple counter, which connects the output of a stage to the clock input of an adjacent
stage [5].
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[1:0]
up_dwn ———»|  Control_unit i Datapath_unit
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count <= count + 1

N
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(b)
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(©)

FIGURE 5-25 ASM and ASMD charts for a behavioral model of an up-down counter having
synchronous reset: (a) without conditional output boxes, and (b) with conditional output boxes for register
operations outputs generated by the state machine.
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reset_ is asserted. The machine enters S_idle asynchronously from any state under the
action of reset_ and enters synchronously from S_decr and S_incr if up_dwn is 0 or 3.
Otherwise, the count is either incremented or decremented.

Note that the charts in Figure 5-25 are independent of the word length of the
counter and that they capture the functionality of the machine. They can be adapted to
a variety of apphcauons

of a 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 counter can be viewed as having a single (equivalent) state, S_running, and there
is no need for a state 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 synchronous reset. The action of reser_ is to drive the
state to S_running and flush the register holding count. reset_ is shown as a synchro-
nous entry into S_running in Figure 5-26(a). A decision diamond for resez_ is shown
in Figure 5-26(b) on the path leaving S_running to remind us that the machine
ignores up_dwn if reset_ is asserted. The relative location of the decision diamonds
indicates that reset_ has priority.

The Verilog 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
leaves the count unchanged. The cyclic behavior shown in Up_Down_Implicitl describes
the decision tree for the state changes and the operations on the datapath register. It 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

| count <=0

I count <= count + 1
count <= count + 1 S_running
bt S count <= count 1

count <= count — 1 @ ’

reset_ _count <

(a) (b)

FIGURE 5-26 A simplificd ASMD chart for a 4-bit binary counter: (a) with asynchronous
active-low reset, and (b) tive-low
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this example is implicit. This style of description is not recommended for large machines
having more complex interaction between the control unit and the datapath unit.”!

module Up_Down_Implicit1 (output reg [2: 0] count, input up_dwn, clock, reset_);
always @ (negedge clock, negedge reset_)
if (reset, 1'b0) count <= 3'b0; eise
X 2'b11) count <= count; else
2'b01) count <= count + 1; else
2'b10) count <= count -1;

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 data in an 8-bit ring counter is illustrated in Figure 5-27.
Given an external synchronizing signal, clock, the behavior described by ring_counter
ensures the synchronous movement of the asserted bit through the register and the
automatic restarting of the count at count/0] 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
ring_counter is an implicit state machine. The synthesized circuit is shown in Figure 5-28.

count [7:0]

aiannnooon

FIGURE 5-27 Data movement in an 8-bit ring counter.

Y'The limitations and utility of implicit state machines will be considered in Chapter 6.
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The D-type flip-flops in the implementation are active on the rising edge of the clock,
have gated data (i.e., the datapath 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.

modaule ring_counter #(parameter word_size = 8)(
output reg [word_size -1: 0] count, input enable, clock, reset
%

always @ (posedge clock, posedge reset)

If (reset) count <= {{(word_size -1{1'bO0}}, 1b1};

else if (enable == 1'b1) count <= {count[word_size -2: 0], countlword_size -1]);
endmodule

End of Example 5.41

Example 5.42

Our last example of a counter is a 3-bit up-down counter, but modified to include two
additional features: 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 dffrgpgb_a is a D-type flip-flop active on the rising edge, having
internally gated data® and asynchronous active-low reset.

module up_down_counter (

output reg [2: 0] Count,
nput load, count_up, counter_on, clk, reset,
input [2:0] Data_in

)3

always @ (posedge clk, posedge reset)
if (reset == 1'b1) Cou

Count <= Count + 1;
Count <= Count - 1;

endmodule

End of Example 5.42

“Cell libraries include such flip-flops because the physical layout of the mask for the integrated unit requires
less area than connected, but distinct units that accomplish the same functionality. The integrated unit will
also have superior (smaller input-outp: delays).
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5.16.2 Shift Registers

Example 5.43

Shift_reg4 below declares an internal 4-bit register, Data_reg, which creates Data_out by a
continuous assignment to the LSB of the register and forms the register contents synchro-
nously from a concatenation of the scalar Data_in 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 to the flip-flop structure shown in Figure 5-30. Also, recall
that the values on the RHS of the nonblocking assignments are the values of the variables
immediately before the active edge of the clock, and the values on the LHS are 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;
assign Data_out = Data_reg[0];
always @ (posedge clock, negedge reset)
begin
if (reset == 1'b0) Data_reg <= {word_size {1'60}};
else Data_reg <= {Data_in, Data_reg[word_size -1: 1]};
end
endmodule

End of Example 5.43

Data_in

clock

reset

FIGURE 5-30 4-bit shift register from a Verilog 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_load_reg4. The structure of the synthesized result is shown in
Figure 5-31. The muxes and flip-flops are implemented as library cells.

module Par_load_reg4 #(parameter word_size = 4)(
output reg [word_size -1: 0] Data_out,
input [word_size -1: 0] Data_in,
input load, clock, reset

%
always @ (posedge clock, posedge reset)
begin

if (reset == 1'b1) Data_out <= {word_size {1'b0}};
else if (load == 1'b1) Data_out <= Data_in;
end
endmodule
End of Example 5.44
Data_in[3] Data_in[2) Data_in[1] Data_in[0]

load

clock
reset i

Data_ou(3] Data_our(2) Data_ouf[1] Data_out[0)

FIGURE 5-31 4-bit register with parallel load, ized from a Verilog behavior.
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Example 5.45

Barrel shifters are used in digital signal processors to avoid overflow problems by
scaling the input and output of a Scaling is by
shifting the bits of a word to the left or to the right. Shifting a word to the right effec-
tively divides the word by a power of 2, and shifting the word to the left multiplies the
word by a power of 2. Words are shifted to the right to prevent overflow that might
result from an arithmetic operation, and then the final result is shifted to the left. The
shifting action of a barrel shifter can be implemented W|th combinational logic, but
the model p: d below uses regi logic and the word through a
storage regnster, 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 results from the shift. The circuit synthesized from barrel_shifter is shown in
Figure 5-32. A more general barrel shifter can shift by a specified number of bits.

module barrel_shifter #( parameter word_size = 8)(

output reg [word_size -1: 0] Data_out,

input [word_size -1: 0] Data_in,

input load, clock, reset
)

always @ (posedge clock, posedge reset)
begin

if (reset == 1'b1)
else if (load == 1'b1)
else

word_size (1'b0}};
Data_in;

Data out <= {Data_out[word_size -2: 0],
Data_out[word_size -1]};

end
endmodule

End of Example 5.45

Example 5.46

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 to form a wider and more versatile datapath [8]. Its fea-
tures include synchronous reset, parallel inputs, parallel outputs, bidirectional serial
input from either the LSB or the MSB, and bidirectional serial output to either the
LSB or the MSB. In the serial-in, serial-out mode the machine can delay an input signal
for 4 clock ticks, and act as a unidirectional shift register. In parallel-in, serial-out mode
it operates as a parallel-to-serial converter, and in the serial-in, parallel-out mode u
operates as a serial-to-parallel converter. Its parallel-in, parallel mode, i
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FIGURE 5-32 8-bit barrel shifter with registered output: () data movement,
and (b) circuit from a Verilog behavioral model, barrel shifter.
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with shift operations, allows it to perform any of the operations of less versatile unidi-
rectional shift registers.

module Universal_Shift_Reg #(parameter word_size = 4)(

output reg[word_size -1: 0] Data_Out,
output MSB_Out, LSB_Out,
input  [word_size -1: 0] Data_In,
input MSB_In, LSB_In,
input s1, s0, clk, rst

%

assign MSB_Out = Data_Out{word_size -1];
assign LSB_Out = Data_Out[0];
always @ (posedge clk) begin
if (rst == 1'b1) Data_Out <= 0;
else case ({s1, s0})
0: Data_Out <= Data_Out; I/ Hold

1: Data_Out <= {MSB_In, Data_Out{word_size -1: 1]}; // Serial shift from MSB
Data_Out <= {Data_Out[word_size -2: 0], LSB_In}; // Serial shift from LSB
3:  Data_Out <= Data_ln; I/ Parallel Load
endcase
end
endmodule

We can anticipate that the gate-level machine will consist of four D-type flip-
flops with steering logic to manage the datapaths supporting the specified features. The
block diagram symbol and simulation results verifying the functionality of the model
are shown in Figure 5-33. The waveforms for Data_Out illustrate the right-shift, left-
shift, and load operations. For example, when (s1, s0) = (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 D-type flip-flops, register files are not used for mass stor-
age because they occupy significantly more silicon area than compiled memory. A
common application combines a register file in tandem with an ALU, as shown in
Figure 5-34. The dual-channel outputs of the register file form the datapaths to the
ALU, and the output of the ALU is stored in the register file at a designated loca-
tion. A host processor provides the addresses for the operations and controls the
sequence of reading and writing to prevent a simultaneous read and write affecting
the same location.*

“'More complex register files have logic that allows a read operation to return the value currently written.
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FIGURE 5-33 4-bit universal shift register: () block diagram symbol and (b) simulation results

verifying the 4-bit universal shift register.

Example 5.47

The single-input; dual-output register file modeled on the next pageiss animplic atate
machine by Register_File introduces the concept of a Verilog memory, a provision for
declaring an array of words.* By appending an additional array range ([31:0]) to the

A word in a Verilog memory (i.¢.. an array of words) can be addressed dircetly. A cell (bit) in a word can be
addressed indirectly by first loading the word into a buffer register and then addressing the bit of the word.
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FIGURE 5-34 A 32-word register file in tandem with an ALU with a 32-bit datapath.

declaration of Reg_File in the module Register_File, we declare 32 words of memory,
with each word having 32 bits. The dual-output are formed by

assignment statements using the 5-bit address provided by the host processor. The writ-
ing operation occurs synchronously under the control of Write_Enable, and the proces-
sor must ensure that data is not read while sz Enable is asserted and Clock has a
rising edge. Decoders are hesi. bya is tool, and are inside
the register file, where they decode the addresses to locate a specific register.

module Register_File #(parameter word_size = 32, addr_size = 5)(
output [word_size-1:0] Data_Out_1, Data_Out_2,

input  [word_size -1:0]  Data_in,

input [addr_size -1: 0] ~ Read_Addr_1, Read_Addr_2, Write_Addr,
input Write_Enable, Clock

reg [word_size -1:0]  Reg_File [31: 0]; // 32bit x32 word memory declaration
assign Data_Out_1 = Reg_File[Read_Addr_1};
assign Data_Out_2 = Reg_File[Read_Addr_2];
always @ (posedge Clock) begin
if (Write_Enable == 1'b1) Reg_File [Write_Addr] <= Data_in;

end
endmodule
End of Example 5.47
517 Switch Deb M bility, and Synchroni:
for Asynchronous Signals

Sequential circuits use flip-flops and lalches as storage elements, but both devices are
subject to a ion called ity. A latch can enter the metastable
state if a pulse at one of its inputs is too short, or if both inputs are asserted either




Logic Design with ioral Models of Combinational and ial Logic 209

or within a sufficil small interval of each other. A transparent latch
can go into a metastable 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 trans-
parent latches with complementary clocks. A D-type 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 metastability, 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 if 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 flip-flop to enter a metastable state and remain there for an
i inite time, upsetting the ion 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 flip-flop and cause it to
enter a metastable state [7-10]. 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 ily, for a few milli 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-capacitor (RC) lowpass filter and a buffer
placed between the switch and the chip [11].

Unstable signal
| -1-20ms
Vvdd Push button
j Combinational
logic

FIGURE 5-35 A push-button input device with closure bounce.




210

Advanced Digital Design with the Verilog HDL

vdd
/ 01
- Combinational
logic
P
\ 150120
- Vdd
FIGURE 5:36 A NAND latch ion for eliminating the effects 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 arm 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 not bounce back to the top
contact, the signal at the bottom input to the NAND latch can oscillate and not affect
the circuit because the top output of the latch has already made a transition from 1 to 0,
thereby blocking the activity 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 flip-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 state will remain

Metastable state
Smlsz/

—
State_0 State_1

FIGURE 5-37 _An illustration of how ility can happen in a physical system.
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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 opposite 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 ility cannot be p: d, 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.®

‘The first rule of synchronization is that an signal should never be
synchronized by more than one synchronizer. 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 izer consists of a multi 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 between 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 1, 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 7 + 1, 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 Ve connected to its data input and has Asynch_in connected

3For an extensive treatment of synchronizers, see Reference 8.
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width of the asynchronous input pulse is less than the period of the clock, (c) waveforms in the circuit of

(b) when the asynchronous pulse does not cause a metastable condition, and (d) waveforms of the circuit
in (b) when th signal causes a metastable condition.
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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 g1 to 1; this value will propagate to Synch_out after the next two
clock edges. When Synch_out becomes 1, the signal at Clr_gI_q2 is asserted, assuming
that Asynch_in returns to 0 before Synch_out becomes 1. Clearing g1 and g2 constrains
the length of the synchronized pulse to be one cycle of clk; otherwise, if only g1 is
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cleared the length of the pulse would be two cycles of clk. The flip-flop driving g2 may
experience metastability, but it is assumed to end and have no effect on the flip-flop
driving Synch_out. In Figure 5-38(c), the pulse of Asynch_in does not cause metastabil-
ity in the circuit of Figure 5-38(b), but the pulse in Figure 5-38(d) causes metastability.
Figure 5-38(e) shows waveforms from a simulation of the circuit in Figure 5-38 (b).
Note that g1 is asserted when Asynch_in is asserted, and that ¢2 is asserted at the first
edge after assertion of Asynch_in; and that Synch_out is asserted at the second edge
after Asynch_in is asserted. Also, Synch_out persists for exactly one cycle of clock.

Synchronizers are also used when a signal must cross a boundary between two
clock domains (For a detailed discussion of synchronization across clock domains, see
Example 9.11). If clock_I in Figure 5-39 is slower than clock_2, the synchronizer in
Figure 5-38(a) should be used to synchronize the interface 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 Tiyeck_s > Terock 2™

5.18 Design E ple: Keypad Scanner and Encoder

Keypad scanners are used to enter data in digital puter key-
boards, and other digital systems. Cell phones, computers, automatic tellers, fuel dis-
pensers, personal media devices, and other digital-based devices have a keypad. A
keypad scanner responds to a pressed key and forms a code that uniquely identifies the
key that is pressed. It must take into account the asynchronous nature of the inputs and
deal with switch debounce. Also, it must not interpret a key to be pressed repeatedly if
it is pressed once and held down.

i'
A
S 1

.
(N I N s

> ol Data_out

Data_in

v
=

clock_| =——————1

clo 2

reset

Clock domain #1 =~~ = Clock domain #2

FIGURE 5-39 A situation requiring synchronization across clock domains.

¥See Chapter 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 the button; this connection will pull the row line up
to the value of the column line corresponding to the location of the pressed key. If that
column line is connected to the supply voltage, the row that is connected to that col-
umn by the pressed button will be pulled to the supply too; otherwise, the row line is
pulled down to 0. The keypad code generator unit has control over the column lines
and will exercise that control to systematically assert voltage on the column lines to
detect the location of a pressed button.

A keypad code must impl decoding scheme that (1) detects
whether a button is pressed, (2) identifies the buuon that is pressed, and (3) generates
an output consisting of the unique code of the button. The scanner/encoder will be
implemented as a synchronous sequential machine with the button codes shown in
Table 5-1. The outputs of the machine 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 in
Figure 5-38(a) for the asynchronous input — the duration of a key press is long com-
pared to the period of the system clock.

Code[3)

Code(2]

Grayhior2 | i
Hex Keypad ‘ode[1
Code %

Generator Code[0]
e

Valid

FIGURE 5-40 fora keypad.
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TABLE 5-1 Keypad codes for a hexadecimal scanner.

‘Key' | " Row[30) | Colf30] -| . Code
o 0001 0001 0000
1 0001 0010 0001
2 0001 0100 0010
3 0001 1000 0011
4 0010 0001 0100
5 0010 0010 0101
6 0010 0100 o110
7 0010 1000 o111
8 0100 0001 1000
9 0100 0010 1001
A 0100 0100 1010
B 0100 1000 1011
c 1000 0001 1100
D 1000 0010 1101
B 1000 0100 1110
F 1000 1000 1111

To detect that a button is pressed, the machine can assert a 1 simultaneously on all
of the column lines until detecting that a row line has been pulled up (by sensing that the
OR 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
arow line is detected to be asserted. The location of the asserted column and row corre-
sponds to the 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 chart”’
shown in Figure 5-41. The machine resides in state S_0, with all column lines asserted,
until at least one row line is asserted. A signal formed from OR-ing the rows launches
the activity of the machine. In S_7 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.” Then the
machine returns to S_0 for one cycle. Note 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 §_2,5_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_0. If more than one column is asserted, the first one

YThe asynchronous reset is shown at only S_0, but it is understood that asynchronous reset drives the state
to S_0 from any state in the chart.

*Valid can be used to control the writing of data to a storage unit, such as a first in, first out (FIFO) memory.
See Chapters 8 and 9.
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FIGURE 5-41 ASM chart of keypad scanner circuit.

decoded determines the code. The decision diamond leaving S_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.

The Verilog models for the keypad scanner and its testbench are presented
below, along with supporting modules.”” The scanner is to be tested within the Verilog
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_Grayhill_072, the unit under test

¥States are encoded as sized numbers of type reg; an integer would lead to synthesis of a needlessly large
hardware register.
#See www.grayhill.com.
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Test bench for Hex_Keypad_Grayhill_072

code[3]
code[2]
Hex_Keypad
Signal key "~ odell
seneor Stmonizer gy [
for keys 16 row2) | Grayhill 072 | codel 0]
valid
| [ cop3) T
coll2)
coll1]
Colfo)
FIGURE 542 Testbench organization for the Grayl imal keypad

(UUT). After the model of the keypad scanner has been verified, it can serve as a user
interface in simulating other systems, and can also be used in a physical environment
with confidence that it should function correctly, which greatly reduces the scope of a
search for the source of an error in the operation of a prototype.

The signal for key is in the where a
single-pass behavior assigns values to key within a for loop, and a level-sensitive behavior
reacts to changes in key by g ing an ASCII string identifying the pressed key.*! This

enhances the display of waveforms produced by the simulator. The module Row_Signal
detects assertion of a key and determines the row in which it is located. Its role is to
replace the physical keypad driving the ding unit. S izer 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 the output of the synchronizer changes,
the code generator unit determines which of the possible keys was pressed. It contains a
state machine that sequentially asserts columns, and a level-sensmve behavlor t.hal
parses row and column data to assert a code. The
Hex_Keypad_Grayhill_072, Row_Signal, and Synchronizer.Note that the code generator
is synchronized by the positive edge of the clock, S0 Symhmmzer is sensitive to the
falling edge. This eliminates a potential race i in the ‘The
synchronizer type used here is effective, provided that the duration of a keystroke is long
compared to the period of the clock.

“IVerilog does not have a data type for strings Strings must be stored in a declared register, at 8 bits per character.
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FIGURE 5-43 Simulation results for the Grayhill 072 imal keypad

‘The simulation results are shown in Figure 5-43, with pressed key values dis-

played

in text format; the signals A_Row and 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 signals completion of the operations by asserting for one cycle after the key
has been scanned and encoded.

// Decode the asserted Row and Col
Hex Keypad Grayhill 072
// Coll0]  Colf1] Coll2] Col3]
i Row{0] 0 1 2 3
I Row{1] 4 5 6 7
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n" Row[2] 8 9 A B
" Row(3] C D E F
module Hex_Keypad_Grayhill_072 (

output reg [3: 0] Code, Col,

output Valid,

input [3: 0] Row,

input S_Row, clock, reset

%
reg [5: 0] state, next_state;

I/ One-hot state assignment

parameter S_0 = 6'b000001, S_1 = 6'b000010, S_2 = 6'b000100;

parameter S_3 = 66001000, S_4 =

6'010000, S:S = 6'b100000;

assign Valid = ((state == S_1) || (state == S_2) || (state == S_3) || (state == S_4))
&&

Row;

/I Does not matter if the row signal is not the debounced version.
/I Assumed to settle before it is used at the clock edge

always @ (Row, Col)
case ({Row, Col})
8'b0001_0001:
8'b0001_0010:
8'b0001_0100:
8'b0001_1000:
8'b0010_0001:
8'b0010_0010:
8'b0010_0100:
8'b0010_1000:
8'b0100_0001:
8'b0100_0010:
8'b0100_0100:
8'50100_1000:
8'b1000_0001:
8'b1000_0010:
8'b1000_0100:
8'b1000_1000:
default:
endcase

A
/B
nec
D
IE

il
/I Arbitrary choice

always @ (posedge clock, posedge reset)

if (rese

'b1) state <= S_0; else state <= next_state;

always @ (state, S_Row, Row) // Next-state logic

begin next_state = S_0; Col = 0;
case (state)
Il Assert all columns

1/ Default values; assign by exception

S_0: begin Col = 15; if (S_Row) next_state = S_1; end

I/ Assert col 0

S_1: begin Col = 1; if (Row) next_state = S_5; else next_state = S_2; end
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1l Assert col 1

S_2: begin Col = 2; if (Row) next_state = S_5; else next_state = S_3; end

1l Assert col2

S_3: begin Col = 4; if (Row) next_state = S_5; else next_state = S_4; end

1l Assert col 3

S_4: begin Col = 8; if (Row) next_state = S_5; else next_state = S_0; end

/I Assert all rows

S_5: begin Col = 15; if (S_Row == 0) next_state = S_0; else next_state = S_5; end
default: next_state =S_0;

endmodule

module Synchronizer (output reg S_Row, input [3: 0] Row, input clock, reset);
reg A_Row;

/I Two-stage pipeline synchronizer

always @ (negedge clock, posedge reset) begin
if (reset == 1'b1) begin A_Row <= 0; S_Row <= 0; end

else begin
A_Row <= (Row[o] I Row[1] || Row[2] || Row{3]);
S_Row <= A_Row;

end
end
endmodule
module Row_Signal (output reg [3:0] Row, input [15: 0] Key, input [3: 0] Col);

1/ Scan rows for pressed key
always @ (Key, Col) begin
/1 Combinational logic for key assertion
Row[0] = Key[0] && Col[0] || Key[1] && Col{1] || Key[2] && Col[2] || Key{3] && Col[3];
Row][1] = Key[4] && Col[0] || Key(5] && Col[1] || Key(6] && Col[2] || Key(7] && Col[3];
Row(2] = Key][8] 8& Col[0] || Key[9] &3 Col[1] || Key[10] && Col[2] || Key[11] && Col[3];
Row[3] = Key[12] && Col[0] || Key[13] && Col[1] || Key[14] && Col[2] || Key[15) &&
Col(3];
end
endmodule

module test_Hex Keypad Grayhill_072 ();

wire [3: 0]

wire

wire [3: 0]

wire [3: 0]

reg clock, reset;

reg [15: 0] Key;

integer ik

reg[39: 0] Pressed;

parameter [39:0] Key_0="Key_0",
Key_1 ="Key_1",

Key_2 = "Key_2",
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always @ (Key) begin

case (Key)
16'h0000:
16'h0001:
16'h0002:
16'h0004:
16'h0008:
16'h0010:
16'h0020:
16'h0040:
16'h0080:
16'h0100:
16'h0200:
16'h0400:
16'h0800:
16'h1000:
16'h2000:

Key 3 ="Key_3",
Key_4 ="Key_4",

16'h4000: Pressed = Key_
16'h8000: Pressed = Key_F;
default: Pressed = None;

endcase
end

Hex_Keypad_Grayhill_072 M1 (Code, Col, Valid, Row, S_Row, clock, reset);

Row_Signal
Synchromzer

i
initial begin reset

initial begin for (k = 0;
20 for (j = 0;j <= 16;

0,
begin #20 Key[j]
end
end
endmodule

M2 (Row, Key, Col);
M3 (S_Row, Row, clock, reset);

ial #2000 $finish;
| begin clock = 0; forever #5 clock = ~clock; end

i
=1, #60 Key = 0; end
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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_072 is to immediately assign value
to next_state and to Col. Then the case statement decodes the state to make specific
assignments to next_state and Col. The former 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
functional 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: 7_Combo_CA()
and Combo_CA (Y, A, B, C, D), respectively. Note: The testbench 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

Using continuous assignments, develop Combo_CA, a model of the circuit in
Figure P4-1. Then develop a testbench ¢ Combo_all, a testbench in which
Combo_str, Combo_UDP, and Combo_CA, (see Problems 4.1 and 4.2) are all
instantiated. In the testbench environment, name their outputs as Y_str, Y_UDP,
and Y_CA, respectively. Simulate the models and produce graphical output
showing their waveforms. Briefly discuss the results.

Repeat Problem 2 after assigning unit delay to all primitives and continuous
assignments, Discuss the results.

‘Write a structural model that has the same functionality as AOI_5_CAI, (see
Example 5.2) and then write a testbench that confirms that the two models
have the same behavior.

. Write a testbench and verify that ir_latch (Example 5.11) correctly models a

transparent latch.

Develop a testbench and verify a gate-level model of an SR-latch.

Develop a testbench to verify the functionality of the user-defined primitive
AOI_UDP (See Example 4.11). The testbench is to simulate the primitive and
compare its output to that of a continuous assignment statement that describes
the same functionality. The result of the comparison is to be reported by an
error signal.

Write and verify a behavioral model of J-K flip-flop with active-low asynchro-
nous reset.

Write and verify a Verilog model that will assert its output if a 4-bit input word
is not a valid binary-coded decimal code.

Explain why the code fragment shown below will execute endlessly, and recom-
mend an alternative description.

reg [3: 0] K
for (K=0; K<=15; K = K+1) begin

end
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11. Using continuous assignment statements, develop and verify a model for
Comp_4_32_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.

Using a level-sensitive cyclic behavior and a suitable algorithm, develop and

verify a model for Comp_4_32_ALGO, 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_Shift_Reg 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 D_in have an
odd number of Is.

Lo

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.

D_in = b Q P_odd
clk clk
P ——
FIGURE P5-15

16. Modify the counter of the previous problem to have an additional output (ripple-
carry output [RCO]) that asserts while the counter is at 1111,. Cascade two such
counters and demonstrate that 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 model of ring _counter_par_load, by modifying the
counter in Example 5.40 to have a parallel load capability.
23. Write a parameterized and portable Verilog model of an 8-bit ring counter

whose movement is from its MSB to its LSB.
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226

a “jerky” ring counter having the

register sequence shown in Figure PS-24(a); repeat for the counter in
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25. Write and verify a Verilog model for a counter with the 18-step e18-step pattern
cyclically until the counter is interrupted by a reset.

count [7:0]

[2]o]s]e]alu]ulxl
[e[efefo oo e 1]
[eJolo[sfcfu]o]t]e

[eTe[o]o e]e]o]s]
[eJeJoJaTo e 1] o]
[plETeEElE ] #]s]

[efeJoJeTe s e o]
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26. The partially completed ASMD chart in Figure P5-26 describes a machine
having inputs rst, G0, F1, and F2, and scalar outputs B and C and the 8-bit
datapath, A. Develop (a) a block diagram showing the datapath unit, the con-
trol unit and the interface signals, (b) a complete ASMD chart, and (c) a Ver-
ilog model for the partitioned machine. Note: The machine has synchronous
reset, and the action of rst drives the state to S_idle from every state and
clears registers A and C. The register operations and state transitions are to
be synchronized to the rising edge of a common clock. Verify the behavior of
the machine.

A<=A+1

FIGURE P5-26

27. Develop and verify an 8-bit ALU having input datapaths a and b, output data
path {c_out, sum} and an operand Oper, and having the functionality indicated
in Figure P5-27.
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Operand Function
Add a+b+ecin
Subtract a+~b+cin
Subtract_a  |b+ ~a+ ~c_in
Or_ab {1'60,a/b)
And_ab {1'60,a & b)
Not_ab {1'60, (~a) & b)
Exor {1'50,a ~ b}
Exnor (1'60,a~~ b}
FIGURE P5-27

28.

29.

8

Combine the ALU from Problem 27 with an 8-bit version of a register file to
form an architecture like that shown in Figure 5-34. Develop a testbench to ver-
iy cach functional unit and the overall structure.

For the 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.

Data

P3[7:0]

% P2[7:0) % P1[7:0]

30.

W
53

| mpo | Po) PI[7:0) E PO[7:0) | RO[31:0]

FIGURE P5-29

Modify the machine described by the ASMD chart in Figure 5-24 by replacing
the registers P0 and P1 by an appropriately sized shift register, whose contents
are shifted under the actions of En and Ld. Develop and verify a Verilog model
of the machine.

A designer contends that the reset signal can be removed from the hexadecimal
keypad machine presented in Section 5.18 if logic is added to direct unused
states to §_5. Discuss the validity of this claim. If it is true, what are the trade-
offs between the two circuits?

. 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.
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33. Write and verify a Verilog model of a programmable clock generator, Clock_Prog,
having input ports En and rst, an output port (clk), and the parameters Latency,
Offset,and Pulse_Width as shown in Figure P5-33. The default (declared) values of
the parameters are 100,75, and 25, respectively. Clock_Prog is not intended to be
synthesized; it can be used to generate a clock signal for simulating other modules
that are u.summed in a testbench, say 1_Some_Unit_Under_Test. To provide a

the default of Clock_Prog in a particular
application, mclude the following “annotation module™ in your project. The anno-
tation module uses hierarchical dereferencing, where M1 is the instance name of
the unit under test in ¢_Some_Unit_Under_Test. The testbench must demonstrate
that this works. The example below replaces the default values of Latency, Offset,
and Pulsewidth by 10,5,and S The represent time steps in
the units used for the simulation. The input signal En is to be generated within the
testbench to (optionally) simulate a condition in which the clock signal is not
immediately provided to the unit under test. Note: The latency determines the
delay between the assertion/de-assertion of reset at any time after the start of sim-
ulation and the availability of the clock. After the period of latency expires the
waveform defined by the cycle time is to be generated repeatedly for the duration
of simulation.

module annotate_Clock_Prog ();
defparam t_Some_Unit_Under_Test.M1.Latency = 40;
defparam t_Some_Unit_Under_Test.M1.Offset = 15;
defparam t_Some_Unit_Under_TestM1.Pulse_Width = 5;
endmodule

Pulse_Width —+| L

fe— Latency Offser ——|
Cycle_time

FIGURE P5-33 waveform of a clock generator.
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34.

w
&

Write and verify a Verilog module of a programmable 8-bit testbench pattern
generator, Pattern_Gen_8B, having an output word, Stim_Pattern, and an
input, enable, which activates the gencrator. Once the generator is activated,
the bit patterns are to be generated exhaustively for a prescribed number of
cycles, provided that enable is asserted. The module is to have the following
parameters:

Offset: An initial offset between the time that cnable is asserted and the time
that the first pattern of Stim_Pattern is asserted.

Stim_size: The width of Stim_Pattern.

Cycles: The number of times the entire pattern set is to be repeated.

Period: The interval between successive patterns.

. Hamming codes are used in computer memory systems to detect and correct

errors in data (8]. Each i ion word is by additional bits that
distinguish valid encoded words from corrupted words. A Hamming code with
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

H_word
D_word | Farity
0000 000
0001 oit
0010 101
0011 110
0100 110
0101 101
0110 011
o111 000
1000 111
1001 100
1010 010
1011 001
1100 001
1101 010
1110 100
1111 111

FIGURE P5-35
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36.
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41.

42.
43.
44.
45.
46.

47.

5

information bytes (D_word) and the parity bits that are appended to the data
bits to form an encoded word (H_word). (a) Develop a Verilog module,
Hamming_Encoder_MD3, that will produce a 7-bit value H_word from a 4-bit
value, D_word. (b) Develop a testbench to verify the functionality of
Hamming_Encoder_MD3. (c) Browse the literature on parity circuits to find a
decoder that will correct a single-bit error in H_word. (d) Develop and verify a
Verilog module, Hamming_Decoder_MD3, that will detect any 2-bit error in
H_word and correct any single-bit error. (¢) Develop a testbench that will sim-
ulate the encoder, introduce random 1- and 2-bit errors in //_word, and take
action to correct a single-bit error and signal the presence of a 2-bit (uncor-
rectable) error. (f) Demonstrate the decoder’s behavior if a 3-bit (burst) error
corrupts H_word.

Using library cells with known setup and hold timing parameters, and develop
and verify a model of the synchronizer circuit in Figure 5-38(b). Explore its
operation with Asynch_in being (a) a long pulse and (b) a short pulse relative
to the clock. How does it behave if an asynchronous pulse arrives within two or
more successive clock cycles?

Using continuous assignments, develop and verify a model of a transparent
latch having active-high enable, active-low reset, and active-high set. Use the
text below.

module Latch_RbarS_CA (q_out, data_in, enable, reset_bar, set);

endmodule

. Using d_priml (See Example 4.15) develop and verify a structural model of a

4-bit shift register whose datapath consists of a parallel load of data and a serial
output of the least significant bit.

The barrel shifter described in Example 5.45 forms Data_out by rotating
Data_in by one bit toward its MSB. Develop a more general barrel shifter that
can rotate in either direction by a specified number of bits.

. Using state transitions graphs, develop and verify Mealy and Moore behav-

ioral models (Verilog) of code converters that produce an output waveform
having an NRZI format (See Chapter 3). For the waveform of B_in shown in
Figure 3-24, identify and compare latency and valid bit times of the output
waveforms of the machines. Caution: Avoid the trap of attempting to read the
data bits on the clock edge that synchronizes their transitions.

Design and verify a structural (gate-level) Verilog module of a decade counter —
that is, a counter whose count sequence is 0,1.2,....9.0,1.2 ,, repeatedly. Hint:
consider a user-defined primitive of a D-type flip-flop.

Complete the partially drawn ASMD charts given in Figure 5-41.

Draw an ASMD chart for the up-down counter described in Example 5.42.
Draw an ASMD chart for the barrel shifter described in Example 5.45.

Draw an ASMD chart for the universal shift register described in Example 5.46.
Using the conditional operator, write a continuous assignment statement
that is equivalent to the cyclic behavior: always @ (data, enable) if (enable) y
<= data;

Develop an ASM chart and write a Verilog model of a Moore machine
sequence detector that. if enabled. will detect the first occurrence of the pattern
101, then suspend activity until it is enabled again. Clearly state any assump-
tions needed for your design.
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48. Draw an ASM chart of a Mealy machine that samples a serial bit stream on the

4

]

rising edge of the clock and asserts an output if the last four samples are such
that two ones are followed by two zeros.

. A pipelined datapath for a sequential machine is described by the datapath unit

and the partially completed ASMD chart shown below. Under external control.
the machine is to load successive 8-bit words into a 16-bit register. and then pro-
duce a serial output, with the LSB leading the bit sequence. A counter, N, is to be
used 1o control the serial bit stream. The machine is to assert a signal. Ready.
while the machine is in the state S_idle. a signal. Full. for one cycle after the 16-bit
register is full, a signal, Brisy. while the serial output is being transmitted, and a
signal, Done. for one cycle after the serial output has been sent. (a) Provide addi-
tional details to complete the ASMD chart. (b) name and list the signals that will
control the data path unit. (c) write and verify a Verilog model for the datapath
unit, (d) write and verify a Verilog model for the control unit, and (¢) write and
verify a Verilog model of 7op_Unit containing the datapath and control units and
interfacing to the environment.

% |

(PL.PO} <=0

Pl <= Dat
PO-.= P1

RO = [P1. PO}

Pl = Data
PO==11

FIGURE P5-49
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50. Draw the ASM chart of a Moore machine that (a) remains in a reset state until
an external signal, En, is asserted, (b) samples a bit stream at the rising edge of
a clock, (c) asserts an output signal, Found, for one cycle if the last four samples
are such that two 1s are followed by two 0s, and (d) pauses for two cycles before
returning to the reset state after asserting Found.




curere Synthesis of
Combinational and
Sequential Logic

Chapters 2 and 3 reviewed basic concepts and Karnaugh maps for designing combina-
tional and sequeunal circuits by manual methods. This chapter presem.s an automated

to the Boolean equati describing a multi-input, multi-output
logjc 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 by 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 Verilog 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 equwalen!
states, (6) make state assi and (7) hesize optimal, 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 mappmg The steps that were per[ormed
manually in Chapters 2 and 3 will be by a h tool. This
will shorten the design cycle, reduce the burden placed on the designer, and increase
the likelihood that the design will be correct.

HDLs are the entry point for a modern synthesis-oriented design flow for ASICs
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 write synthesis-friendly descriptions. In this chapter, we will present several
examples that demonstrate how to write i dy models of inati and
sequential logic (that is, models that can be used with a synthesis tool to produce a
gate-level realization of the described functionality). The examples will help the reader
anticipate the results of synthesis—that is, know what circuit will be created from the
description.

e

6.1  Introduction to Sy

Circuit design begins with specification of the circuit’s functionality —what the circuit
does—and ends with physical that impl, the i ity reliably, with
sufficient performance and acceptable cost. Models of circuits can be classified accord-
ing to levels of abstraction and views [1]. There are three common levels of abstraction:
architectural, logical, and physical. A description at the architectural level of abstrac-
tion implies the operations that must be executed by the circuit to transform a
sequence of inputs into a specified sequence of outputs, but docs not assocmc the
i be

operations thh specific clock cycles. These will ly

by distinct, and i units, hence our use of the

term archuaclure The design challenge here is to extract from the archnectura]
i a structure of that i the of

the machine.

A model at the logical level of abstraction describes a set of variables and a set of
Boolean functions that the circuit must implement. An architecture of register
resources and functional units and the sequential activity of a logic-level model are
part of its description. The design task here is to translate the Boolean descriptions into
an optimized netlist of combinational gates and storage registers that will implement
the circuit at a satisfactory level of performance. Synthesis tools are used for this task.
A geometrical model describes the shapes that define the doping regions of semicon-
ductor materials used to fabricate 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 different views of the circuit. There are three common views: behavioral, structural,
and physical. A behavioral view of an architectural model could be an algorithm that spec-
ifies a sequence of data transformations. A structural view of the same model might con-
sist of a structure of dalapa(h elemenls (registers, memory, adders) and a controller that
impls the t 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 algorithm (| ioral view) to an i e of registers and
a schedule of operations that occur in specified clock cycles (structural view), (2) a Ver-
ilog model of this architecture is formed 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 netlist (structural
view). The Y-chart in Figure 6-1 has been annotated to represent these transformations,
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 [1]. The resulting structural view is a netlist of structural primitives. The logic-
level view is a set of Boolean equations described by a set of continuous-assignment
statements in Verilog or an equivalent level-sensitive behavior. Logic synthesis includes

description d
Procedural
mory ‘Algorithm assignment
Peripheral interface Nonblockmg

Processor

Registers,
ALUs, etc.
Boolean algebra Continuous
Logic netlist. assignment
schematic
Hierarchical
modules and Celligeometsy
primitive Photomask
instantiations Layout
Database

Physical
description
FIGURE 6-1 A Y-chart representation of Verilog constructs supporting synthesis activity
in three views of a circuit: behavioral, structural, and physical.
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transforming a given netlist 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 Verilog-based
description of the input—output behavior of a circuit into an intermediate internal rep-

ion of Boolean ions describing inati logic and other representa-
tions of storage el and izing signals. i for si
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, generic (technology-i i logic impl! i

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 of the circuit and produce a testable circuit [3].!
‘The optimization process is based on an iterative search, not the solution of an analyt-
ical model, so the result is not necessarily the global optimum that could be found over
the domain of possible circuits that have equivalent input—output behavior. Logic opti-
mization is followed by performance optimization, which seeks a circuit that has opti-
mal performance in the physical technology.

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 form. 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.

Verilog
description

Translation

Technology
libraries

Optimization Mapping
engine engine

Two-level Optimized ‘Technology
logic functions multilevel logic implementation
functions

FIGURE 62 Synthesis-tool organization.

IWe will consider testability, fault simulation, and test generation in Chapter 11.
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Techniques for simultancously 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 “2” 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
SOP 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 equations whose input—output behav-
ior is equivalent while containing the fewest literals [4]. Software tools exist to per-
form this optimization and to express the resulting Boolean equations with the

s of a technol pecific parts library. C ly, a Verilog description
consisting only of a netlist of combinational primitives without feedback can always
be synthesized.

Espresso [5] is a commonly used software system developed at the University
of California at Berkeley for minimizing the number of cubes in a single Boolean
function. It performs several transformations on a circuit to arrive at its optimal
representation. For example, the transformation Expand replaces cubes with prime
implicants that have fewer literals. Irredundant extracts from a cover of the function
a minimal subset that also covers the function (i.e., redundant logic has been
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 scparately to the individual functions in the set.
Instead, a multilevel optimization program, such as misIT [3], must be used to simulta-
neously optimize the set of equations as an aggregate.

Logic synthesis treats a set of individual Boolean input-output i 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 Boolean 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 misII multilevel logic optimization program performs several
transformations on a logic circuit while searching for an optimal description of a digital
circuit. Four transformations play a key role in the misIl algorithm for logic synthesis:

ition, factoring, i and

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
the circuit) in terms of new nodes.
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FIGURE 6-3 Multilevel combinational 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 form of F is described by the Boolean equation:

F = abc + abd + a'c'd' + b'c'd'

of d

Fin terms of two additional

The Espresso op

internal nodes, X and Y, to form the circuit shown in Figure 6-5. These internal nodes
could then be re-used to form other expressions and thereby achieve a reduction in

hardware area.

o

H

K

FIGURE 6-4 Circuit before




Synthesis of Combinational and Sequential Logic 241

F=XY+XY
X =ab
Y=c+d
a b ¢ d
1 x
L | F
FIGURE 6-5_Circuit after
End of Example 6.1
In contrast to de i which an individual function in terms of
intermediate nodes,” the ion of extraction a set of ions 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,
E G, and H, which is to be decomposed in terms of new nodes X and Y, with
F=(a+b)d+e
G = (a + b)e'
H = cde
and X and Y are given by
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 are 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

The nodes of the directed acyclic graph represent operations that are performed on data (e.g., addition).
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FIGURE 6-6 DAG of a set of functions before extraction.
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FIGURE 6-7 Directed acyclic graph of a set of functions 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 the overall silicon
area, because the intermediate nodes correspond to factors that are common to more
than one Boolean function, and therefore can be shared to eliminate replicated logic.
The task of finding the common factors among a set of functions is called factoring.
Factoring produces a set of functions in a POS form. It creates a structural transforma-
tion of the circuit from a two-level ization to an i izati
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 DAG of a function before factoring.

The factored form of Fis
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 F is 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 i need to be i 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

] T

FIGURE 6-9 The DAG of the factored form of a function.

c d e
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(@ (b)

FIGURE 610 DAG of a function before (a) and after (b)

G=a+b
F=a+b+c

After substitution, F has the form:
F=G+c
and the DAG shown in Figure 6-10(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 cm:ml This s!ep is also referred to as flattening the circuit. The
transformation would the fficient internal multilevel struc-
ture and create a faster two-level structure.

Example 6.5

‘The DAG in Figure 6-11(a) represents the function F before the function G is elimi-
nated from it, where before elimination

F=Ga+G'b
G=c+d
and after elimination:
F =ac + ad + bc'd’
The new DAG for F is shown in Figure 6-11(b).

End of Example 6.5
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a b ¢ d a b ¢ d

]

Two-level

(@)

FIGURE 6-11 DAG of a function before (a) and after (b) elimination of an internal node.

In general, there may be multiple realizations of a multi-input, multi-output com-
binational logic circuit, but the transfc ions in misII are to maintain the
input-output equivalence of the 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 archi and creates equi Boolean equa-
tions and an optimal ization of the given i
RTL synthesis begins with the assumpuon that a set of hardware resources 15
and that the sch ing and of have been

subjec! to the constraints imposed by the resources of the architecture. The RTL

cither a finite-state machine (FSM) or a more general sequen-
tial 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 (i.e., they

*Resource allocation and scheduling are discussed in Chapter 9.
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gencrally lack the ability to analyze between ing and all ion of
resources, and use, instead, the implicit solution imposed by the writer of the descrip-
tion). Nonetheless, these tools have a broad and significant scope of use. The synthe-
sis engine must minimize and optimally encode the state of the RTL-described
machine, optimize the i combinati logic, and map the result into the
target technology.

6.1.3 High-Level Synthesis

High-level synthesis, also called “behavioral is” or i is,” has
the goal of creating an i whose can be and to
implement an algorithm, such as an algorithm for digital signal processing (DSP).* The
algorithm to be synthesized describes only the functionality of the circuit; it does not
explicitly declarc a structure of registers and dalapalhs ‘Thus, many different architec-
tures may i the same i
The starting point for high-level symhcsxs isan mpul~output algorithm, with no
details about the implementation. A behavioral synthesis tool executes two main
steps in order to create an architecture of datapath elements, control units, and mem-
ory: resource all ion and resource scheduli Dalaﬂow graphs display dependen-
cies between data, and the ion step i the used in an
algorithm (e.g., +) and infers the need for memory resources to hold data implied by
lhe sequential activity of the algorithm. Allocation bmds these operators and mem-
tod (e.g., ipli can be bound to a
mulupher cell)

In the i in the ioral description are assigned to spe-
cific clock cycles (implicit states) to implement the ordered sequential activity flow of
the algorithm. For example, Figure 6-12(a) [2] shows three procedural assignments that
execute sequentially in a Verilog cyclic behavior within a hypothetical algorithm. A
compiler must form parse trees from the statements, and then extract a dataflow graph
from the set of parse trees. Figure 6-12(b) shows a DFG and a sequential schedule for
its operators. The statements imply a time-ordered sequential activity, and are allo-
cated to the clock cycles.

Scheduling assigns the i of the i iption to clock cycles.
The dataflow graph shown in 6-12(b) can be used to infer memory read/wmes and
schedule activity in clock cycles using the availabl This. deter-

mines the number of computational units (operators) that will be used in a given clock
cyclc and shared be(ween cycles. Because multiple architectures might have the same

a is tool must explore architectural alternatives and
consider a number of trade-offs and/or constraints (e.g., data rates, input/output chan-
nels, clock period, pipelining, datapath width, latency, throughput, speed, area, and

“We will consider algorithm synthesis in more detail in Chapter 9.
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A=B+C;
D=A*E —
M=D-A

(b)

FIGURE 6-12 of a behavioral model: (a) parse trees and (b) data flow graph.

power). High-level synthesis is an area of active research, although electronic design
automation (EDA) tool 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

A

There are many ways to dcscnbe combmallonal loglc wnh the Venlog HDL, but some
are not supported by ool i logic can be
described by (1) a netlist of slructuml primitives, (2) a set of continuous-assignment

and (3) a level itive cyclic behavior. UDPs and assign . . . deassign pro-
cedural continuous assignments can also describe combinational logic, but most EDA
vendors have chosen to not support these options.

“See “Additional Features of Verilog” at the companion web site for Verilog constructs that are commonly
supported by synthesis tools, and constructs that are not supported.
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A design that is expressed as a netlist 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 circuits. Synthesizing a
netlist ensures that the logic has been minimized correctly.

Example 6.6

Figure 6-13(a) shows the pre-optimized schematic of the circuit described by the netlist
of primitives in boole_opt. The synthesized circuit shown in Figure 6-13(b) has a more
efficient gate-level implementation (less area) than the generic circuit would have if
parts from a cell library are substituted for the primitives.

y_outl
e
a

y_ou2
b
el
pr—

@

d

@ ﬁ > y_outl
e norf301 orf251
e

y_ou2
be Dnor/m

(b)

FIGURE 6-13 Logic synthesis: (a) schematic for a netlist of primitives and (b) the circuit synthesized
from the netlist.
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modula boole_opt(output y_out1, y_out2, input a, b, ¢, d, e);
¥1,y2,y3,y4,¥5, y6, y7, y8;

and (vl a,c)

and  (y2,a,d);

and  (y3,a,e);

or (y4,y1,y2);

or (y_out1, y3, y4);

and  (y5,b, c);

and  (y6,b, d);

and  (y7.b,e);

or  (y8,¥5, y6);

or (y_out2, y7, y8);

endmodule
End of Example 6.6
Conti i are hesizable. The expression that
assigns value to a net variable in a commuous assignment statement will be trans-
lated by the tool to an eq Boolean which can be opti-
mized and synthesized in physical ly with other i

assignments in the module.® The designer must verify that the continuous assignment
correctly describes the logic, and that the synthesized multilevel logic circuit has the
correct functionality.

Example 6.7

The i i in or_nand izes to the circuit in Figure 6-14.
module or_nand (output y, input enable, x1, x2, x3, x4);
assign y = ~(enable & (x1 | x2) & (x3 | x4));
endmodule

End of Example 6.7

A level-sensitive cyclic behavior will 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.

of Boolean eq d d exploits logic that can be shared
among them.
"Feedback-free and without latches.
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FIGURE 6-14_C: i i from

Example 6.8

Chapters 4 and 5 presented examples that described a 2-bit comparator by Boolean
equations, and a netlist 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 (hc model below, p 4 1 itive behavior il the

i y of a 2-bit P . The algomhm 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 ds ines their relative i This
algorithm 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.® The synthesized circuit is
shown in Figure 6-15.

module comparator #(parameter size = 2)( 11 Alternative algorithm
outputrega_gt b, a_lt b, a_eq_b, input [size -1: 0] a, b;
integer k;

always @(a, b) begin: compare_loop
for (k = size; k > 0; k = k-1) begin
i (alk] 1= blK) begin

disable compare_loop;
it
11 for loop

ent 1l compare_loop
endmodule

¥A cyclic behavior exccutes repeatedly, subject to embedded timing controls.
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FIGURE 6-15 Combinational logic synthesis: 2-bit comparator circuit synthesized from
alevel-sensitive cyclic behavior with a for loop.

al2:1]

End of Example 6.8

A synthesizable Verilog model of combinational logic describes the functionality
of the circuit and is written independently of the technology in which the physical cir-
cuit will be realized. Timing imposes a constraint on the speed of a circuit, but not on its
functionality. The speed at which ASIC parts can operate is proportional to the physi-
cal geometry of the part. Faster parts require more area. Technology-dependent timing

such as gate p ion 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 i lete case or iti (if), and do not
contain embedded timing controls (#, @, or wair).

A is tool i inational logic to i the expression of
the case construct, and the expressi t witha itil operator. If a mul-

tiplexed datapath 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_a 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.
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sig G

select

sig_max

sig_a

sig_b

FIGURE 6-16_Circuit from a mux with selector logic.

module mux_logic (output y, input select, sig_G, sig_max, sig_a, sig_b);
assign y = (select == 1) || (sig_G i 0) ? sig_a : sig_b;
endmodule

End of Example 6.9

6.2.1 Synthesis of Priority Structures

A case statement implicitly attaches higher priority to the first item that it decodes
than to the last one, and an if statement implies higher priority to the first branch than
to the remaining branches. 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 parallel_case directive). This would be useful if only one case item could be

selected at a time in actual op ion. An if will h to a mux struc-
ture if the branching is specified by mutually exclusive conditions, as in Example 6.9,
but when the b; hing is not mutually ive the hesis 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 priority for datapath a because sel_a decodes a
independently of sel_b or sel_c, shown in Figure 6-17. The event control expression of
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sel_a
sel b
sel_c
d
© mux_2 ¥
b
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FIGURE 6-17_Circuit from a mux with priority decode of input conditions.

the cyclic behavior monitors all of the signals that are referenced within the behavior.
Verilog 2001 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, ¢, d, sel_a, sel_b, sel_c);

always @ (sel_a, sel_b, sel c, a, b, ¢, d)
Il always @ (*) 11 Optional wildcard token for complete sensitivity list
if (sel_a ;

else (sel_n

else if (sel

elsey=d;
endmodule

End of Example 6.10

6.2.2 Exploiting Logical Don’t-Care Conditions

When case, conditional branch (if), or conditi i ... are
used in a Verilog behavioral description of combinational logic, the behavloral model
and the synthesized netlist should produce the same simulation results (except for
time-dependent behavior) if the seed code has defaulr 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 casex 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.c., it does not matter what value is assigned to the object of the case
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assignment under those input conditions).” The physical hardware will propagate
either a 0 or a 1, while the HDL model will propagate an x in simulation. This may
lead to a mismatch between the results obtained by simulating the seed code and the
synthesis product.

Synthesis Tip

An assignment to x in a case or an if statement will be treated as a don’t-care condi-
tion in synthesis.

Example 6.11

The counter and seven-segment display shown in Figure 6-18(a) are modeled below, in
Verilog, by Latched_Seven_Seg_Display, with active low outputs.'” 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 for 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
count, the values of Display_L and Display_R change only when count decodes to an even
number; otherwise Display_L and Display_R remain unchanged (latched).
module Latched_Seven_Seg_Display (
output reg [6: 0] Display_L, Display_R,
input Blanking, Enable, clock, reset

)
reg [3: 0] count;
"

abc_defg
parameter BLANK = 7p111_1111;
parameter ZERO = 7'b000_000 /'ho1
parameter ONE = 7'100_1111; 1I'haf
parameter TWO = 7'b001_0010; 12
parameter THREE = 7'b000_0110; 1/ h08

“See Examples 5.2 (8-bit encoder), 5.23 (8:3 priority encoder), and 5.24 (3:8 decoder) in Chapter 5 for cir-
cuits synthesized from level-sensitive cyclic behaviors using default assignments in case and if statements.
1°The underscore character is used in the parameters of Latched_Seven_Seg_Display to make the represen-
tation of a number more readable.
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parameter FOUR = 7'b100_1100; /' hac
parameter FIVE = 7'b010_0100; 11'h24
parameter SIX = 7'b010_0000; 11'h20
parameter SEVEN = 7'b000_1111; 1I'hof
parameter EIGHT = 7'b000_0000; 1/'ho0
parameter NINE = 7'b000_0100; 1/ ho4

always @ (posedge clock)
if (reset) count <= 0
else if (Enable) count <= count +1;

always @ (count, Blanking)
if (Blanking) begin Display_L = BLANK; Display_R = BLANK; end else
case (count)
0: begin Display_L = ZERO; Display_R = ZERO; end
2: begin Display_L = ZERO; Display_R = TWO; end

14; begin Display_L = ONE; Display_|
lidefault: begin Display_L = BLANK; Display_R = BLANK; end
endcase

endmodule

End of Example 6.11

The absence of default assignments in the level-sensitive cyclic behavior in
Latched_Seven_Seg_Display latches the output and will cause latches to 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 Tip

Ifa oondltlonal operator asslgns the value z to the right-hand side expression of a
in a level itive behavior, the will to
a three-state device driven by combinational logic.
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FIGURE 6-18 Seven-segment LED display: (1) counter and display units and (b) simulation results showing the
action of reset, Blanking, and Enable. The values of Display_L and Display_R correspond to the 7-bit codes of the
active-low seven-segment display units for the values of count.

Example 6.12

‘The level-sensitive cyclic behavior in alu_with_zI describes the combinational logic of a
simple arthimetic and logical unit (ALU), and a continuous assignment describes a
three-state output. The default assi of the case in the output
of the ALU to be 0. A second version, alu_with_z2, which is not shown, has the same
description, except the default assignments of the case statement are don’t-cares (4'bx)
instead of 0. 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_with_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 alu_out,
input [3: 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 @ (opcode, data_a, data_b)
case (opcode)

3'b001: alu_reg = data_a | data_b;
3'b010: alu_reg = data_a * data_b;
3b110: alu_reg = ~data_b;
default: alu_reg = 4'b0; I1 alu_with_z2 has default: alu_reg = 4'bx;
endcase
endmodule

opcode[2:0] =—

alu_out

data_a[3:0)

data_b{3:) i i

enable

data_b[3:0] alu_out
opcode(2:0]

data_a[3:0]

enable

(b)

FIGURE 6-19 _Circuits ized from (a) alu_with_z1 and (b) alu_with_z2.

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 contain a model for a full-adder cell.
Whether the synthesis tool exploits the available model or builds another circuit
depends on the designer’s Verilog description. The tool must share resources as much
as possible to minimize needless duplication of circuitry.

Synthesis Tip

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] + B[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 0s. The
carry-in of each block is hard-wired to ground.

module.badd_4 (output [3: 0] Sum, output C_out, input [3: 0] 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 flows within the
behavior do not conflict, the resource can be shared between one or more paths. For
example, the addition op in the i i below are in mutually
exclusive datapaths and can be shared in hardware.

"'The fabrication masks of the complex cells create a more efficient and faster implementation of the func-
tionality than an aggregate of simpler cells with equivalent functionality.
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FIGURE 620 Result of synthesizing the + operator (a) using library full-adder cells, and
(b) using 5-bit adder blocks with hard-wired inputs to 4-bit datapaths.

assign y out = sel ? data_a + accum : data_a + data_t

C 1y, the can be d by a shared adder whose input data-
paths are mulllplexed 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 res_share forces the synthesis tool to mul-
tiplex the datapaths and produce the circuit shown in Figure 6-21.
module res_share (output [4: 0] y_out, input [3: 0] data_a, data_b, accum, input sel);
assign y_out = data_a + (sel ? accum : data_b);
endmodule
Failure to include the parentheses in the expression for y_out in res_share will
lead to synthesis of a circuit that uses two adders. The most efficient implementation
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esdpupd.

data_a[30]

v_our[4:0}

sel

data_b(3:0]

aceum{3:0) #——3

_FIGURE 621 of a datapath with shared resources.

multiplexes the datapaths and shares the adder between them, rather than multiplex
the outputs of separate adders. The important design trade-off is that the mux will
occupy significantly less arca than the adder that it replaces.

End of Example 6.14

As a general guideline, if arithmetic functions are to be inferred from language-
based operators, the operators should be grouped as much as possible within a single
cyclic behavior to allow the synthesis engine to share the hardware resources that will
be used to implement the function.

6.3  Synthesis of S ial Logic with Latches

o i

Latches are i in two ways: i i and Latches that are
synthesized accidentally waste silicon and may compromise the functionality of the cir-
cuit. It is important to and the itions under which a is tool infers a
latch from a Verilog description. A designer who does not understand this relationship
will be surprised when what was i d to be inati logic is ized as
latched logic. The topic is important enough, in practice, to warrant an elaborate treat-
ment, at the risk of belaboring the point and being verbose.
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We have discussed three common ways to describe synthesizable combinational
logic: (1) netlist of primitives, (2) Boolean described by i -assign
ment statements, and (3) a level-sensitive cyclic behavior. Can any or all of these styles
lead to a circuit with latches?

Synthesis Tip

A feedback-free netlist of combinational primitives will synthesize into latch-f
combinational logic.

Feedback-free netlists of combinational primitives will synthesize into latch-free
combinational logic. Synthesis tools may not allow a netlist of primitives to have feed-
back (e.g.. cross-coupled NAND gates). so such a description will be flagged as an error
condition and the code will not synthesize into anything.

A set of continuous assi describing inati 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.'?

Synthesis Tip

A set of feedt free i i will ize into latch-free combi-
national logic.

A conti i that uses the itional operator (? :) with feedback
(i.e.. the target variable of the appears in an expression of the operator)
will synthesize to a latch. This is one way to intentionally model a latch, such as static
random access memory (SRAM),'* and it will synthesize.

Synthesis Tip

A continuous assignment using a conditional operator with feedback will synthesize
into a latch.

Example 6.15

‘The output of a cell of an SRAM memory can be modeled by the following continuous
i having feedback:

assign data_out = (CS_b == 0) ? (WE_b == 0) ? data_in : data_out : 1'bz;

"*Synthesis tools may not infer latches from structural feedback loops.
13*We will consider SRAMs in more detail in Chapter 8.
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The signals CS_b and WE_b i the active-I hip-select and wri bl
functions of the cell. If the chip is selected and WE_b 0, data_out follows data_in
(transparent mode), but when WE_b switches to 1, data_out = data_out (latched
mode). Synthesis tools infer the behavior of a latch from this statement because the
output of the device is not affected by data_in while WE_b=1, and data_out holds the
residual value that it had at the moment WE_b switched to 1.If CS_b == 1, the cell is
in the th tate, high

End of Example 6.15

6.3.1 Accidental Synthesis of Latches

Example 6.16

The model or4_behav describes a four-input OR gate. The algorithm within the cyclic
behavior initializes the output to 0, then tests the inputs sequentially. If an input is 1,
the output is set to 1, and the sequence terminates. The description synthesizes to com-
binational logic. The loop-index variable, k, is eliminated by the synthesis process and
has no hardware counterpart. Note that the output variable, y, was declared as a regis-
ter variable but does not synthesize into a storage element.'*
module or4_behav #(parameter word_length = 4)(
ut reg y,
Inpul {word_length -1: 0] x_in

integer k;
always @ x_in begin: check_for_1
for (I ) k <= word length -1 k=k+1)
i (x_i m[k] = 1) bey

endmodule

Now consider the description or4_behav_latch, whose event control expression is
not sensitive to x_in[0). This leads to synthesis of a latched output—the latch implements

Users of Verilog who do not realize that all the variables that are assigned value by a procedural assignment
are register variables will be mystified by the results of synthesis if they assume that every register variable
will synthesize to a flip-flop.
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the functionality that is implied by the description’s ignoring x_in[0] 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 word_length = 4)(
output reg y, input [word_length -1: 0] x_in

integer k;

always @ (x_in[3: 1)  begin: check_for_1 Il incomplete sensitivity list
y=0;
for (k = 0; k <= word_length -1; k =k + 1)

if (x_in[k] == 1) begin
y=1
disable check_for_1;
end
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[0] is latched in or4_behav_latch, and

(a) (b)
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FIGURE 6-22 Four-input OR gate: (a) circuit synthesized from a level-sensitive cyclic behavior,
(b) from a latch-inducing model, and (c) simulation results for both circuits.
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the latch is controlled by OR-ing x_in[1], x_in[2], and x_in[3]. If any of these inputs is
1, the value of x_in[0] is passed to the OR gate forming y. But if these inputs all switch
to 0, the value of x_in[0] is latched and the value of y is independent of changes in
x_in[0]. The simulation results in Figure 6-22(c) show the waveforms produced by sim-
ulation of or4_behav, or4_behav_latch, y_gate (the response of the gate-level circuit in
Figure 6-22(b), and y_or3_gate, a three-input OR gate driven by x_in[1], x_in[2], and
x_in[3]. The waveforms demonstrate the latching behavior of ur4 behav_latch.
Le

1 itive cyclic i will ize into ional logic if the
description does not imply the need for storage. If storage is. |mphed by the model, then
a latch will be i into the i How is the need for storage

inferred from the Verilog description? To avoid latches, all of the variables that are
assigned value by the behavnor must be assigned value under all events that affect the
right-hand side exp of the assi that impl; the logic. Failure to do
so will produce a design with unwanted latches. Consequently, all 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.

If the itivity list of a level itive behavior is not complete, some
variable will not be assigned value under every condition of the inputs, implying the necd
for memory. In fact, the risk of failing to have a complete sensitivity list has been found to
be so great that the language was expanded to include the wildcard token (*) to implicitly
form a complete sensitivity list and relieve the designer of the responsibility for its com-
pleteness. 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 [3].

End of Example 6.16

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 incompletely specified and may lead to synthesis of unwanted latches in
the design because they admit the possibility 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 condmom lhal were left unspecified). Caution
must be taken to ensure that case and i hing (if) are com-
plete, either explicitly or by default. If an i i witha itional opera-
tor in a continuous assignment assigns the target variable (left-hand side [LHS]) to itself,
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the statement will synthesize a latch, but an incomplete conditional operator will cause a
syntax error.'”

Example 6.17

‘When a case is i ly decoded, a is tool will infer the need for
a latch to hold the resxdual 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'® is enabled when {sel_a, sel_b} == 2'b10
or {sel_a, sel_b} == 2'b01. 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-channel mux, and a model (esdpupd) for an electrostatic discharge
pull-up/down device, which disables the hardware latch’s active-low reset, rather than

data_b

sel_a

sel_b

data_a

mux2_a
data_a , y_out
data_b
latrnb_a
sel_a
selb P
xor2.
esdpupd

(®)
FIGURE 623 Two-channel mux with latched output synthesized from an incompletely specified case
statement using (a) generic parts and (b) parts from a cell library.

'5The syntax of the conditional operator (?... : ...) requires a statement for the true condition and the false
condition.
1 Appendix G describes the various latches and flip-flops shown in synthesized 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 y_out, input data_a, data_b, sel_a, sel_b);
always @ (sel_a, sel_b, data_a, data_b)
case ({sel_a, sel_b})
2'510: y_out = data_a;
2'b01: y_out = data_b;
endcase
endmodule

End of Example 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 vanable imply the need for the variable to retain the value it had before the
behavior was d. In general, a level itive 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); otherwxse, in the absence of feedback, the behavior does not imply a latch.

‘What the hard for alatch? In is, latches impl 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 if statement 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 with 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_if1 below has a complete sensitivity list,
and assigns data_out with feedback in an if having The result of
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data_out[3:0]

data_in|3:0] e

Imtax,

latch_enable

FIGURE 6-24 Latched circuit from latch_ifl.

synthesizing the latch circuit is shown in Figure 6-24, which has the structure of a mux
with feedback.

module latch_if1(output reg [3: 0] data_out, input [3: 0] data_in, input latch_enable);
always @ (*)
if (latch_enable) data_out <= data_i
else data_out <= data_out;
endmodule

End of Example 6.18

""Note the use of the nonblocking m.gnmcm operator (<=). lnlenllomil synthesis of a latch is one excep-
tion to the general rule of using blockiny (=) in level-sensitive behaviors

assignments (<=) in edge-sensitive behaviors The exception 2 conforms to the TEEE Standard 1364.1 for
Verilog Register Transfer Level Synthesis.
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Synthesis Tip

Anif in alevel itive behavior will ize to a latch if the

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_if2 is sensitive to
both latch_enable and data_in, but the if statement is incomplete. This descriptive style
maps preferentially to a hardware latch, shown in Figure 6-25, rather than a feedback-
mux configuration.

module latch_if2 (output reg [3: 0] data_out, input [3: 0] data_in, input latch_enable);

always @ (latch_enable, data_in)
if (latch_enable) data_out = data_in; // Incompletely specified
endmodule

End of Example 6.19

data_in[3:0) s——)

’}dma,uut[z.o]
latrngb_a —
] T
M—‘
e ] |
-
latmgb_a
it

latch_enable [

FIGURE 6-25 Latches synthesized from latch_if2, a description containing an incompletely specified
tional branch (if) statement.
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The synthesis results in Figures 6-24 and 6-25 illustrate how a slight change in the
behavioral description can influence the structure of the synthesized circuit. The struc-

ture in Figure 6-24 hesized from a )| itional branch with fccdback,
whereas the description in Figure 6-25 i from an i

branch. The circuits are equivalent in simulation, but will have dlﬂ:rem area/specd
trade-offs in An if that is with is eq

to the following conditional assi

assign data_out [3: 0] = latch_enable ? data_in [3: 0] : data_out[3: 0};

This will ize to the same ,and itis used to describe
a latch. Remember, the conditional operator must be completed with two expressions,
one for the true condition, and the other for the false condition.

Example 6.20

An sn54170 register file consists of an array of four 4-bit words. Two address busses,
wr_sel and rd_sel provide addresses for write and read operations. Two enable lines,

wr_enb and rd_enb control p low latches. The level itive behavior in
sn54170 has an i his The ized circuit in Figure 6-26
has an array of latches holding latched_data.

module sn54170 (

output [3: 0] data_out,

input [3: 0] data_in, input [1: 0] wr_sel, rd_sel, input wr_enb, rd_enb
%

reg [3: 0] latched_data;

always @ (wr_enb, wr_sel, data_in) begin

if (Iwr_enb) latched_data[wr_sel] = data_in;

end

assign data_out = (rd_enb) ? 4b1111 : latched_data[rd_sel];
endmodule

End of Example 6.20

case and in an edg itive behavior
synthesize register variables to flip-flops; if the statements are completed with feed-
back, the result is a register whose output is fed back through a mux at its datapath. (If
the cell library has a cell with a gated datapath, the tool will select that part.)

6.4  Synthesis of Three-State Devices and Bus Interfaces

Three-state devices allow buses to be shared among multiple devices. The preferred
style for inferring a three-state bus driver uses a continuous assignment statement that
has one branch set to a three-state logic value (z).
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FIGURE 6-26 Circuit from a Verilog model of the sn54170 register file.
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Example 6.21

The circuit shown in Figure 6-27 is a typical configuration for integrating some core
logic with a three-state unidirectional interface to a bus. Because an expression of the
conditional assignment in Uni_dir_bus assigns 32'bz to data_to_bus, a synthesis tool
will infer a 32-bit wide output with three-state drivers.

module Uni_dir_bus (output [31: 0] data_to_bus, input bus_enabled);
reg [31: 0] ckt_to_bus;
assign data_to_bus = (bus_enabled) ? ckt_to_bus : 32bz;

/I Description of core circuit goes here to 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 (inout) and a pair of continuous
assignments is used to model the inbound and outbound datapaths.

module Bi_dir_bus (inout [31: 0] data_to_from_bus, input send_data, rcv_data);
wire [31; 0] ckt_to_bus;
wire [31: 0] data_from_bus;
assign data_from_bus = (rcv data) ? data_to_from_bus : 32'bz;
assign data_to_from_bus = (send_data) ? ckt_to_bu lata_to_from_bus;
1/ Behavior using data_from_bus and generating ckt_to_bus goes here
endmodule

End of Example 6.22

Uni_dir_bus

Driver_1

Driver 2

FIGURE 6-27 ( ional interface to a bus.
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FIGURE 6-28 ional interface to a bi bus.

6.5  Synthesis of Seq ial Logic with Flip-Flops

Flip-flops are synthesized only from edg itive cyclic fors, but not every register
variable that is assigned value in an edg itive behavior izes to a flip-flop.
‘What determines 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 the
need for a flip-flop? Or when does a register variable that is assigned value within an
itive behavior ize 10 a flip- ﬂop" A flip-flop is synchronized
by a clock signal —how does the hesis tool g signal from
other signals, or must it be identified by a special word, like “clock "?1fa deslgn 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-sensitive, 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 the 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-sensitive cyclic behavior d which of the
edge-sensitive signals are control signals and which is the clock (i.e., the synchronizing
signal). If 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
if statement (e.g., decode the reset condition first). The synchronizing signal is not tested
explicitly in the body of the if statement, but, by default, the last branch must describe
the activity, independently of the actual names given to the signals.
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Synthesis Tip

A variable that is within an edg itive behavior befare it is assigned
value in the behavior will be synthesized as the output of a flip-flop.

Example 6.23

The nonhlockmg asslglmems 1o data_a and data_b in swap_synch describe a synchronous
data The assigning value to data_a and data_b execute
uonblockmg 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
set] and set2 are explicitly decoded first. The last clause of the if statement assigns values
to data_a and data_b. Those (nonblocking) assignments are synchronized to the rising
edge of clk, which is not referenced explicitly in the if statement.

module swap_synch (output reg data_a, data_b, input set1, set2, clk);
alwaya @ (posedge clk) begin
set1) begin data_a <= 1; data_b <=
if (set2) begin data_a <= 0; data_b <=
else begin
data_b <= data_a;
data_a <= data_b;
end
end
endmodule

End of Example 6.23

ser2

ok e——p
lesdpupd

sert = 4»_%» data_b

esdpupds

FIGURE 6-29 Circuit synthesized for swap_synch, with variables referenced
fore being assigned value.

data_a
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Example 6.24

The funttionality of a 4-bit parallel-load data register is described by D_reg4_a. 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_a (output reg [3: 0] Data_out, input [3: 0] Data_in, input clock, reset);
always @ (posedge clock, posedge reset) begin
if (reset 'b1) Data_out <= 4'b0;
else 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 Tip

A variable that is assigned value by a cyclic behavior before it is referenced within
the behavior, but is not outside the ior, will be elimi d by the
synthesis process.

Data_in[3] Data_in[2) Data_in[1] Data_in[0)

clock
reset { it it

Data_out[3) Data_ou[2) Data_our[1) Data_out[0]

FIGURE 6-30_Synthesis circuit for D_reg4_a, a 4-bit parallel-load data register.
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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. It 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 to a hardware OR gate, without a
memory element.

Synthesis Tip

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, clk);
reg D_out;
always @ (posedge clk) begin
D_out <= D_in;

end
endmodule

End of Example 6.25

6.6  Synthesis of Explicit State Machi

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 deslgned by man-
ual methods in Chapter 3, and then their i Itis
recommended, for clarity, that explicit machines be described by lwo 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 for the
encoded state bits and output, and (6) creating the circuit’s implementation (schemauc)
Here we will revisit the code converter and the of an
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 the state codes. A synthesis tool will automatically
reflect the change in the resulting gate-level structure.

Synthesis Tip

Use two cyclic behaviors to describe an explicit state machine: (1) a level-sensitive

behavlor to describe the eombmatlonal logic for the next state and outputs and (2) an
dg itive behavior to the state i

The model, BCD_to_Excess_3b, has two cyclic behaviors.'® 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 nonblocking and that those in the level-sensitive behavior
are blocked assi The Verilog 1 specifies that nonblocking 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 assignments are made) and
then the blocked assignments are executed. After the blocked assngnments are exe-
cuted, the blocking are by to the left-h
side of the statements the values that were determined by the samplmg at the begin-
ning of the time step. This hanism ensures that ing execute
concurrently, independent of their order, and that race conditions cannot propagate

¥t is sometimes convenient to use continuous assignments to describe the output combinational logic.
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through blocked assignments and thereby affect the nonblocking assignments.

Nonblocking assignments describe concurrent synchronous register transfers in
hardware.

Synthesis Tip

Use the blocking procedural assignment operator (=) in the level-sensitive cyclic
i ibing the inati 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; they match
those of the manually designed gate-level model in Figure 3-23. However, note that
BCD_to_Excess_3b does not include a default assignment in its case statement. This
induces latches in the synthesized circuit shown in Figure 6-32(a). On the other hand,
with don’t-care default assignments to next_state and B_out, BCD_to_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 (Figure 3-23) because the testbench exercises the circuit over only
the allowable input sequences. The don’t-care assignments of BCD_to_Excess_3c
give greater flexibility to the synthesis tool than the implied latch structure of
BCD_to_Excess_3b, thus it is advisable to include default assignments in all case

0 2% 580 870 t
Name |, v v v b i by

ak— L LI L L L L rLrriri
reset b ———

B_in

I
saref20 [0 1 S 7 J 6 o X1 X7 e o1

B_out {f Sy [—

FIGURE 6-31 Results obtained from simulation of BCD_to_Excess_3b, a Verilog behavioral
model of a BCD-to-Excess-3 code converter.
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FIGURE 6-33 Post-synthesis simulation of the ASIC circuits synthesized from BCD_to_Excess_3b
and BCD_to_Excess_3c.

statements. Additionally, the latches in BCD_to_Excess_3b waste hardware and sili-
con area.

Synthesis Tip

Use the nonblocking assignment operator ( <= ) in the edge-sensitive cyclic behav-
iors describing the state transitions of a FSM and the register transfers of the data-
path of a sequential machine.

module BCD_to Excass 3b (output reg B_out, input B_in, clk, reset_b);
parameter = 3000, I/ State assignment
3 1 3'b001,
S_2=3b101,

S_5=3b110,

d;nt_care'slahe
dont_care_out =
reg [2:0] state, next_state;

'bx;

always @ (posedge clk, negedge reset_b)

if (reset_b ) state <= S_0; else state <= next_state;
always @ (state, B_in) begin
 out=0; /I Default assignment; assign by exception
case (state)
s.0: if (B_in == 0) begin next_state = S_1; B_out = 1; end
else if (B_in == 1) next_state = S_2;
S_1: if (B_il ) begin next_state = S_3; B_out = 1; end
els (B_in == 1) begin next_state = S_4; end
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S 2. begin next_state = 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 next_state = S_0; B_out = B_in; end
S_6: begin next_state = S_0; B_out = 1; end

I* Omitted for BCD_to_Excess_3b version
Included for BCD_to_Excess_3c version

default: begin next_state = dont_care_state; B_out = dont_care_out; end
Kl

endcase
end
endmodule

Synthesis Tip
Decode all possible states in a level- itive behavior ibing the
next state and output logic of an explicit state machine.

If the states listed as case items in a case statement do not decode all 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 next_state 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., state_reg = start_state) or a variable that evaluates 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 actlvlty of an explicit state machine may con-
tain only one clock t ‘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 reg. Only one such register may be identified for a machine, which implies that
each assignment to the state register must assign value lo the whole register, rather than to
a bit select or a part select. The on 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 converter that converts a non-return-to-zero (NRZ) bit stream into a
Manchester encoded bit stream was designed by manual methods as a Mealy-type
finite 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_Mealy (output reg B_out, input B_in, clock, reset_b);
reg [1: 0] state, next_state;
parameter $_0=2do,
'd1,
'd2, // 2'd3 is unused bit pattern
dont_care_state = 2'bx,
dont_care_out = 1'bx;
always @ (negedge clock, negedge reset_b)
if (reset_b == 0) state <= S_0; else state <= next_state;
always @ (state, B_in ) begi
B_out = 0; // Default assignment
case (state) // Note: State register is partially decoded

s_0: if (B_in == 0) next_state = S_1;
else if (B_in == 1) begin next_state = S_2; B_out = 1; end
S_t: begin next_state = S_0; B_out = 1; end
S.9% begin next_state = S_0; end
default: begin next_state = dont_care_state; B_out = dont_care_out; end
endcase
end
endmodule

The simulation results shown in Figure 6-34 match those shown in Figure 3-30
for the gate level (manual) design of the Mealy-type code converter.'” We note
again that B_in is switching on active edges of clock_I in Figure 6-34, which coin-
cides with alternate active edges of clock_2. For those edges, B_in changes at the
same time as the state. As a general rule, avoid having the inputs to a synchronous
machine change at the same time that its state changes, unless it happens that the
inputs are treated as don’t-cares at those edges, as they are in this example. The
netlist?® and schematic of the circuit synthesized from NRZ_2_Manchester_Mealy
are shown in Figure 6-35.

"Problem 2 at the end of this chapter addresses the postsynthesis verification step in which the functionality
of the synthesized circuit is shown to match that of the behavioral model.

*"The synthesis tool (i.e., Synopsys) generates names of wires and module instances using a more general
naming convention supported by Verilog's escaped identifiers. These identifiers begin with a backslash (1)
and end with white space; any printable ASCII character can be used in an escaped identifier. Here the
instance names of the flip-flops correspond to the bits of the machine’s state.
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FIGURE 6-34 Results obtained from simulation of NRZ_2_Manchester_Mealy, a behavioral model
of a Mealy-type FSM of an NRZ. rial line converter.

module NRZ_2_Manchester_Mealy (B_out, B_in, clock, reset );
input B_in.clo, reset
output B_o
wirs \nent stzte<1>, next s sle(s<0> \state<1>, \state<0>, n80, 81, n82, n83;
buff101 U26 (.A1(n81), .0(n80)
norf201 U27 (A1(n1), B1(n82) O(\next_state<1>));
norf201 U28 (:A1(B_in), .B1(n80), .0(\next_state<0>));
bIf00101 U29 (A1(n83), .B2(\state<1>), .(C2(n82), .O(B_out)):;
nanf251 U30(A1(\s|a(e<1>) B2(ne3), .O(ne)
invf101 U31 (.A1(B_in), .0
invi101 U32(A1(\sta(e<o>), o( 3));
<RT301 st rog<1> ( ( DATM(\next state<1>), .CLK2(clock), .RST3(
reset), .Q(\stat
dfrf301 \state. mg<0> ( DATM(\nex( state<0>), .CLK2(clock), .RST3(
reset), .Q(\state<0>));
endmodule

(@

FIGURE 635 ASIC circuit synthesized from NRZ_2_Manchester_Mealy: (a) netlist (shown with
made by names of formal and actual signals, and (b) schematic.
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6.63 Design Example: Synthesis of a Moore-Type NRZ-to-Manch
Line Code Converter

The explicit FSM describing the Moore-type NRZ-to-Manchester serial line code
converter that was designed in Chapter 3 (see the STG in Figure 3-31) has the
Verilog behavioral description below. The waveforms in Figure 6-36, produced by
simulating NRZ_2_Manchester_Moore, are identical to those of the gate-level
model in Figure 3-35. The circuit synthesized from NRZ_2_Manchester_Moore is
shown in Figure 6-37.!

module NRZ_2_Manchester_Moore (output reg B_out, input B_in, clock, reset_b);
reg [1: 0 state, next_state;
parameter S$_0=2'd0,

s_1=2d1,
S 2=2d2,
S 3=2d3;

always @ (negedge clock, negedge reset b)
if (reset_b == 0) state <= S_0; else state <= next_state;
always @ (state, B_in ) begin
_oul 9 1/ Default assignment
case (state) /I Fully decoded
S_0: begin if (B_in == 0) next_state = S_1; else next_state = S_3; end
S_1: begin next_state = S_2; end
S_2: begin B_out = 1; if (B_in == 0) next_state = S_1; else next_state = S_3; end
S_3: begin B_out = 1; next_state = S_0; end
endcase
end
endmodule

o t
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FIGURE 6-36 Results obtained from simulation of NRZ_2_Manchester_Moore, a Verilog behavioral
model of a Moore-type NRZ- serial line converter.

*'Problem 3 at the end of this chapter addresses the i in which the
of the synthesized circuit is shown to match that of the behavioral model.
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reset_b
B_in
inv_a
clock
FIGURE 6-37 ASIC circuit sy i from NRZ_2_i _Moore.
6.6.4 Design E i hesis of a Seq Recogni

A sequence recognizer asserts an output, D_out, 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 i to describe i The first con-
vention clarifies the semantics of how the machine receives input bits. It states that the
output of a Mealy machine is valid immediately before the active edge of the clock con-
trolling the machine, and successive values are received in successive clock cycles.”?
This has implications for interpreting when the output is valid. The output immediately
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 nonresetting 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
formed from bits that immediately follow the mth bit). For example, overlapping
sequences of 1111, are present in the bit stream 001111110,. A resetting machine that
detects a pattern of length m embedded within a longer pattern must de-assert when the
m + 1st bit arrives, independently of its value. It then begins a new cycle of detecting the
next m bits.

**The data must be stable prior to the active edge of the clock for at least the setup time of any flip-flop dri-
venby D_in
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FIGURE 6-38 Scquence recognizer for detecting three successive 1s: (a) input-output block diagram and
waveforms for Mealy- and Moore-type outputs, (b) ASM chart for a Mealy-type explicit FSM implementation,
and (c) ASM chart 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, that 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 version.

In the Mealy version of the machine, the signal reser places the state of the
machine in S_idle, where it resides until En is asserted.” After En is asserted the
machine makes transitions to its other states, depending solely on D_in. Two successive
samples of 1 will cause a transition to S_2, where D_out is asserted as long as D_in is
held at 1. The structure of the ASM chart specifies that the Mealy machine will remain
in §_2 until a 0 is received (i.c., the machine is nonresetting); similarly, the Moore
machine will remain in §_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_out in the state
reached after the third active edge of the clock (the Mealy machine anticipates D_in
and asserts D_out before the third clock transition).

The Verilog models of the explicit state machines (given below) implement their
output inational logic with a contir i (see Chapter 4).
To illustrate their response to two different formats for a serial line code converter (see
Section 3.7), the testbench 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_NRZ. Note that Mealy_NRZ asserts in S_2 (after two clocks)
while D_in 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 format, 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 clock. The value of Mealy RZ
immediately before the third clock is 1, which is a valid output. The processor that
communicates with this machine would be responsible for interpreting Mealy_RZ
correctly by detecting the value of the output immediately before the active edge of
the clock.

The testbench 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 cannot occur in the physical

2The structure of the ASM chart at S_idle implies that the reset action is synchronous, because reset is tested
at only the active edges of the clock. For simplicity, the ASM chart omits showing that reser will cause a tran-
sition from any state to S_idle.
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FIGURE 6-39 Sequence recognizer: simulation results for behavioral models of Mealy and Moore
machines that detect three successive Is in a serial bit stream encoded in NRZ and RZ formats.

machine, but the state could be assigned x in simulation. The circuits synthesized from
the Mealy and Moore machines are shown in Figure 6-40.
module Seq_Rec_3_1s_Mealy (output D_out, input D_in, En, clk, reset);
parameter

s3
reg [1: 0] state, next_s

always @ (negedge clk)
if (reset 1) state <= S_idle; else state <= next_state;

always @ (state, En, D_in) begin
next_state = S_idle;
case (state)

next_state =S_1;
=0)) next_state = S_(
next_state = S_idle;
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S_0: if(D_in==0)
else if (D_in==1)

next_state =S_0;
next_state =S_1;

else next_state = S_idle;
S_1: i (D_in==0) next_state = S_0;
I next_state = S_2;
next_state = S_idle;
S_2: if(D_in==0) next_state = S, o
else if (D_in==1) next_state =
else next_state = S_i Idla
default: next_state = S_idle;
endcase
end

assign D_out = ((state == S_2) && (D_in == 1)); // Mealy output
endmodule

module Seq_Rec_3_1s_Moore (output D_out, input D_in, En, clk, reset);
parameter idle = 3'

reg [2:0]

always @ (negedge clk)
if (reset == 1) state <= §

always @ (state, En, D_in) begin
case (state)

state, next_state;

S_idle: next_state
next_state
S_0: if (D_in==0) next_state = S_0; else
if(D_in==1) next_state=S_1;
else  next_state =S_idle;
S_1: next_state = S_0; else
next_state = S_2;
next_state = S_idle;
S$.2,8 3 next_state = S_0; else
next_state = S_3;
else  next_state = S_idle;
default: next_state = S_idle;
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endcase
end

assign D_out = (state == S_3); I Moore output
endmodule

module t_Seq_Rec_3_1s ();
reg D_in_NRZ, D_in_RZ, En, clk, reset;
wire Mealy_NRZ;
wire Mealy RZ;
wire Moore_NRZ;
wire Moore_RZ;

Seq_Rec_3_1s_Mealy MO (Mealy_NRZ, D_in_NRZ, En, clk, reset);
Seq_Rec_3_1s_Mealy M1 (Mealy_RZ, D_in_RZ, En, clk, reset);
Seq_Rec_3_1s_Moore M2 (Moore_NRZ, D_in_NRZ, En, clk, reset);
Seq_Rec_3_1s_Moore M3 (Moore_RZ, D_in_RZ, En, clk, reset);

initial #275 $finish;

initial begin #5 reset = 1; #22 resef
initial begin clk = 0; forever #10 clk
Inlllal bagm

end

begin #195 D_in_NRZ = T #60 Din_NRZ = 0; end
join

initial fork
#10D_in_RZ=0;

, #155 D_in_RZ = 1; #165 D_in_RZ = 0;
#195D in_|  RZ= 'bx #250[] |n R 0;

Joi
sndmodule

The data bits of the sequence recognizer in Figure 6-38(a) were used to control
explicit state hines. This led to i ions of Mealy and Moore sequence rec-
ognizers having extra logic that forces the machines to S_idle 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 which the input bits are shifted through a
register, with simple logic detecting whether the contents of the register match the pat-
tern of 1s. The basic cores of two such implicit state machines are shown in Figure 6-41.
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D_out
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FIGURE 6-41 Partial implementations of shift register-based circuits for (a) Mealy and (b) Moore
sequence izers for detecting three successive 1s in a serial bit stream.

Both machines gate the datapath to the shift register, which is a slight difference from the
machines described by Seq_Rec_3_Is_Mealy and Seq_Rec_3_Is_Moore, which ignore
En after their state has moved from S_idle. The Mealy-type machine in Figure 6-41 also
gates D_in with the content of the register, has fewer states, 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. Verilog 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

izer is not ily 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 Seq_Rec_3_- 1s Mealy Shit_Reg (output D_out, input D_in, En, clk, reset);
parameter Empty
reg [1:0] Data;

always @ (negedge clk)
if (reset == 1) Data <= Empty; else if (En == 1) Data <= {D_in, Data[1]};
assign D_out = ((Data == 2'b11) && (D_in == 1)); // Mealy output
endmodule

module Seq_Rec_3_1s_Moore_Shft_Reg (output D_out, input D_in, En, c, reset);
parameter Empty = 2'b00;
reg[2:0] Data;

always @ (negedge clk)
if (reset == 1) Data <= Empty; else if (En == 1) Data <= {D_in, Data[2: 1]}
assign D_out = (Data == 3b111); // Moore output
endmodule

6.7 Registered Logic

Variables whose values are assigned synchronously with a clock signal are said to be
registered. Registered variables are 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 registered, but they cannot glitch with changes at the machine’s input.

Example 6.26

The output of mux_reg in Figure 6-43(a) is synchronized by the rising edge of clock, so
the is tool i the binational logic of a 4-ch: 1 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
formed in the same cycle as the state. The registered Mealy outputs 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. 1o (

selec
output reg [7: 0]y, T
input [7: 0] a, b, c, d, select, clock); 8 S
always @ (posedge clock) s Lo ldatain gl ey
case (select) ey

a;  /non-blocking LA

b . clk

d clock |
& At

3y 3
defaulty <= 8'bx;
endcase (a)
endmodule

FIGURE 6-43 Multiplexer with registered output: (a) structural block diagram
and (b) circuit.

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 state 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 (glnches) of the
output. The output of both ines can be d. Include the foll g code in
Seq_Rec_3_1s_Mealy*:

reg D_out_reg;
always @ (negedge clk)‘
if (reset == 1) D_out_reg <= 0;
else D_out_reg <= ((state == S_2) 8& (next_state == S_2) 8& (D_in==1));

Notice that the clause (stare = = S_2) is included in the logic to prevent a prema-
ture assertion while the state of the machine is S_I (see the ASM chart in Figure 6-38(b)).
Include the following code in Seq_Rec_3_Is_Moore:

reg D_out_reg;
always @ (negedge clk)
if (reset == 1) D_out_reg <= 0; else D_out_reg <= (next_state == S_3);

“The port declarations of each machine must be modified to include the registered output.
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The waveforms shown in Figure 6-45 show both registered and unregistered outputs
for NRZ and RZ formatted serial inputs to the machine. Note that the unregistered
output of the Mealy machine changes with the input, but the registered output does
not, and that the value of the registered Mealy output corresponds to the value implied
by the input and next state at the active (falling) edge of the clock. The unregistered
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FIGURE 6-44 Registered outputs in (a) a Mealy machine, and (b) a Moore machine,
(¢) Mealy machine registred on the next-state function, and (d) Moore machine registered

on the next-state function.




Synthesis of Combinational and Sequential Logic

0 100 200

Name P e
7% o I N
reset [
Eng 1

D_in_NRZ ERE R

state[1:0] | x o 2| 3 ) 50 5 ) BN
Mealy_NRZ [ e | 1
Mealy_NRZ_registered

state[20) [ x Y0\ 23 ) 4 Jr 2 3 Y 0
— 1

Moore_NRZ [FFE3

Moore_NRZ_registered [ 1

D_in_RZ 7]

stare[10] [ x Y o Y 2| D B9 2 ) 0 | 0

Mealy_RZ
Mealy_RZ_registered [T | —
state[20] [ x Y oY 2 3 4 Ntz 3 i) 0
Moore_RZ {ZT71 1
Moore_RZ_registered [F75 1

FIGURE 645 Simulations resuns showing registered and unregistered outputs of Mealy and Moore
sequer that detect three successive 1s.

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_1, 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 NRZI .1, 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 NRZI .., (denoted by the dots). The waveforms

00 n
. (@'@ ) o
10
(a)
0 60
Name 00yl s teaaat
reser_b Ul |
clock 1 A?Fi__\njll_l_l /R Ny N N oy B
clock 2 | L L)
state[1:0] [[oX_ 1 2 1 2
Valid Mealy outputs
Blin
B_out
B_out_reg

(®)

FIGURE 6-46 Line converter for generating a NRZI waveform: (a) state transition graph
and (b) simulation results.
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do not match because B_out in Figure 6-46(b) exhibits glitches produced by
changes in the value of B_in. The Verilog model includes an additional output,
B_out_reg, which is obtained by registering B_out at the rising edges of clock_1.
The waveform of B_out_reg matches that shown in Figure 3-24, but with a latency.
In a given state-time of the waveform, the output value is obtained from samples of

the state and input immediately before the clock (i.e., the previous state and input
as in Figure 6-44 (a)).

module NRZI_Mealy (output reg B_out, B_out_reg,
input B_in, clock_1, clock_2, reset_b);
reg [1: 0] state, next_state;
parameter

_2=2,
dont_care_state =S _0,
dont_care_out = 0;

always @ (posedge clock_1 or negedge reset_b)
if (reset_b == 0) state <= S_0; else state <= next_state;

always @ (posedge clock_1) B_out_reg <= B_out; // Registered output
always @ (state or B_in ) begin

B_out=0;
case (state)
s_0: if (B_in == 0) begin next_state = S_1; B_out = 0; end
else begin next_state =S_2; B_out = 1, end
s_1: if (B_in == 0) begin next_state = S_1; B_out = 0; end
else begin next_state = S_2; B_o
s 2 if (B_in == 1) begin next_state = S_1; B_out = 0; end
else begin next_state = S_2; B_out = 1; end
default: begin next_state = dont_care_state; B_out = dont_care_out; end
endcase
end
endmodule

module t_NRZI_Mealy ();
wire B_out, B_out_reg;
reg B_in, clock_1, clock_2, reset_b;
parameter half_cycle_1 = 10, half_cycle_2 =5;
parameter cycle_1 = 2*half_cycle_1;

NRZI_Mealy MO (B_out, B_out_reg, B_in, clock_1, clock_2, reset_b);
initial #500 $finish;

initial begin clock_1 = 0; forever #half_cycle_1 clock_1 = Iclock_1; end
initial begin clock_2 = 0; forever #half_cycle_2 clock_:

initial begin #1 reset_b = 1; #1 reset_b = 0; #1 reset b =
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initial begin
B_in=0;
#(cycle_1)B_in
#3*cycle_1) B_i
#(2*cycle_1)B_i
#(cycle_1) B_in

endmodule

End of Example 6.28

6.8 State Encoding

The design of a sequential machine uses a set of flip-flops to represent the states of the
machine and assigns a unique binary code to each state. State encoding determines the
number of flip-flops that are required to hold the state, and influences the complexity
of the combinational logic used to realize the next state and output of a synthesized
state machine. The task of assigning a code to the states 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, it is not feasible to enumerate the possi-
ble state 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.

ere 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 for 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 sufficient to represent
the number of states as a binary number (e.g., a machine with eight states would
require at least three flip-flops, and the state could be represented as a binary number).
Other encodings are possible. The designer can choose the state assignment or let the
synthesis 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 tool and companion optimizer. Table 6-1 lists several common state-
assignment codes.

If the designer assigns the state code, the synthesis tool will treat the state
machine like it treats random logic, and make no attempt to find an optimal assign-
ment. A state machine with N states will require at least log, N flip-flops to store the
encoded representation of the state, but it could have more. For example, a machine
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TABLE 6-1 Commonly used statc-assignment codes.

# Binary One-Hot Gray Johnson
0 0000 0000000000000001 0000 00000000
1 0001 0000000000000010 0001 00000001
2 0010 0000000000000100 0011 00000011
3 0011 0000000000001000 0010 00000111
4% 0100 0000000000010000 0110 00001111
e ) 0101 0000000000100000 o111 00011111
6 0110 0000000001000000 0101 00111111
7 o1t 0000000010000000 0100 01111111
“8 1000 0000000100000000 1100 1111111
- 1001 0000001000000000 1101 11111110
10 1010 0000010000000000 1 11111100
11 1011 0000100000000000 110 11111000
2 1100 0001000000000000 1010 11110000
s < I U} 0010000000000000 1011 11100000
14 1110 0100000000000000 1001 11000000
15 1 1000 10000000

with 64 states will require at least 8 flip-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 does 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
has more than 16 states, a binary code will result in a relatively large amount of next-
state logic; the machine’s speed will also be slower than alternative encodings. A Gray
code uses the same number of bits as a binary code, but has the feature that two adja-
cent codes differ by only one bit, which can reduce the electrical noise in a circuit. A
Johnson code has the same 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 states, when state changes occur in the operation of the actual hardware.
The problem of intermediate transitions 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 intermediate state is present 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 state encoding uses more flip-flops than 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 more 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 faster, 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 state does 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. The
STG is sufficient.

One-hot encadmg used with a case statement might not produce the same results
as one-hot with an if A case all of
the bits in the case expression, so a one-hot encoding with an 1fstalemem that 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 have a fixed amount of flip-flop and combinational logic
resources. Saving them does not necessarily provide a benefit. In the Xilinx architec-
ture discussed i m Chapter 8, a configurable logic block (CLB) uses lookup tables to

ional logic. An application 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.?*
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 the possibilities of a
code, then additional logic will be required to detect and recover from transitions into
unused states. Such transitions should not occur, but noise could cause the state to
change to an unexpected value. It is essential that the 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 Machi
Registers, and C s

An implicit state machine has one or more clock i (i.e., edg iti

event-control expressions in a behavior. The synchronous behavior of an explncn FSM
can contain only one such evem cunlrol expresslon but an implicit FSM can contain
multiple edg i in the same behavior. The clock
edges of an lmp].lclt FSM defme the boundanes of the machine’s state transitions (i.e.,
the machine is in a fixed state between clock transitions). It is essential, for synthesis,

25This 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 (afways...) behavior. Implicit FSMs may contain multiple
clock-synchronized event-control expressions within the same behavior, and are consid-
ered to be a more general style of design than explicit FSMs. These machines have a major
limitation—each state may be entered from only one other state, because states are deter-
mined by the evolution of the behavior from clock cycle to clock cycle, and a clock cycle
can be entered only from the immediately preceding clock cycle. Thus, the ASM charts of
the sequence recognizers in Figure 6-38 cannot be implemented as implicit state machines,
but the counters and registers described in Chapter 5 can all 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 with an
identical activity flow in every cycle is a one-cycle implicit state machine, and its activity can
be described by one state, S_running. The simplest example of such a machine is a D-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 from the behav-
ioral description, if necessary.
Synthesis tools infer the existence of an |mphcn mulu -cycle FSM when a cyclic
(always) behavior has more than one t trol
. The multiple event-control expressions within an implicit FSM separate the
acuvny of the behavior into distinct clock cycles of the machine. For example, the
behavior below has register assignments to reg_a and reg_c 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 are embedded within the behavior are not accompanied by the always
keyword, which declares a behavior and cannot be nested. The role of these 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) // Synchronized event before first assignment

begin
reg_a <= reg_b; Il Executes in first clock cycle
reg_c <=reg_d; 1l Executes in first clock cycle.
@ (posedge clk) 1 Begins second clock cycle.
begin
reg_g <=reg_f; 1 Executes in second clock cycle.
reg_m <= reg_r; Il Executes in second clock cycle.
end
end
The states of an implicit FSM are not a priori. Each edg itive 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 determine 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 event-control expression is also an
implicit state machine. At each significant c]ock event, the machme executes reglsler
operations, but does not make explicit state tools easily h

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
ripple_counter uses four behaviors to model the rippling effect, with successive stages
of the counter triggered by the output of their immediately previous stage. The tog-
gling action is controlled 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 c0, c/, and ¢2 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 are shown in Figures 6-47 and 6-48, respectively.

module ripple_counter (output reg [3: 0] count, input toggle, clock, reset);

wire c0, c1, c2;
assign c0 = count{O];
assign c1 = count[1];

assign c2 = count[2];

always @ ( posedge reset, posedge clock)
'b1) count[0] <= 10; else
1'b1) count[0] <= ~count{O];

always @ ( posedge reset, negedge c0)
if (reset 'b1) count[1] <= 1'b0; else
if (toggle == 1'b1) count[1] <= ~count[1];
always @ ( posedge reset, negedge c1)
if (reset == 1'b1) count[2] <= 1'b0; else
if (toggle == 1'b1) count[2] <= ~count[2};
always @ ( posedge reset, negedge c2)
'b1) count[3] <= 1'b0; else
1'b1) count[3] <= ~count[3];

endmodule
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count[0] count[1] count[2] count[3]

toggle

clock
reset

FIGURE 6-47_Structure of a 4-bit ripple counter.

[3:0]
ount(3] ]
count(2]
count[1]
FIGURE 6-48 ized circuit for a 4-bit ripple counter.

End of Example 6.29

Example 6.30

The ring counter p in 5.40 is a single-cycle implicit state machine. Its
description is grcally impli P to an ive machine based on an elab-

oration of all possible states of an 8-bit register storing an explicit state.

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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register to mean a memory structure formed by a group of D-type flip-flops with a
common clock.2®

Example 6.31

The shift register described by shifter_I below includes combinational logic forming
the register variable new_signal. Since new_signal 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 shifter_1 (output reg sig_d, new_signal, input Data_in, clock, reset);
reg sig_a, sig_b, sig_c;
always @ (posedge reset, posedge clock) begin
== 1'b1) bey

sig_d<=0;
new_signal <= 0;
end
else begin
sig_a <= Data_in;
sig_b <= sig_z

sig_c <=sig_b;
sig_d <= sig_c
new_signal <= (~ sig_a) & sig_b;
end
end
endmodule

End of Example 6.31

Data_in sig_a
b 0

clock
reset it

new_signal

FIGURE 6-49_Generic structure of a shift register with registered combi logic.

% Asynchronous registers using 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 shifter_2 (output reg sig_d, output new_signal, input Data_in, clock, reset);
reg sig_a, sig_b, sig_c;

always @ (posedge reset, posedge clock) begin
if (reset == 1'b1) begin

assign new_signal = (~ sig_a) & sig_b;
endmodule

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 forms a running sum of the samples of an input. Two versions, Add_Accum_1I and
Add_Accum_2 are shown below. Add_Accum_1 forms overflow_I one cycle after storing
the results of an overflow condition, as shown in the simulation results in Figure 6-51(a).

Data_in sig_a sig_b
m m

clock T T

reset
E: new_signal

FIGURE 6-50 A shift register with separate, unregi inational logic.
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Add_Accum_2 forms overflow_2 as an unregistered Mealy output. The machines
synthesize differently, too, as shown in Figure 6-51(b), where overflow_1I is formed in
Add_Accum_l as a registered version of overflow_2, which is formed in Add_Accum_2.
module Add_Accum_1 (
output reg [3: 0] accum, output reg overflow,
input [3: 0] data, input enable, clk, reset_b
always @ (posedge clk, negedge reset_b)
if (reset_b == 0) begin accum <= 0; overflow <= 0; end
else if (enable) {overflow, accum} <= accum + data;
endmodule
module Add_Accum_2 (
output reg [3: 0] accum, output overflow,
input [3: 0] data, input enable, clk, reset_b

)
wire [3: 0] sum;
assign {overflow, sum) = accum + data;

always @ (posedge clk, 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 design 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 state machine that

contains more than one trol Such hines must be disabled by
an external agent. “nle first statement in the behavior that is assocmed with a reset sig-
nal must be a i that i of the behavior if the

reset signal is asserted. Be careful: The disable statement must ensure that the machine
begins executing at the top of the behavior when the reset is de-asserted. 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.?” This can be done with a separate synchronizer.

“FPGAs commonly conserve routing resources by having a global set/reset that is automatically wired to all
of its sequential devices. These signal paths may be slower than routed signals in more advanced technolo-
gies (e.g.,the Xilinx Virtex parts).
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Name
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reset I L
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FIGURE 6-52 Simulation results for Seq_Rec_Moore_imp.

Example 6.34

A Moore-type sequence recognizer that asserts D_out after two successive samples of
D_in are both either 1 or 0 is described by an implicit-state machine, and illustrates the
care that must be taken with reset signals. The Verilog model, Seq_Rec_Moore_imp,
uses a two-stage shift register to 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 set 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 reser, the
description synthesizes to the circuit shown in Figure 6-53. The synthesis tool forms a state

esdpupd_| dffrgpab_a

clock

D_in

T ]

dffrepgb_a

O

D_ow
o
dffrgpab_a

Arinab_
ok

last_bit

multiple_wait_state

FIGURE 6-53_Circuit ized from Seq_Rec_Moore_imp.
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register, multiple_wait_state. The machine flushes last_bit or loads this_bit at the first active
edge of clock, 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 shifted 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 terminated by reser. Signal flag is used in the continuous assignment to
D_out to ensure that the machine will not assert prematurely after a reset condition. The
entire behavior must be encapsulated as the named block wrapper_for_synthesis to
enable the synthesis tool to create an implementation of the circuit.

module Seq_Rec_Moore. \mp (output D_out, input D_in, clock, reset);
reg last_bit, this_bit, flag;
always begin: wrspperfforisynlhesls
@ (posedge clock /* or posedge reset*/) begin: machine
if (reset == 1) begin
last_bit <= 0;

disable machine; end
else begin
I last_bit <= (hls bit;
this_bit <= D_i
forever
@ (posedge clock /* or posedge reset */) begin
if (reset == 1) begin
I last_bit <= 0;
/I this_bit <= 0;
flag <= 0;
disable machine; end
else begin

hisﬁbil:

flag <= 1; end 1 second edge
end
end
end // machine
end // wrapper_for_synthesis

assign D_out = (flag && (this_bi
endmodule

last_bit));

In Figure 6-53 two gated-input flip-flops (dffrgpgb_a) form a pipeline for last_bit
and rhis_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 internal 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 together with the difference of last_bit and this_bit to form out_bit. The
active-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 (dffrmpgb_a) to hold
multiple_wait_state (created by the synthesis tool) indicating whether two samples
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have been received or not. ‘The active-low RB (rc:e!) input of the flip-flop is disabled
(for ), and the active-I L (set) is wired to reset. The D0 and
DI inputs are wired to power and ground, respecuvely, through esdpupd and the
active-low SL input, which is connected to reser. When SL is low (reset is not asserted)
DO is selected, and when SL is high (reset is asserted), D1 is selected.

Now consider the action of reset. While reset is asserted, its inverted value causes
this_bit and last_bit to hold their value (through internal feedback); it also drives the
NAND-gate at the mput to flag to get the value of its external input, which is held to 0.
Thus, the reset ified by the i description are met for this_bit,
last_bit, and flag.

At the first clock after reset is de-asserted, the multiple_wait_state gets 1, setting
up the datapath from this_bit to 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 Seq_Rec_Moore_imp sets
only flag to 0, not this_bit and last_bit. This implies that this_bit and last_bit are to
remain unchanged by reset (i.e., the pipeline is not flushed). If the comments in the
model are 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

dffrmgb_a g,
8
clock
dffrmgl DO /
clk D1 g
Do L RB
n g SL
| D_ou
SL wait_state
ﬁ; last_bit
b1 oled
RB
SL
esdpupd_ dffrmab_a
resel m—uy

Y T —

FIGURE 6-54 Circuit synthesized from Seq_Rec_Moore_imp with comments removed to flush the
pipeline 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 and/or more complicated flip-flop cells.

End of Example 6.34

6.11 Synthesis of Gated Clocks and Clock Enabl

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 transi 1y
gated clocks can add skew to the clock path and cause the clock signal to vlolate a fhp-
flop’s constraint on the minimum width of the clock pulse. The recommended way to
write a Verilog description that synthesizes a gated clock is shown below.

module best_gated_clock (output reg Q, input data, data_gate, clock, reset_);
always @ (posedge clock, negedge reset_)
if (reset_ == 0) Q <= 0; else if (data_gate) Q <= data; I/ Infers storage
endmodule

The description multiplexes the data with the output of a flip-flop. When the sig-
nal data_gate is asserted, the data is presented to the input of the flip-flop. When
data_gate 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
data_gate 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

=
|
|
1

data

1

data_gate »—}

reser_

FIGURE 6-55 Synthesis result for the recommended structure of a gated clock.
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that g_out gets value conditionally, depending on enable. This will synthesize logic to
implement a clock enable.

always @ (posedge clock)
if (enable == 1) q_out <= Data_in;

6.12 Anticipating the Results of Synthesi

Itis to what the is process will produce and then examine
the results against those expectations. There are more details about synthesis than can
be covered here, but this section will cover some of the basic rules that will help the
designer anticipate the results of synthesis and write Verilog descriptions that infer the
desired result [8]. Each vendor’s tool 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'b0110_1110)
to reduce the size of the register required to hold a parameter. Do not use explicit values
of x or zin 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 tool. For example, the Verilog operators +, —, <, >,and =
may be mapped directly to a library element if it is available. Otherwuse, the symhesns
tool will convert the operator into an set of Boolean that will be
optimized. Be aware that the operands of some Verilog operators must be restricted for
successful synthesis. Shift operators (<<, >>) within a behavior are synthesizable, pro-
vided that the shift is by a constant number of bits. The reduction, bitwise, and logical
connective operators (see Appendix D) are each equivalent to operations performed by

a logic gate. Thus, these are into a set of equi Boolean equa-
tions and synthesized into combinational logic. The synthesis engine will optimize these
equations and then map the generic iption into the target library.

The conditional operator (? ... :) synthesizes into library muxes or into gates

that implement the functionality of a mux. The expression to the left of ? is formed as
control logic for the mux. A conditional operator must be complete—an expression
must be given for both the true and false conditions. When an expression has multiple

the i of the ized result will reflect the parsing of the com-
piler (i.e., left-to-right) and the precedence of the operalorsThe designer can influence
the outcome by using hy to form
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Example 6.35

The continuous assignment to suml in operator_group is equivalent to the continuous
assignment to sum2, but sum2 will synthesize to a faster circuit.

module operator_ group (outpu! [4: 0] sum1, sum2, input a, b, c, d);
assign sum1 =a +

assign sum2 =
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-offs in the synthe-
sized result. The logic for sumI has three levels, compared to two for sumz2, so sum2 will
be approximately 30% faster. The longest path forming suml goes through three
adders. If power is a consideration, input d forming sumI could be used for the signal
that changes more frequently. 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 tools perform expression subsmuuon to determine the outcome of a
of (blocking) in a behavior. The designer can often

sum?2

suml

FIGURE 6-56 p resulting from operator grouping.
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6-57 Dataflow structure and synthesized circuit resulting from (a) multiple_reg_assign and
(b) expression_sub.
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write an alternative 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 multiple_reg_assign execute sequentially, with immediate changes to
the target register variables, so data_a + data_b is substituted into the expression for
data_our2 and used in the subsequent assignment to data_outl. Figure 6-57(a) shows the
effective data flow implemented by the functionality. The behavior of expression_sub is
equivalent to the behavior of multiple_reg_assign, but the former style makes the effect
of expression substitution more apparent. Both versions synthesize to the circuit in
Figure 6-57(b). A style is given by expression_sub_nb, which implements
equivalent logic with the nonblocking operator ( <= )

module multiple_reg_assign (
output reg [4: 0] data_out1, data_out2,
input [3: 0] data_a, data_b, data_c, data_d, input sel, clk

always @ (posedge clk) begin
data_out1 = data_a + data_b ;
data_out2 = data_out1 + data_c;

if (sel == 1'b0)
data_out1 = 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, data_d, input sel, clk

always @ (posedge clk) begin
data_out2 = data_a + data_b + data_c;

if (sel == 1'b0) data_out1 = data_a + data_b + data_c + data_d;
else data_out1 = data_a + data_b;
en,
endmodule

module expression_sub_nb (output reg [4: 0] data_out1nb, data_out2nb,
input [3: 0] data_a, data_b, data_c, data_d, input sel, clk

always @ (posedge clk) begin
data_out2nb <= data_a + data_b + data_c;
if (sel == 1'b0) data_outinb <= data_a + data_b + data_c + data_d;
else data_outinb <= data_a + data_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 (i.e., an event-control expression). Figure 6-58 shows possible loop structures. In
principle, static loops can be synthesized using repeat, for, while, and forever loop con-
structs, but a given vendor might choose to confine the descriptive style of a static loop
to a particular construct. The most likely form is that of a for loop. Non-static loops that
do not have internal timing controls are problematic—they cannot be synthesized.

6.13.1 Static Loops without Embedded Timing Controls

If a loop has no internal timing controls and no data dependencies, its computational
activity is implici inati The ism of the loop is artificial —the com-
putations of the loop can be performed without memory instantaneously. The iterative

internal timing
control

Internal timing
control

Internal timing
control

internal timing

Not synthesizable ;

FIGURE 6-58 Possible loop structures that can be formed by procedural statements in a cyclic behavior.
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computational sequence has a non-iterative counterpart that 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. It iterates for a ﬁxed prede!emnned number of steps and terminates.
‘The description izes to the i i 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) b-gm
for (i= i+1)
outfi] = ali] & biil;
en
endmodule

The unrolled loop in Example 6.37 is equivalent to the following assignments:
out[0] = a[0] & b[0];

out[3] = a[3] & 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 are evaluated does not
affect the outcome of the evaluations.

End of Example 6.37

A tool that supports Syn(hesls ofa stauc rcpear loop with no internal timing con-
trols will replace it by eq logic. The behavior of a
for loop with static range is equwalent to a repeat loop with the same range, so some
tools support only the for loop.

a[30]

5[30) our[30)

FIGURE 659 _Synthesis of bitwise-and operations in a static for loop.
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Example 6.38

Consider a sequential machine that receives a word of data in parallel format and then
asserts an output that encodes the number of 1s in the word. The functionality can be
implemented by combinational logic, and, if the hardware is fast enough, can execute
in one 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 data. The order in which the state-
ments in the cyclic behavior execute is important, and the algorithm in the model uses
the blocked assignment operator (=).

Note that bit_count asserts after the loop has executed, within the same clock
cycle in which the loop executes. Simulation results are shown in Figure 6-60(a). Be

N: o €0 180 n t
ame )y b e L iy
reset| L—
e UMM rruunununrrururuuna
data[3:0] 3 X D | b
temp(3:0) | x | 0
count[2:0] [0 4 X 2 XoX 3
bit_count{2:0] | }O 4 X 2 YoX 3
@
esdpupd_|
i
K
Teser prm bit_count[2:0]
ba
data[3:0)
i .
ba
l—— fvq
ba

esdpupd..
(®)

FIGURE 6-60 Results for (a) simulation of count_ones_a, and (b) circuit synthesized from count_ones_a.
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careful in interpreting the results, for the loop executes in one time step of simulation,
virtually C the values of temp, count, and
bit_count are final values that result after any values gencrated in intermediate simula-
tion cycles have been overwritten. This version of the machine synthesizes into clock-
compatible combinational logic (i.e., the outputs are stable within one cycle of the
clock) 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.c., they are not referenced elsewhere). Both variables are elimi-
nated by the synthesis tool. The only synthesized register is bit_count. Signal bit_count
is registered because its value is assigned within an edge-sensitive cyclic behavior;
bit_count is also an output port. The reset action is synchronous, and the reset inputs of
the selected D-type flip-flops are hard wired to 1 to disable them.

module count_ones_a #( parameter data_width = 4, count_width = 3)(
output reg [count_width -1: 0] bit_count,

input [data_width -1: 0] data,
input clk, reset

)
reg  [count_width-1: 0] count, index;
reg [data_width-1: 0] temp;

always @ (posedge clk)
if (reset) begin count = 0; bit_count =
else begin
count = 0;
bit_coun
temp = dat:
for (index = 0; index < data_width; index = index + 1) begin
count = count + temp([0];
temp = temp >> 1;

end
bit_count = count;
end
endmodule
End of Example 6.38

6.13.2 Static Loops with Embedded Timing Controls

If a static loop has an ded edg iti t-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 that of an implicit state machine in which each
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iteration 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 alternative to the static loop without embedded timing controls, we will now
consider three equivalent versions of the machine that counts the 1s in a word of data,
with each machine using a different static loop structure and having embedded timing
controls. Machines count_ones_b0, count_ones_bl, and count_ones_b2 use forever,
while, and for loops, respectively. Each loop structure has an embedded event-control
expression that is synchronized by an external clock signal. The loops execute for a
fixed number of clock cycles, independently of the data. The loops can be unrolled and

by an FSM ial logic) whose state transitions correspond to the
iterations 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 bit_count_0,
bit_count_1, and bit_count_2 are the outputs of the machines count_ones_b0,
count_ones_bl,and count_ones_b2, respectively. Only the styles in count_ones_b0 and
count_ones_bl were supported by the synthesis tool.® Only count_ones_b2 has the

Load temp
with data
0 60 120 180 t
Name) | | L P o S L L
reset] L T~ X 5|
clk]
data[3:0]| o 5\ ) b
bit_count_0[2:0][% o 4 ) 4 o fz2[ 0
bit_count_1[2:0]fX} 0 4 0 4 o X2 [
bit_count_2[2:0]f¥) 0 4 0 4 0 XaX 0

FIGURE 661 Simulation of three versions of count_ones_b showing start-up with reset,
and reset on-the-fly.

*Synopsys Design Compiler™ was used to obtain the synthesized circuits. It is common for EDA tools to
support a restricted descriptive style.
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same replace the procedural
the models (see Problem 45 at the end of this chapter).

module count_ones_b0 #( parameter data_width = 4, count_width = 3)(
output reg [count_width -1: 0] bit_count,

input [data_width -1: 0] data,
input clk, reset
»
reg  [count_width-1: 0] count;
reg [data_width-1: 0] temp;
integer index;
always begin: wrapper_for_synthesis
@ (posedge cik) bey achine
if (reset) begin bit_count = 0; disable machine; end
else
count = 0; bit_count = 0; index = 0; temp = data;
forever @ (posedge clk)

if (reset) begin bit_count = 0; disable machine; end

else if (index < data_width-1) begin
count = count + temp[0];
temp = temp >> 1;
index = index + 1;

end

else begin
bit_count = count + termp0];
disable machine;

end

end // machine
end // wrapper_for_synthesis
endmodule

module count_ones_b1 #( parameter data_width = 4, count_width = 3)(
output reg [count_width-1: 0] bit_count,

[data_width -1: 0] data,
clk, reset
%
reg [count_width-1: 0] count;
reg [data_width-1: 0] temp;
integer index;

always begin: wrapper_for_synthesis
@ (posedge clk) begin: machine
if (reset) begin bit_count = 0; disable machine; end
else begin
count = 0; bit_coun index = 0; temp = data;
while (index < data_width) begin
if (reset) begin bit_count = 0; disable machine; end
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else if ((index < data_width) 8& (temp[0] ))
count = count + 1;
temp = temp >> 1;
index = index +1;
@ (posedge clk);
end
if (reset) begin bit_count = 0; disable machine; end
else bit_count = count;
disable machine;
end
end // machine
end // wrapper_for_synthesis
endmodule

module count_ones_b2 #( parameter data_width = 4, count_width = 3)(
output reg [count_width -1: 0] bit_count,

input [data_width -1: 0] data,

input clk, reset
)

reg [count_width-1: 0] count;

reg [data_width-1: 0] temp;

integer index;

always begin: machine
for (index = 0; index <= data_width; index = index +1) begin
@ (posedge clk)
if (reset) begin bit_count = 0; disable machine; end
else if (index == 0) begin count = 0; bit_count = 0; temp = data; end
else if (index < data_width) begin count = count + temp[0]; temp = temp >> 1; end
else bit_count = count + temp[0];
end
end // machine
endmodule

End of Example 6.39

6.13.3 N ic Loops with Embedded Timing Controls

The number of iterations to be executed by a loop having a data dependency cannot be
determined before simulation. If the loop does not have embedded timing control, the
behavior can be simulated, but it cannot be synthesized. Under the action of a simula-
tor, the behavior is virtually ial and can be simulated, but 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 1s in a word of data is wasted after the last
1 is found. The data-dependent loop in count_ones_c implements a more efficient
machine than count_ones_b. At the first active edge of the clock after reset, the
machine loads data into temp, and counts the number of 1s 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 1s (i.e., until the reduction-or
of temp, | temp, is false). So the data word 0001, will execute in fewer iterations than
1000, because the reduction-or of the word that results from the first right-shift in
count_ones_c is empty of 1s. 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 index 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 1s in a word is but bi
tional logic cannot perform the sequential steps of the loop in one cycle of the clock,
and at the same time terminate the activity if the word becomes empty of 1s. The loop
cannot be unrolled statically because its length is data-dependent.

module count_ones_c #( parameter data_width = 4, count_width = 3)(
output reg [count_width -1:0]  bit_count,

input [data_width -1: 0] data,
input clk, reset

reg [count_width-1:0]  count, index;
reg [data_width-1:0]  temp;

always @ (posedge clk)
if (reset) begin count = 0; bit_count = 0; end
else bcgm
count
temp data
for (index = 0; | temp; index = index + 1) begin
if (temp[0] ) count = count + 1;
temp = temp >> 1;
end
bit_count = count;
end
endmodule

End of Example 6.40
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FIGURE 6-62 Simulation of count_ones_c, which has a data-dependent loop,
and cannot be

6.13.4 Nonstatic Loops with Embedded Timing Controls

A ic loop may i a it ion. The data dep 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
bya izing edg itive event control exp ion in order to be i

Example 6.41

The cyclic behavior in count_ones_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, one more cycle
elapses before bit_count is ready. Simulation results are presented in Figure 6-63.” Note
that when data = 3y = 0011,, the loop terminates after the second cycle.
module count_ones_d #( parameter data_width = 4, count_width = 3)(

output reg [count_width -1: 0] bit_count,

input [data_width -1: 0] data,

input clk, reset

#'See Problem 6.13 for an exercise requiring synthesis of count_ones_d.
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reg [count_width -1: 0] count;
reg [data_width -1: 0] temp;

always begin: wrapper_for_synthesis
@ (posedge clk)
if (reset) begin count = 0; bit_count = 0; end
else begin: bit_counter
count = 0;
temp = data;
while (temp)
@ (posedge clk)
if (reset) begin
count = 2'b0;
disable bit_counter;
end
else begin
count = count + temp(0];
temp = temp >> 1;
end
@ (posedge clk)
if (reset) begin
count = 0;
disable bit_counter;
end
else bit_count = count;
end // bit_counter
end [/l wrapper_for_synthesis

endmodule
0 70 140 20t
Name | |\ v v v v v b e
o UL L Ly
reset [ L 1
data3:0) | i X 3 X B ¥ b
counf2:0] | {0 Y X2X3) 4 Yo)aX 2 Xo)u) 2 XoX 1 ¥ o X1)2
temp[3:0] [_x Y )7 10 X o XXX o XsX2X 1 Xe)Xs)z
bit_count(2:0] | [ 0 X 4 X 2

FIGURE 6-63 Sis of count_ones_d.
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The next version of a machine that counts the 1s in a word of data, count_ones_SD,
adds signals start and done to the port structure, and eliminates the data dependency in
the loop. Asserting start launches counting.*®

module count_ones_SD #(parameter data_width = 4, count_width = 3)(
output reg [count_width-1: 0] bit_count,

output reg done,
input [data_width -1: 0] data,
input start, clk, reset

%
reg [count_width-1: 0]  count, index;
reg [data_width-1:0]  temp;
always @ (posedge clk) begin: bit_counter
if (resel bit_count = 0; done =
else if (start
done = 0;

index < data_width; index = index + 1)
@ (posedge clk)
if (reset == 1'b1) b

egin
count = 0;
bit_count = 0;
done =0;
disable bit_counter; end
else begin

count = count + temp[0];
temp = temp >> 1;
end
@ (posedge clk) // Required for final register transfer
if (reset 'b1) begin count = 0; bit_count = 0; done = 0;
disable bit_counter; end
else begin
bit_count = count;

endmodule
Note in the simulation results in Figure 6-64 that sart 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 re-
initializes the registers and restarts the sequence.

End of Example 6.41

*See Problem 14 at the end of this chapter for an exercise requiring the use of alternative loop structures in
count_ones_SD.
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FIGURE 6-64 _Simulation of count_ones_SD.
6.13.5 State-Machine Repl 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 sequential 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 1s in a word
and terminates activity as soon as possible. The machine remains in its reset state,
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 S_counting at the next active edge of clk. The machine remains in
S_counting while temp contains a 1. Two actions occur concurrently at each subsequent
clock: (1) temp is shifted toward its LSB and (2) temp[0] is added to bit_count. When
temp finally has a 1 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 by the and are d 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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data

Datapath_Unit
[word_size1:0]
1

start =

busy ~<{Control_Uni
done ~<|

bit_count

bit_count <= bit_count + temp[0]
temp <= temp >> 1

FIGURE 6-65 Block diagram and ASMD chart of count_ones_SM.

‘The Verilog sequential machine count_ones_SM 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 1s. The circuit synthesized from count_ones_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 partition
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. This is 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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FIGURE 6-66_Simulation of count_ones_SM ing behavior cquivalent to a nonstatic loop.

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 stant, clk, reset

)
wire load_temp, shift_add, clear;
wire temp_gt 1;

Control_Unit MO (busy, load_temp, shift_add, clear, done, start, temp_gt_1, clk,

reset);
Datapath_Unit M1 (bit_count, temp_gt_1, data, load_temp, shift_add, clear, clk,
et),
endmodule
module Control_Unit (
output reg busy, load_temp, shift_add, clear, done,
input start, temp_gt_1, clk, reset

)
parameter state_size = 2'd2;
parameter S_idle = 2'd0;
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parameter S_countin, 4
paramater S _waiting = 262

reg [state_t s.zeA 0] state, next_state;
always @ (posedge clk) / state transitions
if (reset) state <= S_idle; else state <= next_state;

always @ (state, start, temp_gt_1) begin
load_temp = 0; Il defaults - assign by exception

next_s s(ale S_idle;
case (state)
S_idle: if (start) begin next_state = S_counting; load_temp = 1; end
S_counting: begin busy = 1;
if (temp_gt_1) begin
next_state S couming:
shift_add =

else begin next state S_waiting; shift_add = 1; end
end

S_waiting:  begin
done = 1;

f (start) begin next_state =S_counting; load_temp = 1; clear = 1; end
else next_state = S_waiting;

end

default: begin clear = 1; next_state = S_idle; end
endcase

end

endmodule

module Datapath_Unit #(parameter word_size = 4, counter_size = 3)(
output reg [counter_size -1: 0] bit_count,
output temp_gt_1,
input [word_size -1: 0] data,
input load_temp, shift_add, clear clk, reset);
reg [word_size-1: 0] temp;
assign temp_gt_1 = (temp > 1);
wire  temp_0 = temp|0);
always @ (posedge clk) // register transfers for datapath logic
if (reset) begin temp <= 0; end
else begin
if (load_temp) temp <= data;
if (shift_add) begin temp <= temp >>1; end
end

always @ (posedge clk) // counter of ones
if (reset == 1'b1 || clear == 1'b1) bit_count <= 0,
else bit_count <= bit_count + temp_0;
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 value 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 variable in a level-
sensitive behavior is assigned value in some, but not all, of the paths of the activity
flow through the behavior.

Example 6.43

Our final example of a machine that counts the 1s in a word of data is described by an
implicit state machine. Its behavior (see Figure 6-68) is equivalent to that of a nonsta-
tic loop, but it is synthesizable (see Problem 42 at the end of this chapter).

module count_ones_IMP #(parameter counter_size = 3, word_size = 3)(
output reg [counter_size -1: 0] bit_count, output reg start, done,
input [word_size -1: 0] data, input data_ready, clk, reset

)3
parameter state_size = 2;
reg [state_size-1: 0] state, next_state;
reg [word_size-1: 0] temp;
always @ (posedge clk)

if (reset) begin temp<= 0; bit_count <= 0; done <= 0; start <= 0; end
else if (data_ready && data && !temp) begin
temp <= data; bit_count <= 0; done <= 0; start <= 1; end

else if (data_ready 8& (Idata) && done) begin bit_count <= 0; done <= 1; end

else if (temp == 1

begin bit_count <= bit_count + temp[0]; temp <= temp >> 1; done <= 1; end

else if (temp && !done)

begin start <= 0; temp <= temp >> 1; bit_count <= bit_count + temp[0]; end
endmodule

End of Example 6.43

6.14 Design Traps to 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-
thesis behavior. Never assign value to the same variable in multiple behaviors.
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FIGURE 6-68 Simulation results for count_ones_IMP. an implicit state machine having behavior
equivalent to a nonstatic loop.

6.15 Divide and C : Partitioning a Design

e |

Very large-scale integrated (VLSI) 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 ity than basic inati logic gates and are
modeled behaviorally.

Partitioning is not done randomly. Skill and experience play a 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
result, shorten the optimization cycle, and simplify the synthesis process.

In 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 verified
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 related logic should be grouped within a partition, so that the syn-
thesis tool will be able to exploit opportunities for sharing 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 use 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 influ-
ence of extraneous logic. Logic in different clock domains (e.g., with interacting state

i should be 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 efficiently. Otherwise, splitting registers and logic
across boundaries of the partition might lead to extra/duplicate control logic. Place the
combinational logic driving the datapath of a register 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 either of them.

Module boundaries are preserved in synthesis (i.e., the contents of the modules
are ) so inational 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 registers (see Chapter 11) in a design that is to be synthesized. Add them
to the design after synthesis.
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. 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.

Synthesize NRZ_2_Manchester_Mealy (sce Section 6.6.2) and verify that the
post-synthesis simulation results match those shown in Figure 634 for the
behavioral model. Note the time delays that result from the physical cells.
Synthesize NRZ_2_Manchester_Moore (sce Section 6.6.3) and verify that the
post-synthesis simulation results match those shown in Figure 637 for the
behavioral model. Note the time delays that result from the physical cells.

The sequence recognizers described by the ASM charts in Figure 6-38 are
nonresetting—they assert after three successive 1s are received and continue to
assert until a 0 is detected. Develop ASM charts for resetring Mealy and Moore
machines that will detect three successive 1 in a serial bit stream, 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 cach machine. Synthesize the machines and verify that the functionality of
each synthesized machine matches that of its behavioral model.

Develop ASM charts for resetting Mealy and Moore machines that will detect
the pattern 10101010, 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 functionality of
each synthesized machine matches that of its behavioral models.

Develop ASM charts for nonresetting Mealy and Moore machines that will
detect the pattern 0010, in a serial bit stream, with the LSB arriving first. Syn-
thesize the machines and verify that the functionality of each synthesized
machine matches that of its behavioral model.

Develop ASM charts for nonresetting Mealy and Moore machines that will
detect the patterns 0111, or 1000, 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.

Develop an ASM chart for a i ial machine that the
majority function. The machine is to assert D_out if the serial input, D_in, contains
two or more Is in the last 3 bits. Synthesize the machines 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 (clk, Pulse_Width, Latency, Offset);
input Pulse_Width, Latency, Offset;
output clk;
reg clk, Pulse_Width, Latency, Offset;
parameter Pulse_Width = 5;
parameter Latency = 5;
parameter Offset =

parameter a_cycle = Pulse_Width;
/lparameter max_time=1000;
initial
ck=0;
always begin
#a_cycle clk = ~clk;
end
Iinitial
Il #max_time $finish;
endmodule

10. 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

integer k;

always @ x_in begin
y=0;
i (x_in[0] == 1)y = 1;
else if (x_in[1] == 1)

endmodule

11. The machine Seq_Rec_3_Is_Mealy in Example 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_Rec_3_Is_Moore in Section 6.6.4 partially decodes the possible
state codes and assigns next_state = S_idle by default. Synthesize an alternative
‘machine using the default assignment next_state = 3'bx. Compare the result to
the original machine and determine whether assigning next_state = 3'bx actually
reduced the logic that was synthesized.

13. Synthesize count_ones_b0, count_ones_bl and count_ones_d (sce Examples
6.39 and 6.41) and compare the results.
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20.
21.

. Use (a) while, and (b), ps to developi ions of count_ones_SD

(see Example 6.41). Will either of these synthesize?

. Develop, verify, and synthesize count_ones_max_string, a sequential machine

whose output is the length of the largest string of consccutive 1s in 32 bits of ser-
ial data. Action is to begin when Start is asserted; Done 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 1s exceeds the size of the sub-word of
remaining bits. The machine is to be partitioned into a datapath and a controller.
Provide an ASMD chart and simulation results (pre- and post-synthesis).
Develop, verify, and synthesize count_gray_bin, a 4-bit counter that can count
in Gray or in binary code, depending on an input mode.

. Design and synthesize a sequential machine whose inputs are clk and reser, and

whose outputs are clk_by_4 and clk_by_8, (i.c.,clock divider outputs that divide
clk by 4 and 8, respectively).

Determine whether a synthesis tool detects and removes equivalent states from
the sequential machine described by the STG in Figure P6-18.

. Synthesize pipe_2stage, described by the ASMD chart in Example 5.39. Verify

that the synthesized circuit has the correct behavior.

Synthesize a circuit that will detect an illegal BCD-encoded word.

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 [7]. Figure P6-21(a)
shows a configuration in which analog signals are sampled at a rate of 8000
samples per second, with each sample represented as an 8-bit word. To achieve
a substantial savings in copper wire and other circuitry, thirty-two 64-kbps
voice channels are multiplexed onto a serial channel having a bandwidth of
2.048 Mbps. Each bit of a sample has a time of 488 ns, the period of the signal
clock_488ns, and the words of the sampled signals are interleaved in a 32-byte
frame, with each frame having a length of 125 us, as shown in Figure P6-21(b).
A frame is synchronized by a pulse of frame_synch, which occurs in the bit time
immediately before the first byte slot of the frame. At the receiving end of the
serial line an 8-bit shift register receives the digitally encoded bits of Serial_in
sequentially, beginning with the LSB and ending with the MSB. Then the byte is
loaded into a holding register that drives a demultiplexer In the “double-
buffered” scheme shown in Figure P6-21(a) the output of the demultiplexer has
a latency of 9 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
frame synchronizer is 125 us and the total bit time of 32 bytes is 124.92 us,
there is a gap of 72 s between the end of the last byte and the end of the frame.
The action of frame_synch is to keep the machine synchronized to the time

Digital_Switch

frame_synch —
reset —

clock_488ns
8000 samples /s @8 bits
I ecach el

loa e
Channel_0(t) a0/ 1
ol !
: ) 5 Serial 2_Parallel
L4 b serial_in
Channel 31(1) | d_in3l | 2 T
=—> AD —>|
8
Paralel_ 2048
— Mbps
Ch_0() d_ou) ¥ p:
DIA |e—t—r—]
8
.
. Switch_Demux
# /
load_par_out
Ch31() d_our3l Ly
D/A
8
(a)
> | 488ns - Sclock ticks per byte _,”JJ ns
SRR JULULLAT
bytesiot3l | bytesloto | . [ byesiors |eee

32 byte slots per Sample Frame
frame_synch [7] M
e — 125 s

(b)

FIGURE P6-21 Digital switch for a telephone system: (a) block diagram for signal interleaving and
(b) ized frame format.
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reference of the inbound data, and to eliminate the effect of the gap. With
synchronization, the last cycle of clock_488ns is elongated by 72 ns. The registers
in the machine have active-high asynchronous reset. Each frame of data trans-
mission is to be launched by the negative edge of frame_synch. Note: the action
of reset will reset the registers of the machine, but will not synchronize the activ-
ity of the machine because frame_synch 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 A/D converters are 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 ts outputs will be registered. Carefully document your work.

a Verilog of the 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(0,2,5,7,8,10, 13,15)

. Develop a i model that i the i ity described by

Divide_by_11 (see Problem 4.18). Synthesize the circuit and compare the result
to the circuit synthesized from the structural model shown in Figure P4-18.
Under what conditions will a synthesis tool create combinational logic?
Under what conditions will a synthesis tool create a circuit that implements a
transparent latch?
Under what conditions will a synthesis tool create an edge-triggered sequential
circuit?
Discuss how to describe a synchronous reset condition using Verilog.
Synthesize and verify a cell-based implementation of the circuit described by
compare_4_32_CA (see Problem 12in Chapter 5).

and verify a cell-b: of the circuit described by
compare_4_32_ALGO (see Problem 13 in Chapter 5).
Synthesize and verify a cell-based implementation of the ring counter
described in Problem 24a in Chapter 5.
Synthesize and verify a cell-based implementation of the ring counter
descnbed in Problem 24b in Chapler 5.

and verify a cell-b ion of the machine
described in Problem 26 in Chapter 5.
Synthesize and verify a cell-based implementation of the 8-bit ALU described
in Problem 27 of Chapter 5.

and verify a cell-based i of the ial machine
described in Problem 28 in Chnptcr -
ize and verify a cell-b: ion of the ial machine

" described by the ASMD chart in Figure 5.24.

. Synthesize and verify a cell-based implementation of the keypad scanner

described in Problem 32 in Chapter 5.

. Synthesize and verify a cell-based implementation of the programmable pat-

tern generator described in Problem 34 in Chapter 5.
ize and verify a cell-based i ion of Hamming_Encoder_MD3,
described in Problem 35 in Chapter 5.
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39.

41

42.

S

43.

and verify a cell-based i of the izer circuit
described in Problem 36 in Chapter 5.
ize and verify a cell-based i ion of the latch

described in Problem 37 in Chapter 5.
Develop, verify, and synthesize Binary_Counter_Imp, an implicit-state machine
implementing a 4-bit counter by executing a register transfer operation
(count <= count + 1) conditionally in every clock cycle, depending on an
input signal enable.
Synthesize count_ones_IMP_gates and verify that the functionality of the syn-
thesized circuit matches that of the behavioral model, count_ones_IMP, given
in Example 6.42.
A token ring local area network (LAN) consists of a set 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 also transmits packets from the host machine
to a target machine. The protocol for the network specifies how the start of a
packet will be recognized, and how the source and destination addresses are
encoded. The adaptor must recognize the start sequence, decode the address,
and acknowledge that it is the recipient.

The protocol for the token ring shown in Figure P6-43 marks the start of
a packet by two successive 0s. Suppose a LAN adapter is hardwired to recog-
nize either the address 100, or 010,. The adapter is to assert a Moore-type out-
put, P_IN, if a packet arrives and decodes to the adaptor’s addresses. Develop

Workstation Workstation

FIGURE P6-43
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an ASM chart for the packet detection and address decoding circuit, write and
verify a Verilog model of the machine, and synthesize the machine. Note
whether the synthesis process has detected and/or removed any equivalent
states. Explore alternative state assignments.

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 of fixed
stator coils form electromagnets located symmetrically about the perimeter of
the motor assembly. A permanently magnetized rotor*! is free to rotate on a
central axis under the influence of the magnetic fields that are created when
the coils are energized. The angular position of the rotor is controlled by
sequentially energizing the coils to create a rotating magnetic field that exerts
force on the poles of the rotor magnets. The stator coils can be energized
sequentially to make the rotor move to a desired angular position or to rotate
continuously at a selected speed. The angular acceleration of the rotor can be
controlled by varying the spacing between the pulses that energize the coils.
The motor in Figure P6-44 has only four stator coils, so the rotor can be held
stable in any of cight different positions (states), with an angular resolution of
45 degrecs, (the motor steps in increments of 45 degrees). Increasing the num-
ber of coils increases the resolution of the position of the rotor.*2 The coils are
energized individually, to hold the rotor at the position of the energized stator,
or in an adjacent/pairwise fashion, to orient the stator at an angle midway
between two adjacent stators. For example, if coils C0 and CI are both ener-
gized, the rotor will move from the position of C0 to the position P1. Succes-
sively energizing (1) C0, (2) C0 and CI, (3) CI, (4) CI and C2. and (5) C2 will
rotate the rotor clockwise to the position of C2. The speed at which the motor
rotates is determined by the time interval between the inputs. Design and syn-
thesize a Moore-type state machine to control the direction, speed, and angu-
lar acceleration of the motor’s rotor, with inputs that program the machine to
(1) advance by a specified 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.

3 Another class of stepper motors has a variable reluctance.
“Commercial motors have angular resolution ranging from 0.72 to 90 degrees.
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FIGURE P6-44_Rotor and stator of a four-pole stepper motor.

45. The scheme shown in Figure 6-44 (c) generates registered Mealy outputs by
forming them from the next_state rather than from the state of the machine.
Modify the Verilog Model in Example 6.28 by replacing its level-sensitive cyclic
behavior with two level-sensitive cyclic behaviors. One is to form next_state
from state and B_in; the other is to form B_out from next_state and B_in. Ver-
ify that 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 that caused the transition to the present state.

46. Explain the of replacing p i by
assignments in Example 6.39 and Example 6.41.




curnrr  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 are shaped by the requirements of high-throughput
data computation and ransport, as in and signal 1]
C ly. are ly 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 i the ion of i ions that perform
operations on the datapath. Datapath units are characterized by Tepetitive operations
on different sets of data, as in signal ing, image p imedi;

an
Architectures that are dominated by control units will generally have a significant
amount of random (irregular) logic, together with some regular structures, like multi-
plexers for steering signals and comparators.

7.1 Partitioned Sequential Machi

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 opemuons that must
be performed by the datapath unit in a particular appli the
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Datapaths

External
control

inputs
Finite-state machine

Clock '—j

FIGURE 7-1_State-machine controller for a datapath.

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 icati of i (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, i and ize the ions 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 clock’ synchronizes 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 (FSMD), a combined control-dataflow graph, which expresses datapath operations

"More complex machines may have multiple clocks that synchronize particular activities of the machine.
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Application

Architecture Instruction set

Control
sequence

Control unit FSM

FIGURE 7-2 Application-driven architecture, instruction set, and control sequence for
a datapath controller.

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 E ple: Binary C

Consider a synchronous 4-bit binary counter that is to be incremented by a count of 1
at each active edge of the clock, and whose count is to wrap around to 0 when the
count reaches 1111,. As a first view of the machine, we could describe the counter by
an implicit state machine, Binary_Counter_Imp, executing a register transfer opera-
tion (count <= count + 1) conditionally, in every clock cycle, depending on enable,
and then synthesize a hardware realization directly.” 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 i of the i of the d h unit consist of (1) a
4-bit register to hold count, (2) a mux that steers either count or the sum of count and
0001, 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 rsz overrides all activity
and drives count to a value of 0000,. The input rst must be de-asserted and enable must
be asserted for the machine to begin counting and to continue counting. The control

2See Example 5.41.
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Binary_Counter_Arch

Datapath_Unit_Arch

enable »—— Control_Unit

count

FIGURE 73 fora 4-bit binary counter.

unit for this simple machine passes enable directly to the datapath unit as the signal
enable_DP. The signals clk and rst are shown in Figure 7-3 to accommodate a con-
troller for a more general specification of a counter.’

Next, consider a third alternative in which the counter itself is an explicit-state
machine, Binary_Counter_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 7-4, with
count entered as the state label within each node. (The reset-directed arcs are not shown,
nor are the arcs that return to the current state if enable is not asserted.) The STG can be
used to develop an explicit state machine with two cyclic behaviors, one defining the next-
state/output combinational logic and the other <ynchromzmg the state transitions. Note
that this approach to the design of the can become i because the
size of the graph increases with the width of the datapath. It is often true that the number
of states of the datapath 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 controller 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 overall

‘See Problem 7-4 at the end of the chapter.
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FIGURE 7-4 Simplified STG for a 4-bit binary counter.

machine is partitioned into a datapath unit and a control unit. In this exnmple the implicit
state machine has the simplest iption; it datapath in terms of
and supp explicit structural detail of the datapath, leaving
it to the synlhesls 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 states, because the state of the machine was the state of the register holding count.
This appmach is unattractive because even a slmple resizing of the datapath requires
the The relative of the Verilog models and !he synthe-

sized are trade-offs between the equi but
Yet another view of the binary counter is based on the counter’s computational
activity. The machine is described by mixing the ASM chart with datapath operations, as
shown in Figure 7-5. Binary_Counter_ASM has one state, S_running.’ At every clock,
enable is tested and a uansmon is made back to S_running; if zmzble is asserted, a condi-
tional register that i the counter is ly with the
state transition. The ASM chart describes the activity of more complex counters and
other single-cycle machines that have a different relationship governing the register
operations. For example, the function next_count could describe a Johnson counter.®
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 (1) the control signals
that cause the datapath ions are not explicitly i i and (2) the practice can

“See Problems 10 and 11 at the end of this chapter.
*This machine is actually the same as Binary_Counter_Imp mentioned above.
“See Problem 17 in Chapter 5.
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FIGURE 7-5 ASM chart for a 4-bit binary counter.

rst

count <= next_count

T (enaple0P)

FIGURE 7-6 ASMD chart for a datapath unit, a synchronous 4-bit binary counter,
controlled by a state machine.

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

hi and is easily i in Verilog. Figure 7-6 shows an ASMD chart for
Binary_Counter_Part_RTL,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 cansnsls of
only the pass-through logic. (In general, a isting of only
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.c., assertion of the Mealy output signal
enable_DP controls the operation count <= next_count. The operation executes at the
clock edges that cause the state transition of the machine.
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Example 7.1

The Verilog description Binary_Counter_Part_RTL has two nested modules:
Control_Unit and Datapath_Unit. The datapath has been described with flexibil
to implement codes for other counters, independently of the control unit.” The sim-
ulation results in Figure 7-7 show that counting begins at the first rising edge of clk
after enable is asserted, that counting continues while enable is asserted, and that
enable_DP replicates enable. The machine also recovers from a reset on-the-fly
condition.

module Binary_Counter_Part | RTL #(parameter size =4) (

output [size -1: 0] cou
input enable.
input clk, rst
lere enable_DP;

Control_Unit MO_Controller (enable_DP, enable, clk, rst);
Datapath_Unit M1_Datapath (count, enable_DP, clk, rst);
endmodule
module Control_Unit (output enable_DP, input enable, clk, rst); // clk, reset not needed
assign enable_DP = enable;
endmodule

0 70
Name) v uu e b bl

clk
1

st
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FIGURE 7-7 Simulation results for Binary_Counter_RTL.,a synchronous 4-bit binary
counter controlled by a state machine.

"We illustrate here the use of descriptive module instance names (MO_Controller, M1_Datapath) for the con-
troller and the datapath. These names will appear explicitly in the design hierarchy displayed by a simulation
or synthesis tool, making it easier to locate signals. However, for our simpler examples, we will use simpler
names (e.g., MO and M1).
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module Datapath_Unit #(parameter size = 4)(
output reg [size-1: 0] col

input enable,
input clk, rst
%
alwayl @ (po“dge clk)
if (rst == 1) cou
else if (enable 1)coum <= next_count(count);
function [size-1: 0] next_count;
input [size-1: 0] count;
begin
next_count = count + 1;
end
endfunction
endmodule

Next, we will redesign the counter to form Binary_Counter_Part_RTL_by_3,which
increments its count every third clock cycle. Only the 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_Unit_by_3 (output reg enable_DP, input enable, clk, rst);
always begin: Cycle_by_3
@ (posedge clk) enable_DP <= 0;
if ((rst == 1) || (enable I= 1)) disable Cycle_by_3; else
@ (posedge clk)
if ((rst == 1) || (enable I= 1)) disable Cycle_by_3; else
@ (posedge clk)
if ((rst == 1) || (enable I= 1)) disable Cycle_by_3;
else enable_DP <= 1;
end // Cycle_by_3
endmodule

End of Example 7.1

The Verilog module Binary_Counter_Part_RTL_by_3, 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. The
synthesis results in Figure 7-9 confirm this use of resources for the control unit. However,
the post-synthesis behavior of Binary_Counter_Part_RTL_by_3 is problematic.®

#See Problem 10 at the end of this chapter.




Design and Synthesis of Datapath Controllers

Three edges of clk Four edges of clk
—]

etk FUUUUUU UL Ui Ui iU Ui unrUUur iU Y|

enable — L
emable pP— L MM m | rure o Lrir

counif3:0] [0 Y1 X[ 2 (3 X4 X5 XX o X X2z 00000 5 &

FIGURE7-8 Simulation results for Binary_Counter_Part_RTL _by_3 with a control unit
to increment the datapath counter every third cycle.
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FIGURE 7-9 Circuit synthesized for Control_Unit_by_3, the control unit of
Binary_Counter_Part_RTL_by_3, a 4-bit binary counter partitioned into a control unit
and a datapath unit, with the counter every third clock cycle.

7.3 Design and Synthesis of a RISC
Stored-Program Machine

RISCs are designed to have a small set of instructions that execute in shon clock
cycles, with a small number of cycles per i ion. RISC ines are ized to
achieve efficient pipelining of their instruction streams [2]. In this secnon we will model
a simple RISC machine. Our panion Web site (ww?

includes the machine’s source code and an assembler that can be used to develop pro-
grams for student projects. The 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 that has sufficient perfor-
mance (speed) must be synthesized to implement the machine. Hardware description
languages (HDLs) play a 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 RISC is shown in Figure 7-10.
RISC_SPM is a stored-program RISC-architecture machine [3, 4] —its instructions are
contained in a program stored in memory.

RISC_SPM
Controller Processor
Load_RO RO = 1 PC
Load_R1 = 7

Load_R2 ™
Load_R3 R

Load_PC
Inc_PC
instruction [«1—{ 4

Sel_Bus_1_Mux
Load_IR Bus_1

Load_Add_Reg
Load_Reg Y

Load_Reg_Z

zero
Sel_Bus_2_Mux

write

FIGURE 7-10 h of RISC_SPM, an RISC stored-program machine (SPM).
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‘The machine consists of three i units: a unit), a con-
troller (control unit), and memory. Program instructions and data are stored in memory. In
program-directed operation, instructions are fetched synchronously from memory,
decoded, and executed to (1) operate on data within the arithmetic and logic unit (ALU),
(2) change the contents of storage registers, (3) change the contents of the program counter
(PC), instruction register (/R), and the address register (ADD_R), (4) change the contents
of memory, (5) retrieve 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; the program counter contains the address of the next instruction to
be executed; and the address register holds the address of the memory location that will be
addressed next by a read or write operation.

7.3.1 RISC SPM: Processor

The processor includes registers, datapaths, control signals, and an ALU capable of
performing arithmetic and logic operations on its operands, subject to the opcode held
in the instruction register. A multiplexer, Mux_1I, determines the source of data that is
bound for Bus_I, and a second mux, Mux_2, determines the source of data bound for
Bus_2.The input datapaths to Mux_1 are from four internal general-purpose registers
(RO, R1, R2, R3), and from the PC.The contents of Bus_I can be steered to the ALU, to
memory, or to Bus_2 (via Mux_2). The input datapaths to Mux_2 are from the ALU,
Mux_1, and the memory unit. Thus, an instruction can be fetched from memory, placed
on Bus_2, and loaded into the instruction register. A word of data can be fetched from
memory and steered to a general-purpose register or to the operand register (Reg_Y)
prior to an operation of the ALU. The result of an ALU operation can be placed on
Bus_2, loaded into a register, and subsequently transferred to memory. A dedicated
register (Reg_Z) holds a flag indicating that the result of an ALU operation is 0.”

7.3.2 RISC SPM: ALU

For the purposes of this example, the ALU has two operand datapaths, data_I and
data_2, and its instruction set is limited to the following instructions:

Instruction Action
ADD /Adds the datapaths to form data_I + data_2
SUB Subtracts the datapaths to form data_I — data_2
AND ‘Takes the bitwise-and of the datapaths, data_l & data_2
NOT Takes the bitwise Boolean complement of data_I

7.3.3 RISC SPM: Controller

The timing of all activity in the machine is determined by the controller. The controller
must steer data to the proper inati ding to the i ion being

Thus, the design of the is strongly dent on the ification of the

“This can be used to 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 instruction to be executed and determines the value of the control
signals. The controller’s input signals are the instruction word and the zero flag from

the ALU. The signals produced by the are identified as follows:
Control Signal Action
Load_Add_Reg Loads the address register
Load _PC Loads Bus_2 to the program counter
Load_IR Loads Bus_2 to the instruction register
Inc_PC Increments the program counter
Sel_Bus_I_Mux Selects among the Program_Counter, R0, R1, R2,and R3 to drive Bus_I
Sel_Bus_2_Mux Selects among Alu_out, Bus_I, and memory to drive Bus_2
Load_R0 Loads general-purpose register R0
Load_RI Loads general-purpose register RI
Load_R2 Loads general-purpose register R2
Load_R3 Loads general-purpose register R3
Load_Reg_Y Loads Bus_2 to the register Reg_Y
Load Reg_Z Stores output of ALU in register Reg_Z
write Loads Bus_! into the SRAM memory at the location specified by the

address register

The control unit (1) determines when to load registers, (2) selects the path of data
through the multiplexers, (3) determines when data should be written to memory, and
(4) controls the three-state busses in the architecture.

7.3.4 RISC 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 depends on the ’s instruction set (i.e., the instructions
that can be executed by a program). A machine language program consists of a stored
sequence of 8-bit words (bytes). The format of an instruction of RISC_SPM can be long
or short, depending on the operation.

Short instructions have the format shown in Figure 7-11(a). Each short instruction
requires 1 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 first 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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FIGURE 7-11_Instruction format of () a short instruction and (b) a long instruction.

‘The instruction mnemonics and their actions are listed below.
Single-Byte Instruction Action
NoP No operation s performed; all registers retain their values. The

addresses of the source and destination register are don't-cares,
they have no effect.

ADD Adds the contents of the source and desti ters and
stores the result into the destination register.
AND Forms the bitwise-and of the contents of the source and destina-
tion registers and stores the result into the destination register.
NOT Forms the bitwise complement of the content of the source regis-
ter and stores the result into the destination register.
SUB Subtracts the content of the source register from the destination
register and stores the result into the destination register.
Two-Byte Instruction Action
RD Fetches a memory word from the location specified by the sec-

ond byte and loads the result into the destination register. The
source register bits are don't-cares (i.c., unused),

WR Writes the contents of the source register to the word in memor
specified by the address held in the second byte. The destination
register bits are don’t-cares (i.c., unused).

BR Branches the activity flow by loading the program counter with
the word at the location (address) specified by the second byte of
the instruction. The source and destination bits are don't-cares
(i.e., unused).

BRZ Branches the activity flow by loading the program counter with
the word at the location (address) specified by the second byte of
the instruction f the zero flag register is asserted.

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 mslrucuon that will be fetched. Under the
action of the clock, for single-cy the i ion at the address in the
program counter is loaded into lhc instruction register and the program counter is
incremented. An instruction decoder determines the resulting action on the datapaths
and the ALU. A long instruction is held in 2 bytes and an additional clock cycle is
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TABLE 7-1 Instruction set for the RISC_SPM machine.

Instruction Word
Instr Action
opcode ste dest

NOP 0000 27 ” none

ADD 0001 st dest dest <= src + dest
SUB 0010 src dest dest <= dest — sre
AND 0011 stc dest dest <= src & dest
NOT 0100 st dest dest <= ~src

RD" 0101 ” dest | dest <= memory [Add_R]
WR' 0110 sre ” memory[Add_R] <= src
BR" ol 7 ” PC <= memory[Add_R]
BRZ' 1000 7 7 PC <= memory [Add_R]
HALT 1111 7 ” Halts execution until reset

['Requires a second word of data; ? denotes a don't-care.

required to execute the instruction. In the second cycle of execution, the second byte is
fetched 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.

7.3.5 RISC SPM: Controller Design

The machine’s controller will be designed as an FSM. Its states must be specificd,
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, RISC_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: fetch, decode, and execute. Fetching
retrieves an instruction frcm memory, decoding decodes the instruction, manipulates
p and loads reg the results of the instruction. The
fetch phase will require two clock cycles—one to load the address register and one to
retrieve the addressed word from memory. The decode phase is accomplished in one
cycle. The execution phase may require zero, one, 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 ADD, 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 with the
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second byte and one to retrieve the word from the memory location 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_idle State entered after reset is asserted. No action.

S_fetl 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.

S_fet2 Load the instruction 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 fetch.

S_dec Decode the instruction register and assert signals to control data-
paths and register transfers.

S_ex] Execute the ALU operation for a single-byte instruction, condition-
ally assert the zero flag, and load the destination register.

S_rdl Load the address register with the second byte of a RD instruction,
and increment the PC.

S_rd2 Load the destination register with the memory word addressed by
the byte loaded in S_rdI.

S_wrl Load the 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_bri.

S_halt Default state to trap failure to decode a valid instruction.

The partitioned ASM chart for the controller of RISC_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 Verilog description of the entire machine, for the given architectural parti-
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 RISC_SPM integrates the modules of the architec-
ture of Figure 7-10 and will be presented first. Three modules are instantiated:
Processing_Unit, Control_Unit, and Memory_Unit, with instance names M0_Processor,
MI_Controller,and M2_Mem, respectively. The parameters declared at this level of the
hierarchy size the datapaths between the three structural/functional units.
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Instruction Fetch |
|
S_fetl/Sel_PC S_fet2/Sel_Mem, 1
Sel_Bus 1, Load_IR, i
| Load_AddR | |, Inc_PC I
|

Instruction Decode Execute

Sel_R2
Load_R2

Sel_R:
Sel_Bus_1

@

FIGURE 7-12 ASM charts for the controller of a processor that implements the RISC_SPM
instruction set: (a) NOP, ADD, SUB, AND, (b) RD, () WR, (d) NOT, and (¢) BR, BRZ.
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FIGURE 7-12 Continued
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FIGURE 7-12 Continued




Design and Synthesis of Datapath Controllers 365

module RISC_SPM #(parameter word_size = 8, Sel1_size = 3, Sel2_size = 2)(
input clk, rst
)
/I Data Nets
wire [Sel1_size -1: 0] Sel_Bus_1_Mux;
wire [Sel2_size -1: 0] Sel_Bus_2_Mu;
wire zero;
wire [word_size -1: 0] instruction, address, Bus_1, mem_word;
/I Control Nets
wire Load_RO, Load_R1, Load_R2, Load_R3, Load_PC, Inc_PC; Load IR,
Load_Add_R, Load_Reg_Y, Load_Reg_Z, write;

)_Unit MO_| i lion, address, Bus_1, zero, mem_word,
Load_RO, Load_R1, Load_R2, Load_R3, Load_PC, Inc_PC, Sel_Bus_1_Mux,
Sel_Bus_2_Mux, Load_IR, Load_Add_R, Load_Reg_Y, Load_Reg_Z, clk, rst);

Control_Unit M1_Controller (Sel_Bus_2_Mux, Sel_Bus_1_Mux, Load_RO0,
Load_R1, Load_R2, Load_R3, Load_PC, Inc_PC, Load_IR, Load_Add_R,
Load_Reg_Y, Load_Reg_Z, write, instruction, zero, clk, 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

and datapath ions that are rep by the i units shown in
Figure 7-10.The processor instantiates several other modules, which must be declared too.

module Processing_Unit #(parameter
word_size = 8, op_size = 4, Sel1_size = 3, Sel2_size = 2)(
output [word_size -1: 0]  instruction, address, Bus_1

output Zflag,
input [word_size -1: 0] mem_word,
input Load_RO, Load_R1, Load_R2, Load_R3, Load_PC,
Inc_PC,
input [Sel1_size Sel_Bus_1_Mux,
input [Sel2_size -1: Sel_Bus_2_Mux,
input Load_IR, Load_Add_R, Load_Reg_Y, Load_Reg_Z,
input clk, rst
%
wire [word_size -1: 0] Bus_2;

wire [word_size -1: 0] RO_c oul R1_out, R2_out, R3_out;
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wire [word_size -1: 0] PC_count, Y_value, alu_out;
wire alu_zero_flag;
wire [op_size -1: 0] opcode = instruction [word_size-1: word_size-op_size];
Register_Unit RO (RO_out, Bus_2, Load_RO, clk, rst);
Register_Unit R1 (R1_out, Bus_2, Load_R1, clk, rst);
Register_Unit R2 (R2_out, Bus_2, Load_R2, clk, rst);
Register_Unit R3 (R3_out, Bus_2, Load_R3, clk, rst);
Register_Unit Reg_Y (Y_value, Bus_2, Load_Reg_Y, clk, rst);
)_flop Reg Z (Zflag, alu_zero_flag, Load_Reg_Z,
clk, rst);
Address_Register Add_R (address, Bus_2, Load_Add_R, clk, rst);
Instruction_Register IR (instruction, Bus_2, Load_IR, clk, rst);
Program_Counter PC (PC_count, Bus_2, Load_PC, Inc_PC,
clk, rst);
Multiplexer_Sch Mux_1 (Bus_1, RO_out, R1_out, R2_out,

R3_out, PC_count,
Sel_Bus_1_Mux);

Multiplexer_3ch Mux_2 (Bus_2, alu_out, Bus_1, mem_word,
Sel_Bus_2_Mux);
Alu_RISC ALU (alu_out, alu_zero_fiag, Y_value, Bus_1,
opcode);
endmodule

module Register_Unit #(parameter word_size = 8) (

output reg [word_size-1: 0] data_out,

input [word_size -1: 0] data_in,

input load, clk, rst
)

always @ (posedge clk, negedge rst)

if (rst == 1'b0) data_out <= 0; else if (load) data_out <= data_in;

endmodule

module D_flop (output reg data_out, input data_in, load, clk, rst);
always @ (posedge clk, negedge rst)
if (rst == 1'b0) data_out <= 0; else if (load == 1'b1) data_out <= data
endmodule

module Address_Register #(parameter word_size = 8)(
[word_size -1: 0] data_out,
[word_size -1: 0] data_in,

load, clk, rst

)

always @ (posedge i, negedge rst)

if (rst == 1'b0) data_out <= 0; else if (load == 1'b1) data_out <= data_in;
endmodule

module Instruction_Register #(parameter word_size = 8)(
outputreg [word_size -1: ta_out,

input [word_size -1: 0] data_in,

input load, clk, rst




Design and Synthesis of Datapath Controllers 367

%

always @ (posedge clk, negedge rst)

if (rst == 1'b0) data_out <= 0; else if (load
endmodule

1'b1) data_out <= data_in;

module Program_Counter #(parameter word_size = 8)(
outputreg [word_size -1: 0] count,

input {word_size -1: 0] data_in,
input Load_PC, Inc_PC,
input clk, rst

%

always @ (posedge clk, negedge rst)
if (rst == 1'b0) count

'b1) count <= data_in;
1'b1) count <= count +1;

endmodule

module Multiplexer_5ch #(parameter word_size = 8)(
output [word_size - mux_out,
input [word_size -’ data_a, data_b, data_c, data_d, data_e,
input [2:0] sel

assign mux_out = (sel == 0)

?data_e : 'bx;
endmodule

module Multiplexer_3ch #(parameler word_size = 8)(

output . Cout,
input {word_size -1: 0] data_a, data_b, data_c,
input [1:0] sel

assign mux_out = (sel == 0) ? data_a: (sel == 1) ? data_b : (sel
endmodule

2)? data_c: 'bx;

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.

/*ALU Instruction Action

ADD Adds the datapaths to form data_1 + data_2.

suB Subtracts the datapaths to form data_1 - data_2.

AND Takes the bitwise-and of the datapaths, data_1 & data_2.
NOT Takes the bitwise Boolean complement of data_1.

/I Note: the carries are ignored in this model.
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module Alu_RISC #(parameter word_size = 8,0p_size = 4,

" Opcodes
= 4'b0000,

ADD 4'b0001,

sus 4'b0010,

AND  =4'b0011,
NOT  =4'00100,

RD =4'b0101,
WR =4'b0110,
BR =4'b0111,

BRZ  =4'D1000

(
output reg [word_size-1: 0] alu_out,

output alu_zero_flag,
input  [word_size -1: 0] data_1, data_2,
input  [op_size -1: 0] sel

assign alu_zero_flag = ~Jalu_out;
always@ (sel,data_1,data_2)

case (sel)
NOP: alu_out = 0;
ADD: alu_out = dala 1+ data_2; //Reg_Y + Bus_1
SUB: alu_out = data_2 - data_1;
AND: alu_out = data_1 & data_2;
NOT: alu_out = ~ data_2; Il Gets data from Bus_1
default: alu_out =0;
endcase
endmodule

The control unit is rather large, but its design has a simple form, and its develop-
ment follows directly from the ASM charts in Figure 7-12. First, declarations are made
for the ports and variables needed to support ths description. Then the dalapath mulll-
plexers are described with nested i using the
operator. Two cyclic behaviors are used: a level-sensitive behavior describes the comhl-
national logic of the outputs and the next state, and an edge-sensitive behavior
synchronizes the clock transitions.

module Control_Unit #(parameter
, op_size = 4, state_size = 4,
, dest_size = 2, Sel1_size = 3, Sel2_size = 2)(
output [Selz size -1: 0] Sel_Bus_2_Mux,
output [Sel1_size-1: 0] Sel_Bus_1_Mux,
output reg Load_RO, Load_R1, Load_R2, Load_R3,Load_PC, Inc_PC,
Load_IR, Load_Add_R, Load_Reg_Y, Load_Reg_Z, write,
input [word_size -1: 0] instruction,
input zero,clk, rst
)
/I State Codes
parameter S_idle = 0, S_fet1 =1, S_fet2 =2, S_dec =3,
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9,5_br2 =10, S_halt = 11;
/I Opcodes

parameter NOP = 0 ADD=1,SUB=2,AND =3, NOT=4RD=5 WR =6,
BR=7,BRZ=

/I Source and Destlnallen Codes
parameter RO=0,R1=1,R2=2,R3=3;
reg [state_size-1: 0] state, next_state;
reg Sel_ALU, Sel_Bus_1, Sel_Mem;
reg Sel_RO, Sel_R1, Sel_R2, Sel_R3, Sel_PC;
reg err_flag;
wire [op_size -1: 0] opcode = instruction [word_size-1: word_size - op_size];
wire [src_size -1: 0] src = instruction [src_size + dest_size -1: dest_size];
wire [dest_size -1: 0] dest = instruction [dest_size -1: 0);
11 Mux selectors
assign Sel_Bus_1_Mux[Sel1_size -1: 0] = Sel_R0 ? 0:

Sel PC? 4 3'bx; // 3-bits, sized number

assign Sel_Bus_2_Mux(Sel2_size-1: 0] = Sel_ALU ? 0:
Sel_Bus_171:
Sel_Mem ? 2: 2'bx;
always @ (posedge clk, negedge rst) begin: State_transitions
if (rst == 0) state <= S_idle; else state <= next_state; end
/* always @ (state, instruction, zero) begin: Output_and_next_state
Note: The above sensitivity list leads to incorrect 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 opcode had before the state change, which results in Sel_PC = 0in
state 3, which will cause a return to state 1 at the next clock. Finally, opcode is changed,
but this does not trigger a re-evaluation because it is not in the event control expression.
So, the caution is to be sure to use opcode in the sensitivity list. That way, the final exe-
cution of the behavior uses the value of opcode that results from the state change, and
leads to the correct value of Sel_PC.

*

alw-yl@(state opcnde src, desl zero) begin: Output_and_next-state
Sel |_R2 =

/l Used for de-bug in simulation
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next_state = state;

case (state) S_idle: next_state = S_fet1;
S_fet1: n

next_state = S_fet2;

Sel_PC

S_fet2:

S_dec: case (opcode)

NOP: next_state = S_fet1;

ADD, SUB, AND: begin
next_state = S_ex1;
Sel Bus_1=1;
Load_Reg Y =1;
case (src)

RO: Sel_R0O=1;

R3: Sel_R3=1;
default err_flag=1;
endcase
end // ADD, SUB, AND
NOT: begin
next_state = S_fet1;
Load_Reg_Z = 1;
Sel_ALU=1;
case (src)
RO:
R

R3:
default
endcase
case (dest)
RO: Load_RO
R1: Load_R
R2: Load_R
R3: Load_R:
default err_flag=1;
endcase
end// NOT
RD: begin
next_state = S_rd1;
Sel_PC =1; Sel_Bus_1=1;Load_Add_R=1;
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S_ex1:

S_rdt:

S_wrl:

end//RD
WR: begin

next_state = S_wr1;

Sel_PC =1;Sel_Bus_1=1;Load_Add_R=1;
end / WR
BR: begin

next_state = S_br1;

Sel_PC = 1; Sel_Bus_1=1;Load_Add_R=1;
end //BR
BRZ: if (zero == 1) begin

next_state =S_br1;

Sel_PC = 1; Sel_Bus_1 = 1; Load_Add_R = 1;
end // BRZ
else begin

next_state = S_fet1;

Inc_PC

d
default: next_state = S_halt;
endcase // (opcode)

gin

next_state = S fel1

begin
next_state = S_rd2;
Sel_Me

begin
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R3: Load_R3
default err_flag = 1;
endcase
end
S_wr2: begin
next_state = S_fet1;
write = 1;
case (src)
RO: Sel_R0 =
R1: Sel_R1
R2: Sel_R2
R3: Sel_R3
default err_flag
endcase
en
S_brt: begin next_state = S_br2; Sel_Mem = 1;
Load_Add_R = 1; end
S br2: begin next_state = S_fet1; Sel_Mem = 1;
Load_PC = 1; end
S_halt: next_state = S_halt;
default: next_state = S_idle;
endcase
end
endmodule

For simplicity, the memory unit of the machine is modeled as an array of D-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 -1: 0] data_in,
input [word_size -1: 0] address,
input clk, write

%
reg [word_size -1: 0] memory [memory_size-1: 0];
assign data_out = memory[address];
always @ (posedge clk)
if (write) memory[address] <= data_in;
endmodule

7.3.6 RISC SPM: Program Execution

A testbench for verifying that RISC_SPM executes a stored program'"is given in page 374.
test_RISC_SPM defines probes to display individual words in memory, uses a one-shot
(initial) behavior to flush memory, and loads a small program and data into separate

19An assembler for the machine is located at the website for this book, and can be used to generate programs
for use in embedded applications of the processor.
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FIGURE 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 halt when the loop index is 0.
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)();
reg rst;
wire clk;
reg [8: 0] k;

Clock_Unit M1 (ck);
RISC_SPM M2 (clk, rst);

1/ define probes
wire [word_size-1: 0]  word0, word1, word2, word3, word4, wordS, word6,
word7, word8, word9, word10, word11, word12, word13,
word14,word128, word129, word130, word131, word132,
word133, word134, word135, word136, word137, word255,
word138, word139, word140;

assign  word0 = M2.M2_MEM.memory[0],
M2.M2_MEM.memory[1],
M2.M2_MEM.memory[2],
word3 = M2.M2_MEM.memory[3],

word4 = M2.M2_MEM.memory{4],
word! M2.M2_MEM.memory[5],
wordi M2.M2_MEM.memory[6],
word7 = M2.M2_MEM.memory[7],
word8 = M2.M2_MEM.memory[8],
word9 = M2.M2_MEM.memory[9],
word10 = M2.M2_MEM.memory[10],
word11 = M2.M2_MEM.memory[11],

word129 = M2.M2_MEM.memory[129],
word130 = M2.M2_MEM.memory[130],
word131 = M2.M2_MEM.memory[131],
word132 = M2.M2_MEM.memory[132],
word133 = M2.M2_MEM.memory[133],
word134 = M2.M2_MEM.memory[134],
word135 = M2.M2_MEM.memory[135],
word136 = M2.M2_MEM.memory[136],
word137 = M2.M2_MEM.memory[137],
‘word138 = M2.M2_MEM.memory[138],
word140 = M2.M2_MEM.memory[140],
word255 = M2.M2_MEM.memory[255];

initial #2800 $finish;

Il Flush Memory
initial begin: Flush_Memory
#2 rst = 0; for (k=0; k<=255; k=k+1) M2.M2_MEM.memory[k] = 0; #10 rst = 1;
end
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initial begin: Load_program
#5

8'b0000_00_00;

M2.M2_MEM.memory[0] = )_00_00;
sno1o1 —00_10;

M2.M2_MEM.memory[1] =
M2.M2_MEM.memory[2] =
M2.M2_MEM.memory|3] =
M2.M2_MEM.memory[4] =
M2.M2_MEM.memory(5] =

Bb0101 _00_11;

a-bmm_oo_m ;

I/ opcode_src_dest
/I NOP

/I Read 130 to R2
// Read 131 to R3
Il Read 128 to R1
/I Read 129 to RO

I/ Sub R1-RO to R1

M2.| MZ MEM.memory[10] = 8'b1000_00_00; /I BRZ
M2.M2_MEM.memory[11] = 134; II Holds address for BRZ
M2.M2_MEM.memory[12] = 8'b0001_10_11; /I Add R2+R3 to R3
M2.M2_MEM.memory[13] = 860111_00_11;  /BR
M2.M2_MEM.memory[14] = 140;
1/ Load data
M2M2_MEM.memory[128] =
M2.M2_MEM.memory[129]
M2.M2_MEM.memory[130] =
/I HALT
M2 M2 MEM.memory[140] = Il Recycle
end
endmodule

module Clock_Unit (output reg clock);
parameter delay = 0;
parameter half_cycle = 10;
initial begin #delay clock =
endmodule

forever #half_cycle clock = ~clock; end

7.4 Design Example: UART

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.!! 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

i with a ivi [2, 5]. The host machine stores information in
a parallel word format, but transmns and receives data in a serial, single-bit, format.

!See, for example, reference material at National Semiconductor (www.national.com), or Google SerDes.
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Serial data
Host channel Host
processor | Modem Modem | processor
#1 #
i
FIGURE 7-14 ication over a serial channel.

A modem is also called a universal asynchronous receiver and transmitter (UART),
indicating that the device has the capability to both receive and transmit serial data,
and that the sending and iving units are not i to each other. This
design example will address the basic modeling and is of a UART’s i
and receiver.

For this discussion, a UART exchanges text 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 for error detection.
For transmission, the modem wraps this 8-bit sub-word with a start-bit in the least sig-
nificant bit (LSB), and a stop-bit in the most significant bit (MSB), resulting in the
10-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
one clock.

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 format 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 the clock of the trans-
mitting machine.

The simplifi i of a UART in Figure 7-16 shows 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.

Data
bit 6

Data
bit 5

Data | Data
bit4 | bit3

Data
bit2

Data
bit 1

Data
bit0

Start
bit

Parity
bit

Stop
it

FIGURE 7-15 Data format for ASCII text by a UART.




Design and Synthesis of Datapath Controllers 377

UART_RCVR

RCV._shfireg

Serial_in

4 g
read_not_ready_in =— s
read_not_ready_out »—t S
Errorl »—
Error2 »—|
Sample_clk (To/from
host

Sys_Clock

rst_b

BC_lt_BCmax ___ bit_count

T
iy - i _
Load_XMT. datareg w—>| . Lransmitter: [Figpig o2
control unit Start

T_by

Load_XMT_shftreg

Load_XMT_DR
e XMT_shftreg

1

XMT._datareg

UART_XMTR

FIGURE 7-16 Block diagram of a UART (transmitter 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_not_ready_out), and two error sig-
nals. The architecture of the transmitter consists of a control unit, a data register
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Data_Bus
UART_XMTR 8
BC_lt_BCmax
Load_XMT_DR
Load_XMT._datareg »—>| Load XMT. shfireg,
Byte_ready =>| Control_unit -2 Datapath_unit
T_byte »—>{ shift
clear
IR )
Clock
a1 ]

Serial_out

FIGURE 7-17_Interface signals for the logic of a state machine controller for a UART

(XMT_datareg), a data shift register (XMT_shftreg), and a status register (bit_count),
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_XMT_datareg could be passed directly to
the datapath unit; instead, we pass Load_XMT _datareg to the control unit and assert
Load_XMT_DR conditionally when the state is idle and the external signal
Load_XMT _datareg is asserted. The status signal, BC_It_BCmax, is asserted while bits
are being sent, i.e., if Bit_count < word_size _1.

Load_XMT_datareg
Byte_ready
T_byte

BC_It_BCmax

assertion in state idle asserts Load XMT_DR, which
loads the content of the Data_Bus into XMT_data_reg
assertion causes Load_XMT shftreg to assert, which
loads the contents of XMT_datareg into XMT _shftreg
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 forms the following output signals that control the

datapath of the transmitter:

Load_XMT_DR
Load_XMT _shftreg

start
shift

clear

assertion loads Data_Bus into XMT_datareg
assertion loads the contents of XM T _data_reg into
XMT_shftreg

signals the start of transmission by dropping

XMT _shftreg[0] to 0

directs XMT _shfireg to shift by one bt towards the
LSB and to backfill with a stop bit (1).

clears bit_count
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The ASMD 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 rst_b is asserted, the machine enters idle, bit_count is
flushed, and XM T _shfireg is loaded with 1s. In idle, if an active edge of Clock occurs
while Load XMT_data_reg is asserted by the external host, the output signal
Load_XMT_DR will load XMT_data_reg with the contents of Data_Bus. The machine
remains in idle until start is asserted to drop XMT_shftreg[0].

‘When Byte_ready is asserted (with rst_b and Load_XMT_datareg de-asserted),
Load_XMT _shftreg is asserted and next_state is driven to waiting. The assertion of

bit_count <=0
XMT shfireg <= 9'h1ff

XMT_shfireg [0] <=0

bit_count <=0

Celear XMT shftreg <= {1'b1, XMT_shftreg [8: 1]}
£

Note: Only the branch corresponding to a true decision s annotated at a decision diamond;
signals that are de-asserted are not shown explicitly de-asserted. Conditional assertions are
indicated by the name of the asserted signal.

Note: BC_It_BCmax asserts if Bit_count < word_size +1

FIGURE 7-18 ASMD chart for the state machine controller of the UART
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Load_XMT _shftreg indicates that XMT_datareg now contains data that can be
transferred to the internal shift register. At the next active edge of Clock, with
Load_XMT _shftreg asserted, three activities occur: (1) state transfers from idle to
waiting, (2) the contents of XMT _datareg are loaded into the leftmost bits of
XMT _shftreg, a (word_size + 1)-bit shift register whose LSB signals the start and
stop of transmission, and (3) the LSB of XMT_shftreg is reloaded with 1, 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 to 0 to signal the start of transmission. At the same time,
shift is driven to 1, and next_state retains the state code corresponding to sending. At
subsequent active edges of Clock, with shift asserted, state remains in sending and the
contents of XMT _shftreg are shifted toward the LSB, which drives the external serial
channel. As the data shifts occur, 1s are back-filled in XMT _shftreg, and bit_count is
incremented. With state in sending, shift asserts while bit_count is less than 9, i.e.. while
BC_lt_BCmax is asserted. The machine increments bit_count after each movement of
data, and when bit_count reaches 9 (BC_It_BCmax is 0) clear asserts, indicating that all
of the bits of the augmented word have been shifted to the 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 datapath. The activity of Load_XMT_DR (conditioned on
the primary input Load_XMT _datareg). the other primary inputs (Byte_ready, and
T_byte), and the other signals from the controller (Load_XMT_shftreg, start, shift,
clear) are shown in Figure 7-19 with bit_count, along with the movement of data in
the datapath registers. The contents of the registers are shown at successive edges of
clock, with a time axis going from the top of the figure toward the bottom. Transi-
tions of the active edge of clock occur between the successive rows displaying con-
tents of XMT_datareg. The bits of the transmitted signal are shown in the sequence
in which they are transmitted, with the rightmost cell of XMT_shftreg holding the
bit that is transmitted at lhe serial interface at each step. The state of the machine is
shown, and the state t and register iti that occur on the
rising edges of clock are shown in the register boxes. The values of the control sig-
nals that cause the register transitions are also shown. The displayed values of the
control signals are those they held immediately before the active edge of Clock and
which cause the register transfers that are shown. The sequence of output bits is also
shown, with 1s being pushed into the MSB of XM T _shftreg under the action of shift.
The sequence of output bits of the transmitted signal arc shown as a word at each
time step, with the understanding that the LSB of the word is the first bit that was
transmitted, and the MSB of the word is the most recent bit that was transmitted at
the serial interface.

The Verilog description, UART_XMTR, of the partitioned machine has three
cyclic behaviors—a level-sensitive behavior describing the combinational logic for
next state and outputs of the , an edg itive behavior to ize the
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state transiti of the , and another edg itive behavior to
the register transfers of the datapath registers.

module UART_XMTR #(parameter word_size = 8)( // Size of data, e.g., 8 bits

output Serial_out, /I Serial output to data channel
input [word_size - 1 : 0] Data_Bus, I/ Host data bus containing data
word
input Load_XMT_datareg, /I Used by host to load the data
register
Byte_ready, I/ Used by host to signal ready
T_byte, JI Used by host to signal start of
transmission
Clock, /1 Bit clock of the transmitter
rst_b 1/ Resets internal registers, loads
the
) /I XMT_shftreg with ones,

Control_Unit MO (

Load_XMT_DR, Load_XMT_shftreg, start, shift, clear, Load_XMT_datareg,
Byte_ready, T_byte, BC_It_BCmax, Clock, rst_b

)

Datapath_Unit M1 (

Serial_out, BC_t_BCmax, Data_Bus, Load_XMT_DR, Load_XMT_shftreg, start, shif,

clear, Clock, rst_b

%

endmodule
module Control_Unit #(
parameter one_hot_count = 3, 11 Number of one-hot states
state_count = one_hot_count, // Number of bits in state register
size_bit_count = 3, 1/ Size of the bit counter, e.g., 4
/I Must count to word_size + 1
idle = 3'0001, /I one-hot state encoding
waiting = 3'b010,

sending = 3'b100,
all_ones =9'b1_1111_1111 /I Word + 1 extra bit

X

output reg Load_XMT_DR, I/ Loads Data_Bus into
XMT_datareg

output reg Load_XMT_shftreg, // Loads XMT_datareg into
XMT_shftreg

output reg start, /I Launches shifting of bits in
XMT_shftreg

output reg shift, /1 Shifts bits in XMT_shftreg

output reg clear, JI Cears bit_count after last bit is
sent

input Load_XMT_datareg, // Asserts Load XMT_DR in
state idle

input Byte_ready, Il Asserts Load_XMT_shftreg in

state idle
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input

reg [state_count -1: 0]

T_byte, 1/l asserts start signal in state
waiting

BC_It_BCmax, /I Indicates status of bit counter

Clock,

rst_b

state, next_state; /I State machine controller

always @ (state, Load_XMT_datareg, Byte_ready, T_byte, BC_it_BCmax) begin:

Output_and_next_state
Load_XMT_DR =0;

Load_XMT_shftreg = 0;

ar
next_: slala idle;
case (state)
idle: if (Load_XMT. dalarag = 1'b1) begin
Load_XMT_DR =
next_state = idle;
d
waiting:
next_state = sending;
end else next_state = waiting;
sending: if (BC_It_BCmax) begin
shift
next_s state = sending;
end
else begin
clear = 1;
next_state = idle;
end
default: next_state = idle;
endcase
end

always @ (posedge Clock, negedge rst_b) begin: State_Transitions

if (rst_b ==

endmodule

module Datapath_Unit #(
parameter

X
output

'b0) state <= idle; else state <= next_state; end

all_ones = {(word_size +1){1'b1}}// 9 bits of ones

Serial_out,
BC_It_BCmax,




Advanced Digital Design with the Verilog HDL

put [word_size -1: 0] Data_Bus,

input Load_XMT_DR,

input Load_XMT_shftreg,

input start,

input shift,

input clear,

input Clock,

input rst_b

reg [word_size -1:0]  XMT_datareg; 1/ Transmit Data Register

reg [word_size: 0] XMT_shftreg; /1 Transmit Shift Register:
{data, start bit}

reg [size_bit_count: 0]  bit_count; 1/ Counts the bits that are
transmitted

n Serial_out = XMT_shftreg[0];
assign BC_It_BCmax = (bit_count < word_size + 1);
always @ (posedge Clock, negedge rst_b)
if (rst_b == 0) begin
XMT_shftreg <= all_ones;
bit_count <= 0;
end
else begin: Register_Transfers
if (Load_XMT_DR == 1'61) XMT_datareg <= Data_Bus; // Get the data bus

i (Load_XMT_shftreg == 1'b1)

XMT_shftreg <= {XMT_datareg,1'b1}; /I Load shift reg,
Il insert stop bit

if (start == 1'b1) XMT_shftreg[0] <= 0; /I Signal start of
transmission

1'b1) bit_count <= 0;

'b1) begin
XMT_shfireg <= {1'b1, XMT_shftreg[word_size:1l}; // Shift right, fill with
1's

bit_count <= bit_count + 1;
end
end // Register_Transfers
endmodule

Some simulation results are shown in Figures 7-20 and 7-21 for an 8-bit data word.
‘The waveforms p: by the si have been d to indicate signifi
features of the transmitter’s behavior. First, observe the values of the signals immediately
after rst_b is asserted. The state is idle. Note that Data_Bus initially contains the value
a7, (1010_0111,), a value specified by the testbench used for simulation. With
Byte_ready not yet asserted, and with Load_XMT_datareg asserted, the Data_Bus is
loaded into XMT_datareg. The machine remains in idle until Byte_ready is asserted.
When Byte_ready asserts, then Load_XMT _shftreg asserts. This 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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0 1 200
Name | |\ yovvini b ienen b oo b

\Load_XMT _datareg

rstb | ELT
Clock

Byte_ready
T_byte
BC_t_BCmax

state[2:0] waiting 2| | sending 4 11

Load_XMT_DR

Load_X;l T,;h;ireg @__Xr_th j_L
start

shift
clear | EL \
bir_count[3:0] | X[ AVARD X'IZIBXHSIH\ISTNI 0
Data_Bus{7:0) | _| (a7 X I la I N
XMT_datareg|7:0] | __xx__] VYA
XMT _shfireg(80] | I Lff I (14£) Ju4efta7fia3[1eof1t4)1a)11a)1te) L
Start bit
Serial_out T L L
Serial_test{9:0] | _J000[200[300[380[3c0]3¢0]

sent_word[7:0] 00 J8o)co)eo)fo)es ] fc]te] | 7f)br]af]ef]77 ] 3b]9d ] 4efa7)d3

FIGURE 7-20 Annotated simulation results for the 8-bit UART transmitter.

with the value {a7,,1} = 1_0100_1111, = 14f;. Note that the LSB of XMT _shftreg is
loaded with a 1. The machine remains in waiting until 7_byte is asserted. The assertion of
T_byte asserts start. 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_shftreg is loaded with
a0.The 9-bit word in XMT_shftreg becomes 1_0100_1110, = 14e;,. The 0 in the LSB sig-
nals the start of transmission. Figure 7-21 has been annotated to show the movement of
data through XMT._shfireg. Note that 1s are filled behind, as the word shifts to the right.
At the active edge of the clock after bit_count reaches 9 (for an 8-bit word), clear asserts,
bit_count is flushed, and the machine returns to idle.

For dxagnosuc purposes, the teslbench includes a 10-bit shift register that receives
Serial_out (by g). The eight i 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 a7, in the clock cycle (bit time)
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Serial_test[9:0] 3c0 [ 3e0 | 310 f 368 | 3fc | 1fe | 2ff | 371 | 3bf | 1df { Oef | 277 [ 13b | 29d
sent_word[7:0] | c0f 0 X 0 | 8 | fc | fe | ff { 7f f bf | df | ef } 77 | 3b | 9d } de({ a7

FIGURE 7-21_Data movement through XM7_shfireg.
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after bit_count 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 control of
Load_XMT_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 _shftreg, 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 from 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 transfers 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 8-bit
register holding XM T _datareg, a 9-bit shift register holding XMT _shftreg, and a bit
counter. The circuit uses dffrgpgb_a, a D-type flip-flop with a rising-edge clock, asyn-
chronous active-low reset, and internal gated data of the external data or the oulpul
and dffspb_a, a D-type flip-flop with rising-edge clock, and asy ti
set. The shift registers have been highlighted in Figure 7-23.

7.43 UART Receiver

The UART receiver receives the serial bit stream of data, removes the start-bit, and
transfers the data in a parallel format to a storage register connected to the host data
bus. The transmitter’s clock is not available to the receiver, so, although the data arrives
at a standard bit rate, the data is not necessarily synchronized with the internal clock at
the host of the receiver. This issue of ization is resolved by ing a local
clock at a higher frequency and using it to sample the received data in a manner that
preserves the integrity of the data.'” In the scheme used here, the data, assumed to be
in a 10-bit format, will be sampled at a rate determined by Sample_clock, which is gen-
erated at the receiver’s host. The cycles of Sample_clock will be counted to ensure that
the data are sampled in the middle of a bit time, as shown in Figure 7-24."* The sam-
pling algorithm must (1) verify that a start bit has been received, (2) generate samples
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 taken to confirm that a valid start-bit has arrived.
Thereafter, 8 successive bits w:ll be sampled at approximately the center of their bit
times. Under t of the sample is taken a full cycle of
Sample_clock ahead of the actual center of the bit time, which is a tolerable skew. The

'*Typically, a phase-lock-loop is used to implement a local clock. This circuit is outside the scope of synthesis tools.
*We assume that the inbound data has been synchronized to the local clock of the receiver.
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rsi_b e——— dffrpqb_a
Clock
T_byte state[2:0]

start

shift

clear
Load_XMT_shfireg

FIGURE 7-23 UART_XMTR: combinational logic forming the next state
and control signals for the register transfer.

BC_lt_BCmax

state[2:0)

¢ i?lf*"

Byte_ready »—

- Transmitter lock
Suart | Data [ Duia [ Dat [ Data [ Data [ Data [ Data [ ity [ Stop
bit | bito | bit1 | bit2 | bit3 | bitd | bits | bite | bit
~ 45 . Sample for
1S S O O O A -
N N time —» s 1
Samples o Sample to =
detect start bit detect data bit

FIGURE 7-24 UART receiver sampling format for clock

datapath unit holds the counters which implement this scheme, and its status signals
are reported to the control unit.
The kugh -level block diagram in Figure 7-25 shows the input-output signals of a
tat that will i with the host processor and direct the
receiver’s sampling scheme.
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Serial_in
UART _Receiver

Ser_in_0
SC_eq 3
SC_it_7

BC_eq 8

clr_Sample_counter

inc_Sample_counter Datapath_Unit

read_not_ready_i
po N

clr_Bit_counter. Sample_counter  RCV_shftreg

inc_Bit_counter

read_not_ready_out <—

Errorl -

Bit_counter . RCV_datareg

Error2

Sample_clk
rst_b

i)

8

RCV_datareg

FIGURE 725 Block diagram of UART _receiver, including the interface signals
etween the control unit and the datapath unit.

The state machine has the following primary (external) inputs and status inputs:
read_not_ready_in signals that the host is not ready to receive data
Ser_in_0 asserts while Serial_in is 0

asserts while Sample_counter = 3

asserts while Sample_counter <7

asserts while Bit_counter = 8

Sample_counter counts the samples of a bit

Bit_counter counts the bits that have been sampled

The state machine produces the following outputs:
read_not_ready_out signals that the receiver has received 8 bits

clr_Sample_counter clears Sample_counter

inc_Sample_counter increments Sample_counter

clr_Bit_counter clears Bit_counter

inc_Bit_counter increments Bit_counter

shift causes RCV _shftreg to shift towards the LSB

load causes RCV_shftreg to transfer data to RCV_datareg
Errorl asserts if host is not ready to receive data after last bit

has been sampled
Error2 asserts if the stop-bit is missing
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FIGURE 7-26 ASMD chart for UART _receiver.

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 are synchronized by Sample_clk. Assertion of a synchronous active-
low reset puts the machine in the idle state. It remains there until the status signal
Ser_in_0 is low and then makes a transition to starting. In starting, the machine
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samples Serial_in repeatedly to determine whether the first bit is a valid start-bit (it must
be 0). Depending on the sampled values, inc_Sample_counter and clr_Sample_counter
may be asserted to increment or clear the counter at the next active edge of Sample_clock.
If the next three samples of Serial_in are 0, the machine treats the bit 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 taken (one for each bit of the byte, at each active
edge of Sample_clk), with inc_Sample_counter asserted. Then Bit_counter is incremented.
If the sampled bit is not the last (parity) bit, inc_Bit_counter and shift are asserted. The
assertion of shift will cause the sample value to be loaded into the MSB of RCV _shfireg,
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_not_ready_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
read_not_ready_in is asserted, the host processor is not ready to receive the data
(Errorl). If a stop-bit is not the next bit (detected by Ser_in_0 = 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 ASMD 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, half_word = word_size /2)(
output [word_size -1: 0] RCV_datareg,
output read_not_ready_out,
Error1, Error2,
input Serial_in,
read_not_ready_in,
Sample_clk,
rst_b

3

Control_Unit MO (
read_not_ready_out,
Error1, Error2,
clr_Sample_counter,
inc_Sample_counter,
clr_Bit_counter,
inc_Bit_counter,
shift,
load,
read_not_ready_in,
Ser_in_0,
SC_eq_3,
sC_it 7,

BC_eq_8,
Sample_clk,
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rst_b

)

Datapath_Unit M1 (
RCV_datareg,
Ser_in_0,

BC_eq_8,

Serial_in,
clr_Sample_counter,
inc_Sample_counter,
cir_Bit_counter,
inc_Bit_counter,
shift,

load,

Sample_clk,

rst_b

%

endmodule

module Control_Unit #(parameter

word_size = 8, half_word = word_size /2, Num_state_bits = 2,

idle = 2'b00, starting = 2'b01, receiving = 2'b10 /I one-hot assignment

X

output reg read_not_ready_out,
Error1, Error2,
clr_Sample_counter,
inc_Sample_counter,
clr_Bit_counter,
inc_Bit_counter,
shift,
load,

input read_not_ready_in,
Ser_in_0,
SC eq 3,
SC_It 7,
BC_eq 8,
Sample_clk,
rst_b

[word_size-1: 0] RCV_shftreg;
[Num_state_bits -1: 0] state, next_state;
posedge Sample_clk)
= 1'b0) state <= idle; else state <= next_state;
always @ (state, Ser_in_0, SC_eq_3, SC_It_7, read_not_ready_in) begin
read_not_ready_out = 0;
cir_Sample_counter = 0;
cir_Bit_counter = 0;
inc_Sample_counter = 0;
Bit_ eoumsr =0;
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Error1 = 0;
Error2 = 0;
load = 0;

next_state = idle;
case (state)
idle: if (Ser_in_0 == 1'01) next_state = starting;
else next_state = idle;

starting: 1" bU) begin

clr_Sample_ counter =3

end else
if (SC_eq_3 == 1'b1) begin
next_state = receiving

clr_Sample_counter

end else begin inc. Ssmple counter = 1; next_state = starting; end

1'b1) begin
1

receiving:  if (SC_It_7
inc_Sample_counter
next_state = receiving;

end

else begin
clr_ Sampla muntar—
if (1BC.

next_state = receiving;
end
else begin
next_state = idle;
read_not_ready_out

1'01) Error1 = 1;
1'b1) Error2 = 1;

else if (Ser in_0
else load =
end

end
default:  next_state = idle;
endcase
end
endmodule
module Datapath_Unit #(parameter
word_size = 8, half_word = word_size /2, Num_counter_bits = 4

X
outputreg  [word_size-1: 0] RCV_datareg,
output i

input Serial_in,
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clr_Sample_counter,
inc_Sample_counter,
clr_Bit_counter,
inc_Bit_counter,
shift,

load,

Sample_clk,

rst_b

reg  [word_size-1: 0] RCV_shftreg;
reg  [Num_counter_bits -1: 0] Sample_counter;
reg [Num_counter_bits Bit_counter;

assign BC_eq_8 = (Bit_¢ counter == word, |_size);
assign SC_It_7 = (Sample_counter < word_size -1);
assign SC_eq_3 = (Sample_counter == half_word -1);
always @ (posedge Sample_clk)
if (rst_b == 1'b0) begin
Sample_counter <= 0;
Bit_counter <=
RCV_datareg <
RCV_shftreg <= 0;
end
else begin
if (clr_Sample_counter == 1) Sample_counter <= 0;
else if (inc_Sample_counter == 1) Sample_counter <=
if (clr_Bit_counter == 1)Bnl counter <=
else if (inc_Bit_counter == 1) Bit_counter <= Bit_counter + 1;

Il synchronous rst_b

Sample_counter + 1;

if (shift == 1) RCV_shitreg <= {Serial_in, RCV_shftreglword_size-1:1]);
if (load == 1) RCV_datareg <= RCV_shftreg;
end

endmodule

The simulation results in Figure 7-27 are annotated to show functional features of
the waveforms. The received data word is b5, = 1011_0101,. 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 rst_b
having a value of 0, the state is idle and the counters are cleared. At the first active edge
of Sample_clock after the reset condition is de-asserted, with Ser_in_0_in having a
value of 1, the controller’s state enters starting to determine whether a start-bit is being
received. Three more samples of serial_in are taken, and after a total of four samples
have been found to be 0, 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 RCV_shftreg becomes
80, = 1000_0000,. The sampling cycle repeats again, and a value of 0 is sampled and
loaded into RCV_shftreg, changing the contents of the register to 0100_0000, = 40;.

The end of the sampling cycle 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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FIGURE 727 Annotated simulation results for UART_receiver.
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FIGURE 7-28 Transfer of data word into RCV_datareg 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 b5, is finally loaded from RCV_shftreg into
RCV _datareg. Other tests can be conducted to completely verify the functionality of
the receiver.

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_shfireg, which accepts the serial input bits, RCV_datareg, which holds the parallel
word formed by the contents of RCV_shftreg, the sample counter and the bit counter.
A small amount of additional combinational logic forms the status signals BC_eq_8,
SC_eq_3,and SC_It 7.

The machines use two types of flip-flops: the four-input dffrgpgb_a and the
three-input dffrpgb_a. The former 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 dffrpgb_a flip-flop.

= shift

== >>—= Errorl

Serial_in I )K Error2
read_not_ready_in : 1 load

‘ O L OL ine_Bir_counter

SN ——

%}.- next_state[1:0]

SC_eq 3 D

sci1 ‘4—_>l D > clr_Bit_counter
|
Il

%« inc_Sample_counter

BC_eq_8 >
fprpab-a L read_not_ready_out
Istare{1:0]

rst_b
Sample_clk i

(@)

FIGURE 7-29 Circuits synthesized from UART._receiver: (a) control unit and (b) datapath unit,
including logic to generate status signals BC_eq_8, SC_eq_3, and SC_i_7.
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FIGURE 7-29 Continued

REFERENCES

1. Ernst R. “Target Architectures.” Hardware/Software Co-Design: Principles and
Practice. Boston, MA: Kluwer, 1997.

2. Gajski D, et al. “Essential Issues in Design” In: Staunstrup J, Wolf W, eds.
Hardware/Software Co-Design: Principles and Practice. Boston, MA: Kluwer, 1997.




Advanced Digital Design with the Verilog HDL

PROBLEMS

UART _Clock_Generator

)

&

w

0

Hennessy JL, Patterson DA. Computer Architecture—A Quantitative Approach.
4th ed. San Francisco, CA: Morgan Kaufman, 2006.

Heuring VP, Jordan HE. Computer Systems Design and Architecture. Upper
Saddle River, NJ: Prentice-Hall, 2004.

Roth CW,Ir. Digital Systems Design Using VHDL. Boston, MA: CL-Engineering,
1998.

Develop, verify, and synthesize Johnson_Counter 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: Use a Verilog function to described next_count.
‘The functional unit UART_Clock_Generator in Figure P7-2 can be used to create a
set of baud rate signal pairs for use in the UART in Figure 7-16. Table P7-2 shows

Clock Sample_Clk

Divide_by_8

Sel_Baud_Rate

:%DE}LJDF/—DQD@DHGD%

Muzx_for_Clocks

YYYYyYY

Divide by 13 5. Chock by 13 Divide_by_256
(@)
0 100 200 "
Name| ; o o ¢ i b i bvo v oo o BB CEEIT o)
reser_
Sys_Clock |T
Sys_Clock_by_13
clk_1 ] i I |
clk2 I g
r 1 I
(b)

FIGURE P7-2
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TABLE P7-2
Sel_Baud_Rate | Clock | Sample_Clock

000 307,696 38462
001 153,838 19231
010 76,920 9615
011 38,464 4808
100 18.232 2404
101 9,616 1202
110 4,808 601

111 2,404 3005

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_Clock. The condi-
tion that register temp has a 1 in its MSB generates the signal Sys_Clock_by_13,
which is true for the last five contiguous cycles. The condition that femp has the
value 12 generates the signal clk_1; clk_2 is generated from the condition that temp
is greater than 6 and produces a more symmetric waveform than the two others.
(a) Synthesize three versions of Divide_by_13, one for each of the three

by the waveforms in Figure P7-2, and compare their

circuits.
(b) Choose one of the methods for forming Sys_Clock_by_I3, then develop,
verify, and synthesize the complete description of UART_Clock_Generator.

module Divide_by_13 (output Sys_Clock_by_13, input Sys_Clock, reset_);
temp;

reg  [3:0]

assign Sys_Clock_by_13 = temp{3];
Iiwire clk_1 = (temp ;
Iiwire clk_2 = (temp > 6);

always @ (posedge Sys_Clock,negedge reset_ )
if (reset_ == 0) temp <= 4'b0000;
else if (tem| 'd12) temp <= 4'd0;
else temp <=temp +1;
endmodule

3. A counter is said to enter an abnormal state if it enters a state that is not explic-
itly decoded in its next-state function. A self-correcting 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, 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. Hint: Consider using Verilog’s force.. .. release construct pair
in the testbench to drive the counter into an abnormal state.
Modify the counter in Figure 7-3 to wait for three clock cycles after enable is
asserted before asserting enable_DP.
. The register transfers of the UART transmitter in Figure 7-18 decode the con-
trolling signals in separate if statements, Discuss whether the signals controlling
the datapath can be in conflict, and whether the controlling signals should have

b

v
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been decoded by a priority decoder. Modify the datapath unit to use a priority
decoder and determine whether the synthesized circuit differs from the circuit
that was synthesized from UART_Transmitter_Arch.
Verify the models of Processing_Unit, Control_Unit, and Memory_Unit in
RISC_SPM and then demonstrate that the machine (see Section 7.3) correctly exe-
cutes its complete instruction set. After venfymg the functionality of the machine,
and verify standard-cell-b: of the individual units and
then integrate the synthesized units to verify the synthesized model of RISC_SPM.
Modify ALU_RISC in RISC_SPM (see Section 7.3) to handle carries. Verify
and synthesize the new machine.
(a) Develop and verify Binary_Counter_Arch, a Verilog model with the hierar-
chical partition, module names, and port structure (count, enable, clock, rst)
shown in Figure 7-3, with count having a parameterized width. Also, develop and
verify the nested modules Control_Unit and Datapath_Unit_Arch, as well as the
child modules, Mux and Count_Register. (b) Synthesize Binary_Counter_Arch
and Binary_Counter_Behav_imp (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 testbench.
Develop, verify, and synthesize Binary_Counter_STG, using the STG in Figure 7-4
as a guide. Compare to the results of Problem 8.
‘The implicit Moore machine with a niodified control unit in Binary_Counter_
Part_RTL_by_3 (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.

. Modify the datapath and control units in Binary_Counter_Part_RTL (see

Example 7.1) to implement Johnson_Counter_RTL_by_3, a Johnson counter
that increments every third edge of the 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.

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 1s in the word, and (3) produces an output
word, Gap, whose value is the binary equivalent of the gap size. The datapath
unit (Datapath) 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 P7-12a, 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. Register tmp is a 4-bit word that holds the
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
evolves. 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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FIGURE P7-12a_Block diagram for Gap_Finder.

The partially completed ASMD chart in Figure P7-12b shows the data-
path register that occur with state itis of the
controller, but, for simplicity, does not contain conditional output boxes that
identify the (Mealy) output signals that are 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_tmp: tmp <= 0. The status signals generated
by the datapath unit are identified in the decision boxes of the chart.

The machine (1) enters S_0 synchronously from any state under the
action of st, (2) initializes registers k, Gap, and tmp, and (3) idles in state S_0
while rst is asserted. With Run asserted, the machine transitions to S_I 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_I, thereby freeing the
external data bus for other activity.

In S_1, the datapath unit’s bit counter, k, sequences through the bits of
Data_int and skips any lcading 0s in the word until finding the first 1. If no bit
is found to be 1 (full is asserted), the machine 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_int the machine transitions to §_2, where
a similar process skips over contiguous 1s. Otherwise, the next string of Os is
skipped until a 1 is found. At this point, the algorithm compares the current
value of tmp to Gap. If tmp > Gap then tmp is loaded into Gap and the
‘machine returns to S_2 to continue searching for additional Gaps until the last
bit of Data_int has been processed. Note that the Moore-type output Done
remains asserted in S_4, and does not assert in S_0.
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FIGURE P7-12b ASMD chart for Gap_Finder.

The output signals of the controller have the following functionality:
Done; 1/ asserts when algorithm is done (i.., state is 5_S).
clr_tmp; //tmp <=0 clears register tmp
incr_tmp; //tmp <= tmp + 1 increments register tmp
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store_tmp; 1/ Gap <= tmp stores the contents of register
tmp in register Gap

clr_k: k<=0 clears register k

incr_k; Nk<=k+1 increments bit counter register k

clr_Gap; /1 Gap <=0 clears register Gap

load_Data; I/ Data_int <= Data loads Data_int with external data
‘The inputs to Controller are defined below:
tmp_gt_Gap; [/ asserted in the datapath unit when tmp > Gap

full: // asserted in datapath unit when index k = 4'b1111
bit: // value of Data_int at index k

Run; /l initiates sequential algorithm

clk; /I clock for synchronous activity

rst; I/ active-high rst

(a) Using Figure P7-12b and the partially completed code for the modules
Gap_Finder, Datapath, and Controller 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 (1) synchronize the state transi-
tions, (2) generate the next state and outputs, and (3) control the datapath registers.
(b) Using the test 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 P7-15c. (Note: data is shown in hexadecimal format; Gap, tmp ,and k are
shown in decimal format.)
The testbench, t_Gap_Finder, considers:
(1) Power-on rst
(2) A single gap shrinking from a maximum size (14) to 0, from left to right
(3) A single gap shrinking from a maximum size (14) to 0, 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 maximum size (14), from right to left
(6) Recovery from rst on-the-fly
(7) Recovery from cycling Run on-the-fly
(8) Miscellaneous patterns having multiple gaps (growing and shrinking)
(9) Allls
(10) AllOs
(11) Leading Os and no gap
(12) Leading 1s and no gap

Note: Load_data anticipates the clock that loads the data, i.e., Load_data
is asserted in the previous cycle. The stimulus generator generates Data when
triggered by the rising edge of load_Data. Data is available for the datapath to
consume it at the clock corresponding to the falling edge of load_Data. The
expected value of Gap is generated on the falling edge of load_Data. Gap and
expected_Gap are compared at the rising edge of Done. The difference is
reported as the signal error.

It is critical that a testbench take into account latency in datapaths in
order to maintain coherency between expected and actual values of signals.
Since load_Data and Done may assert at the same time (i.c., in S_4), we pipeline
Data to create old_Data, for use in eliminating a race between data and Done in
the standard output listing of the results. This is necessary because Data is
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FIGURE P7-12¢_Simulation results error-free operation.

updated on the rising edge of load_Data, and Gap is updated at the same time.
old_Data corresponds to the Gap that is listed, and the comparison is coherent.
Sample simulation results are presented in Figures P7-12¢, d, and e. Note
that the signals error and Done in Figure P7-12c indicate error-free operation,
serving as a quick check for behavior, even though the resolution of the dis-
played data suppresses other details of operation.
(c) Confirm that your model is error free for the entire set of patterns pro-
vided and matches the output shown in Figure P7-12c, and the samples
shown in Figures P7-12d, e. Produce simulation results for Data = 16'h0000,
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FIGURE P7-12d Simulation results for Dara = 8010,, = 1000_0000_0001_0000,; Gap = 10,y = a;,.

16'hffff, 16'h8295, 16’'had441, and verify by observation that Gap and
expected_Gap are correct and match.

(d) Remove the comments on the signal rst from the testbench and verify that
your model recovers correctly from asserting rst on-the-fly. Replace the com-
ments that were removed above and remove the comments on the signal Run
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
correct. (A sample is listed after the testbench.)

(e) Synthesize your model of Gap_Finder. Indicate whether the synthesized
circuit contains latches. Determine whether the synthesized circuit duplicates
the simulation results of your behavioral model.
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FIGURE P7-12e _Simulation results for Data = a5a5, = 1010_0101_1010_01015; Gap = 2io = 2je.

module Gap_Finder (Gap, Done, Data, Run, clk, rst);
Il Declarations go here

Datapath M1

(Gap, tmp_gt_Gap, full, bit, Data, cir_tmp, incr_tmp, store_tmp, clr_k, incr_k,
clr_Gap, load_Data, clk, rst);

Controller M2

(Done, cir_tmp, incr_tmp, store_tmp, clr_k, incr_k, clr_Gap, load_Data,

tmp_gt_Gap, full, bit, Run, clk, rst);

endmodule
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module Datapath (/* Declare ports here */);
Il Declarations go here

assign bit = Data_int[Kk];
assign full = (k t
assign tmp_gt_Gap = (tmp > Gap);
always @ (posedge clk)
/I Your model of the Datapath operations goes here
endmodule

module Controller (Done, clr_tmp, incr_tmp, store_tmp, clr_k, incr_k, cr_Gap,
load_Data, tmp_gt_Gap, full, bit, Run, clk, rst);
Il Declarations go here
assign Done = (state == S_4);

always @ (posedge clk)
if (rst == 1) state <= S_0;
else state <= next_state;

always @ (/* Your sensitivity list goes here */)
Il Your logic for state transitions and outputs goes here

endmodule

module annotate_t_Gap_Finder ();
defparam t_Gap_Finder.M2.LATENCY
defparam t_Gap_Finder.M2.OFFSET
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
#0 clock = 0;
#LATENCY forever
begin #OFFSET clock = ~clock; #PULSE_WIDTH clock = ~clock; end
end
endmodule

module t_Gap_Finder ();
wire eexpected_Gapeeexpected_Gap &and; Gap)) & (Irst);
Gap_Finder M1 (Gap, Done, Data, Run, clk, rst); 1IHuuT
Clock_Prog M2 (clk); /I Programmable clock unit
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initial fork
#1 $display ("™);
#1 $display ("Start of simulation”);
#20000 $display (");
#20000 $display ("End of simulation");
#20001 $stop;

join

initial fork
#5 rst =
#25 rst

join

Iinitial rst

initial fork /I Test for Run action

#14000 Run = 0;
join

always @(negedge M1.load_Data) old_Data = Data;

always @(posedge Done)
#1 $display ($time, "Data = %b expected_Gap = %d Gap = %d error = %d",
old_Data, expected_Gap, Gap, error);
initial begin
Data = 16'h0001;
pointer = 18'h8000;
expected_Gap = 15;

#18display (™);
$display ("Test Patterns: shrinking Gap from left to right");
repeat (16) begin
@(posedge M1.load_Data)
Data = 16'h0001 | pointer;
@ (negedge M1.load_Data)
expected_Gap = (pointer > 2)? expected_Gap -1: 0;
pointer = pointer >> 1;
end

pointer = 16'h0001;

@ (posedge M1.load_Data)
Data = 16'h8000 | pointer;
@ (negedge M1.load_Data)
expected_Gap = 14;

pointer = pointer << 1;

$display (™)
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$display ("Test Patterns: shrinking Gap from right to left");
repeat (15) begin
@(posedge M1.load_Data)
Data = 16'h8000 | pointer;
@ (negedge M1.load_Data)
expected_Gap = (pointer < 32768)? expected_Gap -1:
pointer = pointer << 1;
end

1/ Crossover pattern between sets
pointer = 16'h8000;
@ (posedge M1.load_Data)
Data = 16'h8000 | pointer;
@ (negedge M1.load_Data)
expected_Gap = 0;
pointer = pointer >> 1;

Sdisplay (™);
$display ("Test Patterns: expanding Gap from left to right");
repeat (15) begin
@(posedge M1.load_Data)
Data = 16'h8000 | pointer;
@ (negedge M1.load_Data)
expected_Gap = (pointer < 16384)? expected_Gap + 1: 0;
pointer = pointer >> 1;
end

Il Crossover pattern between sets
pointer = 16'h0001;
@ (posedge M1.load_Data)
Data = 16'h0001 | pointer;
@ (negedge M1.load_Data)
expected_Gap = 0;
pointer = pointer << 1;

$display (");
Sdisplay ("Test Patterns: expanding Gap from right to left");
repeat (15) begin
@(posedge M1.load_Data)
Data = 16'h0001 | pointer;
/I Remove comments to include test
I/$display ("Test for recovery from rst on-the-fly");
// Remove comments to include test
IH#40rst=1;  // machine should park in state S_0
11440 rst = 0;

Ii$display (");
/i$display ("Test for cycling of Run on-the-fly");
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1/ Remove comments to include test
/I #40 Run=0;  // machine should park in state S_4
/1 #200 Run = 1;
@ (negedge M1.load_Data)
expected_Gap = (pointer > 2)? expected_Gap + 1: 0;
pointer = pointer << 1;
end

@ (posedge M1.load_Data) ;
@ (negedge M1.load_Data) ;

$display (");

Sdisplay ("Miscellaneous patterns");
@ (posedge M1.load_Data) Data = 16'b0001_0000_0000_1000;
@ (negedge M1.load_Data) expected_Gap = 8;

@ (posedge M1.load_Data) Data = 16'OffO;
@ (negedge M1.load_Data) expected_Gap = 0;

@ (posedge M1.load_Data) Data = 16'b0001_0000_1000_0000;
@ (negedge M1.load_Data) expected_Gap = 4;

@ (posedge M1.load_Data) Data = 16'h0000;
@ (negedge M1.load_Data) expected_Gap = 0;

@ (posedge M1.load_Data) Data = 16'haaaa;
@ (negedge M1.load_Data) expected_Gap

@ (posedge M1.load_Data) Data = 16'ff0
@ (negedge M1.load_Data) expected_Gap = 0;

@ (posedge M1.load_Data) Data = 16'h00ff;
@ (negedge M1.load_Data) expected_Gap = 0;

@ (posedge M1.load_Data) Data = 16'ha5a5;
@ (negedge M1.load_Data) expected_Gap = 2;

@ (posedge M1.load_Data) Data = 16hfff;
@ (negedge M1.load_Data) expected_Gap = 0;

@ (posedge M1.load_Data) Data = 16'h5a5a;
@ (negedge M1.load_Data) expected_Gap = 2;

@ (posedge M1.load_Data) Data = 16'h5aSa;
@ (negedge M1.load_Data) expected_Gap =2;

@ (posedge M1.load_Data) Data = 16'hc225;
@ (negedge M1.load_Data) expected_Gap = 4;
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@ (posedge M1.load_Data) Data = 16'had43
@ (negedge M1.load_Data) expected_Gap = 4;

@ (posedge M1.load_Data) Data = 16h8121
@ (negedge M1.load_Data) expected_Gap = 6;

end
endmodule

A sample of the standard text output produced by the testbench is listed below.

Test Patterns: expanding Gap from left to right

5666 Data = 1000000000000000 expected_Gap =0 Gap = 0 error = 0
5836 Data = 1100000000000000 expected_Gap =0 Gap = 0 error = 0
6006 Data = 1010000000000000 expected_Gaj
6176 Data = 1001000000000000 expected_Gaj
6346 Data = 1000100000000000 expected_Gap = 3 Gap = 3 error = 0
6516 Data = 1000010000000000 expected_Gap =4 Gap = 4 erroi
6686 Data = 1000001000000000 expected_Gay

0 error = 0

8046 Data = 1000000000000010 expected_Gap = 13 Gaj 3error =0
8216 Data = 1000000000000001 expected_Gap = 14 Gap = 14 error = 0

13. Develop, verify, and synthesize a frequency divider with a programmable divi-

sor for the base frequency, and a programmable duty cycle.
14.

=

Develop, verify, and synthesize a Verilog model of a decoder that will decode a

16-bit address to determine in which of cight 8-k segments of a 64-k memory

the word resides.

@

following Verilog cyclic behaviors:

always @ (abcd)y=a+b+c+d;
always @ (a,b.c.d)y = (a +b) + (c +d);

. Describe the differences between the circuits that will be synthesized from the

16. The instruction set of RISC_SPM is limited and might not serve a particular
application very well. Develop RISC_SPM_e and 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 selections made by the customer.
The allowed selections are identified in Figure P7-16. The machine is to assert
signals that (1) control dispensing units that 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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FIGURE P7-16

17. Write, verify, and synthesize a partitioned Verilog model (separate controller
and datapath) of the two-state pipeline described by Figure 5-24.

1

%

The block diagram below shows the datapath and controller for a machine that

(a) transfers two 16-bit signed numbers in 2’s complement representation into
registers AR, and BR, (b) divides the number in AR by 2 and transfers the result
to register CR, if the 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 positive but
nonzero, and (d) if the number in AR is 0, clears register CR to 0. Develop an
ASMD chart for the machine, write, and verify a partitioned Verilog model of
the circuit. Hint: Consider using the arithmetic right shift operator. The reset
action of the machine is active-low.

AR g1 0

Data_AR Data_BR

AR_ItO

|
|
start —

done we—y

\

reset_b

clock

Control_Unit

16 16

Datapath_Unit
Ld_AR_BR

Div_AR_x2_CR

2_CR

Mul_BR. mEn R
Clr_CR ‘

16

reset _b

FIGURE P7-18
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and Storage Devices

As technology advances, the density, ity, and size of field gate
arrays (FPGAs) provide an atlracuve, cosl efﬁclem and mcreasmg]y important alter-
native to tom d circuits (ASICs). Mask charges

for cell-based ASICs can cost several $100k elumnatmg 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
1 based design hodology that has served the ASIC 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
deslgn ﬂow for FPGAs that is enurely Verilog-] based

ilable for digital circuits range from the dis-
crete gates and standard integrated circuits (ICs) used in low- densny/low performance

to cell-based and full-custom ICs for high i i formance cir-
cuits. ICs can be cheaply, but they implement very limited,
basic functionality at low levels of i of ized logic, having
a small market, creates an inventory risk because the quantmes that could be sold do
not warrant the expense of their and pr and IC

cannot afford to stock multiple variants of specialized functional units, as they do with
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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.

PLDs were born out of a necessity created by two conflicting realities: large,

dense, high-performance circuits cannot be built practis reliably or
from discrete devices, and i ICs cannot be P ly and sold
profitably to satisfy a diversity of I 1 icati The ion 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 pmgrammable, we \vﬂl use the term PLD
to indicate the low-density structures that were two-level
combinational logic: PLAs, PALs, and similar vendor-named devmcs PLDs are distin-
guished by their having a regular structure of identical basic functional units with
fixed architecture. MPGAs are formed from 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 desired functionality.
On a local basis, the interconnect might establish, for example, the connectivity that
fonns a NAND gate,and on a global basis establish the functionality of an adder. The

of the basic ional units remains but the i

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 functional units. There is
regularity in the structure of the layout ch; Is, but the ional units th

are not uniform and do not have an i I i l; One cell
may implement an inverter, another a flip-flop. The use and location of a given cell are
application dependent. Nor is a cell itself programmed (i.e., transistors are not con-
nected to establish a basic functionality). The overall architecture of a cell-based
design is completely flexible within the constraints imposed by layout routing chan-
nels and a library of cells. No cell pattern need be replicated in a cell-based layout. For
these reasons, we make a distinction between programming that overlays an intercon-
nection fabrlc on a given fixed architecture of dzvu:es, and pmgmmmmg that estab-
lishes an arch from fixed, pre-designed and ional units, as is
the case with standard cells. We mean the former 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
necesslty, implement the full truth table of the function. Memory implemented com-

ional logic may be inefficient, because mini are not used to
implement a full truth table of a function, and device resources might not be fully
utilized.
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8.1 Programmable Logic Devices

PLDs have a fixed archi but their i ity is p for a specific
applxcaucn either by the manufacturer or by the end user PLDs whose architecture
is p by the 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 (FPLDs). The architecture of the basic functional unit of a
PLD is fixed, and is not ized by the user. C ly, the and pro-
duction costs of PLDs 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 produmon and i mven(ory risks for the manufaclurer. while at the same time allowing
logy to be i d into an evolving product line. The
design q'clc of a system that uses a PLD 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 charac(ensncs distinguish PLDs from each other: (1) an architecture

of identical basic fi ional units, (2) a p fabric,and (3) a
pmgrammmg technology ROMs, PLAs, and PALs have the AND-OR plane stmclure
shown in Figure 8-1. It i Boolean exp f-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 lmplemenl sopP expresslons of the
inputs. Whether and how a plane can be p! the type of
PLD that is implemented by the overall structure.

8.2 Storage Devices

The i used to i PLDs can i d-only or rand
storage devices, depending on whether the contents of a memory cell can be written
during normal operation of the device. The contents of a read-only memory (ROM)

Product terms

puts Outputs
Jripot AND Plane OR Plane 2

FIGURE 8-1 AND-OR plane structure of a 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-access 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 not 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 array of i memory cells orga-
nized 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 in a variety of technologies: bipolar, y
tal-oxid i (CMOS), n-ch 1 MOS (nMOS), and p-channel MOS
(pMOS). A mask-progi ROM i in nMOS logy 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 Vg, 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 1s and Os that appear on
the bit lines for the applied input address word. Given the three-state output inverters,

2" Minterms (Word lines)
formed from inputs

addr[0) »——
= Address
a1} decoder OR memory
addr[n ~ 1] »—/- (Nonprogrammable)
/ TR O
ninputs

Dim
m outputs (Bit lines)

FIGURE 8-2 AND-OR planes for a ROM.
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Outputs (Bit-lines)

FIGURE 83 _Circuit structure of a mask-programmed nMOS ROM.

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 shared 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 1s at its address inputs causes one and only one word line to be asserted.

A 2" 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

AD D2
Al 16 %8 D3
A2 ROM D4
A3 D5

foru o —

FIGURE 8-4 Schematic symbol for a 16 X 8 ROM.
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TABLE 8-1 Organization and density of commercial

OMs.

Organization Density
32K x 8 256K bit
64K x 8 512K bit
128K % 8 1M bit
256K x 8 2M bit
512K x 8 4M bit
1024K x 8 8M bit
64K x 16 1M bit
2561( x 16 4M bit
512K X 16 8M bit

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-p ble ROMs are with
a fixed, nonerasable memory pattern, usually for high-volume applications. Their non-
recurring engi ing (NRE) cost is i high p to a field:

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 ROM:s 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 wndely used in eleclrcmc poml—of -sale terminals in retail
stores, i 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 in a bipolar 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
from the word line, and permanently causing a 1 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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Outputs (Bit-lines)

FIGURE 8-5 _Circuit structure for a fusible-link bipolar PROM.

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 bt 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 transistor 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
when 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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FIGURE 8-6_Circuit structure for a floating-gate EEPROM.

bit line, allowing the bit line to float high and remain high independently of the
affected word line. Subsequent reads of the cell are 1. In this scheme, the presence of a
programmed link transistor (i.e., one that has trapped charge) implies a 0 in the output
word when the word line is decoded.

There are 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 of the memory contents are reprogrammed to 1.
A EEPROM, however, has additional c:rcumy providing a selectwe erase capability,
allowing individual words to be selectively erased and

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 substituted for production after the program is correct
because their packages omit the quartz window and are cheaper. EEPROMs are
attractive 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
UV source.

Volatility and fatigue are two important considerations in applications of ROM
technology. In the absence of UV light, an EPROM is guaranteed to hold 70% of its
charge for at least 10 years [1]. The insulating material in an EEPROM is thinner than
that for an EPROM, and can deteriorate, so EEPROMs have a limited number of
write/erase cycles, typically 107 to 10°. 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]. EEPROM are also available with low in-circuit programming voltages
(e.g., Atmel AT49LV1024).!

8.24 ROM-Based I ion of Combinational Logic

ROMs are commonly used in applications that require a truth table for combinational
logic. They are an attractive technology because a ROM can be programmed to imple-
ment any of 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 being 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 are usually faster
than multiple large- and medium-scale integrated (LSI/MSI) 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 is usually more expensive, consumes more
power, and may run more slowly than a circuit that uses multiple LSI/MSI devices and
PLDs or a small FPGA [1]. Their full address decoding circuitry ultimately limits
ROMS to applications that have no more 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 required to initialize a large memory, as an
alternative to writing the individual words within the ROM model. A single ROM

'See www.atmel.com.
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model can serve a variety of applications by substituting text files. The tasks $readmemb
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 ion Web site: www.p i letti).

Example 8.1

The truth table of the 2-bit comparator presented in Example 4.4 is shown in Figure 8-7
with a symbolic diagram of the fuse links required to 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_x_4 illustrates how to declare a memory of 16 words,
each having a width of 4 bits, and how to load the memory from a text file of data.

module ROM_16_x_4 (output [3:0] ROM_data, input [3:0] ROM_addr);
reg [3:0] ROM [15:0];
assign ROM_data = ROM [ROM_addr];
initial $readmemb ("ROM_Data_2bit_Comparator.txt", ROM, 0, 15);
endmodule

The contents of a binary-formatted text file? for the 2-bit comparator would be
listed from address 0 to address 15 as:

100x
001x
010x
100x
100x
100x
001x

2A useful tip: simulation tools expect the text file to be read by $readmemb or Sreadmemh to be located in the
same directory (folder) in which the project is located, unless a pathname is specified to a different location.
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FIGURE 8-7 Truth table and PROM fuse map for a 2-bit

The simulation results in Figure 8-8 display the contents of the ROM as a word
and as individual bits, ﬂ]usmmng that the unused bit is dlsplayed in Verilog’s 4-valued
logic as an ) logic value by x). The actual fuse map
would have to specify a 1 or 0 for the unused bits.

End of Example 8.1




Advanced Digital Design with the Verilog HDL

o 30 60 9% t
H“u“_..l:.‘H;‘.‘lx.HL;AL“\.H

a0 X X X )
B[2:0] xXOX|XzXJXDX1X213XOX|XTX 1 lZX3X 4
Aghplte e T o T b [ e
AuBl T LT L ¥y L

At Bl e e T e (e

Name

ROM_addr(3:0] [ x 0 1) 2 )3 )G e 7)) o) )2 B )i —_o

RrRom_daap30) [ X XX x U x IXIX)x X
ROM_data[3]
ROM_data[2]
ROM _data{1]
ROM_data[0]

FIGURE 8-8 Simulation results for a ROM-based 2-bit comparator.

8.2.6 Comparison of ROMs

A variety of ROMs are by several ial vendors. Table 8-2 com-
pares representative devices and lists some typical performance attributes. The indi-
cated trend of the complexity and cost of ROMs is qualified by the fact that the unit
cost of mask-programmed ROM:s can be quite low, depending on the volume of parts
that are produced. The per istics are 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 state 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) ROM types and (b) performance attributes.

Complexity Access
Device i Erase Mode | COmPe Example =
In-circuit In-circuit Intel 2864
EEPROM | pyicby-byle | Byte-by-byte 8K X 8nMOS
e In-circuit AT49LV1024 N
FLASH Loy Bulk or sector 64K X 16 nMOS Tnt
| Outotcircuit Tnte1 2732
EPROM Outotcirenit | 5o ¥ Gl 4sns
TMS47C256
Custom by 32K X 8 CMOS
PROM vt (OIS None it 150 ns
256K X 16 or SI12K X §
ROM*** Mask None
“Programming time: 500 ms.
*One-time programmable.
«++Requires high volume (o offset NRE.

(a)

Type Technology | Readcycle | Write cycle
ROM NMOS,CMOS | 10-200ns | 4 weeks
ROM Bipolar <100 ns 4 weeks
PROM Bipolar <100ns 10-50 ps/byte
EPROM NMOS, CMOS 25-200 ns 10-50 ms/byte
EEPROM | NMOS 50-200ns | 10-50 ps/byte

Adapted from Wakerly JF. Digital Design— Prmclple.r and Praciice,
[Upper Saddle River, NJ: Prentice-Hall, 2006.

®)

Example 8.2

A Mealy-type state machine describing a binary-coded decimal (BCD)-to-Excess_3
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 written immediately by the initial
(single-pass) behavior that executes when a simulation begins. The listing identifies the
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Outputs
Inputs
State
27 x m ROM register
State
Next

e
state
clock

FIGURE 89 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_addr) 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

TR w R TN RN TR R s
reset
ekl 1T L L rererereru
ROM_addr[3:0] 0o Lt Y7XiXeXe)l o Xt X 7 X6 o]
ROM_data[3:0] 9 YeXeXsXo) o Xt X 6 X o 9]
B_in |
Bow( LT oI L
staef20) [0 Y 1 X7 6 X o 1 X 7 & Yo]

FIGURE 8-10 Simulation results for a ROM-based Verilog model
of a BCD-to-Excess_3 code converter.
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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 = ROM[ROM_addr];

/I input state output next_state
initial begin
ROMI0] = 4'51001; 1/'S_00 000 1001
ROM[1] =4'b1111; 1/'$_10001 1111
ROM|2] = 4'b1000; //'S_60010 1 000
ROM[3] = 4'b1110; //'S_40011 1110
ROM[4] = 4'bxxxx; // not used
ROM[5] = 4b0011;  //S_201010011
ROM[6] = 4'b0000;  // S_50 110 0 000
ROM[7] = 4b0110;  //S_301110 110
ROM 8] = 4'b0101; 1/'S_01 0000 101
ROMI9] = 4'b0011; //'S_110010011
4'b0000; /1'S_81010 0 000
ROM[11] = 4'b0010; //'S_410110010
ROM[12] = 4'bxxxx; /I not used
ROM[13] = 4'b1011; /1's_211011011
ROM[14] = 4'01000; //'S_51110 1 000
ROM[15] = 4'b1110; /1's_311111110
end
endmodule

module BCD_to_Excess_3_ROM (output [3: 0] ROM_addr, output B_out,
input [3: 0) ROM_data, input B_in, clk, reset
.

'reg [2: 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 clk, negedge reset)
if (reset == 0) state <= 0; else state <= next_state;
endmodule
module test_BCD_to_Excess_3b_Converter ();
wire B_out, clk;
wire [3: 0] ROM_addr, ROM_data;
reg B_in, reset;

*This approach would be impractical for a large ROM.
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BCD_to_Excess_3_ROM M1 (ROM_addr, B_out, ROM_data, B_in, clk, reset);
ROM_BCD_to_Excess_3 M2 (ROM_data, ROM_addr);
clock_gen M3 (clk);

initial begin #1000 $finish; end

initial begin
#10 reset = 0;
#90 reset = 1;
end

initial begin
#0B_in

endmodule

End of Example 8.2

8.2.8 Flash Memory

Flash memory devices are similar to EEPROMs, but have additional built-in circuitry
to selectively program and erase lhe device in-circuit, without the need for a special

They have widesp: ication in modern for cell phones,
digital cameras, set-top boxes, digital TV, telecommunications, nonvolatile data storage,
and microcontrollers. Flash memory is cost-competitive with a magnetic disk for capac-
ities under 5 MB. Its low consumption of power mdkes it an attractive storage medium
for laptop and Flash i dditional circuitry
too, allowing simultaneous erasing of blocks of memory. Like EEPROMs, flash memo-
ries are subject to fatigue, typically having about 10° 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 are not
used to store large application programs, and they cannot dynamically store the data
generated by a program’s execution. Storage registers and register files support fast,
random storage, but cannot be used for mass storage because they are implemented
with 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 register file, 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.* Most
RAMs are volatile—the information they contain vanishes after power is removed
from the device. A newer and emerging technology, nonvolatile RAM, will be discussed
later in this chapter.

There are two basic (ype< of RAMs: static and dynamic. Static RAMs (SRAMs)
are i d with a itor storage cell structure that does not require
refresh; dynamic RAMs (DRAMs) are slower, use 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 DRAM:s require additional supporting circuitry. SRAMs are used as fast-cache
memory in a computer.

The circuit 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 Bit_line and its complement, Bit_line_bar. SRAMs commonly use the
6-transistor circuit® 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 the stored
content of the cell has cell = 1 and cell_bar = 0, and that the inputs are changed to
Bit_line = 0 and Bit_line_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 Bit_line_bar control the read and write operations.
An array of such storage cells is configured with sense amplifiers that are used to read

Word_enable |
o

Bit_line_bar

Bit_line

cell_bar cell

FIGURE 8-11 SRAM circuit structure.

“In contrast, note that data are read serially from a tape storage media.
“Other schemes use as few as four transistors by replacing the p-channel pull-up transistors with depletion-load
devices that function as resistors and compensate for leakage current.
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Word_enable

Bit_line

Bit_line_bar

FIGURE 8-12 Transistor-level SRAM cell.

the contents of a cell. Data are written to the cell by precharging Bit_line and
Bit_line_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 Bit_line and Bit_line_bar are both precharged to a 1. When
Word_enable is strobed, the internal node at which a 0 is held 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 Bit_line and Bit_line_bar 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 during a read cycle.

In the we will p ively develop a series of Verilog
functional models o( SRAMs, beginning wnh 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 signal. Storage registers and register files are implemented
by flip-flops, 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.

=—aCs
RAM _static
—aWE data_out ——=

»—— data_in

FIGURE 8-13 SRAM cell: block diagram symbol.
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Example 8.3

The level-sensitive Verilog description, RAM_static 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_out only when WE_b
is de-asserted. The functional schematic in Figure 8-14(a) forms RA M-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);

1/ Note: chip select and write are active-low

assign data_out = (CS_b == 0) ? (WE_b == 0) ? data_in : data_out : 1'bz;
endmodule

‘The Verilog description is andisi

lookup table (LUT) in a Xilinx FPGA.

d by a single four-input

data_out

@)

data_in is latched for read cycle

Chip is de-selected
o \Transparent/write mode 5 0 i
Nameg , % o\ 4 1N 01y

Chip s selected

(b)

FIGURE 8-14 SRAM cell: (a) Xilinx-generated functional schematic and (b) simulation results
illustrating chip select, write, and read behavior of RAM_static.

End of Example 8.3
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Example 8.4

The Verilog model of an SRAM cell can be mod:ﬁed to incorporate a single bidirec-
tional port for use in a bus-b: ctive-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 1/O 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 i d by a mux with . The data paths for a write operation
are shown. Output 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 s asserted, the content of the cell can be read through data, as shown by the data
paths in Figure 8-17.

chb cs data_bus

RAM _static_BD
WE_b #———d WE data

data

OE_b»—9 OE

FIGURE 815 SRAM cell: block diagram symbol with a bidirectional
3 data port interface to a shared bus.

0 CSbep—g— 0 Transparent/Write mode
0 WE_b 9
1 OEb
latch_out N data
1
= 0
)
~

FIGURE 8-16 SRAM cell with bidirectional data port: configured to write external data
through a data port to the internal cell (CS_b = 0, WE_b = 0,0E_b = 1).
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1 Latched/Read mode

laich_out N _data

T

FIGURE 8-17 SRAM cell with bidirectional data port: configured to read the cell contents
via the bidirectional data port (CD_b = 0, WE_b = 1,0E_b = 0).

The Verilog model® of the RAM cell with bidirectional data port, RAM_static_BD,
is given below.

module RAM_static_BD (inout data, input CS_b, OE_b, WE_b);
/I Note: the data port is bi-directional
/I Note: chip select, output enable, and write enable are active-low
wire latch_out = ((CS_b == 0) && (WE_b == 0) && (OE_b == 1)) ? data: latch_out;

assign data = ((CS_b == 0) && (WE_b == 1) && (OE_b == 0)) 7 latch_out : 1'bz;
endmodule

Two additional modes are possible. With CS_b asserted (low), the control lines could
be WE_b = 0,0E_b = 0,and WE_b = 1,0E_b = 1. The configurations that result
are shown in Figure 8-18. The cell is latched in both cases; its contents are not affected
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,” is shown in Figure 8-19. The schematic consists of a latch with additional logic to
steer the I/O datapaths through a bidirectional data port. The synthesized and imple-
mented circuit has data mapped to an /O block (IOB) configured for bidirectional
operation.

The interface between RAM _static_BD and a bidirectional shared bus is illus-
trated in Figure 8-20, and the structure of the testbench for verifying RAM_static_ BD
is shown in Figure 8-21. A separately declared register variable, bus_driver, drives
the bidirectional bus and sends data to RAM_static_BD. The Verilog testbench,
test_RAM _static_BD, uses a continuous assignment to assign the value of bus_driver
to data_bus if OE_b is asserted during a write operation, and to disconnect bus_driver

“Continuous assignments are used here to illustrate another style for modeling level-sensitive behavior. The
default type of the target of the assignment is a wire. (Some tools might require an explicit declaration of type.)
"ISE is the Xilinx “Integrated Synthesis Environment,” a tool for HDL-driven design entry and synthesis.
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1 O\ ! Latchedmode
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Dm
o=

£38
il

latch_out data

latch_out data

()

FIGURE 8-18 SRAM cell with bidirectional data port: configured for latched data and
not reading or wmmg, (n) with (CS_b = 0,WE_b = 0,0E_b = 0) and (b) with
S b=0,WEDb=10EDb=1).

FIGURE 8-19 SRAM cell with bidirectional data port: preoptimization
ictional schematic created by Xilinx ISE tools.
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data_bus

CSb ——ﬁ cs

RAM _static_BD
WE_b»—q WE data
OE_b»—dq OE
FIGURE 8-20 SRAM interface to a data port.
i |
H data_read |
|
WE_b |
|
WE ]
RAM _static_BD data bus_driver 1
OF Cs| | data_bus |
|
—————————————a S b |
i OEb |
i
FIGURE 8-21 Testbench structure for SRAM cell with bidi i data port.

otherwise. Note that data_bus has two drivers, bus_driver from the testbench, and
data, the value driven through the bidirectional port of RAM_static_BD. The assign-
ments from bus_driver to data_bus 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 _static_BD instantiated within the testbench, test RAM _static_BD. The signals
OE_b,WE_b,and CS_b are declared as register variables in the testbench.
module test_ RAM_static_BD ();
1/ Demonstrate write / read capability.

reg bus_driver;

reg CS_b, WE_b, OE_b;

wire data_bus = (WE_b == 0) && (OE_b == 1)) ? bus_driver : 1'bz;

RAM_static_BD M1 (data_bus, CS_b, OE_b, WE_b);
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initial #4500 $finish;
initial begin
; bus_driver = 1; OE_b = 1;

; #200 bus_driver = 0;
: iy

#500CS_b=1;
#500 bus_driver = 0;
end
initial begin

#3600 WE_b
#200 WE_b
end
endmodule

The simulation results in Figure 8-22 show a sequence of values for CS_b, WE_b,
and OE_b to demonstrate the modes of operation of RAM _static_BD. In the trans-
parent mode, with WE_b = 0 and OE_b = 1, the value of data is determined by
bus_driver and latch_out is the same as data; when WE_b de-asserts, the value of data
is latched (i.c., data are written to the cell).® When OE_b is asserted, with WE_b

Write
Transparent mode Read Nodriver Chip de-selected
0 \ 1420 \ 2840 \\ \_‘_‘4260(
Name) (0 0N b oW e NG ua [
csb i\ \\ r
WE_b [T

bus_driver

data_bus

FIGURE 8-22 SRAM cell with data results.

*The output of the cell can also be latched by d ing CS, but this is not ay to end 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 not 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.

Example 8.5

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
15-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 datapath to
form an 8-bit output word, Data_Out. These same 6 bits steer Data_In 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-bit 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

Example 8.6

The alternative architecture shown in the block diagram in Figure 8-24 for a large
SRAM has a bidirectional data port, where the column decoder, row decoder, and
column /O circuitry are represented by functional blocks adjacent 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 bits of the address decode
the 16 columns of words. The three-state devices that gate the bidirectional data-
paths are not shown, but are contained in the column I/O 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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data[7:0]

FIGURE 8-24 A 16K SRAM partitioned into 128 X 128 cells.

row_addr col_addr

bitd
\
C (2,15] 2.14] 1211 [2»01

[m.lsl (2714 - [m.u@(mm

\ bir16383

FIGURE 8-25 Organization of data words in a 16K SRAM.

at the upper ri cell and di

to the lower leﬁmmt cell. The model will include timing parameters, descnhmg the
propagation delays of the device, and timing checks to detect violations of opera-
tional constraints during simulation.
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test_RAM_2048_8

RAM_2048_8

data_int

data_bus

csb data_to_memory

3
i
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E

—addr

FIGURE 826 rest_RAM_2048_8: structure of the testbench for writing and
reading patterns of walking s through a shared bi-directional bus.

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 its testbench, test_RAM_2048_8, is shown in
Figure 8-26. The unit under test, RAM_2048_8, and the testbench both include

bidirectional three-state 1/0.° The active-low writ ble signal, WE_b, has prior-
ity over the acnve low outpu! enable sngnal OE b (i.e.,if WE_b = 0, the output is
in the high ly of OE_b). This prevents bus

comemlon by not allowing simultaneous reading and writing.

The testbench, 1_RAM_static_2048_8, includes a behavior that writes a pat-
tern of walking 1s through each column of the memory, successively, and another
behavior that reads back the patterns stored in memory. Patterns are included in
the testbench for simulating with and without delay (the specify . . . endspecify block
containing timing parameters and path delays can be commented out from the code).!®

“Note that we have simplified the schematic by showing a single three-state buffer instcad of an actual con-
figuration having a buffer on each bit line of cach bus.

“The delay values used are for illustration and do not represent the fastest devices that are available with
the most advanced technology. They should be replaced by the parameters of a specific part.
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row|( 87 J 88 J 89 Y 90 o1 f 92 o3 o4 [ 95 \ 9 \ 97
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data_from_memory[7:0]

FIGURE 8-27 RAM_2048_8: simulation results for writing a walking 1s pattern to

memory with zero delay.

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 data_bus and data to have the value zzy in the dis-
played waveforms when WE_b is 1. The results in Figure 8-28 show the patterns read
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Name 6238.89ns 6242.49ns 6246.09ns 6249.69ns. t
T S A A I S S A A
Ccsb
WE_b
OE_b
col 9

row [[ 87 Y88 Y89 Y 90 Y o1 Y92 (93 J 94 Y95 Y96 Y97 (98 | 99 ]
adr{10:0) [[579 Y589 J 599 f 59 Y59 { 5¢9 Y59 )(5e9 J 519 Y 609 f 619 Y629 Y 639 ]

col_addr(3:0) 9
row_addr{6:0] [[ 87 ) 88 ) 89 {90 (o1 ) 92 J 93 J 94 )95 | 96 \ 97 Y 98 Y 99

data_to_memory[7:0) o1

data_bus[7:0] [[ 80 J o1 Y 02 J 04 (08 Y10 20 J 40 {80 J o1 )02 Y 0a  087]

data[7:0] [ 80 Y01 J 02 04 Y 08 J10 20 \"40 {80 {01 Y02 Y04 08 ]

data_int{7:0] [[ 80 Y 01 Y02 Y04 {08 Y 10 J"20 "40 Y80 Y01 Y02 04 f 08 ]

data_from_memory[7:0] [[128 1 {2 N4 N 8 16 Y32 64 Ju2s) 1t 2 4 [ 8]

data_from_memory[7) [ —1

data_from_memory[6] L____ 1

data_from_memory(S) B s I

data_from_memory[4] F—1 |

data_from_memory[3] | I

data_from_memory(2) 1 { gy G

data_from_memory(1] | 1 1

data_from_memory[0) |___T— 1 1

FIGURE 8-28 RAM_2048_8:simulation results for reading back a walking 1s pattern
from memory with zero delay.

back (later) from the same locations. When nonzero propagation delays are
included in the model, the simulation results in Figure 8-29 are obtained for writing
to memory. When the inputs generated by the testbench have WE_b and OE_b
simultaneously high, the data_bus is in its th tate mode. The in
Figure 8-30 are obtained by reading data from memory. The testbench includes an
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FIGURE 8-29 RAM_2048_8:simulation results for writing to memory a walking Is pattern with nonzero

delay.
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26905.18ns 26957.38ns 27009.58ns 27061.78nst

Name I o I [ 0 I O (0 1 0 ST VO U R

cs_b
WE_b
OE_b

addr{10:0]
col_addr{3:0]
row_addr6:0] | _)103Y104{105)106)107108Y109)a10 11 1)112) 113} 114 115)116)117

data_to_memory[7:0] o1

data_bus[7:0] |_{ 40 Y80 (01 Y02 Y04 )08} 70 {20 {40 {80 ) o1 {02 04 03 { 10 ]

dara[7:0] |_Y 40 Y80 Y 01 02 Y04 Y 08 Y 10 20 {40} 80 } 01 Y 02 Y 04 { 08

data_int[7:0] [ 40)80 (01 {02 {04 (08 {10 20 J (40 )80 {01 J02 J 04 Y 08 \ 10 \ 20
datainm) | — -~
data_ini[6] [ L Fa
data_int(5] = e
data_int[4] i | |y K
data_int[3) =l | I
data_int[2] |—— T 1 1
data_in([1] 1 1
data_intf0) |1 1
data_from_memory(7:0] | J(64 X128Y 1 2 Y74 J(8 Y16 )32 Nea Y128 1 2 4 Y8 ) 16 ]
data_from_memory[T) | — T 1 1
data_from_memory[6] T L 1
data_from_memory[5] [ L | | |
data_from_memory[4] F Takl
data_from_memory(3] == IRl
data_from_memory|[2] i | Ml
data_from_memory[1] (| 1
data_from_memory[0] 1 1

FIGURE 8-30 RAM_2048_8: simulation results for reading data from memory.

optional signal, write_probe, which reports the value that is stored in memory at the
rising edge of WE_b and is used to verify the latching activity of the model.

timescale 1ns / 10ps
module RAM_2048_8 #(parameter
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word_size = 8,
addr_size = 11,
mem_depth = 128,
mem_width = 16,

col_addr_size = 4,
row_addr_size

Hi_Z_pattern = {word_size{1'bz)}
X

inout [word_size -1: 0] data,
input [addr_size -1: 0] addr,
input CS_b, WE_b, OE_b
'reg [word_size -1 : 0] data_int;
reg [word_size -1 : 0] RAM [0: mem_depth -1] [0: mem_width -1]  // 128 rows,
16 columns
wire [col_addr_size -1: 0] col_addr = addr{col_addr_size -1: 0];
wire [row_addr_size -1: 0] row_addr = addrfaddr_size -1: col_addr_size];
assign data = ((CS_b == 0) 8& (WE_b == 1) 8& (OE_b ==0))
? data_int: Hi_Z_pattern;

always @ (data, col_addr, row_addr, CS_b, WE_b, OE_b)
begin

data_int = Hi_Z_pattern;
if (CS_b == 0) && (WE_b == 0)) RAM [row_addr][col_addr] = data;
else if (CS_b == 0) 8& (WE_b == 1) &8 (OE_b == 0)) // Read from memory
data_int = RAM [row_addr][col_addr];
end

/* Comment out the model for a zero delay functional test.
11 Also adjust stop time in test bench
specify
/I Parameters for the read cycle
specparam t_RC = 10; // Read cycle time
/I Address access time
. /I Chip select access time
11 Chip select to output in low-z
1/ Output enable to output valid
;. // Output enable to output in low-z
X /I Chip de-select to output in hi-z
specparam t_OHZ = 3.5;// Output disable to output in hi-z
specparam t_ OH =2; // Output hold from address change
1/ Parameters for the write cycle
specparam t WC =7; // Write cycle time
specparam t_CW JI Chip select to end of write
specparam t_AW
specparam t_AS Il Address setup time
specparam t WP = 5; // Write pulse width
specparam t_WR , I/ Write recovery time
specparam t_WHZ = 3; // Write enable to output in hi-z
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specparam t_DW = 3.5;// Data set up time
specparam t DH=0; // Data hold time
specparam t_OW = 10; // Output active from end of write

/IModule path timing specifications
(addr *> data) = t_AA;
(CS_b *> data) = (t_ACS, t_ACS, t_CHZ);
(OE_b *> data) = (_OE, t_OE, t_OH2);

/I Timing checks (Note use of conditioned events for the address setup,
Il depending on whether the write is controlled by the WE_b or by CS_b.
/IWidth of write/read cycle
$width (negedge addr, t WC);
//Address valid to end of write
$setup (addr, posedge WE_b &8& CS_b
$setup (addr, posedge CS_b 888 WE_b ==
//Address setup before write enabled
$setup (addr, negedge WE_b &&& CS_b
$setup (addr, negedge CS_b &&& WE_b
IM\Width of write pulse
$width (negedge WE_b, t WP);
//Data valid to end of write
$setup (data, posedge WE_b 88& CS_b
$setup (data, posedge CS_b 888 WE_b ==
//IData hold from end of write
$hold (data, posedge WE_b &88& CS_t I
$hold (data, posedge CS_b &&& WE_b ,t_DH);
/IChip sel to end of write
$setup (CS_b, posedge WE_b &8& CS_b == 0, t_CW);
$width (negedge CS_b &8& WE_Lt t CW);
endspecify
S

endmodule

module test_RAM_2048 8 ();
parameter word_size =
parameter addr_size = 1
parameter mem_depth = 128;
parameter num_c 16;
parameter col_addr_size
parameter row_addr_size
parameter initial_pattern = szODD 0001;
parameter Hi_Z_pattern = {word_size{1'bz}};

reg [word_size -1 : 0] data_to_memory;
reg CS_b, WE_b, OE_b;

integer col, row;

wire [col_addr_size -1:0] col_addr = col;

wire [row_addr_size -1:0] row_addr = row;

wire [addr_size -1:0] addr = {row_addr, col_addr};
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parameter t WPC = 8;
parameter t_RPC =
parameter latency_: Zero _Delay = 5000;
parameter latency_Non_Zero_Delay = 18000;
parameter stop_time = 7200; // For zero-delay simulation

/lparameter stop_time = 45000; // For non-zero delay simulation

/I Three-state, bi-directional I/O bus
wire [word_size -1: 0] data_bus = ((CS_b == 0) 8& (WE_b == 0) && (OE_b == 1))
? data_to_memory: Hi_Z_pattern;
wire [word_size -1: 0] data_from_memory = (CS_b == 0) && (WE_b == 1) 8&
(OE_b == 0))
? data_bus: Hi_Z_pattern;
RAM_2048_8 M1 (data_bus, addr, CS_b, WE_b, OE_b); /uut

initial #stop_time $finish;
s

Il Zero delay test: Write walking ones to memory
initial begin
CS_b=0;

for (col= 0; col <= num_col-1; col = col +1) begin
data_to_memory = initial_pattern;
w <= mem_depth-1; row = row + 1) begin

data_to_memory ={data_to_memory[word_size-2:0}, data_to_memory
[word_size -1]};
end
end
end
"
1™ I Zero delay test: Read back walking ones from memory
initial begin
#latency_ Zero _Delay;

col <= num_col-1; col = col +1) begin
for (row = 0; row <= mem_depth-1; row = row + 1) begin
#1;
end
end
end
"
/I Non-Zero delay test: Write walking ones to memory
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1 Writing controlled by WE_b
e

initial begin

um_col-1; col = col +1) begin
data_to_memory tial_pattern;
for (row = 0; row <= mem_depth-1; row = row + 1) begin
#(t_ WPC/8) WE_b = 0;
#_WPC/4);
#_WPC/2) WE_b = 1;
data_to_memory ={data_to_memory[word_size-2: 0], data_to_memory
[word_size -1]};
#(t_WPC/8);
end
end
end

/I Non-Zero delay test: Read back walking ones from memory
initial begin
#latency_Non_Zero_Delay;
CcS b=
WE b=1;
OE_b

for (col= 0; col <= num_col-1; col = col +1) begin
for (row = 0; row <= mem_depth-1; row = row + 1) begin
#_RPC;
end
end
end

A
1l Testbench probe to monitor write activity

reg [word_size -1: 0] write_probe;

always @ (posedge M1.WE_b) write_probe = M1.RAMrow_addr][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 waveforms and
establish operational constraints that must be satisfied for correct operation of the
device. For example, if the address is not stable when CS_b and WE_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.




Programmable Logic and Storage Devices

451

TABLE 8-3 Parameters for the write cycle of a static RAM.

SRAM Write-Cycle Parameters
+WC ‘Write cycle time: Specifies the minimum period for successive writing of data
- to memory.
LG Chip select to end of write: Specifics the minimum interval between the falling
= cdge of CS_b and the rising edge of WE_b.
AW Address valid to end of write: Specifies the minimum interval between a change
in the address and the end of write (the rising edge of WE_b).
LAS Address setup time before write: Specifies the width of the interval over which
the address must be stable prior to the falling edge of WE_b.
WP ‘Write pulse width: Specifies the minimum width of the write pulse.
WR Write recovery time: Specifics the minimum interval between the rising edge
= of WE_b and the end of the write cycle.
 WHZ Write enable to output in high-z: Specifies the minimum interval between
- the falling edge of WE_b and the output entering the high-impedance state.
DW Data setup time: Specifies the minimum width of the interval over which
the data must be stable prior to the rising edge of WE_b.
DH Data hold time after end of write: Specifies the minimum interval that
the data must be stable after the rising edge of WE_b.
oW Output active from end of write: Specifies the carliest time that the output is
available after the rising edge of WE_b.

The tlmmg parameters of a wnte cycle are illustrated in Figure 8-31. Two cases
must be (1) the d 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 WE_b = 0 (write is enabled) and CS_b = 0.

In the former case (shown in Figure 8-31(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 v, which includes the times at which the address lines may be changed. The
address setup time, f 55, establishes the minimum time between the stable address 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 (fcw) must also satisfy a pulsewidth constraint (tcw). While WE_b is low
the device is in the mode and the thi tate device driving data_int is in the
high-impedance state. The device enters this state, with a delay specified by tyjyz. when
WE_b i 1s asserted. The data to be written to the SRAM must satisfy a setup time con-
straint'! (f1py) and a hold time constraint (t15}) relative to the rising edge of WE_b. Note:
Figure 8-31(a) is drawn to illustrate the rising edge of CS_b occurring after the rising edge
of WE_b."? The address must be stable for the write recovery time interval (twg), after

'We will consider timing constraints in more detail in Chapter 11.

12If the rising edge of CS occurs before the rising edge of WE the timing constraints must be applied relative

to the rising edge of CS.
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TABLE 8-4_Parameters for the read cycle of a static RAM.
SRAM Read-Cycle Parameters

+RC Read-cycle time: Specifies the minimum period for successive reading of data
from memory.

CAA "Address access time: A key performance parameter-specifying the minimum
interval between a change in the address and the availability of valid data
retrieved from memory.

£ACS | Chip select access time: Specifies the minimum interval between assertion
of chip select and the availability of valid data from memory, assuming that
OE_b = 0and WE_b = 1before CS_b = 0.

(_CLZ | Chip select low z: Specifies the minimum interval between assertion of chip
select and the output leaving the high-impedance state.

tOE Output enable to output valid: Specifies the minimum interval between the
falling edge of OE_b and the availability of valid data from memory.

1 OLZ ‘Output enable to output in low Z: Specifies the minimum interval between
the falling edge of OE_b and the output leaving the high-impedance state.
(CHZ | Chip deselect to ontput in high Z: Specifies the minimum interval between
the rising edge of OE_b and the output entering the high-impedance state.
(OHZ | Output disable to output in high Z: Specifics the minimum interval between
the rising edge of OE_b and the output entering the high-impedance state.
t OH ‘Output hold from address change: Specifies the minimum interval that the
output remains valid after a change in the address.

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 faw-

When WE_b 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
are 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 (with CS_b = 0 and WE_b = 1, and is valid 15 5 time
units after the address is stable. In Figure 8-32(b), the data becomes valid after t5cs
time units from the falling edge of CS_b.

8.2.10 Ferroelectric Nonvolatile Memory

Ferroelectric malenals are so named because their electrical characteristics resemble
those of fer ials. Despite the ion 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-

lectric is due to the lled electrical polarization of a ferroelectric
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FIGURE 8-31 SRAM timing; (a) write cycle controlled by WE_b, with CS_b = 0 and OE_b = 1,and
(b) write cycle controlled by CS_b,with WE_b = 0and OE_b = 1.

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.
Contactless smart cards, digital cameras, 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. This technology is expected to mature to
have competitive circuit densities compared to other alternatives. See Sheilholeslami
and Gulak [3] for a survey of circuits exploiting ferroelectric technology.
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FIGURE 8-32 SRAM timing: (a) read cycle controlied by address changes, with CS_b = 0, OE_
and WE_b = 1, and (b) read cycle controlled by changes in CS_b. with OF_b = 0,and WE_b

8.3 Programmable Logic Array (PLA)

PLAs were developed for i ing large level inati logic circuits. Like
ROMs, their architecture consists of two arrays, shown in Figure 8-33. One array imple-
ments the AND operation that forms a product term (i.e., a Boolean cube, possibly a
minterm) and another array implements the OR operation that forms a SOP terms. A
PLA implements a two-level Boolean function in SOP form.

p Product terms formed

from inputs
info]———
inf1]—— nxp
. AND array ¢ Pl1]| OR memory array
: ] (p X m)
(programmable) i pip - 1
infn 1]
ninputs’

outfm — V ourf0)
m outputs

FIGURE 8-33 AND-OR plane structurc of a PLA.
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Unlike ROMs, both arrays of a PLA are p ble (mask or
one-time field-programmable). However, the AND plane does not lmplemenl 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). Ann X p X m PLA
has 7 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 product terms. A 16-input ROM would
have 2! = 65,536 input patterns decoded as minterms and available to form the outputs.
A PLA would have 8 outputs formed from the 48 product terms (not necessarily
minterms).

A PLA implements general product terms, not just minterms or maxterms. Because
it has limited AND-plane resources, rrummal SOP fonns must be found so that device

mlghl an for product terms. PLA
i led to of widely used synthesis algorithms having

general application to ASICs [4].
The circuit structure of a PLA ii in nMOS is shown in

Figure 8-34. The AND-OR plane structure shown implements NOR-NOR logic, which
reverts to equivalent AND-OR logic with inverted inputs and three-stated inverters at

~——— Inputs ———>

Voo il 1] ** "'lm O] product terms
m Pull-up
Voo resistor
‘b'_'“b’_‘ﬁp’_l 7
>
1}—- }'J L BT
FSESERING
v

b

Word-line pull-down
d i

1
o

1
o
Transistor
link

RN,
‘Word lines

SIS

1
+ L

En_bar

oulm-1)  oufl] ouf0)

~<—_Outputs

FIGURE 8-34 Circuit structure of a PLA.
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the outputs. Each input is available as a literal in and d
forms. A programmable link in the, AND plane determines whether the associated
input literal (or its complement) is connected to a buffered word line.

Programming determines whether inputs have a link to 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 are 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 con-
nected link transistor in the AND plane and pulls the word line to ground by overrid-
ing its pull-up resistor. A column 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

W1=AB
W1’ = (A + BY
w2=cCD

W2’ = (C + D)

A B
Wired-AND  Vce

AB
Vee / wi

Wired-OR

B

Y

FIGURE 8-35 Wired-OR logic of a PLA.
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Similarly, the column lines exhibit wired-OR behavior, where W is low if W1 or W2 is
high; otherwise W is high (pull-up):

W' =W1+ W2

W = (W1 + W2)'

Y=W =W1+W2=A'B" +C'D'

Y =(A+ B) +(C+ D)
‘The overall structure is that of NOR-NOR logic, with

Y =|(A+ B) +(C+D)y|

The equivalent circuit is shown in Figure 8-36(a) and an equivalent OR-AND structure
is shown in Figure 8-36(b).

A A
B B
- Y Y
é v ¢
D D
(a) (b)

FIGURE 8-36 Equivalent circuit structures for PLA logic: (a) NOR-NOR logic and (b) OR-AND
logic with inverted inputs.

8.3.1 PLA Minimization

The area of a PLA depends primarily on the number of word lines (i.e., 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 indivi Boolean i 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 term
that is generated to form 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.

Example 8.7

Consider the three Boolean functions shown below, with their K-maps shown in
Figure 8-37. Before minimization, the i ion would require 13 product
terms (word lines) to support the cubes of the three functions.

fila,b,c,d) = 3 m(1,6,7,9,13,14,15)
faa.b,c.d) = ¥, m(6,7,8,9,13,14,15)
fiabe,d) = 3 m(1,2,3,9,10,11,12,13, 14, 15)
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be + abd + + abd’ —ab+bd+
FIGURE 8-37_Individual Karnaugh map minimization of three Boolean functions.

After each function is individually minimized, the total number of cubes is 8, a savings

of nearly 40%. To minimize the ions as an atask easily done by modern

symhesis tools, we re-cover the functions and identify common cubes by considering

pairwise and threewise mlersec\lons, as shown in Figure 8-38. The final result needs
f

only five word lines, having d an additional d lines.
End of Example 8.7
abd b'e'd be b'c be abd" b'e'd b'c abd abd'
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= bc + abd + b'c'd = ¢+ abd’ b+ b'd + b'c
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b'c'd abd
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b'¢c *————————— b'c
fila, b, c, d) fi(a, b, c,d) fi(a,b,c.d)
=bc +abd + b'c'd =b'c+ bc + abd' = abd' + abd + b'c’'d + b'c

FIGURE 8-38_Karnaugh map minimization of a set of three Boolcan functions.
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Systematic manual minimization of multiple output functions is feasible for up to
three functions, with a maximum of four inputs [5]. Otherwise, a computer-based
approach is needed (e.g., espresso [4] and MIS-IT [6-8]).

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 columns list inputs
and functions indicating whether an input is in a cube, and whether a cube is in a func-
tion. Inputs are coded as 1 (care-on), 0 (care-off), and (don’t-care). Outputs are coded
as 1 (contains the word line) or 0 (does not contain the word line).

albicld|fi |h |f
T =11 Jo [1
—Jolo[1][1 [0 |1
be [—lo[1]—]o |1 [1
b [ [1[t|—[1 |1 [0
abd |1[1]—]0]0 |1 [1

FIGURE 8-39 Tabular format for specifying 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 minterms, 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 implement the next-
state and output-forming logic of large state machines that control more complex

i such as 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.

Verilog includes a set of system tasks for modeling multiinput, multioutput PLAs.
PLAs impl| two-level 1 logic by an array structure of AND, NAND,
OR,and NOR logic array planes. The “personality” file, or matrix, of the PLA specifies 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_Simplificd representation of a PLA.

changes during simulation. The synchronous types are updated when evaluated in a syn-
chronous behavior. 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 data into the personality matrix: (1) using the
$readmemb task, read the data from a file and (2) load the data directly with procedural
assignment statements. Both methods can be used at any time 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 format stores either a 1 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:
$async$and$array (PLA_mem, {in0, in1, in2, in3, in4, in5, in6, in7}, {out0,

out1, out2});

$sync$or$plane (PLA_mem, {in0, in1, in2, in3, in4, in5, in6, in7}, {out0,
out1, out2});

$async$andSarray (PLA_mem, {in0, in1, in2, in3, ind, in5, in6, in7}, {out0,
out1, out2});

$async$andSarray (PLA_mem, {in0, in1, in2, in3, in4, inS, in6, in7}, {out0,
out1, out2});
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For example, the array format shown below indicates that the cube inl & in2 &

in3 is formed and used in ourl, but not in ou2. The cube inl & in3 is used in our2.

inl in
1 1

2 in3  outl

1 1

1 0 1 0

our2

End of Example 8.8

Example 8.9

Suppose we want to implement the logic of the following Boolean equations with a PLA:

out) = in0 & in1 & in2 & in3 + in4 & in5 & in6 & in7 + inl & in3 & in5 & in7

outl = inl & in3 & in5 & in7 + in4 & in5 & in6 & in7

out2 = in0 & in2 & in4 & in6 + in4 & in5 & in6 & in7 + inl & in3 & in5 & inT

The expressions use four distinct cubes:

in0
in0
in4
inl

inl  in2
in2  in4
in5 in6
in3 inS

The personality data of the PLA is shown below and is placed in a text file, PLA_data.txt.
The data indicate the presence of a literal by a 1, 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.

11110000 100
10101010 011
00001111 111
01010101 101

The Verilog model PLA_array describes a PLA that forms three output functions
of eight 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 personality
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 out1, out2, out3, input in1, in2, in3, in4, in5, in6, in7);
reg [0: 10] PLA_mem [0: 2]; 113 functions of 8 variables
initial begin
$readmemb ("PLA_data.txt", PLA_mem);
$async$and$array (PLA_mem, in0, in1, in2, in3, in4, in5, in6, in7}, {out0, out1, out2});
d

en
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.txt and loads the data into the
declared memory, PLA_mem. Note that the inputs and outputs are declared in ascend-
ing order. When an input to the module changes value the array is evaluated to form
updated values of out0, outl, and out2.

‘The array format requires that the complement of a literal be provided separately
as an input if it is needed to form a cube. On the other hand, the plane format encodes
the personality matrix, according to the format 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:

out0 = in0 & ~in2;
outl = in0 & inl & ~in3;
our2 = ~in0 & ~in3;

In the plane (Espresso) format, the personality of the PLA. is described by:
4'5120?
4'b1120
4'b07?20

TABLE 8-5_Personality matrix symbols for PLA plane format.

Table Entry Interpretation
0 The complemented literal is used in the cube.
1 ‘The literal is used in the cube.
x The worst case of the input is used.
z *| Don't care; the input has no significance.
? Same us z.
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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 output. A Verilog description of the PLA is
given below.

module PLA_plane (input in0, in1, in2, in3, in4, in§, in6, in7, output reg outo,

out1, out2);
reg [0: 3] PLA_mem [0: 2];
reg [0: 4] a;
reg [0: 3] b;
initial begin
$async$andS$array
(PLA_mem, {in0, in1, in2, in3, in4, in5, in6, in7}, {out0, out1, out2});
PLA_mem [0] = 4b1?07;
PLA_mem [1] = 4'b1170;
PLA_mem [2] = 4'D0?70;
end
endmodule
End of Example 8.10

8.4 Programmable Array Logic (PAL)

PAL technology'* 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 PAL16LS, 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 form. 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 that 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 bidirectional. 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
AND 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
decoder/latches in microprocessor systems [1]. Modern PAL devices are manufactured
with registered outputs and selectable output polarity.

1"Note: PAL is a trademark of Applied Micro Devices (AMD).
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FIGURE 8-41 _Circuit structure of the PAL16L8 array logic d
Early PAL devices were i in bipolar technology; like ROMs, they
were programmed by vaporizing metal links. C devices are impl d

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.

TABLE 8-6 Programmability options for various

Programmable Block
AND Plane OR Plane
ROM NA P
PLA P P
PAL P NP
Tot applicable, P = programmable,
ot
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86 C lex 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 asa
structured array of PLD blocks that have a pr on-chip i
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 faclor of n. An array of identical interconnected PLDs will
the i di ion of the input space too, but the cell area
increases by a factor of only #, in addition to the area required by the interconnection
fabric. Thus, CPLDs are distinguished by having wide fan-in AND gates. Large CPLDs
do not connect the output of every macrocell to an output pin, but they typically have
100% connectivity between macrocells.

Each PLD block of a CPLD has a PAL-like internal structure that forms combi-
national logic functions 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 sulled for wide fan-in AND OR
logic structures and exploit a vanel’y ofp ies: SRAN
gates, EPROM (floating-gat ), and antifuses."*

Programmable interconnect

PLD PLD PLD

PLD PLD PLD

FIGURE 8-42 High-level architecture of a CPLD.

' Antifuses are programmable low-resistance electrical links.
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8.7 Field-Programmable Gate Arrays

CPLDs are characterized by an array of PAL-like blocks of combinational logic imple-
menting wide-input SOP ions. They have i 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 and/or end user.
FPGAs allow designers to turn 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 functional/logical unit, physical size (footprint), pmoul time-f to -prototype, speed,
power, I/O, and the ilability of internal for ity 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 ication. A typical, basic archi 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) 1/O resources, which provide an interface between the device
and its environment. The performance and density of FPGAs have advanced with

in process Today’s leading-edge devices include block mem-
ory as well as distributed memory, robust interconnection fabrics, global sngnals for
high-sp and /0 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 ionality of the ional units, (2) ize config-
urable features, such as slew rate, (3) establish connectivity between functional units,
and (4) configure I/O/bidirectional 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 8-43 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 rep to serve a variety of lications 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

The ease of rep a d-prog; FPGA supports rapid proto-
typing, enabling design teams to compete i in an
by narrow and ever-shrinking windows of opportunity. Time-to-market is critical in
many designs, and FPGAs provide a path to 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, and The 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 flexibility an important consideration. On the other hand, FPGAs cost more per
unit gate, and consume more power than a mask-programmed equivalent part.
Table 8-7 summarizes key di between FPGA 1l-based and
d ASIC technologies, and standard parts. The myriad applications for
ASICs and FPGAs require customization to address the needs of the market. The diver-
sity, rewards, evolving technology, and short life span of the market preclude producing
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TABLE 87 Comparisons of standard parts, ASICs,

and FPGAs.

Technology Functionality Relative Cost
Standard Part | Supplier-defined Low
FPGA User-defined Higher
ASIC User-defined Low

and stockpiling standard parts to meet these needs without unacceptably high risk. The
lower volumes d. ded by indivi ications 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 inccmplete

ilization of the availabl i Today, il metal routmg (e g., five and six
layers) in a sea-of-gates is cc 1 with high of resources.
MPGAs are preprocessed to the point of customizing the final metal layers to a partic-
ular application. The customization/metallization steps connect individual transistors
to form gates and i gates to i logic. This technol provides a
much quicker turnaround than cell-based and full-cust h 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 (umcd around in a few days to several weeks. On
the other hand, designs can be impl and d virtu-
ally mstantaneously in an SRAM-based FPGA while the part is moumed in an emula-
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 attention 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 functionality in the field. FPGAs address a market than cannot be met by
mask-programmed technologies, which are one-time write. Mask-programmed tech-
nologies do not support reconfiguration and corrections are 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 NRE of most of the pro-
cessing steps to cell-based and full-custs i Gate arrays are 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 depend on the schedule and priority of the foundry’s other customers. FPGAs are
fully manufactured and tested in anticipation of being shipped immediately 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 workstauons that
suppon schematic and HDL entry. Ps logic technol 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, fficient layout. C ly,a
cell library 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 semiregular because the cell heights are fixed, while the width of cells may
vary, ing on the i ity being i d. Pl and routing are
customized for each application. Place and route are done automatically to achieve
dense configurations that meet speed and area Cell-based )t
requires a fully customized mask set for each application. Consequently, volume must
be sufficient to offset high duction and costs and ulti 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 imp that shrink mini feature sizes of the underlying transistors.

Antifuse devices'® 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 1 million devices can be distributed over a single FPGA. The significant advan-
tage of this technology is that the and parasmc capacitance of an antifuse
are much smaller than for ission gates and pass t 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 ile and can be p d offline while i in the target system.

SRAM-based FPGA technology uses CMOS transmission gates to establish
interconnect. The status of the gates is determined by the contents of the SRAM con-
figuration memory. There are multiple vendors of SRAM-based FPGA products (e.g.,

133ee www.actel.com for more information about antifuse devices.
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Xilinx, Altera, ATMEL, and Lucent). The architecture of these FPGAs is similar to
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 router’s ability to
exploit the resources to support a given design.

The complexity of logic cells in an FPGA functional unit is based on competing
factors. If the ity of a cell is low (fi ined, such as the Actel Act-1 part), the
time 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 a 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 more routing

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 family of
parts. Readers are encouraged to consider readily available Web resources from man-
ufacturers (e.g., altera.com, atmel.com, and xililnx.com).

8.7.3 XILINX Virtex FPGAs

The Virtex®-5 device series is the leading edge of Xilinx technology, based on a 65 nm
process. The Virtex line addresses four key factors that influence the solution to com-
plex system-level and system-on-chip (SoC) designs: (1) the level of integration, (2) the
amount of embedded memory, (3) performance (timing), and (4) subsystem interfaces.
The process rules allow over 330,000 logic cells and over 200,000 flipflops to be packed
into a single die, providing several nulhon syslem gales and the capacity to support

and memory y i requiring high
density and high performance.

The Virtex family incorporates physical (electrical) and protocol support for a
variety of /O 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 I/O. 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, verified, 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-i 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 efforts beyond devices and design tools, and
also provide an assortment of cores that can be embedded in a device to simplify the
designer’s task. For example, Xilinx offers, either directly or through partnerships with

third pamcs, cores for basic (e.g, and shift registers), math

ions (e.g. i Itiply-and [MAC] units, and dividers), mem-
ories (e.g., FlFO), dard bus i (e.g.,PCI),p peripher-
als (e.g., interrupt i receiver and transmitters

(UARTs), PCs (e.g., IBM PowerPC) and a variety of networking and communication
products (e.g., protocol cores). Special design kits may be required to exploit these
available resources. Vendors also provide reference designs, illustrating how to exploit
embeddable cores.

ASIC designs are ized by high per , high NRE cost, and high
risk. The risks are high because the cost of a mask set is high (e.g., $500k). A mask error
and consequent re-spins of a design are prohibitive from the standpoint of cost and lost
opportunity to capture market share. Embeddable programmable cores'® offer flexi-
bility (the design can be modified), lower NRE cost, and lower risk. These hybrid

1%See the Web links 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 amortized over multiple variants of a product. For example, the
conuol logic of a multiprocessor computer in a wireless network for image processing

could be i in a core, allowing the design to be
modified to meet a dynamic marketplace. Multlple des\gns can be produced from a sin-
gle die. Two aspects are involved here: the of the for

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 latter.'”
There are two variations on the theme: cores for pl

in an ASIC (Actel and Adaptive Silicon) and embeddable complex ASIC cores for
placement within an FPGA (Triscend, Xilinx, Lucent, Altera, Atmel, QuickLogic).

Compared to FPGAs, ASICs are P to deslgn and
They gain performance at the expense of flexibility. An logy is that of
embedding an FPGA within an ASIC to gain ﬂemblllty, reducc the risk of a design,'®
and extend the life of a design to a wider range of 19 Other progr

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 i is shown in Figure 8-45. It relies
heavily on bundled software to ish the h ion, and down-
loading of the design into a part. The place-and-route slep 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 descnplmn languages

(HDLS). For example, the Xilinx ISE (i ) tools are
tailored for HDL-based entry, and support floor planning, simulation, automatic
block placement and routing of i timing verificati ding of

""The Virtual Socket Interface Alliance (VSIA) is an industry group that promotes technical standards for
mixing and matching IP from multiple sources.

‘®portions of the design that are risky and might require future change can be placed in the FPGA.

"LSI Logic and Adaptive Silicon have 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 di loaded to the part to i it on the
host board.

8.10 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 allow 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 lmportant in DSP

that the tool 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 state of a finite-state machine. There is usually little or no gain in trying to reduce
the number of configurable logic blocks (CLBs) by employing a sequential binary
code, because additional cells will be required to form the more complicated combina-
tional logic 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 the design.?’ 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 use a tool option to do it auto-
matically, if for no other reason than to more i 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 initialized 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 impl d with case 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 control lines of large memory arrays, clock enable
lines, output enable lines, and synchronous reset signals. If the driver of a high—fan-out
net is asynchronous, synchronize the signal before duplicating it.%!

2Synthesis tools will produce reports describing device use, including a report on the number of latches and
registers in the implementation. It is a good practice to review these reports to detect unwanted latches.
?'Be aware that the Xilinx tools automatically map into the same CLB signals that end with the same
numeric suffix, (e.g.. sig_I, sig_2). Naming duplicated signals in this manner contradicts the effort to distrib-
ute the duplicated signals to different regions of the chip. Instead, use alphabetical labels (e.g. _a, _b) to
compose the suffix of duplicated signals.
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The throughput of a design can be improved by partitioning 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 of 2. 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 1hrough the circuit, depending on the number of pipeline stages
that have been added.”? 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 registers 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 climinate a timing violation by pipelining.

If the place-and-route engine within the tool is allowed complete freedom, it will
generate an optimal assignment of pins. This freedom is curtailed when the part must
fit into the socket of a previously configured board. Ideally, the board 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 should be applied to the top and bottom of the part when manual
routing and pin assignment are necessary. The tool has maximum flexibility when no
pins are pi igned, but envi ints may require that some pins be
pre-assigned, before routing. However, it is that the
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 for 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.

2Pipelining will be considered in more detail 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_2_ROM,
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-bit word. Build a testbench that will
accept 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 of memory cells that would be required to implement a
16-bit adder in a ROM.

Write a Verilog model, ROM_256_x_8,0f a 256 X 8 ROM that stores the product

of two 4-bit unsigned binary words, as shown in Figure P8-4. Use the multiplier

(mplr) and multiplicand (mend) bits to form the address of the ROM.

Es

mend0 »——{ A0 DO = prodd
mend) w—{ A1 D1 {— prodi
mend2 w— A2 D2 = prod2
mend3 »—— A3 D3 = prod3
256 x 8
mplr0 »— A4 D4 |—= prodd
mpirl »=—{ A5 D5 |—= prods
mplr2 »— A6 D6 {—= prod6
mplr3 w— A7 D7 |—= prodl
FIGURE P8-4

5. Write a testbench and verify the Verilog model of the static RAM cell,
RAM _static, given in Example 8.3.

Develop an alternative model for RAM _static that uses a level-sensitive cyclic
(always) behavior instead of a continuous assignment (see Example 8.3).

o

N

FPGA-Based Design Exercise?: A simple ALU

The top-level module of a sequential machine, ALU_machine_4_bit, 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: Led_idle 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 Led_wait until Go
is de-asserted. After Go is de-asserted, Led_rdy is to assert. While Led_rdy is
asserted the slide switches (on a prototyping board) may be used to set a new value
for Data[3: 0] and/or Opcode[2: 0). As the slide switches are changed, the effect
should be apparent at Alu_out. The cycle is to repeat if Go is re-asserted while
Led_rdy s asserted (i.e., \ge register is (0 be . The machine is to be
synchronized by the rising edge of a clock, and have synchronous active-high reset.

Design— Partition
An architectural partition of ALU_machine_4_bit is shown in Figure P8-7b.

‘The archllecmle has three functional subunits: an ALU, a storage register, and
a The ALU i an instruction set (described

The FPGA design exercises are 1o be i an level FPGA board (see
wwaw.digilentine.com) and the synthesis tool provided by an FPGA manufacturer (e.g,, www.xilinx.com).
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3
Opeode =~
4 5
Data w—ple——| —4—= Alu_out

ALU_machine_4_bit
= Led_idle
Go »——|

e = Led_wait

reset a——j f————= Led_rdy

FIGURE P8-7a_1/O ports for ALU_machine_4_bit.

ALU_machine_4_bit

3
Opcode [2:0)
Data [3:0]
Alu_out [4:0)
.
Reg_out [3:0]
Register
clk {4
reset w—{—]
Led_idle
Toggle_Button Led_wait
Go w— Led_rdy

FIGURE P8-7h Architecture for ALU_machine_4_bit.

below) and the controller directs the operations of the machine. One input
datapath of ALU_machine_4_bit is connected to the internal storage register
and the other is connected to one data port of the ALU. The output of the reg-
ister is connected to the other data port of the ALU. The datapath is to be con-
trolled from Toggle_Button, a state machine that will be described below. The
opcode and the input datapath of ALU_machine_4_bit will be controlled by the
‘manual slide switches on the prototyping board. Board LEDs will be derived
from the internal of the machine Toggle_Button to indicate the internal status
of the system (i.e., Led_idle, Led_wait, and Led_ready).
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The design of ALU_machine_4_bit will be progressive. The models of
two functional units, A LU_4_bit and Register, will be developed and separately
verified first. The state machine controller, Toggle_Button, will be designed
later, along with a programmable clock generator. Then we will integrate the
individually verified functional units, verify that the integrated design has the
correct functionality, and achieve final pre-synthesis sign-off. The last step will
be to synthesize the design into a working prototype on the FPGA board.

Design— ALU

Using the module. . .
below, write a Verilog model of ALU_4_bit, a 4-bit ALU shown in Figure Ps 7c
and specified in Table P8-7a.

module ALU_4_bit (output reg [4: 0] Alu_out, input [3: 0] Data_A, Data_B,
input [2: 0] Opcode);

endmodule

Write a test plan that specifies the functional features that are to be tested and
how they will be tested. Using the test plan, write a testbench, t_ALU_4_bit,
that verifies the functionality of ALU_4_bit.

Opcode(2:0]

Data_A

Alu_out

Data_B

FIGURE P8-7c_4-bit ALU.

TABLE 8-7a_Functional specification for a 4-bit ALU.

Code Opeode ALU Operation
000 Add Data_A + Data_B
001 Sub Data_A — Data_B
010 Not_A ~Data_A

011 Not_B ~Data_B

100 A_and_B Data_A & Data_B
101 A_or B Data_A | Data_B
110 Ror_A |Data_A

11 Rand_B &Data_B
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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 P8-7b by specifying
Alu_out for the indicated patterns. Complete the second table with patterns
that you choose. Include these patterns in your testbench, along with others
that you choose.

Note: 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: Set the 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.2*

module Register (output reg [3: 0] Reg_out, input [3: 0] Data, input
Load, clk, reset);

endmodule

TABLE 8-7b Sample data calculations for test patterns
1o be applied to ALU_4._bi.

Data_A 1010 11 0101 0101
Data_B 0101 0101 1010 1111
Opcode | Alu_out | Alu_our | Alu_out | Alu_out
Add 01111
Sub 00101
Not_A
Not_B
A_and B
A_or B
Ror_A
Rand_B

Data_A
Data_B
Opeode | Alu_out | Alu_our | Alu_out | Alu_out
Add

Sub

Nol_A
Not_B
A_and B
AorB
Ror_A
Rand_B

2Modify as needed to accommodate your model.
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‘Write a test plan that specifies the functional features that are to be
tested and how they will be tested. Using the test plan, write a testbench,
_Register, that verifies the functionality of Register.

Design—Programmable Clock

Using the programmable clock described in Problem 33 in Chapter 5, 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 M1 is the instance name of the unit under test (UUT) in t_Clock_Prog.
“Your testbench must demonstrate that this works. The example below replaces
the default values of Latency, Offser, and Pulsewidth by 10,5, and 5, respectively.

module annotate_Clock_Prog ();
defparam {_Clock_Prog M1.Latency = 10;
defparam t_Clock_Prog.M1.0ffset
defparam t_Clock_Prog.M1.Pulse_\ Wld(h 8
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
internal 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 P8-7d has syn-
chronous reset and resides in S_idle with Led_idle asserted, until Go is asserted.
Then it moves to S_1, where it asserts Load for one clock cycle and then enters
§_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 Led_rdy. The machine remains
in §_3 until Go is again asserted. Then it returns to S_1. This sequence of state
transitions lets us load data into a register, wait in S_2 until the Go button is de-
asserted, and then pause in S_3, 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 Led_rdy indicate the status of the machine, and can be used to
control LEDs on a prototyping board.

Write a Verilog model of the sequential machine Toggle_Button, using
the module encapsulation and ports declared below:

module Toggle_Button (output Load, Led_idle, Led_wait, Led_rdy, input
Go, clk, reset);
reg [1:0] state, next_state;

endmodule

Write a test plan that specifies the functional features that are to be tested and
how they will be tested. Using the test plan, write a testbench, r_Toggle_Buiton,
that verifies the functionality of Toggle_Buiton.
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=3

S_idle
/ Led_idle

o]

FIGURE P8-7d ASM chart for Toggle_Button.

Design—Integration and Verification

Now we will integrate the functional units of the architecture for ALU_
machine_4_bit and verify that the functionality of the integration is correct,
leading to pre-synthesis sign-off. Instantiate ALU_4_bir, Register, and
Toggle_Button into ALU_machine_4_bit and create a Verilog model of the
internal structure represented by the architecture shown in Figure P8-7b. Use
the module header and declarations shown below.

module ALU_machine_4_bit (

output [4: 0]
output
input [3:0]
input [2:0]
input

input

)%
wire  [3:0]

ALU_4_bit
Register
Toggle_Button

endmodule

Alu_out,

Led_idle, Led_wait, Led_rdy,
Data,

Opcode,

Go,

clk, reset

Reg_out; I/ Note: Must size the bus connecting
M1 and M2

M1 (Alu_out, Data, Reg_out, Opcode);
M2 (Reg_out, Data, Load, cik, reset);
M3 (Load, Led_idle, Led_wait, Led_rdy, Go, clk, reset);
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Write a test plan that specifies the functional features that are to be
tested and how they will be tested. Using your test plan, and the headers and
instantiations shown below, (1) write a carefully documented testbench,
(_ALU_machine_4_bit, that implements the machine, and (2) verify the func-
tionality of ALU_machine_4_bit. Note that the testbench contains the UUT
(ALU_machine_4_bir), and the programmable clock generator (Clock_Prog),
plus the code you write to execute the tests.

module annotate_ALU_machine_4_bit ();
defparam t_ALU_machine_4_bit.M2.Latency = 10;
defparam t_ALU_machine_4_bit.M2.Offset = 5;

defparam t_ALU_machine_4_bit.M2.Pulse_\ W|dth 5;
endmodule

module t_ALU_machine_4_bit ();
wire [4:0]  Alu_out;

wire Led_idle, Led_wait, Led_rdy;
wire Load;
reg Go, reset;

reg [3:0] Data;
reg  [2:0] Opcode;
ALU_machine_4_bit M1 ( // Instantiate UUT
Alu_out,
Led_idle, Led_wait, Led_rdy,
Data,
Opcode,
Go, Load,
clk, reset);
Clock_Prog M2 (clk);

1l Your code goes here
endmodule

Figure P8-7(c) shows the results of a simple test of ALU_machine_4_bit. Note
the organization of the display.

Design—P ype Synthesis and ! i

‘The final steps of the exercise are to synthesize ALU_machine_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 final sign-off. The ports of the module, the pads of the FPGA, and the
1/O resources of the board must be integrated.? 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 I/Os of the FPGA. The pin configuration
of the FPGA is described in the manufacturer’s data sheets for the part. The
board’s /O resources are described in the documentation provided by the

Consult the data sheets for your particular prototyping board to identify the mapping between board
resources and the /0 pads of the FPGA.
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FIGURE P8-7¢ Simulation results for ALU_machine_4_bir.

manufacturer. Caution: 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 of the FPGA have been
hardwired to certain pins of the prototyping board. It is critical that the correct
signals be mapped to the pins that are being used by the application.

The datapath of ALU_machine_4_bit will be controlled by the finite-
state machine Toggle_Buiton (previously designed and verified). The signal Go
initiates the activity of loading Data into Register. Data and Opcode are to be
control by the outputs of the manual slide switches. While the state of
Toggle_Button is S_3 the machine asserts Led_rdy, 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 Register, then a
different value can be arranged for Data by changing the slide switches after
Led_rdy is asserted.

The input port signals of ALU_machine_4_bit must be mapped to the
slide switches and push buttons of the prototyping board; the output ports are.
to be mapped to the LEDs. Figure P8-7(f) shows the (a) slide-switch configura-
tion, (b) push-button configuration, and (c) the LED configuration used for a
demonstration FPGA. These resources are connected to pins at a connector on
the board. Note: Consult the data sheet to determine which side of the slide
switch (e.g., the side that is closest to the nearest edge of the board) is logical 1.
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{ Led _rdy
Alu_out[4:0] , A

FIGURE P8-7f Example of pin (a) slide switches, (b) push buttons, and () LEDs.

®

Figure P8-7f shows the LED, button and switch pin assignments that have
been specified for ALU_machine_4_bit, which are listed in Table P8-7(c). Note:
Similar data must be produced for the particular FPGA and board used in your
exercise.

Write a test plan that specifies how the FPGA prototype circuit will be
tested, making specific reference to the board resources (e.g., slide switch con-
figurations, LED readouts, special instrumentation, etc.). Develop test cases
demonstrating that the ALU works correctly. Verify that the Go button, the
reset button, and the LEDs function correctly. After successfully completing all
of the above steps, create the bit: file and load it to the i
board. Using some of the test cases developed for the test plan, verify the func-
tionality of the machine by executing (1) ALU and Opcode tests, (2) Led_idle,
Led_wait, and Led_rdy assertion tests, (3) reset assertion test, and (4) any other
test that will provide evidence that the prototype operates correctly.

. FPGA-Based Design Exercise: Some Ring C

Using the code fragment below write and verify a Verilog model of Counter8_Prog,
a parameterized and programmable 8-bit counter that implements various display
patterns to exercise the LEDs of a prototyping board. The implementation is to use
a separate Verilog function for each pattern (e.g., ringI_count). Develop a test plan
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TABLE P8-7cPin assignments for the
prototype board.

Port Pin
Alu_out [4] P69
Alu_out [3] P68
Alu_out [2] P67
Alu_out [1] P66
Alu_out [0] P65
Led_idle P62
Led_wait P61
Led_rdy P60
Data [3] P28
Data [2] P27
Data [1) P26
Data [0] P25
Opcode [2] P23
Opcode [1] P20
Opcade [0] P19
clk P13
Go P56
reset Ps7

clearly listing each functional feature that is to be tested. Develop a carefully docu-
mented testbench and execute the testplan to debug and verify the model and gen-
erate final graphical results. (Note: Organize the display to have the format shown
Figure P8-8(a).
module Counter8_Prog
output reg [7: 0] count, input [1: 0] mode, input direction, enable, clk, reset);
parameter start_count =1; /I Sets initial pattern of the
display to LSB of count

1/ Mode of count

parameter binary
parameter ring1
parameter ring2
parameter jump2 =3;
/I Direction of count

parameter left =0;
parameter right =1;
parameter up 0;
parameter down =1;

always @ (posedge clk or posedge reset)
if (reset ==1)count <= start_count;
else if (enable ==1)
case (mode)
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binary: inary_count  (count, direction);
ring1: ing1_count (count, direction);
ring2: ing2_count (count, direction);
jump2: imp2_count (count, direction);
default: inary_count (count, direction);
endcase
function (7:0]  binary_count;
input [7:0]  count;
input direction;
in
if (direction == up) binary_count = count +1; else binary_count = count—1;
end
endfunction

/I Other functions are declared here.

endmodule
At the active edge of the clock, an 8-bit count will be updated under the control
of mode and direction, which selects one of four different functions to form the
next value of count.

binary: A binary count pattern controlled by direction to count up or down.
ringl: A ring counter controlled by direction to move left (up) or right
(down).

Name t

clk

enable
mode[1: 0]
direction
count{7:0]
count{7)
countf6)
count[S)
count4]
countf3]
count[2]
count[1]

count[0)

FIGURE P8-8a Display format for ring counter simulation results.
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ring2: A ring counter like ringl, but that moves two adjacent cells
at a time.

Jjump2 A ring counter that jumps by two cells.
The patterns that are to be implemented for ring2 and jump? are illustrated in
Figure P8-8b.

Design— Prototype Synthesis and Impl i

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 frequency will be low enough to allow changes in the LEDs to be
visible.

Your design is to be encapsulated in a module, TOP, having the following
structure:

module TOP (count, mode, direction, enable, clk, reset);
input ..

output ...

Clock_Divider MO (clk_internal, clk);

Counter8_Prog UUT (count, mode, direction, enable, clk_internal, reset);

endmodule
ring2: left ring2: right
Jjump2: left Jjump?: right

FIGURE P8-8b_Patterns to be generated by ring2 and by jump2.
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and i your design on a ing board. Develop
a hardware test plan and use it to test the operation of the prototype.

Using the pin assignments shown in Figure P8-8(c), connect the ports of
the design to the pins of the FPGA on the prototyping board. (An example of
pin assignments is shown in Figure P8-8(c). If necessary, consider a clock
divider to enable the transitions of the counters to be visible.)

Develop and verify a Verilog model of Jumper, a module that generates
the pattern in Figure P8-8(d). Synthesize and verify a hardware prototype.

XL pins
Slide switches Push buttons LEDs
SWI SW2 SW3 SW4 SWS SW6 SWT SW

ﬂﬂﬂﬂﬂﬂﬂﬂ OIOJOJCIE S AA AL
ol e Sessnes

Lo
rl-»mmmmmrumn- 1m’ mN P66 P6S P62 P61 P60
000 e, reset

"ty 2%,
™ count[7:0]
FIGURE P88¢_Pin assi for Counter8_Prog.

FIGURE P8-8d_Patterns to be generated by Jumper.
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9. FPGA-Based Design Exercise: SRAM with Controller

The static RAM modeled by SRAM_2048 8 (see Example 8.5) is asynchro-
nous. Many applications require a synchronous interface to an SRAM. One
such interface (controller) is illustrated in Figure P8-9(a) below, where a host
processor provides an active-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 OE_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.

SRAM_with_Con

data

addr 1

csb addr data
ADS w9 ADS g o 5B cs
RW w—st—| R_W SRAMS OEb ;
g elicd I OEb OE  SRAM
reset m——| reset WE_b
Riy o< || Ry WE_b WE
(a)

FIGURE P8-92 troller for a SRAM: (a block diagram with interface

)
signals and (b) ASM chart for the controller.
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The ASM chart in Figure P8-9(b) describes the controller. (Note: the notation
1CS_b indicates that the active low chip-select signal has CS_b = 0; its default
value is CS_b = 1.)

Form a generic module, SRAM, by renaming SRAM_2048_8 and re-using its
code. Using the headers and testbench below, develop a generic (parameterized)
controller module, SRAM_Con that implements the behavior of the ASM chart in
Figure P8-9(b), then instantiate SRAM and SRAM_Con within SRAM_with_Con.
Use the results shown in Figure P8-9(b) to organize the displayed information

78795.88ns 78961.38ns 79126.88ns 79292.38ns t

Namey , , ) vy u b v bt

reset

data_ini{7:0) =

daaf10] 2 Y = z P = Jd = Py =

data_to_memory[10] OL)___ 02| 04 Y 08 ) [ O )

data_bus(70)[ {22 YA = z_ Pz = Py =
data_from_memory[7:0] =

adarfio0)| 115 J 125 1) 135 | 145 | 155 J1es

col_address{3:0] s
row_ 6 17 | 18 19 L 20 { = {22
ADS_b L U LI LT LS e |
R_W|
Ray| 11 M ML il 1
starefz0] | J5X_0_J3fafs) o Ya)efs o JaJaksX o JaJefsf o JaYaXs( o
send| L il 1 M M Rk N
recy
LI e o =iy~
C_LbJ LI L
OEb
WE_ b LS 1 ) LT LT
write_probe[10) J__01 | 04 | T | 10 [ 20

FIGURE P8-9b_Simulation results for SRAM_Con: writing to 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_b launching the activity. With send high,
recv low, and R_W low, the bidirectional bus is controlled for writing; with send
low, recv high, and R_W low, the bus is configured for reading data from mem-
ory. Rdy assert for one cycle after the data is written to memory. The testbench
includes write_probe, which monitors the contents of memory at the location
specified by col_address and row_address shows that data_to_memory (04) is
written successfully. Figure P8-9(c) shows signal activity for a read operation,
and Figure 8-9(d) shows the bidirectional interface to the testbench.

287403.95ns 287485.65ns 287567.35ns 287649.05ns t

Namey , \\yyiw i u b b b

73 Ty Yy Yy 0

reset

R

data_in(7:0) [\_zz_ J02 )z Joa) zz Jo8) =z J10f = J20f

dataf70) |z J02f zz o4 = Jo8f = J10f = f20f =
data_to_memory[7:0] o1

data_bus[7:0) | _zz_ J 02 2 )04 =z Jo8) =z J10f 2z J20)

data_from_memory[7:0) |z |02 2z )04 = J08) zz J10) = J20) =

R

addrf100) | Y 115 ) 125 1 J 135 \ 145 | 155  )165
col_address[3:0] 5
w17 ) 18 [ 1 {20 2 Y

row_
ADS_b
R W
Ryy[l—F 1Pl LSl ———lggl= |
staref2:0) [ )0 J 1 )2 Yo X1 N2 Jo) 1) 2 o1 2o 1) 2] o][3]
send
recv
[ L[ | Sl | Sy
csb
oEb | LI L _J L
WE_b
write_probe[7:0] | 01 X 02 04 ) 08 ) 10 1 20

FIGURE P8-9¢ Simulation results for SRAM_Con: reading from memory.
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Top_SRAM_with_Con

dato_to_displays w1
R_W_b button UM A
(push for 1) duta _with_Con
data_from_switches *T7 P
addr ) al
ADS_b = |{Toggle_Syne] -2, ADS CS bS5 Cs addr data
:} RW. RW SRAM_Con OF.
o I dlk x OE_b——dOE  SRAM
reset L rese e HEL
Rd) Rd) 2 WE
ly sor ly
FIGURE P89d_FPGA ion of an SRAM with a 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 S and I

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 i ion of the unit on a ping board. Con-
sider the structure shown in Figure P8-9(d), where the inbound data and the
address are mapped to the pins of the board’s slide switches, and ADS_b, R_W,
and reset are mapped to push buttons. Rdy is to 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 LEDs. Consider the following issues: (1) bus con-
tention, (2) display of the machine state (consider the LEDs), and (3) clock
speed. The module Toggle_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 button is pressed.

'timescale 1ns / 10ps

module SRAM_with_Con #(parameter word_size = 8, addr_size = 11)(
inout [word_size -1: 0] data,
input [addr_size -1: 0] addr,
output Rdy,
input ADS_b, R_W,
input  clk, reset

SRAM_Con MO (Rdy, CS_b, OE_b, WE_b, ADS_b, R_W, clk, reset);
SRAM M1 (data, addr, CS_b, OE_b, WE_b);
endmodule
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module SRAM_Con (output reg Rdy, CS_b, OE_b, WE_b, input ADS_b,
R_W, clk, reset);
11 Your code goes here

endmodule

module SRAM #(parameter
word_size = 8,

inout [word_size-1: 0]  data,

input [addr_size-1: 0]  addr,

input CS_b, OE_b, WE_b

%
reg [word_size-1:
reg [word_size-
reg [word_size-
reg [word_size-
reg [word_size-1:
reg [word_size-1:
reg [word_size-1:
reg [word_size-1:
reg [word_size-1:
reg [word_size-1:

0] data_int;
0] RAM_col0 [mem_depth-1: 0];
0] RAM_col1 [mem_depth-
0] RAM_col2 [mem_depth-

reg [word_size-1: 0] RAM_col15 [mem_depth-1

‘wire [col_addr_size-1: 0] col_addr = addr(col_addr_size-1: 0];
wire [row_addr_size-1: 0] row_addr = addr[addr_size-1:
col_addr_size];
assign data = ((CS_b == 0) && (WE_b == 1) && (OE_b == 0))
? data_int: Hi_Z_pattern;

Z_pattern;
) && (WE_b == 0)) 1/ Priority write to memory
case (col_addr) /I column address
0: RAM_col0[row_addr] = data;
1: RAM_col1[row_addr] = data;
2: RAM_col2[row_addr] = data;
3: RAM_col3{row_addr] = data;
4: RAM_cold[row_addr] = data;
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5: RAM_col5[row_addr] =
6: RAM_col6[row__addr]
7: RAM_col7[row_addr]

10: RAM_col10[row_addr] =
11: RAM_col11[row_addr] = data
12: RAM_col12[row_addr] = dat
13: RAM_col13[row_addr] = dat
14: RAM_col14[row_addr] = 5
15: RAM_col15[row_addr] = data;
endcase

else if (CS_b == 0) 8& (WE_b == 1) && (OE_b == 0)) // Read from

memory

case (col_addr)

data_int = RAM_colO[row_addr];
RAM_col1[row_addr];
RAM_col2[row_addr];
it = RAM_col3({row_addr];
RAM_col4[row_addr];

dala int = RAM_ col7[row addr];
data_int = RAM_col8[row_addr];
data RAM_col9[row_addr];
10:data_int = RAM_col10{row_addr];
11:data_int = RAM_col11[row_addr];
12:data_int = RAM_col12[row_addr];
13:data_int = RAM_col13[row_addr];
14:data_int = RAM_col14[row_addr];
X _int = RAM_col15[row_addr];

S?P?h‘!’.‘!'.‘?!-‘?!\’.‘.‘.‘?

/lI* Comment out of the model for a zero delay functional test.
specify
/I Parameters for the read cycle

/I Read cycle time

Il Address access time

/I Chip select access time
specparam t CLZ = 2; I/ Chip select to output in low-z
specparam t_OE = 4; I/ Output enable to output valid

1/ Output enable to output in low-z

JI Chip de-select to output in hi-z
.5, /I Output disable to output in hi-z

specparam t_OH = 2; I/ Output hold from address change

1/l Parameters for the write cycle
specparamt WC =7; 1/ Write cycle time

specparam t_CW = 5; /I Chip select to end of write
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specparam t_AW = 5; 1/ Address valid to end of write
specparam t_AS = 1/ Address setup time
specparam t_ WP 1l Write pulse width

Il Write recovery time
/1 Write enable to output in hi-z

specparam t WR
specparam t WHZ =
specparam t_DW = 3. /I Data set up time

specparam t_DH =0 /I Data hold time

specparam t_OW = 10; 1/ Output active from end of write

/IModule path timing specifications

(addr *> data) = t_AA; Il Verified in simulation
(CS_b *> data) = (t_ACS, t_ACS, t_CHZ);
(OE_b *> data) = (t_OE, t_OE, t OHZ); Il Verified in simulation

/Timing checks (Note use of conditioned events for the address setup,
/idepending on whether the write i controlled by the WE_b or by CS_b.

IWidth of write/read cycle
$width (negedge addr, t WC);

//Address valid to end of write

$setup (addr, posedge WE_b 88& CS_b
$setup (addr, posedge CS_b 88& WE_b

/IAddress setup before write enabled

$setup (addr, negedge WE_b 88& CS_b
$setup (addr, negedge CS_b &&& WE_b

/IWidth of write pulse
$width (negedge WE_b, t WP);

//Data valid to end of write
Ssetup (data, posedge WE_b &3& CS_b
$setup (data, posedge CS_b &3& WE_b

/IData hold from end of write
$hold (data, posedge WE_b 88& CS_b
$hold (data, posedge CS_b &&& WE_b

/IChip sel to end of write
$setup (CS_b, posedge WE_b &&& CS_t

$width (negedge CS_b &&& WE_b == 0, t_CW);
endspecify
"
endmodule
module test_ SRAM_with_Con ();
parameter word_size = 8;
parameter addr_size =
parameter mem_depth = 128;
parameter col_addr_size = 4;

parameter  row_addr_size = 7;
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parameter num_col = 16;
parameter initial_pattern = 8'b000_0001;
parameter Hi_Z_pattern = 8'bzzzz_zzzz;
parameter stop_time = 290000;
parameter latency = 248000;

[word_size -1: 0] data_to_memory;
reg ADS_b, R_W, clk, reset;
reg send, recv;
integer col, row;
wire [col_addr_size -1: 0] col_address = col;
wire [row_addr_size -1: 0] row_address = row;
wire [addr_size -1: 0] addr = {row_address,

col_address};

/I Three-state, bi-directional bus
wire [word_size -1: 0] data_bus = send? data_to_memory: Hi_Z_pattern;
wire [word_size -1: 0] data_from_memory = recv? data_bus: Hi_Z_pattern;
SRAM_with_Con M1 (data_bus, addr, Rdy, ADS_b, R_W, clk, reset); // UUT
initial #stop_time $finish;
initial begin reset = 1; #1 reset = 0; end

initial begin

#0clk =0;
forever #10 clk = ~clk;
end

11 Non-Zero delay test: Write walking ones to memory
initial begin
ADS_b = 1;

col= 0; col<= num_col -1; col = col +1) begin
data_to_memory =initial_pattern;
for (row = 0; row <= mem_depth-1; row = row + 1) begin
@ (negedge clk);
@ (negedge clk);
@ (negedge clk) ADS_b = 0; R_W = 0; // writing
@ (negedge clk) ADS_b
@ (posedge clk) sen
I/ @ (posedge clk) sen // Does not work
@ (posedge M1.M1.WE_b or posedge M1.M1.CS_b) send = 0;
/i@ (posedge clk) #1 send = 0; //Replacing above line with this works too.
@ (posedge clk) data_to_memory =
{data_to_memory[word_size-2:0] data_to_memoryfword_size -1]);
end
end
end

1
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1 Non-Zero delay test: Read back walking ones from memory
| begin

0;
for (col 0; col <= num_col = col +1) begin
for (row = 0; row <= mem_depth-1; row = row + 1) begin
#60;
end
end
end

/I Testbench probe to monitor write activity

reg [word_size -1:0] write_probe;

always @ (posedge M1.M1.WE_b, posedge M1.M1.CS_b)
case (M1.M1.col_addr)

write_probe = M1.M1.RAM_col0[M1.M1.row_addr];
write_probe = M1.M1.RAM_col1[M1.M1.row_addr];
write_probe 1.M1.RAM_col2[M1.M1.row_addr];
write_probe 1.M1.RAM_col3[M1.M1.row_addr];

write_probe = M1.M1.RAM_col4[M1.M1.row_addr];
write_probe = M1.M1.RAM col5[M1 M1.row, addr],

5‘?9?:‘57.'!-!‘,‘?9?‘?#9

10:write_probe = M1.M1.RAM_col10{M1.M1.1 row, /_addr];
11:write_probe = M1.M1.RAM_col11[M1.M1.row_addr];
M1.M1.RAM_col12[M1.M1.row_addr];
M1.M1.RAM_col13[M1.M1.row_addr];
= M1.M1.RAM_col14[M1.M1.row_addr];
15:write_probe = M1.M1.RAM_col15[M1.M1.row_addr];
endcase
endmodule

10. FPGA-Based Design Exercise: Programmable Lock

‘The objective of this cxercise is to design and implement a hardware prototype
ofap digital lock, using a p ing board and a
hexadecimal keypad. The top-level block diagram of the programmable lock s
shown in Figure P8-10a. The lock has a six-keystroke, factory-programmed
combination, but allows the owner to reprogram a new combination. LEDs 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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Prog_Lock_System

LD! LD2 LD3 LD LDS LD6 LD7 LD¥
P6) P68 P67 P66 P6S P62 Pl P60

Ps7
mode

FIGURE P8-10a Top-level block diagram for a ion lock.

and Enter_kst LEDs are asserted. The combination of the lock can be repro-
grammed by pressing mode once while the machine is in S_idle to put the machine
in the program mode state (S_prog). In the program mode, the Prog_mode and
Reprogramming LEDs are asserted, and the machine accepts a sequence of eight
entries of code from a hex keypad. This eight-keystroke combination (its repro-

ing code) is also factory and cannot be changed. If the eight
keystrokes that are entered in the programming mode match the reprogramming
code, the machine asserts the Enter_kst and Reprogramming LEDs and awaits
entry of six more code values from the keypad. If the sequence of eight values is
not correct, the machine de-asserts the Prog_mode LED, returns to the reset state,
and asserts the Ready and Enter_kst LEDs. The six values entered after the
Reprogramming and Enter_kst LEDs are asserted will be the reprogrammed key
for the lock. After the six keystrokes are entered, the machine returns to the reset
state and the normal mode automatically.

In the normal mode, a user must enter a sequence of six hex characters. If
the sequence of characters matches the key, the Unlock LED is asserted for one
clock cycle before the machine returns to S_idle. If the sequence does not match
the combination, the machine asserts the Invalid_key LED for one clock cycle,
and then returns to S_idle. For security, the machine must not signal Invalid_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 returns to S_idle. The machine does not 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 module. . . endmodule encapsula-
tions and ports given below, develop and verify a Verilog model of Prog_Lock.
Incorporate Hex_Keypad_Grayhill_072 from Chapter 5 to decode the keystrokes




Advanced Digital Design with the Verilog HDL

of the keypad; use the testbench from 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 [3: 0] Row,

input mode, clock, reset

wire [3: 0] Col;

wire [3: 0] Code;

wire S_Row;

Hex_Keypad_Grayhill_072 MO (Code, Col, Valid, Row, S_Row, clock, reset);
Synchronizer M1(S_Row, Row, clock, reset);

Prog_Lock M2 (
.Ready(Ready),
.Reprogramming(Reprogramming),
.Enter_kst(Enter_kst),
.Prog_mode(Prog_mode),
_Invalid_key(Invalid_key),
_unlock(Unlock),
_code(Code),
.mode(mode),

‘kst(Valid),
clock(clock),
.reset(reset)

endmodule

Design—Issues

Consider debouncing the keypad and/or 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.

pe Synthesis and I
A sample configuration for connecting the Grayhill 072 keypad to the prototyping
board is shown below in Figure P8-10(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 from the nearest edge of the board), and
may not be used for any other function.

Design—Prq

. FPGA-Based Design Exercise: Keypad Scanner

with FIFO Storage

‘The objective of this exercise is to design and imple-
ment an FPGA-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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Col<3>P19|°

FIGURE P8-10b_Digilab board pin mapping for the Grayhill 072 Hexadecimal keypad.

LEDs of a prototyping board. The top-level block diagram of the system is
shown in Figure P8-11(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 button, and a hexadecimal keypad. The outputs are two
seven-segment displays and eight LEDs. The button mode_toggle will be used to
toggle between display states so that more than eight signals can be presented
for view. When a button of the hex keypad is pressed, the system must decode
the button and store the data in an internal FIFO. The read button will be used
to read data from the FIFO 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 Note that the i ion has not i 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 FIFO® with the keypad
scanner. A FIFO (first-in, first-out) buffer is a dedicated memory stack consist-
ing of a fixed array of registers. The FIFO that is to be used in this exercise is
shown in Figure P8-11b. 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 stack. The stack has two pointers
(addresses), one pointing to the next word to which data will be written and
another pointing 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 detailed discussion of FIFOs.
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FIGURE P8-11b _FIFO Buffer: Signal Interface.

the FIFO has priority over the action to write data to the FIFO. The FIFO has
input and output datapaths, and two bit-lines serving as flags to denote the sta-
tus of the stack (full or empty).

Using the FIFO model and testbench provided below, verify the operation
of the FIFO. Configure the FIFO to have a stack of eight registers of 4 bits width.

/I Note: Adjust stack parameters
I/ 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_ptr_width = 1/ Width of pointer to address
stack

)output reg [stack_width -1: 0] Data_out, // Data from FIFO
output stack_empty, stack_full, Il FIFO status flags
input [stack_width -1: 0] Data_in, /I Data to FIFO
input write_to_stack, read_from_stack,

input cik, rst

»
reg [ stack_ptr_width -1: 0] read_ptr, write_ptr; // Pointers (addresses) for
1/ reading and writing
reg [ stack_ptr_width : 0] ptr_diff; /I Gap between ptrs
reg [stack_width -1: O] stack [stack_height -1: O}; // memory array

assign stack_empty = (ptr_diff == 0) ? b1 : 1'b0;
assign stack_full = (ptr_diff == stack_height) ? 1'b1: 1'b0;
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always @ (posedge clk, posedge rst) begin: data_transfer
if (rst) begin

else begin
if ((read_from_stack) && (!stack_empty)) begin
Data_out <= stack [read_ptr];
read_ptr <= read_ptr + 1;
ptr_diff <= ptr_diff -1;
d

else if ((write_to_stack) && (stack_full)) begin
stack [write_ptr] <= Data_in;

write_ptr <= write_ptr + 1; 1/ Address for next clock edge
ptr_diff <= ptr_diff + 1;
end
end
end // data_transfer
endmodule

module t_FIFO ();
parameter stack_width
parameter stack_height
parameter stack_ptr_width = 3;

wire [stack_width -1 : 0] Data_out;

wire stack_empty, stack_full;

reg [stack_width -1 : 0] Data_in;

reg clk, rst, write_to_stack, read_from_stack;

wire [11:0] stack0, stack1, stack2, stack3, stackd, stacks, stacks,

stack7;
assign stack0 = M1.stack{0]; /I Probes of the stack
assign stack1 = M1.stack[1];

assign stack2 1.stack(2];

1.stack(3];

assign stack5 = M1.stack(5]
assign stack6 = M1.stack[6};
assign stack? = M1.stack(7];

FIFO M1 (Data_out, stack_empty, stack_full, Data_in, write_to_stack,
read_from_stack, clk, rst);

always begin clk = 0; forever #5 clk = ~clk; end
initial #1500 $stop;

initial begin
#10rst=1;
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#40 rst = 0;
#420 rst=1
#460 rst = 0,

end

initial fork
#80 Data_in = 1;
forever #10 Data_in = Data_in + 1;

join

initial fork
#80 write_to_stack
#480 write_to_stacl

#250 read_from_stack = 1;
#350 read_from_stack = 0;
#420 write_to_stack = 1;
#480 write_to_stack = 0;

=0;

Join
endmodule

Design: Decoder

The decoder must be designed to decode a word read from the FIFO and cre-
ate driving signals for the active-l displays on a

8
board. The decoder must generate display signals for the 16 codes of the
Grayhill 072 keypad. Using the module.. . . endmodule encapsulation and port
given below, write a Verilog module, Decoder_L, of a functional unit that forms
the left and right (active-low) codes of gment displays. The MSB of
Lefi_out and Right_out 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, Right_out, input [3: 0]

Code_in); // active low displays

endmodule

Write a test plan specifying how Decoder_L is to be tested. Using the test plan,
write a testbench, 7_Decoder_L, that verifies the functionality of Decoder_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 of the FIFO on the seven-segment displays of the prototyp-
ing board. The seven-segment displays on the Digilab prototyping board have a
common anode. Each unit has seven cathode pins, corresponding to the segments
string “abedefg” We wish to implement the structure shown in Figure P8-11c
below. The output of the FIFO will be decoded to form the active-low code of the
left and right displays A mux will select between the two codes and route them to
the appropriate segment simultancously with an assertion of the appropriate
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FIFO [ Clock_Divider
Right_anode
Cathode
FIGURE P8-11c_Seven-segments display 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 (i.e., 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 the 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 button signal and assert a read signal at the
FIFO for only one clock signal. The button must be de-asserted before
another read can occur.

Design—Clock Divider

Now we will design a parameterized clock divider that can be used to strobe the
mux controlling the seven-segment displays and to operate the system at a suit-
able frequency. Using the module.. . . endmodule encapsulation below, develop
a Verilog module of Clock_Divider, a parameterized clock divider having a
default division by 2%,

module Clock_Divider (output clk_out, input clk_in, reset);

endmodule
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Design— Asynchronous User Interface

Two additional units must be designed: (1) a synchronizer for the “read” sig-
nal controlling the FIFO, and (2) a toggle unit that allows only one cell of
the FIFO to be read at a time. Using the module. . . 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 clk, because the state machine is active
on the positive edge.

module Synchro_2 (output synchro_out, input synchro_in, clk, reset);

endmodule

Using the module . . . endmodule encapsulation below, develop a Verilog
modaule of Toggle a state machine that accepts the synchronized signal directing
that the FIFO be read, and asserts a signal that reads only one cell of the FIFO,
regardless of whether the user holds the “read” button for 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, read_synch, input clk, reset);

endmodule

Write a test plan specifying how Toggle is to be tested. Using the test
plan, write a testbench, ¢_Toggle, that verifies the functionality of Toggle, and
that it operates correctly with the FIFO. Execute the test plan.

‘We will now design a i to control the de, seven-
segment displays of the Digilab prototyping board. Using the module. . .
endmodule encapsulation below, develop a Verilog module of Display_Mux_3_4,
a functional unit that selects between two cathode codes and asserts the selected
code at its output, and also asserts the appropriate anode of the rightmost pair of
seven-segment displays on the board.

module Display_Mux_3_4 (output [7: 0] Cathode, output Left_anode,
Right_anode,
input [7; 0] Display_3, Display_4, sel

endmodule

Write and exccute a test plan for verifying Display_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 working 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 top-level encapsu-
lating module TOP_Keypad_FIFO given below, form the integrated system.
Using a simulator, eliminate any syntax errors from the integration. Pay careful
attention to the mapping of formal and actual port names.

module TOP_Keypad_FIFO (

output
output [3: 0]
output
output
input [3:0]
input
input

)

wire  [3:0]
wire

wire

wire  [6:0]
wire

wire

athode,

ol,
Left_anode, Right_anode,
empty, full,
Row,
read,
clk, reset

Code, Code_out;
S_Ro
valid;
Left_out, Right_out;
clk_slow, clk_display;
read_fifo, read_synch;

Synchronizer MO (
.S_Row(S_Row),
.Row(Row),
_clock(clk_slow),
.reset(reset));

Hex_Keypad_Grayhill_072 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_full(full),
-clk(clk_slow),

.rst(reset),
write_to_stack(valid),
.read_from_stack(read_fifo));

Decoder_L M3 (
.Left_out(Left_out),
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_Right_out(Right_out),
.Code_in(Code_out));
Display_Mux_3_4 M5 (
Cathode(Cathode),
_Left_anode(Left_anode),
_Right_anode(Right_anode),
.Display_3(Left_out),
Display_4(Right_out),
sel(clk_display));

Clock_Divider #(7) M6 ( /I DEFAULT WIDTH = 24
_clk_out(clk_slow), I Use 20 for slow/visible operation
_clk_in(clk),

.reset(reset));

Clock_Divider #20) M7 (
“clk_out(clk_display),
clk_in(clk),
reset(reset});

Toggle M8 (
.toggle_out (read_fifo),
-toggle_in (read_synch),
.clk(clk_slow),
.reset(reset));

Synchro_2 M9 (
.synchro_out(read_synch),
_synchro_in(read),
clk(clk_slow),
.reset(reset));

endmodule

module Row_Signal (
output reg [3:0] Row,
input [15:0] Key,
input [3:0] Col
)3
11 Scan for row of the asserted key
always @ (Key, Col) begin //Asynchronous behavior for key assertion
Row[0] = Key[0] && Col[0] || Key[1] && Col[1] || Key[2] && Col[2] ||
Key[3] && Col[3];
Row{1] = Key[4] & Col[0] || Key[5] && Col[1] || Key[6] && Col[2] ||
Key(7] && Col[3];
Row(2] = Key[8] && Col[0] || Key[9] && Col[1] || Key[10] && Col2] ||
Key[11] 8& Col[3];
Row[3] = Key[12] && Col[0] || Key[13] && Col[1] || Key[14] && Col[2] ||
Key{15] && Col[3];

en
ondmodul-
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Using the testbench 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 results in a user-friendly format.
module t_TOP_keypad_FIFO ();
wire [6: 0] Cathode;
wire [3:0] Col;

wire Left_anode, Right_anode;

wire valid;

wire empty;

wire full;

wire [3:0] Row;

reg B

reg clock, reset;

reg  [15:0] Key;

integer ik

reg [39: 0] Pressed;

parameter [39: 0] Key_0
parameter [39: 0] Key_1
parameter [39: 0] Key_2 = "Key_2";
parameter [39: 0] Key_3 = "Key_3";

parameter [39: 0] Key_4 = "Key_4";
parameter [39:
parameter [39:
parameter [39:
parameter [39:
parameter [39:
parameter [39:
parameter [39:
parameter [39:
parameter (39:
parameter [39:

parameter [39:
parameter [39:

wire stack0 = UUT.M2.stack[0]; /I Probes of the stack
wire stack1 = UUT.M2.stack[1];
wire stack2 = UUT.M2.stack[2];
wire stack3 = UUT.M2.stack(3];
wire stack4 = UUT.M2.stack[4];
wire stack5 = UUT.M2.stack[5];
wire stack6 = UUT.M2.stack[6];
wire stack? = UUT.M2.stack{7];
A
always @ (Key) begin
case (Key)
16'h0000: Pressed = None;
16'h0001:  Pressed = Key_0;
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16'h0002:  Pressed = Key_1;
16'h0004: Pressed = Key_2;
16'h0008:  Pressed = Key 3;
16'h0010: Pressed = Key_4;
16'h0020: Pressed = Key_5;
16'h0040:  Pressed = Key_6;
16'h0080:  Pressed = Key 7;
16h0100:  Pressed = Key_8;
16'h0200: Pressed = Key_9;
16'h0400:  Pressed = Key_A;
16'h0800: Pressed = Key_B;
16'h1000:  Pressed = Key_C;
16'h2000:  Pressed = Key_D;
16'h4000: Pressed = Key_E;
16'h8000: Pressed = Key_F;
default: Pressed = None;

endcase

nd

TOP_Keypad_FIFO M_UUT
(Cathode, Col, Left_anode, Right_anode, empty, full, Row, read, clock,
reset);
Row_Signal M2 (Row, Key, Col);
initial #42000 $finish;
initial begin clock
initial begin resel
initial bagln for (k = 0
+1) begin
; #160 Key = 0; end end end
initial begin forever begin
1

; forever #5 clock = -clock end
; #10 reset = 0; ent
k<=1k= k+1)b¢ganey 0; #25 for (j=0; j

#307 read
#20 read = 0;
end
end
endmodule

Design— Prototype Synth and Impl i

Synthesize the integrated system and target the design into the FPGA for the
available prototyping board. Download the bitmap file into the FPGA and con-
duct a demonstration of the functionality of the system.

Modify the keypad scanner circuit from the previous exercises to incorporate
protection against switch bounce. Consider requiring a switched input 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 debounce circuitry works on the prototyp-
ing board.

5
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13. FPGA-Based Design Exercise: Serial C icati
Link with Error Correction

The objective of this exercise is to implement a serial communication link
between a pair of FPGA ing boards and to the functi

ity of an error correction unit. The UART that was presented in Chapter 7 is to
be used, and include an extended Hamming encoder and an extended Hamming
decoder. The block diagram in Figure P8-13(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,
together with a two-stage synchronizer, produces a 4-bit code corresponding to
the pressed key.?” The Hamming encoder accepts a 4-bit input and generates an
8-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-
tion Unit.

The Error Injection Unit is to be hardwired to corrupt bits 1 and 5,
depending on whether the push-button 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 switch presents a logical 0. The selected
bits allow a data bit and a parity bit to be corrupted.

The Hamming decoder at the receiver board accepts an 8-bit word and
forms a 4-bit 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-bit error and display the corrected
data word on the seven-segment displays. An LED will also be illuminated to
indicate the occurrence of such an error. The extended Hamming code includes
an additional bit to allow the 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 from the board’s nominal 50 MHz
clock signal. The information presented to the set of seven-segment displays will
have to be time-multiplexed. The clock signals to be used in the design are shown
in Table P8-13a.

7'See Sections 5.16 and 5.17.
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TABLE 8-13a Clock signals for the board-to-board

Clock

>

Frequency Description
Input 50 MHz Input Clock
clkd0 3.125NMz Keypad interface clock
clk200 3.125MHz Seven-segment display clock
clk_rx 25 MHz UART Receiver clock
clk_ix 3.125MHz UART Transmitter clock
Develop, verify, and the functional units the serial

communications link. Synthesize the top modules that are to reside on the
transmitter and receiver boards. Discuss the resources required to support the

design.
Using an FPGA synthesis tool, synthesize RISC_SPM (see Section 7.3). Discuss

the machine’s performance and its use of FPGA resources.




aurrers  Algorithms and
Architectures for Digital
Processors

An algorithm is a sequence of processing steps that create and/or transform data
objects in memory. A general-purpose machine, or processor, can be programmed (via
a high-level 1 ) to execute a variety of algorithms, but its
archlteclure 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 mput~output (I/O) lhmughput over the domain
of application [1]. C to g circuits
(ASICs), 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 deslg-ned to optu-mze the executmn of particular algorithms for a specific
The h, 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. 4
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 unplemenls an
algorithm is an important i ion. ASICs are especi suited fox in
digital signal processing (DSP), image ing, and data i in which
parallel da!apa!hs and concurrent processing abound. We saw in Chapter 8 that FPGAs
can be i) d for a variety of icati and dly. 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 filter 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 i ions of the FUs ), (3) ping Verilog

ons of the archi and (4) izing the archi i

9.1 Algorithms, Nested-Loop Programs,
and Data Flow Graphs

Algonthmlc processors are composed of FUs, each executing in an environment of
data flow. A ial algorithm can be described by a nested-loop pro-
gram (NLP) [1,2], which oonsxsls of a set 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 behavior).”
NLPs are always computable, so such a starting pomt for a realization of a speclﬁcauon
is attractive. Moreover, an NLP provides an and
for the machine whose behavior is to be realized.
The ial ordering of ions and the dependencies of data in an NLP
for o glven algonthm can be represenled by a data flow graph (DFG) [3,4]. A DFG can
andal parser can extract a DFG from an NLP or from

!Performance issues will also be addressed in Chapter 11.
%A generic for loop exccutes repeatedly under the control of lower and upper bound expressions and a loop
index mechanism. The Verilog for loop is an example.
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FIGURE 9-1 A nested-loop program consists of a set of nested for loops.

Outer loop

Jood

an HDL-based i ing the activity flow of the statements
and the lifetime of the variables, logether 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 alternative 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 [3]. Each node v; e V represents a FU,
which operates on its inputs (data) to produce its outputs. An FU might consist of a
single 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 e; € E originates atanode v; € V and terminates at node v; e V. Given an edge
¢; e E, the data produced by node v; is consumed by node v; [S].

A data dependency exists between a pair of nodes (v; € V,v; € V) correspond-
ing to edge e; if the FU v; uses the results of FU v;, and if the operation of v; cannot
begin until the operation of v; 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 DFG 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.* Given that the control unit

*The edges of the graph can be annotated to indicate a time delay (e.g., a register buffer delay) that must
elapse before the node receiving data from 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 lled to respect the cs ints 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 into an architecture of processors,
datapaths, and registers from which a synthesizable register transfer level (RTL)
model can be developed in Verilog or VHDL.® A baseline architecture that imple-
ments a given DFG can always be formed as a set of FUs connected in a structure
that is isomorphic to the DFG [18].” This design is hardware-intensive, and it serves
only as a starting point because other architectures may realize the same algorithm
with higher performance and less hardware. Datapath allocation binds the FUs of
the DFG to a given (selected) set of d b 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 DFG. 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.® 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 DFG: r p n, and icati i
segments the FU into a sequence of funcuons 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 former case, the nodes of the DFG are mapped iso-
morphically to the FUs; in the latter case,a single FU executes over as many clock cycles
as required to p the by the DFG. This approach saves
hardware by replicating the activity of a smgle 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

SWe will rely on ASM charts to design a controller; control-flow data graphs and control-data flow graphs
can also be used [S].

“Design tools are now available to automate these steps ~ manual retranslation is potentially a source of
error in the design flow, because the behavior of the machine synthesized from the RTL model might not
match the intended behavior expressed by the specification. See high level synthesis at, for example,
www.mentor.com.

"I am grateful to Dr. Hubert Kaeslin, of the Swiss Federal Institute of Technology (ETH), Zurich for corre-
spondence about this approach to design.

¥See references [3] and [S] for a discussion of various scheduling algorithms that are used in high-level
synthesis.
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to improve 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 how an architecture can be synthesized from an algorithm, we will
demonstrate the main steps of synthesizing a halftone image converter The circuit has
been used elsewhere [1] to illustrate pts in is of algorithms for
DSP and will be our platform for ping and comparing archi for an image
converter. We will design a baseline machine and then consider an alternative machine
that uses less hardware, but execules over muluple clock cycles.

The lled Floyd converts an image consisting of an
N_col X M_row array ot pixels, each having a resolution of pixel_size pixel_sizebits,
into an array having only black or white pixels, while incorporating a subjective mea-
sure of the quality of the image [1]. The algorithm distributes to a selected subset of
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FIGURE 9-3 Floyd-Steinberg algorithm’s distribution of a pixel’s roundoff
error to the pixel’s nearest neighbors.

each pixel’s neighbors the roundoff error induced by converting the pixel from a reso-
lution of n bits to a resolution of 1 bit. The distribution of error to a given pixel is based
on a weighted average of the errors at the sites of its selected neighbors. Figure 9-3
identifies the neighboring nodes that are affected by the error generated at node
(n, m), where n is a column index, and m is a row index into an N_row X M_col 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 relationships 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 converted in a sequential manner, from left to right, from top to
bottom, beginning with producer of data at the top left corner 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 of i that will ulti be
described by a cyclic behavior in Verilog. At each pixel location, (1, m), a weighted average
of the (previously calculated) error, e, at the selected neighbors is formed according to

(
(= 1,m) B

(n, m)

FIGURE 9-4 Nearest neighbors for updating a pixel in a halftone image converter
based on the Floyd-Steinberg algorithm.
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FIGURE 95 Data flow graph for a N' X M halftone pixel image converter

E av=(wl*eln —1,m] +w2*eln—1,m — 1] + w3 *e[n,m — 1]
+wd*eln + 1,m — 1])wy

where wl, ... w4 are subjective nonnegative weights, and wy = wl + w2 + w3 + w4.
This weighted average is used to calculate a corrected pixel value (CPV):

CPV = PV[n,m] + E_av
and then we round CPV to 0 or 1, according to a threshold, CPV _thresh. So
CPV _round = 0if CPV < CPV _thresh
and
CPV _round = CPV_max, otherwise

where CPV_max = 255 and CPV _thresh = 128, for an image with 8-bit resolution.
Next, we form a halftone pixel value and save the error:

HTPV = 0if CPV_round = 0, otherwise HTPV = 1;
Err[n,m] = CPV — HTPV

The main array of nodes in Figure 9-5 is isomorphic to the array of pixels. We have
added a column of boundary nodes at the 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 M_row 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 where T is the threshold for ding the CPV:

for (m = 1; m < M_row; m++) {Err [m] [0] = 0;} I Initialization of
boundary
for (m = 0; m <= M_row; m++) {Err [0] [m] = 0; Err [N_col + 1] [ 0] = 0} // Initialization of
boundary)
for(m=1;,m<M; ++){ /I terate over
rows
for (n=1; n < N_col; n++) { Il lterate over
columns

E_av = (7 * Erfn—1][m] + 1 * Erfn~1]m—1] + 5 * Errfn][m—1]
+3* Erfn + 1]m—1]) /116;
CPV = PV[n][m] + E_av;
CPV_round = (if CPV < T then 0 else 255); // Threshold = 128;
HTPV [n][m] if (CPV_round == 0 then 0 else 1);
Err [n][m] = CPV - CPV_round;
}
}

9.2.1 Baseline Design for a Halftone Pixel Image Converter

There are various options for forming a hardware implementation of an NLP reahzmg
the image conversion algorithm. Since the i at each FU are i

in nature, the simplest architecture is a structure of FUs 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_Converter_Baseline,
are given below.” The model is hardware-intensive and structural, consisting of a sys-
tolic array'” of 48 identical processors hard-wired for the dataflow of the DFG. Taseiine,
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 the top-left pixel to the bottom-right
pixel."! The implementation is parameterized, portable and synthesizable as combina-
tional logic, and requires no controller. The input to the converter is a vector consisting

*The Verilog generate construct is used here laborate, and tructural el ts of the model.
19 systolic array has a set of identical FUs, with high local connectivity and multiple data flows.
!'This value is not evident in a zero-delay simulation.
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FIGURE 9-6_Sharp test images for the halftone image converter.

FIGURE 9-7 Graduated test image and halftone image produced by /mage_Converter_Baseline
with weights (w1, w2, w3, wd) = (2,8,4,2).

of the data words of the array of pixels, organized sequentially from the top left to the
bottom right corner 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 testbench also extracts and displays the rows of pixel halftone values from the
vector HTPV_bits which is produced by the converter.

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 Image_Converter_Baseline
match the corresponding sharp contrast images. To interpret the simulation results,
note that HTPV_Row_1[1:8] ... HTPV_Row_3[1:8] having the value 8'hf0 and
HTPV_Row_4[1:8] ... HTPV_Row_6[1:8] having the value 8'h0f in the first column in
Figure 9-8 corresponds to the leftmost image in Figure 9-6, with 1 being the value of

0 500 1000 1500 2000 2500 t
Hai Liii L Ll Ll
| HTPV_Row_111:8] c =)
HTPV_Row_2[1:8] C 3
HTPV_Row 3[18] i 00
HTPV_Row_4[1:8] ¥ 00
HTPV_Row_5[18] C =3
HTPV_Row_6[1:8] c 3

FIGURE 98 Simulation results for /mage_Converter_Baseline with weights (w1, w2, w3, wd) = (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 that was shown in Figure 9-7.

Il 'somorphic array of processors
module Image_Converter_Baseline # (parameter pixel_size = 8, N_col =
M_row = 8)(
output |_col*M_row] HTPV_bits,
input [1: pixel_size * N_col * M_row] pixel_bits
wire HTPV [1: N_coll{1: M_row];
wire [pixel_size—1: 0] Err [0: N_col + 1] [0: M_row]; // Core and boundary values

1 Initialize boundary values (Top, left, and right are set to 0)
genvarn, m;

;n<=N_col + 1; n = n + 1) begin: top_border assign Err[n][0] = 1'b0; end
1; m <= M_row; m = m + 1) begin: left_border assign Err{0][m] = 1'b0; end

for (m = 1; m <= M_row; m = m + 1) begin: right_border assign ErN_col + 1][m] =
10; end

Il Instantiate array of pixel processors
;m<=M_row; m =m + 1) begin: row_loop
;n <= N_col; n = n + 1) begin: column_loop
PPDU M (Err{n][m], HTPV[n][m], Errfn—1]{m], Errfn—1]jm 1}, Err{n]im—1],
Errfn + 1)m—1],
pixel_bits[(m—1)*N_col*pixel_size +(n—1)*pixel_size +1: (m—1)*
N_col*pixel_size + n*pixel_size]);
end
end
endgenerate

/I Pack bits into output vector

_row; m = m + 1) begin: HTPV_row_loop
in<= ol; n = n + 1) begin: HTPV_col_loop
assign HTPV hlts [(m—1)*N_col + n] = HTPV[n][m];

end

end
endgenerate
endmodule

Il Pixel Processor Datapath Unit
module PPDU #(parameter pixel_size = 8)(

output [pixel_size—1: 0] Er_0,

output HTPV,

input [pixel_size—1: O]Err_1, Err_2, Err_3, Er_4, PV
%

'wire [pixel_size + 1: O]CPV, CPV._round, E_av;
1/ Weights for the average error; choose for compatibility with divide-by-16 (>> 4)
parameter w1=2,w2=8w3=4,w4=2;
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parameter  Threshold = 128;

assign E_av =
assign CPV =

(W1 *Err_1+w2*Err_2+w3*Err_3+ w4 *Err_4)>>4;
PV +E_av;

assign CPV_round = (CPV < Threshold) ? 0: 255;

assign HTPV =
assign Err_0=
endmodule

module t_Image_¢

parameter pixel_size =8, N_col =8, M_row = 6;
N_col]

(CPV_round == 0) ?
CPV-CPV_round;

Converter_Baseline();

wire [1: HTPV_Row_1, HTPV_Row_2,

HTPV_Row_3;

wire  [1:N_col] HTPV_Row_4, HTPV_Row._5,
HTPV_Row_6;

reg  [1: pixel_size*N_col*M_row] pixel_bits;

wire  [1: N_col*M_row] HTPV_bits;

1l Form rows of hafltone values

assign HTPV_Row_1 = HTPV_bits[1:8]

assign HTPV_Row_2 = HTPV_bits[9:16]

assign HTPV_Row_3 = HTPV_bits[17:24];

assign HTPV_Row_4 = HTPV._bits[25:32);

assign HTPV_Row_5 = HTPV_bits[33:40];

assign HTPV_Row_6 = HTPV_bits[41:48];

Image_Converter_Baseline M1 (HTPV_bits, pixel_bits); /l Instantiate image

initial fork

converter

begin: Image_Pattern_1

pixel_bits ={

end

&hff, 8'hff, 8hff, 8'hff, 800, 8'h00, 8'h00, 8'h00,
8hff, 8'hff, 8hff, B'hff, 800, 8'h00, 8'h00, 8'H00,
8hff, 8'hff, 8'hff, 8'hff, 8'h00, 8'h00, 8'h00, 8'h00,
800, 8'h00, 8'h00, 8'h00, 8'hff, 8'hf, 8'hff, B'hff,
800, 8'h00, 8'h00, 8'h00, 8'hff, B'hff, Bhff, B'hff,
800, 8'h00, 8'h00, 8'h00, 8'hff, 8'hf, 8'hff, 8'hff);

#500 begin: Image_Pattern_2

pixel_bits = {

end

8'h00, 8'h00, 8'h00, 8'h00, 8'hff, 8'hff, 8'hff, 8'hff,
8'h00, 8'h00, 8'h00, 8'h00, 8'hff, 8'hff, 8'hff, 8'hff,
8'h00, 8'h00, 8'h00, 8'h00, 8'hff, 8'hff, 8'hff, 8'hff,
8'hff, 8'hff, 8'hff, 8'hff, 8'h00, 8'h00, 8'h00, 8'h00,
8'hff, 8'hff, 8'hff, 8'hff, 8'h00, 8'h00, 8'h00, 8'h00,
8'hff, 8'hff, 8'hff, 8'nff, 8'h00, 8'h00, 8'h00, 8'h00);

#1000 begin: Image_Pattern_3_Cross

pixel_bits = {

8'h00, 8'h00, 8'hff, 8'hff, 8'hff, 8'hff, 8'h00, 8'h0,
8'h00, 8'h00, 8'hff, 8'hff, 8'hff, 8'hff, 8'h00, 8'h00,
8'hff, 8'hff, 8'hff, 8'hff, 8'hff, 8'hff, 8'hff, 8'hff,
8'hff, 8'hff, 8'hff, 8'hff, 8'hff, 8'hff, 8'hff, 8'hff,




526

Advanced Digital Design with the Verilog HDL

8'h00, 8'h00, 8'hff, 8'hff, 8'hff, 8'hff, 8'h00, 8'h0,
8'h00, 8'h00, 8'hff, 8'hff, 8'hff, 8'hff, 8'h00, 8'h0};
end

#1500 begin: Image_Pattern_4_Bar_Cross
pixel_bits = { 8'hff, 8'hff, 8'h00, 8'h00, 8'00, 8'h00, 8'hff, 8'hff,

8'hff, 8'hff, 8'h00, 8'h00, 8'h00, 8'h00, 8'hff, 8'hff,
8'h00, 8'h00, 8'h00, 8'h00, 8'h00, 8'h00, 8'h00, 8'h00,
8'h00, 8'h00, 8'h00, 8'h00, 8'h00, 8'h00, 8'h00, 8'h00,
8'hff, 8'hff, 8'h00, 8'h00, 8'h00, 8'h00, 8'hff, 8'hff,
8'hff, 8'hff, 8'h00, 8'h00, 8'h00, 8'h00, 8'hff, 8'hff};

end

#2000 begin: Image_Pattern_5_Graduated_Left_to_Right
pixel_bits = { 8'h1f, 8'h3f, 8'h5f, 8'h8f, 8'9f, 8'hbf, 8'hdf, 8'hff,
8'h1f, 8'h3f, 8'h5f, 8'h8f, 8'hof, 8'hbf, 8'hdf, 8'hff,
8'h1f, 8'h3f, 8'h5f, 8'h8f, 8'hof, 8'hbf, 8'hdf, 8'hff,
8'h1f, 8'h3f, 8'h5f, 8'h8f, 8'hof, 8'hbf, 8'hdf, 8'hff,
8'h1f, 8'h3f, 8'h5f, 8'h8f, 8'hof, 8'hbf, 8'hdf, 8'hff,
8'h1f, 8'h3f, 8'h5f, 8'h8f, 8'h9f, 8'hbf, 8'hdf, 8'hff};
end
join
initial begin #4000 $finish; 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-performance spectrum, for it replicates identical hardware (structural) units,
each implemented as combinational logic 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 Image_Converter 0. The model'?

to logic eq to Image_Converter_Baseline, and con-
verts an image in time Tg,qciine, Where Thaseiine 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 Tpasciine-

12A location-dependent (i.e., (column and row dependent) word of pixel_size bits is selected from pixel_bits
using the +: range delimiter.
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n model of i ic array of

module Image_Converter_0 # (parameter pixel_size = 8, N_col = 8, M_row = 6)(
output reg [1: N_col*M_row] HTPV_bits,
input [1: pixel_size*N_col*M_row] pixel_bits

parameter wl=2,w2=8w3=4,w4=2;

parameter Threshold = 128;

integer n, m;

reg HTPV [1: N_col][1: M_row];

reg [pixel_size -1: 0] Err [0: N_col +1] [0: M_row]; /I Core and boundary values
reg [pixel_size + 1: 0] CPV, CPV_round, E_av;

I/ Initialize boundary values (Top, left, and right are set to 0)
always @ (pixel_bits) begin
n<=N_col+1;n=n+1) begin: top_border Err{n][0] = 1'b0; end
<=M_row;m=m + 1) begin: left_border Er(0]jm] = 1'0; end
;m<=M_row;m=m+1) begin: right_border Err[N_col+1]
[m] = 1'b0; end

/I Halftone calculations (Note use of blocking assignment operator (=)
for (m = 1; m <= M_row; m = m + 1) begin: row_loop
for (n = 1; n <= N_col; n = n + 1) begin: column_loop
E_av = (W1*Err{n -1][m] + w2*Err{n -1][m -1] + w3*Err{n][m -1]
+W4*Errn + 1)[m -1]) >> 4;
CPV = plxel bits[(m -1)*N_col*pixel_size +(n -1)*pixel_size + 1 +: pixel_size] +

E_a
CPV_i o= (CPV < Threshold) ? 0: 255;
HTPV[n][m] = (CPV_round == 0) 2 0: 1;
HTPV_bits [(m -1)*N_col + n]
Err{n]{m] = CPV - CPV_round;

end 1/ column_loop
end 1 row_loop
end /I always
endmodule

The NLP for the image converter also suggests a synchronous implementation.
This architecture will require memory, but releases the resources of the system bus
while 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 N_col
*M_row clock cycles. The cycle time of the image converter would be limited by the
longest path through 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_0) and let a syn-
thesis tool create an architecture. The expectation is that there is no need to design
a because a is tool will h the NLP by the loops
and forming a structure that implements the algorithm. The machine would trans-
form the image in one long clock cycle of length T_Baseline. A Verilog model of a
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FIGURE 9-9 St ructure of an N X \/ pixel array with an 8-bit resolution.

machine implementing the algorithm in this style is given by Image_Converter_1,
below, along with its testbench.

Image_Converter_1 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 to 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 computations 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 Iong 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 flushes the
memory of residual values of pixel values and errors to prepare for a new image.

11 Single ! ial model (N¢
gle-cy

module Image_Converter_1 # (parameter pixel_size = 8, N_col = 8, M_row = 6)(
output reg [1: N_col*M_row] HTPV_bits,
output reg Done,
input [1: pixel_size*N_col*M_row] pixel_bits,
input Go, clk, reset
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parameter Wi=2,w2=8w3=4,wa=2;
parameter  Threshold = 128;

integer n, m;
reg HTPV [1: N_col][1: M_row];

reg [pixel_size -1: 0] Err [0: N_col +1] [0: M_row];  // Core and boundary values
reg [pixel_size + 1: 0] CPV, CPV_round, E_av;

J/ Initialize boundary values (Top, left, and right are set to 0)
always begin: wrapper_for_synthesis
@ (posedge clk) begin: pixel_converter
i (reset) begin: reset_action / Initalize borders of the array

for (1=0;n<=N_col+1:n=n+1)  begin: top_border Er{n][0] = 1'b0; end
for(m=1;m<=M_row;m=m+1) begin: left_border Err{0][m] = 1'b0; end
m<=M_row;m=m+1) begin: right_border Err[N_col+1][m]

else if (Go) begin  // 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  // Delay only for
illustration
E_av = (w1 * Erfn-1][m] + w2 * Err{n-1][m-1] + w3 * En{n][m-1]
+wa * Errfn + 1][m-1]) >> 4;
CPV = pixel_bits{(m -1)*N_col*pixel_size +(n -1)*pixel_size + 1 +:
pixel_size] + E_av;
CPV_round = (CPV < Threshold) ? 0: 255;
HTPV[n][m] = (CPV_round == 0) 7 0: 1;
HTPV_bits [(m -1)*N_col + n] = HTPV[n][m];
Err{n][m] = CPV - CPV_round;

end J/ column_loop
1/ Used for Image_Converter_Work_Around (Temporal separation of row
computations)
Il @ (posedge clk) if (reset) disable pixel_converter;
end /I row_loop
Done
end /I Halftone calculations
end Il pixel_converter
end Il wrapper_for_synthesis
endmodule

module t_Image_Converter_1();
parameter pixel_size = 8, N_col = 8, M_row = 6;

wire  [1:N_col] HTPV_Row_1, HTPV Row_2,
HTPV_Row.

wire  [1:N_col] HTPV_Row_4, HTPV_Row_5,
HTPV_Row_6;

reg  [1: pixel_size*N_col*M_row] pixel_bits;

reg Go, clk, reset;

wire  [1:N_col'M_row] HTPV._bits;

wire  Done;
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assign HTPV_Row_1 = HTPV_bits[1:8];

assign HTPV_| _Row_ 4 HTPV bits|
assign HTPV_Row_5 = HTPV_bits| T
assign HTPV_Row_6 = HTPV_bits[41 45]

Image_Converter_1M1 (HTPV_bits, Done, pixel_bits, Go, clk, reset); / Instantiate

initial begin clk =0; forever #5 clk = ~clk; end

initial fork
#0 reset= 1;
#10 reset =
Jjoin

initial fork
#15Go=1; Il lmage #1
#35Go =0;

#480 reset = 1; /I lmage #2
#490 reset = 0;

#500 Go = 1;

#520 Go=0;

Il lmage #3

#0980 reset = 1;
0;

#1020 Go = 0;

#1480 reset = 1; Il lmage #4
#1490 reset = 0;

#1500 Ge
#1520 Go = 0;

#1980 reset = 1;
#1990 reset = 0;
#2000 Go = 1;

I/ Image #5

| fork
begin: Image_Pattern_1
pixel_bits ={ 8'hff, Bff, 8'hff, Bhf, 8h0O, B'h0O, B'h0D, 800,
8'hff, 8hf, 8'hff, 8hff, 8h00, 8'h0O, B'h0O, 8'h00,
8'hff, 8hff, 8'hff, 8ff, 8h00, 8'h00, B'h0O, 8'h00,
8h00, 8'h00, 8'h00, 800, 8'nff, B'hff, 8'ff, 8'hfr,
8h00, 8h00, 8'h00, 800, 8'hff, Bhff, 8'hff, 8'hfr,

8'h00, 8'h00, 8'h00, 8'h00, 8'hff, 8'hff, 8'hff, 8'hff};

image converter
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#500 begin: Image_Pattern_2
pixel_bits = { 8'h00, 8'h00, 8'h00, 8'h00, 8'hff, 8'hff, 8'hff, 8'hff,
8'h00, 8'h00, 8'h00, 8'h00, 8'hff, 8'hff, 8'hff, 8'hff,
8'h00, 8'h00, 8'h00, 8'h00, 8'hff, 8'hff, 8'hff, B'hff,
8'hff, 8'hff, 8'hff, 8'hff, 8'h00, 8'h00, 8'h00, 8'h00,
8'hff, 8'hff, 8'hff, 8'hff, 8'h00, 8'h00, 8'h00, 8'h00,
8'hff, 8'hff, 8'hff, 8'hff, 8'h00, 8'h00, 8'h00, 8'h00});
end

#1000 begin: Image_Pattern_3_Cross
pixel_bits = { 8'h00, 8'h00, 8'hff, 8'hff, 8'hff, 8'hff, 8'h00, 8'h0,
8'h00, 8'h00, 8'hff, 8'hff, 8'hff, 8'hff, 8'h00, 8'h00,
8'hff, 8'hff, 8'nff, 8'hff, 8'hff, 8'nff, 8'hff, 8'hff,
8'hff, 8'hff, 8'hff, 8'hff, 8'hff, 8'hff, 8'hff, 8'hff,
8'h00, 8'h00, 8'hff, 8'hff, 8'hff, 8'hff, 8'h00, 8'h0,
8'h00, 8'h00, 8'hff, 8'hff, 8'hff, 8'hff, 8'h00, 8'h0};

mage_Pattern_4_Bar_Cross

pixel_bits = { 8'hff, 8'hff, 8'h00, 8'h00, 8'h00, 8'h00, 8'hff, 8'hff,
8'hff, 8'hff, 8'h00, 8'h00, 8'h00, 8'h00, 8'hff, 8'hff,
8'h00, 8'h00, 8'h00, 8'h00, 8'h00, 8'h00, 8'h00, 8'h00,
8'h00, 8'h00, 8'h00, 8'h00, 8'h00, 8'h00, 8'h00, 8'h00,
8'hff, 8'hff, 8'h00, 8'h00, 8'h00, 8'h00, 8'hff, 8'hff,
8'hff, 8'hff, 8'h00, 8'h00, 8'h00, 8'h00, 8'hff, 8'hff};

end

#2000 begin: Image_Pattern_5_Graduated_Left_to_Right
pixel_bits = { 8'h1f, 8'h3f, 8'h5f, 8'h8f, 8'hSf, 8'hbf, 8'hdf, 8'hff,
8'h1f, 8'h3f, 8'h5f, 8'h8f, 8'hof, 8'hbf, 8'hdf, 8'hff,
8'h1f, 8'h3f, 8'h5f, 8'h8f, 8'haf, 8'hbf, 8'hdf, 8'hff,
8'h1f, 8'h3f, 8'h5f, 8'h8f, 8'hof, 8'hbf, 8'hdf, 8'hff,
8'h1f, 8'h3f, 8'h5f, 8'h8f, 8'hof, 8'hbf, 8'hdf, 8'hff,
8'h1f, 8'h3f, 8'h5f, 8'h8f, 8'hof, 8'hbf, 8'hdf, 8'hff};
end
join
initial begin #4000 $finish; end
endmodule

The results of simulating Imnge szverler 1 with delay between the rows are
shown in Figure 9-10. The of the ing of rows from top to
bottom is evident. The final halftone image is identical to that produced by
Image_Converter_Baseline and Image_Converter_0.

It 15 1mponanl to note lhal Image_Converter_Baseline and Image_converter_0

to eq ional logic, but the sequential machine Image_
Converter_1 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 sil ion evolves by i di over-
writing the residual data, ensuring that fresh error data are used at subsequent steps.
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FIGURE 9-10 Simulation results for Image_Converter_1 with weights
(w1, w2, w3, wd) = (2,8,4,2).

In the algorithm for Image_Converter_1, the storage for CPV, CPV_round,and E_av 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_1, 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_Around
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
Image_Converter_1 cannot be synthesized, it is not appropriate to associate a cycle
time with its computations. Image_Converter_Work_Around will require an image
cycle time of T, = 6 X 8 X Tyy = 48 Ty (i.e., the machine saves hardware (i.e., uses
fewer processors) compared to Image_Converter_0, 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'* did not support embedded event-control
expressions within a for 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

PXilinx ISE 3.1i.
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Computational wavefront

Wavefront

@ &\

Pixel index

FIGURE 9-11 Locus of concurrently exe

an 8 X 6 halftone pi

unctional units in the DFG for
image converter.

datapath (i.e.,a ASMD). This sets the stage for discovering a configuration of concurrent
processors that will process lhe image in the least multiple of the time step of a single

ie., the i is optimal. It is imally 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 computational wavefront (i.e., a locus of DFG nodes that can
execute concurrently and independently in a given time step). Each node in Figure 9-11 is
annotated with a wavefront mda denoung the time step in which it may execute. The array
of nodes can still be p in the order of ing indexes, but nodes
with an identical wavefront index can execute concurrently (i.., 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 the wavefront indexes shown in Figure 9-11
would require a maximum of four identical FUs operating concurrently, with each
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FIGURE 9-12 for exploiting th of the DFG of the
8 X 6 halftone Enxel processor ke Figure 9-10.

unit implementing the fine-grained logic required to update a pixel. The machine
would update the entire image in only 18 time steps, while using fewer FU resources and
requiring design of a more complex controller than the baseline design."*

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 sequential design updates the array in 48 time steps.




thms and A for Digital 535

TABLE 9-1 A reservation table for mapping DFG nodes to time slots and processors of a 8 X 6 halftone image

converter.

Time slots

Wl [ 6 [t [t [ |&]|ho [ [t |h|te |bs |fe |t | tix

Processors

Pl1f2 |3 [4|s| 6|7 |8 1516 23]24

P, 9 [w|u|12]13 142122 ]2 [30[31]3

Py 17 [ 18[ 19 [ 20 [ 27[28 [35 [ 36 [ 37|38 |39 | 40

Py 25 |26 | 33|34 |41 [42 |43 |44 |45 [ d6 | 47 | 48

Our alternative architecture is shown in Figure 9-12. It has four pixel processors
(FUs), a memory unit, and a controller. The inputs of each processor provide the value
of the pixel at the location indicated by the address passed from lhe controller and the

errors at the locations of the pixel’s selected nei The is i
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 from the i to the

memory unit in a single clock cycle.

Having identified the need for at most four FUs, we address the resource
mapping task by constructing Table 9-1, a reservation 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 four 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 binding between the
nodes of the DFG and the p: of the archi The table 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
13, to access the next image cell.”> 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 index 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_Converter_Concurrent Processors, the alterna-
tive image converter, ands its testbench are given below. The signal Ld_Image 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.

SA more elaborate implementation could buffer the images and form the datapaths required to realize
‘minimum latency.
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FIGURE 9-13 ASM chart for the control unit of an alternative halftone image converter.

Simulation results for Image_Converter_Concurrent_Processors 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 0, and
Image_Converter_1. 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_C #
pixel_size = 8, N_col =8, M_row = S)(

output [1: N_col*M_row] HTPV_bits,

output Done,

put [1: pixel_size * N_col * M_row] pixel_bits,
nput Go, clk, reset
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FIGURE 9-14 Simulation results for Image_Converter_Concurrent_Processors

operating on the test images given in Figure 9-6.

wire [23:0] index;
wire Ld_image, Ld_values;
wire [pixel_size -1: 0]
PP_1_Err_1, PP_1_Er_2, PP_1_Er_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_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;
wire [pixel_size -1: 0]
PP_1_Err_0, PP_2_Er_0, PP_3_Err_0, PP_4_Err_0;
wire PP_1_HTPV, PP_2_HTPV, PP_3_HTPV, PP_4_HTPV;

Il Instantiate Pixel Processor Datapath Units Control Unit, Memory Unit

PP_Datapath_Unit M1_Datapath
(PP_1_Err_0, PP_1_HTPV, PP_1_Err_1,PP_1_Err_2,PP_1_Err_3, PP_1_Emr_4,

PP_Datapath_Unit M2_Datapath
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(PP_2_Err_0, PP_2_HTPV, PP_2_Err 1,PP_2_Err_2,PP_2 Err 3,
PP_2 Err_4,PP_2_PV);

PP_Datapath_Unit M3_Datapath
(PP_3_Err_0, PP_3_HTPV, PP_3 Err_1,PP_3_Err_2,PP_3 Err 3,
PP_3_Erm_4,PP_3_PV);

PP_Datapath_Unit M4_Datapath
(PP_4_Err_0, PP_4_HTPV, PP_4 Err_1,PP_4_Err_2,PP_4_Err 3,
PP_4_Er_4, PP_4_PV);

PP_Control_Unit MO_Controller (index, Ld_image, Ld_values, Done, Go, clk, reset);
PP_Memory_Unit M5_Memory (

HTPV._bits,
Err_1,PP_1_Er_2, PP_1_Em_3, PP_1_Err_4, PP_1_PV,

PP_: PP_2_Err_2, PP_2_Erm_3, PP_2 Er_4, PP_2_PV,
PP_: PP_3_Err_2, PP_3_Em_3, PP_3_Em_4,PP_3 PV,
PP PP_4_Err_2, PP_4_Em_3, PP_. Err 4,PP_4_PV,

P_2_Err_0, PP_3_Err_0, PP_
PP 1 HTPV PP_2_HTPV, PP_3_HTPV, PP_ 4 Hev,

pixel_bits, index, Go, Ld_image, Ld_values, clk, reset

endmodule

module PP_Control_Unit (output reg [23: 0] index, output reg Ld_image, Ld_values,
Done, input Go, clk, reset);
reg [4:0] state, next_state;
parameter
S_idle = 5'd0, S_1=5'd1,S_2=5'd2, S_3 = 5'd3, S_4 = 5'd4, S_5 = 5'd5,
S_6=15'd6, S_7 =5'd7, S_8 = 5'd8, S_9 = 5'd9, S_10 = 5'd10, S_11 = 5'd11,
'd13, S_14 = 5'd14, S_15 = 5'd15, S_16 = 5'd16,
=5'd17,S_18 = 5'd18;

always @ (posedge clk) if (reset) state <= S_idle; else state <= next_state;

always @ (state or Go) begin

Ld_values = 0; next_state = S_idle;

case (state)

S_idle: if (Go) next_state =S_1;
S_18: begin next_state = S_idle; Ld_values
default: begin next_state = state + 1; Ld_values
endcase

nd

always @ (state, Go) begin
Done = 0;
Ld_image = 0;
if (state == S_idle) begin Done = 1; if (Go) Ld_image =
end

always @ (state) begin
index = 0;
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case (state)
S_idle: index = ((BdO) {6'd0}, {6'd0}, {6'd0}};

s1 'd0}, {6'd0});
s_2 |ndsx {{6'd2), {6'd0), {6'd0}, {'d0}}:
s 3 , {6'd0}, {6'd0})
s_4: {6'd4), {6'd10}, {6'0}, {(6'dO});
s_s: {6'd5), {6'd11}, {6'd17), {(6'd0});
S_6 index = {{6'd6}, {6'd12}, {6'd18}, {6'd0}};
S_7: {6'd7), {6'd13}, {6'd19)}, {6'd25));
s_8: {{6'd8), (6'd14}, {6'd20}, {6'd26});
s_o: |ndex {6'd15), {6'd21), (e d27) (6'd33));
s_10: = {{6'd16), {6'd22}, {6'd28}, {6'd
s_11: (6'd23), {6'd29}, {6'd35}, (sa41»
S_12: A
s_13: '
S_14: '
S_15:
S_16:
s_17 {6'dO}, {6'd0}, {6'd0}, {6'd47));
s_18: {6'd0}, {6'd0}, {6'd0}, {6'd48});
default: i

endcase
end
endmodule

1/ Pixel Processor Datapath Unit
module PP_Datapath_Unit # (parameter pixel_size = 8)(
output [pixel_size -1: 0] Err_0,
output HTPV,
input [pixel_size -1:0] Err_1, Err_2, Err_3, Err_4, PV
3
wire [pixel_size + 1: 0] CPV, CPV_round, E_av;

Il Weights for the average error; choose for compatibility with divide-by-16 (>> 4)
parameter w1=2,w2=8w3=4,wé=2
parameter Threshold = 128;

assign Eav= (W1*Err_1+w2*Err 2+w3*Err_3+w4*Err_4)
>>4;
assign CPV= PV +E_av;
assign  CPV_round=  (CPV < Threshold) ? 0: 255;
assign  HTPV= (CPV_round ==0) 7 0: 1;
assign Er 0= CPV - CPV_round;
endmodule

module PP_Memory_Unit # (parameter pixel_size = 8, N_col = 8, M_row = 6)(
output [1: N_col*M_row] HTPV_bits,
output reg [pixel_size -1: 0]
PP_1_Err_1,PP_1_Err_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,




Advanced Digital Design with the Verilog HDL

PP_3_Err_1, PP_3_Err_2, PP_3_Err_3, PP_3_Er_4, PP_3_PV,

PP_4_Err_1, PP_4_Err_2, PP_4_Er_3, PP_4_Er_4, PP_4_PV,

input [pixel_size -1: 0] PP_1_Err_0, PP_2_Err_0, PP_3_Err_0, PP_4_Err_0,
input PP_1_HTPV, PP_2_HTPV, PP_3_HTPV, PP_4_HTPV,

input [1: pixel_size * N_col * M_row] pixel_bits,

input [23: 0] index,

input Go, Ld_image, Ld_values, clk, reset

¥

Il Array of pixel data
reg [pixel_size -1: 0] PV [1: N_col][1: M_row];

1l Array of halftone pixel values
reg HTPV [1: N_col][1: M_row];

11 Array of pixel error values
reg [pixel_size -1: 0] Err [0: N_col +1] [0: M_row];
genvar nn, mm;
generate

/I Form vector of output halftone values
for (mm = 1; mm <= M_row; mm = mm + 1) begin: HTPV_row_loop
for (nn = 1; nn <= N_col; nn = nn + 1) begin: HTPV_col_loop
assign HTPV_bits [(mm - 1)*N_col + nn] = HTPV[nn][mm];
end
end
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 s
1,2,3,4,5 6,7, 8 begin PP_1_Er_1 = Err [index_1 -1][1];
PP_1_Ermr_2 = Err [index_1 -1][0];
|_Err_3 = Err [index_1][0];
_1_Err_4 = Err [index_1 +1][0];
PP_1_PV = PV [index_1][1];

end
15, 16: begin
PP_1_Err_1 = Err [index_1 -1 -8][2);
PP_1_Err_2 = Err [index_1-1 -8][1];
PP_1_Err_3 = Err [index_1 -8][1];
PP_1_Err_4 = Err findex_1 +1 -8](1];
PP_1_PV =PV [index_1-8][2];
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23, 24: begin

end
default: begin

end
endcase
end

alwayt@(index 2) begin
case (index
9,10, 11, 12 13, 14: begin

end
21, 22: begin

end
29, 30, 31, 32: begin

end
default: begin

end
endcase
end

always @ (index_3) begin
case (index_3)
17, 18, 19, 20: begin

PP_1_Err_1 = Err [index_1 -1 -16][3];
Err_2 = Err [index_1 -1 -16](3];
Err_3 = Err [index_1 -16][3];
Err_4 = Err [index_1 +1 -16][3];
_PV'= PV [index_1-16](3];

PP_1_Err_ 1—8bx PP_1_Emr_2=8bx;

PP1En’4 8bx PP_1_PV =8bx;

PP_2_Err_1=Err [index_2 -1 -8][2];
2_Err_2 = Err [index_2 -1 -8]1];
_Err_3 = Err [index_2 -8][1];
PP_2_Err_4 = Err [index_2 +1-8][1];
PP_2_PV =PV [index_2 -8][2);

PP_2_Err_1 = Err [index_2 -1 -16}[3];
PP_2_Err_2 = Err [index_2 -1 -16][2];
_Err_3 = Err [index_2 -16][2];
_Err_4 = Err [index_2 +1 -16](2];
PP_2_PV = PV [index_2-16][3];

PP_2_Err_1 = Err [index_2 -1 -24](4];
PP_2_Err_2 = Err [index_2 -1 -24][3];
PP_2_Err_3 = Err [index_2 -24](3];
PP_2_Err_4 = Err [index_2 +1 -24][3];
PP_2_PV = PV [index_2 -24][4];

PP_2_Err_1=8bx; PP_2_Err_2=8bx;

PP_2_Err_3=8bx;
PP 2 Err_4=8bx; PP_2_PV =8bx;
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PP_3_Err_1 = Err [index_3 -1-16][3];
PP_3_Err_2 = Err [index_3 -1-16][2];
PP_3_Err_3 = Err [index_3 -16][2];

PP_3_Err_4 = Err [index_3 +1 -16][2];

PP_3_PV = PV [index_3 -16][3];
end
27, 28: begin
PP_3_Err_1 = Err [index_3 -1 -24][4];
PP, -1 -24][3];
Err [index_3 -24][3];
Err [index_3 +1 -24][3];
FV F'V[lndex 3 24](4];
end

35, 36, 37, 38, 39, 40: begin

_Err_2 = Err [index_3 -1 -32]4];
_Err_3 = Err [index_3 -32][4];
_Err_4 = Err [index_3 + 1 -32][4];
PV = PV [index_3 -32](5];

end
default: begin

end
endcase
end

always @ (index_4) begin

case (index_:
25, 26: begin N
PP_4_Err_1 = Err [index_4 -1 -24](4];
P_4_Err_2 = Err [index_4 -1-24][3];
_Err_3 = Err [index_4 -24][3];
_Err_4 = Err [index_4 +1 -24]3];
PP_4_PV = PV [index_4 -24][4];
end
33, 34: begin

PP_4_Err_1 = Err [index_4 -1 -32)[5};
_Err_2 = Err [index_4 -1 -32][4];
_Err_3 = Err [index_4 -32][4];
_Err_d = Err [index_4 +1 -32][4];
_PV = PV [index_4 -32)[5];

en

41, 42,43, 44,

45,46,47,48:  begin
PP_4_Err_1 = Err [index_4 -1 -40][6];
PP_4_Err_2 = Err (index_4 -1 -40][5];
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PP_4_Err_3 = Err [index_4 -40][5];
_Err_4 = Err {index_4 +1 40][5];
_PV =PV [index_4 -40](6];

end
default: begin

end
endcase
end

/I Synchronous Behavior

integer n, m;
always @ (posedge clk)
if (reset) begin
for(m=0;m<=M_row;m=m+1)
for (n=0; n <= N_col + =n+1)
Err [n)[m] =
im<=M_row;m=m+1)
;n<=N_colin=n+1)
PV [n][m] <=0;
end

else if (Ld_i maga) begin: Array_Initialization
M_row; m = m +1) begin: row_loop
; n = n +1) begin: col_loop
/I Note part-select (+:) in next line to form range
PV [n][m] <= pixel_bits{(m -1)*N_col*pixel_size + (n -1)*pixel_size +
1 +: pixel_size];
end // col_loop
end Il row_loop
end /I Array Initialization

else if (Ld_values) begin: Image_Conversion
case (index_1)
1,2,3,4,5,6,7,8 begin
Err [index_1][1] <= PP_1_Err_0;
HTPV [index_1] [1] <= PP_1_HTPV; end

15, 16: begin

Err [index_1 -8][2] <= PP_1_Err_0;

HTPV [index_1 -8][2] <= PP_1_HTPV; end
23, 24: begin

Err [index_1 -16][3] <= PP_1_Err_0;
HTPV [index_1 -16][3] <= PP_1_HTPV; end
endcase
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case (index_2)
9,10, 11,12, 13, 14: begin
Err [index_2 -8][2] <= PP_2_Err_0;
HTPV [index_2 -8][2] <= PP_2_HTPV; end
21, 22: begin
Err [index_2 -16][3] <= PP_2_Err_0;
HTPV [index_2 -16][3] <= PP_2_HTPV; end
29, 30, 31, 32: begin
Err [index_2 -24){4] <= PP_2_Err_0;
HTPV [index_2 -24][4] <= PP_2_HTPV; end
endcase
case (index_3)
17,18, 19, 20: begin
Err [index_3 -16][3]<= PP_3_Err_0;
HTPV [index_3 -16](3] <= PP_3_HTPV; end
27, 28: begin Err [index_3 -24][4] <= PP_3_Err 0;
HTPV [index_3 -24][4] <= PP_3_HTPV; end
35,36, 37, 38, 39,40:  begin
Err [index_3 -32][5] <= PP_3_Err_0;
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_0;
HTPV [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_0;
HTPV [index_4 -40][6] <= PP_4_HTPV; end
endcase
end /I Image_Conversion
endmodule

module t_Image_Converter_Concurrent_Processor();
parameter pixel_size = 8, N_col = 8, M_row = §;

ne;

[1: pixel_size*N_col*M_row] pixel_bits;
Go, clk, reset;

[1: N_col*M_row] HTPV_bits;

[1: N_col] HTPV_Row_1 = HTPV_bits{1: 8];
[1: N_col] HTPV_Row_2 = HTPV._bits[9: 16];
wire [1: N_col] HTPV_Row_3 = HTPV_bits[17: 24];
wire [1: N_col] HTPV_Row_4 = HTPV_bits[25: 32];




for Digital

wire [1: N_col] HTPV_Row_5 = HTPV_bits[33: 40];
wire [1: N_col] HTPV_Row_6 = HTPV_bits[41: 48];

I/ Instantiate image converter

Image_Converter_Concurrent_Processors M1 (HTPV._bits, Done, pixel_bits, Go,
clk, reset);

initial begin #1200 $finish; end

initial begin clk = 0; forever #5 clk = ~clk; end

initial fork #10 reset = 1; #30 reset = 0; join

Jjoin
initial fork begin: Image_Pattern_1
pixel_bits = { 8'hff, 8'hff, 8'hff, 8'hff, 8'h00, 8'h00, 8'h00, 8'h00,

8'hff, 8'hff, 8'hff, 8'hff, 8'h00, 0, 8'h00, 8'h00,
8'hff, 8'hff, 8'hff, 8'hff, 8'h00, 8'h00, 8'h00, 8'h00,
8'h00, 8'h00, 8'h00, 8'h00, 8'hff, 8'hff, 8'ff, 8'hff,
8'h00, 8'h00, 8'h00, 8'h00, 8'hff, 8'hff, 8'hff, 8'hff,
8'h00, 8'h00, 8'h00, 8'h00, 8'hff, 8'hff, 8'hff, 8'hff};

en
#200 begin: Image_Pattern_2
pixel_bits = { 8'h00, 8'h00, 8'h00, 8'h00, 8'hff, 8'nff, 8'hff, 8'hff,

8'h00, 8'h00, 8'h00, 8'h00, 8'hff, 8'hff, 8'hff, 8'hff,
8'h00, 8'h00, 8'h00, 8'h00, 8'hff, 8'hff, 8'hff, 8'hff,
8'hff, 8'hff, 8'hff, 8'hff, 8'h00, 8'h00, 8'h00, 8'h00,
8'hff, 8'hff, 8'hff, 8'hff, 8'h00, 8'h00, 8'h00, 8'h00,
8'hff, 8'hff, 8'hff, 8'hff, 8'h00, 8'h00, 8'h00, 8'h00};

end
#400 begin: Image_Pattern_3_Cross
plxal bits = { 8'h00, 8'h00, 8'hff, 8'hff, 8'hff, 8'hff, 8'h00, 8'h0,

8'h00, 8'h00, 8'hff, 8'hff, 8'hff, 8'hff, 8'h00, 8'h00,
8'hff, 8'hff, 8'hff, 8'hff, 8'hff, 8'hff, 8'hff, 8'hff,
8'hff, 8'hff, 8'hff, 8'hff, 8'hff, 8'hff, 8'hff, 8'hff,
8'h00, 8'h00, 8°hff, 8'hff, 8'hff, 8'hff, 8'h00, 8'h0,
8'h00, 8'h00, 8'hff, 8'hff, 8'hff, 8'hff, 8'h00, 8'h0};

#600 begin: Image_Pattern_4_Bar_Cross
pixel_bits = { 8'hff, 8'hff, 8'h00, 8'h00, 8'h00, 8'h00, 8'hff, 8'hff,
8'hff, 8'hff, 8'h00, BhDO 8'h00, 8'h00, 8'hff, 8'hff,
8'h00, 8'h00, 8'h00, 8'h00, 8'h00, 8'h00, 8'h00, 8'h00,
8'h00, 8'h00, 8'h00, 8'h00, 8'h00, 8'h00, 8'h00, 8'h00,
8'hff, 8'hff, 8'h00, 8'h00, 8'h00, 8'h00, 8'hff, 8'hff,
8'hff, 8'hff, 8800, 8'h00, 8'h00, 8'00, 8'hff, 8'hff};
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#800 begin: Image_Pattern_5_Graduated_Left_to_Right
pixel_bits = { 8'h1f, 8'h3f, 8'h5f, 8'h8f, 8'9f, 8'hbf, 8'hdf, 8'hff,

8'h1f, 8'h3f, 8'h5f, 8'h8f, 8'hof, 8'hbf, 8'hdf, 8'hff,
8'h1f, 8'h3f, 8'h5f, 8'h8f, 8'hof, 8'hbf, 8'hdf, 8'hff,
8'h1f, 8'h3f, 8'h5f, 8'h8f, 8'hgf, 8'hbf, 8'hdf, 8'hff,
8'h1f, 8'h3f, 8'h5f, 8'h8f, 8'hgf, 8'hbf, 8'hdf, 8'hff,
8'h1f, 8'h3f, 8'h5f, 8'h8f, 8'h9f, 8'hbf, 8'hdf, 8'hff};

end

join
endmodule

1274 1324 1374 1424 1474 t
Name |\ )0y b b e

reset

el [TLMLLLTL giplipNpipinlpinipl gigligigigipl

Go| 1

Ld_image | T

Ld_values | _[ — 1l
Done [ | I

state[4:0] | 00)01)02)03)04)os)os)07)os)09)0afobJocJod o for Jio 11 )12 00

Reservation Table

index_1[5:0] | 00)01)02)03)04)05)oe)07)os)15)16)23) 24 00
index_2[5:0] 00 Joo)ao)i)fr2)13)1a[21)z2)2s)30) 31 z2) 00
index_3[5:0] 00 J17)18)19)20)27)28)35)36)37) 38} 39) 40 00
index_4[5:0] 00 J25)26)33)34) a1 )42 a3 )aa a5 a6 )a7)a8) o0
Halfione: Graduated Image
HTPV_Row_1[1:8] | 3 Y43 03 J13)1b 1f
HTPV_Row_2[1:8] 3 J43J03)23)33)3b) 3f
HTPV_Row_3[1:8] 00 40)60] 70)78)7c)7e 7
HTPV_Row_4{18] 00 78)7c)7e 7
HTPV_Row_5[1:8] 3 23 Je3)73)7
HTPV_Row_6[1:8] c3 43 J63)73)70[ 7"

FIGURE 9-15 Simulation results for Image_Converter_Concurrent_Processors
operating on the graduated test image given in Figure 9-7, showing the
scheduling of four executing processors.




Algorithms and Architectures for Digital Processors 547

9.24 Halftone Pixel Image Converter: Design Tradeoffs

Key trade-offs between the alternative designs of the halftone image converter are
summarized 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 Dataflow 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-sort algorithm for sorting a set of N unsigned
binary numbers and arranges them in ascending order [6] is given below, in pseudocode.
begin
fori=2to N_key
begin
for j = N_key downto i do
if A-1]> A[j] then
begin
temp= A[j-1];
A=A

TABLE 9-2 A comparison of alternative halftone pixel image converters.

Tradeoffs: 8 X 6 Pixel Halftone Image Converter

Version FU Utilization | Memory Utilization Execution Time
Image_Converter_Baseline' 48 None (combinational) Tgusene
Image_Converter (7 48 None i 48 X Ty
Image_Converter ¥’ NA* 6 + 2 X 48 X 8 bytes 48 X Try
Image_Converter_SR* 8 6+ 2 X 48 X 8 bytes 48 X Tpy
Tmage_Converter 2° 4 6+ 248 X Bbytes | 18 X Tpy(12 X Try)**

'NLP-based Structure of FUs.
NLP-based level-sensitive cyclic behavior.
*NLP-based single cycle synchronous.
“NLP-based multicycle synchronous.
SASMD-based concurrent processors.
*Not synthesizable.

“*Streaming images.
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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 9-16(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 FU 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

(a)

FIGURE 9-16 Bubble sort machine: (a) baseline functional unit, and
(b) a temporal DFG for the machine.
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FIGURE 9-17 The ASMD chart and block diagram of a machine that executes the bubble-sort
algorithm.

N registers holding the words of data, plus two counters, which index the inner and
outer loops of the NLP.

The Verilog model of the bubble sort machine is listed below. For clarity, the
interface signals between the controller and the datapath are shown below the block
diagram. The simulation results in Figure 9-18 illustrate the execution of the algorithm
with a testbench that loads two sets of data (see Problem 9-4).

module Bubble_Sort # ( parameter N = 8, word_size = 4)(

output [word_size -1: 0] A1, A2, A3, A4, A5, A6, A7, A8,

output Ready,

input [word_size -1: 0] A1_in, A2_in, A3_in, A4_in, A5_in, A6_in, A7_in,
AB8_in,

input En, Ld, clk, rst

%
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Control_Unit MO_Controller (
Ready, load, set_i, incr_i, set_j, decr_j, swap, En, Ld, gt, i_ite_N, |_gte_i, clk, rst);

Datapath_Unit M1_Datapath (

A1, A2, A3, A4, A5, A6, A7, A8, gt, i_lte
A1_in, A2_in, A3_in, A4_in, A5_in, A6_in, A7_in, AB in,
load, set_i, incr_i, set_j, decr_;. swap, clk, rst

»
endmodule

module Control_Unit (output Ready, output reg load, set_i,
decr_j, swap,
input En, Ld, gt, i_lte_N, j_gte_i, clk, rst);

ncr_i, set_j,

parameter  S_idle=0, S sort=1;
reg state, next_state

assign Ready = (state == S_idle);

always @ (posedge clk) if (rst) state <= S_idle; else state <= next_state;

always @ (state, En, Ld, gt, i_lte_N, _gte_i) begln
next_state = S_idle; load = 0; decr_j incr.
case (state)
S_idle: if (Ld) begin next_state = S_idle; load = 1; end
else if (En) begin
next_state = S_sort; if (gt) begin swap = 1; decr_j = 1; end
end else next_state = S_idle;

S_sort: if (i_gte_i) begin next_state = S_sort; decr_j = 1; if (gt) swap = 1;
end

0; set_i ; swap = 0;

0; set j=

else if (_ite_N) begin next_state = S_sort; set |
else begin next_state = S_idle; set_j = 1;
endcase
end
endmodule

module Datapath_Unit # (parameter word_size =4, N =8) (
O] A1, A2, A3, Ad, A5, AB, A7, A8,

.D] |,j,
A[1]. A2 = A[2], A3 = A[3], A4 = A[4];
assign A5 = A[5], A6 = A[6], A7 = A[7], A8 = A[8];

assign gt = (Al-1] > A[j]); 1l compares words
assign i_lte_ N=(i
assign j_gte_|i

always @ (posedge clk) // Datapath and status registers

if (rst) begin i <= 0; j <= 0;
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Al1] <= 0; A2] <= 0; A[3] <= 0; A[4] <=0;
Al5] <= 0; A[6] <= 0; A[7] <= 0; A[8] <= 0; end
else begin
if (load) begin i <= 2; j <= N;
Al1] <= A1_in; A2] <= A2_in; A[3] <= A3_in; A[4] <= A4_in;
A[5] <= A5_in; A[6] <= A6_in; A[7] <= A7_in; A[8] <= AB_in;
end

if (swap) begin A[j] <= A[-1]; Alj-1] <= Afj; end
% b4

end
endmodule

module t_Bubble_Sort ();
parameter word_size = 4;
wire [word_size -1: 0] A1, A2, A3, A4, A5, A6, A7, A8;
wire Ready;
reg En, Ld, clk, rst;
reg [word_size -1: 0]
parameter

A1_in, A2_in, A3_in, A4_in, A5_in, A6_in, A7_in, A8_in;
8,a2=1,a3=8,a4=1,a5=8,a6=1,a7=8,

parameter

Bubble_Sort MO (A1, A2, A3, A4, A5, A6, A7, A8, Ready,
A1_in, A2_in, A3_in, Ad_in, A5_in, A6_in, A7_in, A8_in,
En, Ld, clk, rst

%

initial #1000 $finish;
initial begin clk = 0; forever #5 clk = ~clk; end
initial fork

#30 begin A1_in = a1; A2 i :
5_in = a5; A6_in = a6; A7_in = a7; AB_in = a8;

end

#500 begin A1_in = a21; A2_in = a22; A3 i |n7823 A4_ir
A5_in = a25; A6_in = a26; A7_i

end
join
endmodule

End of Example 9.1
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FIGURE 9-18 Simulation results for Bubble_Sort, a machine that executes
a bubble-sort algorithm, with an initial sort of (8,7,6,5,4,3,2,1).

Example 9.2

‘The machine Bubble_Sort in Example 9.1 has an input 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 Bubble_Sort_Alternative, a
machine having (1) a parameterized word size and (2) an input datapath that is one
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FIGURE 9-19 ASMD chart for Bubble_Sort_Alternative.
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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 Verilog to model FUs that encode, transmit, and transform digital representa-
tions of signals.

DSPs can be categorized ing to the li ies that are
required by the spectral content of the signals in an appllcatlon Shannon’s sampling
theorem states that a bandlimited signal'® can be recovered from its time-domain
samples if it is sampled at a frequency, f;, 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

16The spectrum of a bandlimited signal is 0 everywhere but within a finite range of frequencies.
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TABLE 9-3 DSP applications and I/O sample rates.

Application /O Sampling Rate

Instrumentation 1 Hz
Control >0.1 kHz
Voice 8kHz
Audio 44.1 kHz
Video 1-14 MHz

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 rcpresented by a binary word with a finite word length in the
machine. Ce the that is p is subject to truncation,

roundoff, ovcrﬂow, and underflow errors during processing. For a given dynamic range
of a signal, the word length of its digital format determmes the resolution (precision) of
its values. Thus, performance, ision, and ize 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
pmgram for the machine.'” A second his to i a DSP ithm with

ial-purpose, ired, high-perf ized whose architec-
mre has been designed specifically to accomplish a variety of signal-processing tasks
efficiently. The task of optimizing the design is pcrionned by Lhe synthesize tools that

create an archi and ize the logic i

A signal p canbe i 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 they can be to imple-

ment any DSP algorithm, but their performance and density may lag behind that of a
special-purpose DSP or an ASIC cl'up FPGAs, however, afford the benefits of flexibility,

reduced NRE ( ing) costs, rapid p ing, early market entry
and reduced risk.
Signal p are ch ized by high ghput and multiple concurrent

operations. DSPs 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
ies (RAMs). Dedicated DSPs are i by their their control

units are much simpler than those of general-purpose processors.
DSPs operate synchronously on fixed-word-length samples of data that arrive
at regular intervals of time. The instruction sets of a DSP typically includes two

"See Texas Instrument’s Code Composer Studio.
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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 technol, in which it is impl d
which fundamentally limits the speed at 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 ible with the p: ’s per

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 representations 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 finits ision digital rep ion 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 DSP 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 must the ion within the period of the
clock. In the latter case, the machine operates on pan of lhe data word m each clock
cycle, so that the capacity and per of the i 1 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 ti domain, accepting a 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 (1IR) 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 IIR 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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: lmi :
(®)

FIGURE 920 Digital filters: (a) finite impulse response filter, and (b) infinite impulse response filter.

(a)

Digital filters are usually designed to have two imp: istics: causality
and linear phase. A filter 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,'® which ensures that the filter’s output
signal is a time-shifted (delayed), but undistorted copy of its input signal [12]." On the
other hand, an IIR filter having a linear phase characteristic cannot be causal. Non-
causal filters cannot be realized in but they can be i d 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; IIR filters
can accumulate roundoff error as the output is successively passed through the filter.

9.3.1 Finite-Duration Impulse Response Filter

A FIR digital filter forms its output as a weighted sum of present and past samples of its
input, as described by the feed-forward difference equation written below. FIR filters are
called moving average filters because their output at any time index depends on a win-
dow containing only the most 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 filter will have a
finite-length, nonzero response to a discrete-time impulse (i.e., the response of an Mth
order FIR filter to an impulse will be 0 after M clock cycles).

M
yar [1] = 2 bex[n — k]
=0

x[k] =M samples >

Moving window

i7" of Msamples

FIGURE 921 Sample window for a FIR moving average filter.

'®The phase characteristic is required to be linear in the passband of the filter’s frequency response.
*Techniques exist for designing a FIR filter to have symmetric coefficients, which guarantees that the phase
characteristic of the filter is linear.
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Filter taps —___
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FIGURE 9-22 Functional block diagram for an Mth-order FIR digital filter.

A FIR filter can be described by the z-domain functional block diagram®® shown
in Figure 9-22, where (in synchronous operation) each box labeled with z™' 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 are referred to as taps, and the set of coefficients {b,} are called
the tap coefficients of the filter. An Mth order FIR will have M + 1 taps. The samples
of data flow lhrough the shlft xeglsler and at each clock edge (i.e., time index), n, the
samples are weighi d) by the tap and added together to form
the output, ypr[n]. "Ihe adders and multipliers of the filter must be fast enough to form
y[n] before the next clock, 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 [12].

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, ipliers, and adders i ing 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 Process

A process for designing an ASIC- or FPGA-based dxgltal filter has the mam steps shown in
Figure 9-24. A design begins with ions for cutoff

2See Stearns and David [12] for other architectures and a discussion of their merits.
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Multiply and accumulate (MAC)
unit

x{n]
Shift register

Chain of
cascaded
MACs
yewl[n]
FIGURE 9-23 MAC-based i for a type-1, Mth-order FIR filter.

frequency, !ransmon band limits, in-] band npple, minimum stop band attenuation, etc. The
filter is by a C-language sp: ithm, which must be converted into a
Verilog RTL model that can be ized into that i 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 Verilog, 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 support design flows that create an and directly synthesi:
tion, omitting i to an HDL.? Various architectures lmplemenl FIR
and IIR filters 7,9,10,12]. For a given architecture, tools such as MATLAB [7,13,14] can be
used to determine 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 numerical coefficients of the filter have a finite word length, which
to ion and ion error. When data are represented by

21ee www.synopsys.com
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Develop filter
‘performance

specifications

Develop verilog model
of the filter algorithm

Specify architecture for Evaluate filter
implementation performance

e v s e

Synthesize a prototype
of the filter

Analyze effects of finite
word length

FIGURE 9-24 Design flow for digital filters.

integers, there is an error caused by truncation of the fractional part produced by an arith-
metic operation. The arithmetic 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 FIR_Gaussian_Lowpass on
page 561. The design is fully with reset. The filter’s
tap i are as unsi; 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 lo meet specifica-
tions on their cutoff gain,
attenuation, and sampling rate [7, 15] The coefficients in FIR_Gaussian_Lowpass were
chosen to give the impulse 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* Their magnitudes are determined 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-
ing edge, the values of Data_out are valid immediately before the rising edge of the
clock.” Note that Data_out is formed as a Mealy output of the machine, and that the
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 (i.e., the output is not valid). Also note
that the output has a finite duration (equal to the eight sample periods).

JI Eighth-order, Gaussian Lowpass FIR
module FIR_Gaussian_Lowpass # (parameter
order = 8,
word_size_in =8,
word_size_out = 2*'word_size_in + 2,
/I Filter coefficients

b
b
b’
b

output [word_size_out-1:0] Data_out,
input  [word_size_in-1: 0] Data

input clockT reset

%
reg [word_size_in-1: 0] Samples[1: order];
integer k;

assign Data_out = b0 * Data_in + b1 * Samples[1] + b2 * Samples[2]
+b3 * Samples[3] + b4 * Samples[4]
+ b5 * Samples[5] + b6 * Samples[6]
+b7 * Samples[7] + b8 * Samples8];
always @ (posedge clock)
if (reset == 1) begin for (k = 1; k <= order; k = k+1) Samples(k] <= 0; end
else begin
Samples [1] <= Data_in;
for (k = 2; k <= order; k = k+1) Samples(k] <= Samplesk-1];
end
endmodule

End of Example 9.3

ZOther schemes lead to signed fractions, which can be represented in a 25 complement Q-format (see
Kehtarnavaz, note 4).
2The displayed values reflect the scaling that was done in forming the tap coefficients.
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Unit impulse
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Valid output
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Sample_2[1:0] 00 o1
Sample_3(7:0] 00
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FIGURE 9-25 Impulse response of FIR_Gaussian_Lowpass, an eighth-order Gaussian Lowpass
FIR filter: (a) initial nonzero samples of Data_out, showing invalid and valid data, and

(b) final nonzero samples of Data_out.




Algorithms and Architectures for Digital Processors 563

93.3 Infinite-D son T R Filter

P

Infinite-duration impulse response (IIR) filters 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 filters are recursive,
and FIR filters are nonrecursive.” The output of a IIR filter is formed in the data-
sequence domain as a weighted sum according to the Nth-order difference equation
shown below:

N M
ik [n] = k; ayln — k] + k; bex[n — k]

‘The filter 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 IIR filter is modeled in the z domain by its z-domain system function, or
transfer function, which is a ratio of polynomials formed as

M N
Hyg(z) = Ebkz’*/(x - Eakz”‘)
k=0 k=1
The z-domain transforms of the input and output time sequences are related by

Y(z) = Hur(2) X (2).

The tap coefficients of the IIR fiiter form Ihe sets, {a,} and (bk), commonly
referred to as the feedback and feedforward i
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
form the output. The roots of the polynomials of Hyjz(z) determine the location of the
filter’s poles and zeros in the z domain and shape both the data sequence of the filter’s
response to its input, and the frequency domain function that specifies how the filter
responds to a periodic input [10,15].

Various architectures implement an IIR filter, and exhibit 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-1 1IR, 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 the output, y[n].

%Nonrecursive filters are stable (i.e., their response does not become unbounded); recursive filters may be
unstable, depending on the filter's coefficients.
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Feedforward Feedback
structures structures

FIGURE 9-26 Functional block diagram for a type-I, Nth-order IIR filter.

Example 9.4

The Verilog model IIR_Filter_8 can be used to implement eighth-order IIR filters,
depending on the selection of tap coefficients.

module IIR_Filter_8 # (parameter

1l Eighth-order, Generic IIR Filter
order =8,
word_size_in = 8,
word_size_out = 2*word_size_in + 2,

/I Feedforward filter coefficients

b0 =8'd7,b1=0,b2=0,b3=0,b4=0,b5=0,b6=0,b7=0,b8 =0,

1 Feedback filter coefficients

al=8'd46, a2 = 8'd32, a3 = 8'd17, a4 = 8'd0, a5 = 8'd17, a6 = 8'd32, a7 = 8'd46,
a8 = 8'd52)(

output [word_size_out -1: 0] Data_out,

input [word_size_in-1: 0] Data_in,
input clock, reset
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reg [word_size_in-1: 0] Samples_in [1: order];
reg [word_size_in-1: 0] Samples_out [1: order];
wire [word_size_out -1: 0] Data_feedforward;
wire [word_size_out -1: 0] Data_feedback;
integer k;

assign Data_feedforward =

assign Data_feedback =

b0 * Data_in
+b1* Samples_in[1]
+b2 * Samples_in[2]
+b3 * Samples_in[3]
+ b4 * Samples_in[4]
+b5* Samples_in[5]
+b6 * Samples_in[6]
+ b7 * Samples_in[7]
+ b8 * Samples_in(8];

a1 * Samples_out [1]
+a2 * Samples_out [2]
+a3 * Samples_out [3]
+ad * Samples_out [4]
+a5 * Samples_out [5]
+a6 * Samples_out [6]
+a7 * Samples_out [7]
+a8 * Samples_out [8];

assign Data_out = Data_feedforward + Data_feedback;

always @ (posedge clock)

if (reset == 1) for (k = 1; k <= order; k = k+1) begin

Samples_in [k] <= 0;
Samples_out [k] <=

end

else begin
Samples_in [1] <= Data_in;

Samples_out [1] <= Data_out;

for (k = 2; k <= order; k = k+1) begin
Samples_in [k] <= Samples_in [k-1];
Samples_out [k] <= Samples_out [k-1];

end
end
endmodule

End of Example 9.4

Two alternative architectures for an Nth order IIR are shown in Figure 9-27. They
are known as Direct Form II (DF-II) and Transposed Direct Form II (TDF-IT) [10].
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FIGURE 9-27 Functional block diagrams for Nth-order IIR filters: (a) Direct Form II (DF-II),
and (b) Transposed Direct Form I1 (TDF-I1).

9.4  Building Blocks for Signal Processors

In this section, we will consider models of basic ions of i
decimation, and interpolation, which are common to datapath units of many digital
processors.>

9.4.1 Integrators (Accumulators)

Digital integrators are used in a popular type of analog-to-digital converter, called a
i delt dul [7]. Digital i a running sum of sample
values. Two implementations are common: parallel and sequential.

Example 9.5

The model Integrator_Par below describes an integrator for a parallel datapath. At
each clock cycle, the machine adds data_in to the content of the register data_out. The
signal hold pauses the accumulation of samples until it is de-asserted.

2These examples were motivated by the models presented in Chris Hagan’s master’s thesis [11].
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module Integrator_Par # (parameter word_length = 8)(

outputreg  [word_length- data_out,
input [word_length-1: data_in,
input hold, clock, reset
3
always @ (posedge clock) begin
if (reset) data_out <= 0;
else if (hold) data_out <= data_out;
else data_out <= data_out + data_i
end
endmodule
End of Example 9.5
Example 9.6
The archi of a byt ial i is shown in Figure 9-28,and a Verilog
model of the machine, Integrator_Seq, is given below. It is common for a processor to
receive data via a d h than the datapath within the p In 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

/ {carry, Shft_Reg)

hold

sumlord lengh] g e

carry

~LSB_flag

Lk data_in

sum = data_in
+ Shft_Reg|(word_length*(latency) - 1: (latency ~ 1)*word _length)
+ carry & (~LSB_flag)

data_out = Shft_Reg|(latency*word_length) — 1 (latency — 1)*word _length]

FIGURE 9-28 Architecture of a byte-sequential integrator.
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' Shft_Reg
Byre_1 Byte 2 Byte 3 Byte_4
Byte_1 + Byte_5 Byte 2 + Byte_6 Byte 3 + Byte T Byte_4 + Byte 8
Byte 1+ Byte 5 | Byte 2+ Byte 6+ | Byte3+ Byte T Byte_4 + Byte 8
+ Byed Byte_10 + Byte_11 + Byte_12
Byte 1 + Byte 5+ | Byte 2+ Byte 6+ | Byte3+ Byte 7+ | Byte 4 + Byte 8+
Byte 9 + ByteE_13 | Byte_10 + Byte 14 | Byte_11+ Byte 15 | Byte_12+ Byie_16

FIGURE 929 of bytes in Shfi_Reg over 16 cycles of operation.2®

architecture performs byte-wide addition, with the current data sample being added
to the leftmost byte of the shift register Shft_Reg, to form sum. At the next clock edge,
the content of the shift register is shifted toward its MSByte,”’ and the previously
formed 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 Shft_reg is illustrated in Figure 9-29 for a
scheme in which four successive bytes compose a word. The input signal LSB_flag
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 Shft_Reg. 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 form sum, and how sum is loaded into the rightmost
byte of Shft_Reg.

module Integrator_Seq (parameter word_length = 8, latency = 4)(
0]

output [word_length - data_out;

input [word_length -1: 0] data_in;

input hold, LSB_flag, clock, reset
%

reg [(word_length * latency) -1: 0] Shft_Reg;

reg carry;

wire [word_length: 0] sum;

always @ (posedge clock) begin
if (reset) begin
Shft_Reg <=0;
carry <=
end

6For simplicity, the carries between bytes are not shown.

Z’MSByte and LSByte will denote the most significant and least significant byte, respectively, of a word.
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else if (hold) begin
Shft_Reg <= Shft_Reg;
carry <= carry;

end

else begin
Shft_Reg <= {Shft_Reg[word_length*(latency -1) -1: 0], sum[word_length-1: O]);
carry <= sum[word_length];

end

end

assign sum = data_in + Shft_Reg](latency * word_length) -1: (latency -1)*
word_length] + (carry & (~LSB_flag));
assign data_out = Shft_Reg](latency * word_length) -1: (latency -1)*

word_length];
endmodule

End of Example 9.6
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FIGURE 9-30 _Simulation results for Integrator_Seq, a byte-sequential integrator.
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9.4.2 Differentiators

A differentiator provides a measure of the sample-to-: sample change in a signal. A
bytewide serial differentiator is given below. The back is i
with a buffer and a subtractor.
module differentiator #(parameter word_size = 8)(

output [word_size -1: 0] data_out,

input [word_size -1:0]  data_in,

input hold,

input clock, reset

reg  [word_size-1:0]  buffer;

assign data_out = data_in - buffer;
always @ (posedge clock) begin
if (reset) buffer <= 0;

else if (hold) buffer <= buffer;
else buffer <= data_in;
end
endmodule

9.4.3 Decimation and Interpolation Filters

Decimation and interpolation filters are used to achieve sample rate conversion in
signal processors [15]. Decimation filters decrease the sample rate; interpolation
increase the sample rate. Such conversions are important, because Shannon’s Sampling
‘Theorem [10] states that a bandlimited signal that is sampled at a rate greater than twice
its upper spectral limit** can be recovered from its samples. Interpolation filters enable a
signal to be oversampled, thereby reducing or eliminating the effects 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
rate reduction.

Example 9.7

‘The Verilog model Decimator_1 describes the behavior of a parallel-in-parallel-out deci-
mator, which samples its input at a rate determined by clock unless hold is asserted [11].
Note that samples of data_in in Figure 9-31 are dropped because clock is running at a
rate that is slower than the rate at which data_in had been sampled.

module Decimator_1 # (parameter word_length = 8)(
[}

output reg [word_length-1: data_out,

input [word_length-1: 0 data_in,

input hold, /I Active high
input clock, Il Positive edge
input reset 1l Active high

%

The upper spectral limit of a bandlimited signal determines the bandwidth of the signal.
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always @ (posedge clock)
if (reset) data_out <=
else if (hold) data_out
else data_out <= data_in;
endmodule

End of Example 9.7

Example 9.8

The Verilog model Decimator_2 samples a parallel input and produces a parallel output,
but includes an option to form a serial output by shifting the output word through the
LSB while hold is asserted. This action is apparent in the waveforms shown in Figure 9-32.
module Decimator_2 # (parameter word_length = 8)(
output reg [word_length-1: 0] data_out,
input  [word_length-1: 0] data_in,

input hold, Il Active high
input clock, Il Positive edge
input reset /1 Active high

)
always @ (posedge clock)

if (reset) data_out <= 0;
else if (hold) data_out <= data_out >> 1;
else data_out <= data_in;
endmodule

End of Example 9.8
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FIGURE 9-31 results for Decimator_1.
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FIGURE 9-32 Simulation results for Decimator_2, showing that with /old asserted the register
holding data_out is shifted to the right at successive clock cdges.

Example 9.9

The decimator shown in F\gure 9-33(a) is deslgned to work in tandem with a
sequential integ; [11]. Th i ’s archif consists of three registers,
Shft_Reg, Int_Reg, and Dzam,Rzg. All three are sized to hold multiple bytes
(samples), as determined by a parameter latency. Samples from data_in are loaded
sequentially into the MSByte of Shft_Reg, and shifted toward the LSByte on
subsequent clocks (Figure 9-33(b)). When Shft_Reg is full, two register transfers
occur concurrently (Figure 9-33(c)): (1) the contents of Shft_Reg are loaded into an
intermediate holding register, Int_Reg and (2) the LSByte of a new word is loaded
into the MSByte of Shft_Reg. Subsequent transfers load Shfr_Reg until it is full.
When Shft_Reg 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
Shfi_Reg, and the contents of Shft_Reg are loaded into Int_Reg. 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(c) 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 bbccddffs being shifted into Shft_Reg in four
consecutive clock cycles. At the next clock, with load asserted, the content of Shft_Reg
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FIGURE 9-33 Sequential decimator: (a) overall architecture, (b) concurrent register transfers
of data_in 1o Shfi_Reg and of Shfi_Reg to Int_Reg with load asserted, (c) shifting contents
and loading data_in into Shfi_Reg with load de-asserted, (d) loading contents from
Int_Reg to Decim_Reg, with hold de-asscrted, (¢) simulation results shown
action of reset, and (f) simulation results showing action of load and hold.

is dumped into Int_Reg and the LSByte of Shfi_Reg gets aa. At the next clock, with
hold de-asserted, the content of Int_Reg is dumped into Decim_Reg.

module Decimator_3 # (parameter word_length = 8, latency = 4)(

output  [(word_length*latency) -1: 0] data_out,

input [word_length-1: 0] data_in,

input load, hold,

input clock,

input reset

)

reg [(word_length*latency) -1: 0] Shft_Reg;  // Shiftreg

reg [(word_length*latency) -1: 0] Int_Reg; Il Intermediate reg
reg [(word_length*latency) -1: 0] Decim_Reg; // Decimation reg

always @ (posedge clock)  // Decimation

if (reset) begin
Shft_Reg <= 0;
Int_Reg <= 0;

end

else begin
if (lload) begin

Shft_Reg <= {data_in, Shft_Reg[(word_length*latency) -1: word_length]);

end




574 Advanced Digital Design with the Verilog HDL

else begin
Shft_Reg[(word_length * latency) -1: (word_length*(latency-1))] <= data_in;
Int_Reg <= Shft_Reg;
end
end

always @ (posedge clock) 1l Byte buffering
if (reset) Decim_Reg <= 0;
else if (thold) Decim_Reg <= Int_Reg;

assign data_out = Decim_Reg;

endmodule
data_in
—
Shfi_Reg [« N_bits—] cos ]
; L_words ]
Int_Reg | l ]
(®)
data_in
—

Shfi_Reg | cen [ N_pis—]

Shfi_Reg [+~ N_bits—] eee ]

(©

Int_Reg | ]

Decim_Reg

{

data_out
(d

FIGURE 9-33 Continued
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FIGURE 9-33 Continued

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 bounded by the propagation delay through the combina-
tional logic of the machine. The throughput of a synchronous machine is the rate at
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.

Synthesis engines transform a set of two-level, Boolean functions for combina-
tional logic into 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-
tions 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 appmach to gaining performance, pnpelme registers can be
inserted into the i logic at strategic | i 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. Pipelining 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.

Pipelining 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 !hmugh the original multilevel combinational logic has
time-length Ty, and a op Of futitevel = VTnay. If the partition
creates two blocks of (multilevel) logic, each having a maximum time length of 1/2 7,
the pipelined circuit can operate at a frequency fpipetine = 2/Tmax = 2 fmultilevel>

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 pass 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, isolates a node of the graph. For our purposes,
a pipeline cutset, ot feedforward cutset, is a minimum set of edges that, if removed from
the graph, it into two such that there is no path between
an input node and an output node. Cutsets are used to determine alternative placements
of pipeline registers. 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

axs

For simplicity, we are neglecting clock skew and the flip-flop’s timing constraints.
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FIGURE 9-34 Partitioning a block of multilevel combinational logic and inserting a
register creates a data pipeline.
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pipeline registers. The feedforward cutset ensures that every path between the input
node and the output node passes through the same number of pipeline registers. Remov-
ing any of the pipeline registers will destroy the coherency of the data.*

Pipelining has a cost. The pipeline registers introduce additional area in the physical
layout of an ASIC, and require additional routing of clock resources.’' This could 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 are
created by the partition. In general, the delay of the slowest combinational logic stage

ines the of the pipeli circuit and the speed at which the circuit’s
common clock can run.

Pipelining shortens the clock cycle and increases the throughput, but introduces
input-output latency. Each stage of a pipeline adds one cycle of 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 signal will not 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 output transitions (i.e., the outputs of the combinational logic after
time step N are due to the inputs that were applied at time step N — m, where m is the
number of stages of pipelining). Latency does not alter the function of the circuit. After the
pipeline is full an output is formed at every clock cycle, and its maximum throughput is
UTape, where Ty i the path length of the longest stage of the partitioned DFG.

Pipelining trades spatial ( ) for temp ity (per-
formance) by computing smaller functions in less time. It distributes across multiple,
shorter clock cycles the breadth of logic that would be required to implement the
complete function in one clock cycle.

There are three major benefits derived from a pipeline of 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 begins
with the arrival of data at every active edge of the clock, and ends in time to pass the
results to the next stage of the pipeline before the amval of the next clock (2) the logic
to perform a single, dedicated task can be d and d as a unit, to meet
constraints on performance, area, and power, and (3) the datapaths between adjacent
stages of the pipeline are short and du'ecl reducing the need for shared data buses,
control and storage, and having low i

The design of a circuit with pipelined datapaths must add.rcss the following 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 achicve a minimum cycle time. Pipelining
should be considered when the timing margins on the critical paths are unsatisfactory,
and all other means (e.g., device resizing and alternative architectures) have been

WDFGs with no feedback are amenable to pipelining. Those with feedback are difficult to pipeline.
"'Wave pipelining, a register-free form of pipelining based on coherent signal propagation, will not be
considered here.




Algorithms and Architectures for Digital Processors 5719

considered. Unsatisfactory timing margins point to a risk of metastability 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 depends on the ifications for the system’s performance.

9.5.1 Design Example: Pipelined 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-bit adders in a serial
connection. If each 8-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 structure is orga-
nized to have all operations occur in the same clock cycle. An alternative structure can be
pipelined to operate at a higher by distributing the p ing 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).

b{15:8]  a[15:8] b[70]  a[7:0)

sum|15:8] sum[7:0]

Cout

FIGURE 9-36 A pipelined 16-bit adder: (a) serial connection of two 8-bit adders to form a 16-bit
adder, (b) DFGs before pipelining, and (c) after pipelining for balanced stage delays.
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cee Cin

FIGURE 9-36 Continued

The pipelined architecture in Figure 9-37 contains an additional register (PR)
between the data input register (/R) and the data output registers. The structure
sequences the data, so that in a given clock cycle a carry bit must propagate through
only half of the datapath. The interface to the input datapath still provides the
entire word to the unit in a synchronous manner, but the sum of only the rightmost
data byte is formed. That sum, together 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 formed and stored in the pipeline register with the rightmost sum and carried
from the previous cycle. With the extra internal register, the pipelined unit can oper-
ate at appr twice the freq of the original adder, because the longest
path supported by the clock interval is through an 8-bit adder instead of a 16-bit
adder. After the 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 a; ag(1) 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, 1122, and 3344,,, are formed at t;;,, = 100 ns, sampled and loaded into
register IR at tg, = 150 ns, partially added at t;, = 250 ns, and fully added at
tim = 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.)

ing procedural assi; in Verilog make concurrent assignments to
register variables and are the key to modeling concurrent register transfers in architec-
tures that are pipelined to achieve high throughput on datapaths. The Verilog model of
the pipelined adder, add_16_pipe, uses nonblocking assignments to concurrently sample
the d. hs and registers i it 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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FIGURE 9-37 Pipelined 16-bit adder structure.
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FIGURE 9-38 Data movement through a pipelined 16-bit adder structure.
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FIGURE 9-39 Simulation results showing movement of data through
add_16_pipe,a pipelined 16-bit adder.

Figure 9-39 shows the result of simulating add_16_pipe in a testbench that uses hier-
archical dereferencing to display the contents of the internal registers in a format that
reveals the dataflow through the pipeline. The displayed outputs /R32_17,IR16_1,and IR_0
show the segments of /R. The displayed outputs PR24_17, PR16_9, PR8, and PR7_0 show
the segments of PR. The waveforms have been annotated to illustrate the register transfers.

module add_16_pipe # (parameter
i 6,

haif

double =2*size,
triple =3* half,
size1 = half -1, nr
size2 = size -1, 1115
size3 = half + 1, e

R1=1,
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L1 = half,
R2

L3 = size + half,
R4 = double - half +1,

L4 = double

)
input [size2: 0] ab;
input c_in, clock;
output [size2: 0] sum;
output  c_out

)
reg [double: 0] IR;
rog [triple: O] PR;

[size: 0] OR;
as:lgn {c_out, sum} = OR;

always @ (posedge clock) begin
1/ Load Input register

IR[L4:R4] <= blsize2: hal;
Il Load pipeline register

PRhalf: 0] <= IR[L
OR <= {{1'b0,PRIL3:
end
endmodule

)+ IRL1:R1] + IR[O];
3]} + {(10,PRIL2: R2]} + PRIhalf], PRsize1: 0]);

For convenience of illustration, the results of synthesizing a 4-bit pipelined adder
with asynchronous reset, add_4_pipe are shown in Figure 9-40. The D-type flip-flop
used (dffrpgb_a) has active-low reset.

9.5.2 Design Example: Pipelined FIR Filter

MACs dominate the performance of DSPs. In 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 output. The performance
specifications of a filter might require that high-speed multipliers and/or adders be
used to implement MACs. Another alternative is to pipeline the 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 9-41(a), the cutsets of the FIR filter place the
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FIGURE 9-41 Alternative pipeline structures for FIR filter, with pipeline registers placed
(a) at the outputs of the multipliers and (b) at the inputs of 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 form its output from a weighted sum of samples of the present and
most recent N — 1 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 as the algorithm executs ing 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 of the 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
sample Newest
sample
x[k] \~N-samples
Moving window
of N samples
Hhm ]
k>
2 Samplen — N + 1
Sample SrpitE =
BB N cells
L [ Samplen—1
: Samplen — 2
Samplen —3

FIGURE 9-42 AN N-cell circular buffer storing data from an N-sample moving window.
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through an i of add before ing 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 cells of a random access
memory. However, an ASIC or an FPGA might implement the buffer with a set of
dedicated, parallel-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, Circular_Buffer_2,
includes write_ptr, 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

0 120 t
Namet , , o v v b b e by

reset
dock S LI LMLl riLrimririririrriry

Data_in[7:0] [ 01 | 02 J 03 J 04 Y 05 | 06 07 {08 \ 09  0a J 0b Y 0c J 0d J 0c |

Circular_Buffer_1

cell_0_1[7:0] 00 Y03 f 04 05 N os Y 07 (08 Y09 Y 0a Y 0b ) 0c Y 0d f0c

cell_1_1[7:0] 00 Y03 Y04 o5 (Tos Y 07 08 09 Y 0a J ob J 0c J0d

cell 2_1{7:0] 00 03 f04 {05 )06 )07 08 [09fOa b )\ Oc

cell 3_1[7:0] 00 03 {04 )05 J 06 {07 Y 08 {09 [ 0a J0b
Circular_Buffer_2

cell_0_2[7:0] [T | 03 X 07 X 0b ]

cell_1_2[7:0] 00 j § 04 b § 08 X Oc

cell 2 2[7:0] 00 X 05 X 09 Y od

cell_3_2[7:0] 00 X 06 b 0a — Joe

write_ptr{1:0] | x o O 2 G o )z ) o2 3 o

FIGURE 9-43 Results of simulating Circular_Buffer_1 and Circular_Buffer 2,
two versions of a data buffer holding an N-sample moving window.
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Circular_Buffer_1 change at every cycle, while only the one cell addressed by write_ptr
in Circular_Buffer_2 changes as new data arrive (at the negative edges of the clock).
A digital filter using the data held in Circular_Buffer_1 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 write_ptr.?

module Circular_Butfer_1 # (parameter buff_size = 4, word_size = 8) (
output [word_size -1: 0] cell_3, cell_2, cell_1, cell_0,

input [word_size -1: 0] Data_in,

input clock, reset

%

reg  [buff_size -1: 0] Buff_Array [word_size -1: 0J;
wire cell_3 = Buff_Array[3], cell_2 = Buff_Array{2];

wire  cell_1 = Buff_Array[1], cell_0 = Buff_Array[0];
integer k;

always @ (posedge clock) begin
If (reset == 1) for (k = 0; k <= buff_size -1; k = k+1)
Buff_Array[k] <= 0;
else for (k = 1; k <= buff_size -1; k = k+1) begin
Buff_Array(k] <= Buff_Array[k-1];
Buff_Array[0] <= Data_in;
end
end
endmodule

module Circular_Buffer_2 # (parameter buff_size = 4, word_size = 8) (
i ] cell_3, cell_2, cell_1, cell_0,
] Data_in,

input clock, reset

)

reg [buff_size -1: 0] Buff_Array [word_size -1: 0];

wire cell_3 = Buff_Array[3], cell_2 = Buff_Array[2];

wire  cell_1 = Buff_Array[1], cell_0 = Buff_Array[0];

integer k;

parameter write_ptr_width = 2; 1l Width of write
pointer

parameter max_write_ptr = 3;

reg [write_ptr_width -1 : 0] write_ptr; /I Pointer for writing

always @ (poudga clock) begin
1) b

for (k 0; k <= buff_size -1; k = k+1) Buff_Array[K] <= 0;
end

else begin

See Problem 9.15 at the end of the chapter.
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Buff_Array|write_ptr] <= Data_in;
if (write_ptr < max_write_ptr) write_ptr <= write_ptr + 1; else write_ptr <= 0;
end

end
endmodule

End of Example 9.10

9.7 Asynchronous FIFOs—Synchronization across
Clock Domai

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 to those of circular buffers.*
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 buffer
provides a fixed window of samples of a data stream.

FIFOs operate differently from a circular buffer, because a FIFO’s output is a
single word, which is read on command The pomters for reading from and writing to a
FIFO are rel d d and when ds to read and/or
write are rather than ially and ly, 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. Two 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, stk_full and stk_empty 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_almost_full, stk_half full, etc). In dynamic operation, read_ptr
“chases” write_ptr in a circular path, from bottom 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 pointers.

*See Problem 11 in Chapter 8.
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FIGURE 9-44 Block diagram of a FIFO with a status unit and separate clocks for reading and writing.

‘When a pointer counter is full (i.e., counting from 0 to stk_height -1, it holds the value
stk_height -1), 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, the stack is empty. If the pointers
are equal and the gap counter is equal to the height of the stack, the stack is full. 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 h or ing 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 and/or phase separately control the read and write pointers of an
as FIFO. C ly, 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 (stk_full and stk_empty) 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 FIFO* 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_Dual_Port and a testbench,
t_FIFO_Dual_Port, are shown below. The model supports simultaneous reading and
writing at the same location in the FIFO. Note that in this model the pointers
write_ptr and read_ptr have been sized to wrap at the stack boundary, so the condi-
tion of an empty stack cannot be distinguished from the condition of a full stack by
comparing the pointers. Instead, the pointers are derived from counters which are
one bit wider, by forming ptr_gap as the difference between the counts held in
wr_cntr and rd_cntr. The contents of ptr_gap are effectively incremented, decre-
mented, or held, depending on the condition of the stack and whether a write opera-
tion and/or a read operation is attempted. When the value stored in ptr_gap 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 counters, but not
the memory registers of the FIFO.

‘The simulation results in Figure 9-45 demonstrate write and read operations of
the FIFO 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 assertion of
rst, followed by assertion of write_to_stk. Assertion of rst causes all of the status
flags to be asserted, indicating that the FIFO is not available for either writing or
reading. When rst is de-asserted, all but stk_empty are de-asserted. Assertion of
write_to_stk causes the contents of Data_in to be transferred to stk0[31: 0] at the
next active edge of clk_write (i.e., writing occurs from bottom to top). Concurrently,
stk_empty is de-asserted. At subsequent active edges of clk_write, Data_in is trans-
ferred to the FIFO location specified by write_ptr, and the status flags are adjusted
according to the condition of the FIFO.

Figure 9-45(b) shows simultaneous assertions of write_to_stk and read_fr_stk.
The first active edge of clk_write is ignored, because the stack is full. The first active
edge of clk_rd, with read_fr_stk asserted, causes the output register, Data_out[31: 0], to
be loaded with 00005555, the contents of stk0[31: 0], as specified by read_ptr. This
activity de-asserts stk_full. Then the next active edge of clk_write loads Data_in[31: 0]
into stk0[31: 0], and so forth.

F;gure 9-45(c) shows addmcnal activity, including a running reset. Note: These

ate the op of the machine without logic for synchronization
between the clock domains. The model is useful for exploring 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

“Logic for synchronization is omitted. Also, note that the output of the FIFO is registered. This is not essential.
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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, 1 Width of stack and data paths
stk_ptr_width = 3 1l Width of pointers into stack
X
output [word_width-1:0]  Data_out, /I Data path from FIFO
output stk_full, Il Status flags
stk_almost_full,
stk_half_full,
stk_almost_empty,
stk_empty,
input [word_width-1:0]  Data_in, // Data path into FIFO
input write, /I Flag controlling a write to
the stack,
read, /I Flag controlling a read from
input clk_write, 1/ Clock to synchronize writes
clk_read, Il clock to synchronize reads
rst

)]
wire  [stk_ptr_width -1: 0] write_ptr, read_ptr;

FIFO_Control_Unit MO_Controller (
write_to_stk(write_to_stk),
.read_fr_stk(read_fr_stk),
write(write),
read(read),
stk_full(sti_full),
_stk_empty(stk_empty)

FIFO_Datapath_Unit M1_Datapath(
.Data_out(Data_out),
.Data_in(Data_in),
.write_ptr(write_ptr),
.read_ptr(read_ptr),
.write_to_stk(write_to_stk),
.read_fr_stk(read_fr_stk),
_clk_write(clk_write),
_clk_read(clk_read),
rst(rst)
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FIFO_Status_Unit M2 (
.write_ptr(write_ptr),
.read_ptr(read_ptr),
stic_full(stk_full),
sti_almost_full(stk_almost_full),
stk_half_full(stk_half_full),
_stk_almost_empty(stk_almost_empty),
.stk_empty(stk_empty),
write_to_stk(write_to_stk),
.read_fr_stk(read_fr_stk),
.clk_write(clk_write),
.clk_read(clk_read),

.rst(rst)

-mimodulo

/I Control Unit

module FIFO_Control_Unit (
output write_to_stk, read_fr_stk,
input write, read, stk_full, stk_empty

assign write_to_stk = write && (Istk_full);
assign read_fr_stk = read && (!stk_empty);
endmodule

// Datapath Unit

module FIFO_Datapath_Unit # (parameter word_width = 32, stk_height = 8,
stk_ptr_width = 3)(

output reg [word_width -1: 0] Data_out,
input [word_width -1: 0] Data_in,
input [stk_ptr_width -1: 0] write_ptr, read_ptr,
input write_to_stk, read_fr_stk,
input clk_write, clk_read, rst
»
reg [word_width -1: 0} stk [stk_height -1 : O; Il memory

array

always @ (posedge clk_write) if (write_to_stk) stk [write_ptr] <= Data_in;
always @ (posedge clk_read) if (read_fr_stk) Data_out <= stk [read_ptr];
endmodule

/I Status Unit for Synchronous FIFO
module FIFO_Status_Unit # (parameter stk_ptr_width = 3, stk_height = 8,

HF_level = stk_height >> 1, 1l Half full level, e.g., 4
AF_level = (stk_height — HF_level) >> 1, /I Aimost full level, e.g., 6
AE_level = (HF _level) >> 1, Il Almost empty level, e.g., 2
output [stk_ptr_width -1: 0] write_ptr,

output [stk_ptr_width -1: 0] read_ptr,

output stk_full, stk_almost_full, stk_half_full,

stk_almost_empty, stk_empty,
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input write_to_stk, read_fr_stk,
input clk_write, clk_read, rst
wire  [stk_ptr_width: 0] wr_cntr;
wire [stk_ptr_width: 0] wr_cntr_G;
wire  [stk_ptr_width: 0] rd_cntr;
wire  [stk_ptr_width: 0] ptr_gap = wr_cntr-rd_cntr;  // 2s comp gap
between ptrs
/] Stack status signals
assign stk_full = (ptr_gap == stk_height) || rst;
assign stk_almost_full = ((wr_cntr - rd_cntr) == AF_level) || rst;
assign stk_half_full = (wr_cntr - rd_cntr) == HF_level) || rst;
ign stk_almost_empty = ((wr_cntr - rd_cntr) == AE_level) || rst;
assign stk_empty = (wr_cntr == rd_cntr) || rst;
wr_cntr_Unit MO (wr_cntr, write_ptr, write_to_stk, clk_write, rst);
rd_cntr_Unit M1 (rd_cntr, read_ptr, read_fr_stk, clk_read, rst);
endmodule
module wr_cntr_Unit # (parameter stk_ptr_width = 3)(
output reg [stk_ptr_width: 0] wr_cntr,
output [stk_ptr_width -1: 0] write_ptr,
input write_to_stk, clk_write, rst
)
assign write_ptr = wr_cntr [stk_ptr_width -1: 0];
always @ (posedge clk_write, posedge rst)
if (rst) begin wr_cntr <= 0; e
else if (write_to_stk) begin
wr_cntr <= wr_cntr + 1;
end
endmodule
modaule rd_cntr_Unit # (parameter stk_ptr_width = 3)(
output reg [stk_ptr_width: 0] rd_cntr,
output [stk_ptr_width -1: 0] read_ptr,
input read_fr_stk, clk_write, rst
)
assign read_ptr = rd_cntr [stk_ptr_width -1: 0];
always @ (posedge clk_write, posedge rst)
if (st) begin rd_cntr <= 0; end
else if (read_fr_stk) begin
rd_cntr <= rd_cntr + 1;
end
endmodule
module t_FIFO_Dual_Port(); /I Used to test only the FIFO, without
synchronization
parameter stk_width = 32;
parameter stk_height =

parameter stk_ptr_width =
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wire  [stk_width -1: 0] Data_out;
wire write;
wire stk_full, stk_almost_full, stk_half_full;
wire stk_almost_empty, stk_empty;
reg  [stk_width -1: 0] Data_in;
reg write_to_stk, read_fr_stk;
reg clk_write, clk_read,
wire  [stk_width -1: 0] stkO, stk1, stk2, stk3, stk4,
stk, stk6, stk7;
assign stk0 = M1.M1.stk{0]; Il Probes of the stk

assign stk5 = M1, M1 stk[ H
assign stk6 = M1.M1.stk[6];
assign stk7 = M1.M1.stk[7];

FIFO_Dual_Port M1 (Data_out,
stk_full, stk_almost_full, stk_half_full,
stk_almost_empty, stk_empty,
Data_in,
write_to_stk, read_fr_stk,
clk_write, clk_read, rst);

initial #500 $finish;

initial fork
rst=1; #5 rst = 0;
#400 rst = 1; #412 rst = 0;

join

; forever #5 clk_write = ~clk_write; end
; forever #4 clk_read = ~clk_read; end

initial begin clk_write
initial begin clk_read

/I Data transitions
initial begin Data_in = 32’hFFFF_AAAA;
@ (posedge write_to_stk);
repeat (24) @ (negedge clk_write) Data_in = ~Data_in;
end

Il Write to FIFO
initial fork
write_to_stk = 0;
begin #16 wrlle to_stk = 1; #140 write_to_stk = 0; end
begin #286 write_to_stk = 1; end

Jjoin

I/l Read from FIFO

initial fork
begin #0 read_fr_stk = 0; end
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begin #144 read_fr_stk =
begin #196 read_fr_stk
Jjoin
endmodule

: #8 read_fr_stk
1 #86 read_fr_stk = 0;

9.7.2 Clock Domain Syncth ization for an A h 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
simultaneously. 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 the two domains
are asynchronous relative to each other. 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 datapath into the storage
register at the location addressed by write_ptr would recirculate 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, stk_full could de-assert in the setup window of
the flip-flops and the datapath 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 pointers are co-located and
stk_empty 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 flip-flops to be addressed by read_ptr.
This action could happcn in the setup interval of the flip-flops, resulting i in metastablllly
These two can be p: by (1) rd_cntr to
clk_write and companng the synchronized value to wr_cntr to determine whether the
stack is full and (2) by synchronizing wr_cntr to clk_read and comparing the synchronized
count to rd_cntr to determine whether the stack is empty. Alternatively, handshake signals
can be used to govern the exchange of data and circumvent this problem, but the transfer
rate is lower than can be achieved by alternatives. In practice, high-performance parallel
interfaces between independent clock domains are implemented with a FIFO using a
dual-port 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 their
opposite domains. Using binary counters would 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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FIGURE 9-46 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 and/or empty would be highly likely
in operation. The alternative is to use Gray code counters because only one bit of a
counter would be changing at each clock.

In practice,”® 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 flip-flops, forming the next Gray code value. The Gray code
jtself 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 stk_full and stk_empty flags. The inner core is identical to the status
unit for a FIFO. To hronize wr_cntr to clk_read, the next value of
wr_cntr (i.e., the input to the register) is converted to a Gray code value and regis-
tered by B2G_reg. Its registered Gray code output, wr_cntr_G is synchronized by the

3See technical articles available at www.sunburst-design.com
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and FIFOs.

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.* The logic to form stk_full is similar,
with the exception that the synchronizers are different. The Verilog model (see
Example 9.11 below) of the status unit is flexible. It can be used with a common clock
and only the inner core of logic to model a synchronous dual-port FIFO, or with

*The models for the binary to Gray and Gray to binary code converters are based on those presented in
technical papers at www.sunburst-design.com. Testbenches are available at the web site for this text.
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separate clocks and the synchronized status unit. 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 binary codes, using a synchronized
Gray code as an intermediate value. For example, the FIFO is full if wr_cntr —
rd_cnir_B_synch = stack_height. Similarly, the FIFO is empty if wr_cntr_B_synch —
read_cntr = 0, i.e., wr_cntr_synch = rd_cntr. re_cntr_B_synch is derived from a
synchronized Gray code value.

Comparing rd_cntr to wr_cntr_synch allows data to be read from the FIFO at the
rate of the fast clock,”” but guarantees that empty is generated at an active edge of
clk_read, enabling the reading activity to suspend before stale data is re-read. Like-
wise, comparing rd_cntr_synch to wr_cntr allows data to be written at the rate of the
slow clock, with assurance that stk_full will be generated at the active edge of clk_write
to prevent overwriting data that has not yet been read.

The system for generating stk_full and stk_empty is inherently pessimistic. The
signal stk_full 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_cntr_synch arrives with latency. Thus stk_empty will be asserted
longer than necessary. Neither instance of pessimism 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 clock_I00MHz; the commands to read data from the FIFOs
are issued by the processor (not shown) in the domain of clock_I33MH?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 flow.

The serial-to-parallel converter, Ser_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 incr to
control the datapath register Data_out and a counter, cntr, respectively. cntr indicates the
number of serial bits that have been shifted into the datapath register. The asynchronous

¥Reading data from a FIFO is assumed to occur at a faster rate than writing data to the FIFO.
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FIGURE 9-48 FIFO-buffered clock domain interface.

reset signal, rst, clears cntr and Data_out, and directs the state of the machine to S_idle,
where it asserts ready and remains until En is asserted by an external unit. At the first
clock with En asserted, the machine shifts a bit into Data_out, increments cntr, and
makes a transition to S_1, where it remains until cntr reaches the upper limit of its count
range (e.g., the limit of a 5-bit counter is 31). When cntr reaches its limit, the machine
transitions to S_2 while loading the last bit into the shift register. Signal write is asserted
in §_2, to cause an external unit (e.g., a FIFO) to read the word from Data_out. Depend-
ing on whether En and full are asserted by the external environment, the machine transi-
tion to S_1 to stream the bits of the next word of data, or returns to S_idle.

The transitions of the serial bit stream of data at the input to the serial-to-parallel
converter occur on the falling edge of clock_100MHz, and the data are shifted into the
register on the rising edge. write is asserted for a duration of one cycle of clk.® The
control unit of the serial to parallel converter has two additional outputs, pause_full
and pause_En_b, which communicate with the datapath to handle a situation where En

A problem at the end of the chapter addresses the simulation and verification of Ser_Par_Conv_32.
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FIGURE 9-49 ASMD chart and block diagram for a serial-to-parallel converter.




Algorithms and Architectures for Digital Processors 605

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 dafa 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 pause_full cause the same datapath operations to reset cntr and flush the output
register of the serial-parallel 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.

module Ser_Par_Conv_32 # (parameter word_width = 32)(
output [word_width -1: 0] Data_out,

output ready,
output write,

input Data_in, En, full, clk, rst

)

wire pause_full, pause_En_b, shft_incr, cntr_limit;

Control_Unit MO_Controller (ready, write, pause_full, pause_En_b, shft_incr, En,
full, entr_limit, clk, rst);

Datapath_Unit M1_Datapath (Data_out, cntr_limit, Data_in, pause_full,
pause_En_b, shft_incr, clk, rst);

endmodule

module Control_Unit (output ready, write,
output reg pause_full, pause_En_b, shft_incr,
input En, full, cntr_limit, clk, rst);
parameter S_idle=0,8_1=1,82=2;
reg [1:0] state, next_state;

assign ready = (state == S_idle);

assign write = (state == S_2);

always @ (posedge clk, posedge rst)
if (rst) begin state <= S_idle; end
else state <= next_state;

always @ (state, En, full, cntr_limit) begin

S_idle;

if (En && (full)) begin next_state = S_1; shft_incr =
else next_state = S_idle;
s 1: if (full) begin next_state = S_idle; pause_full =
else begin shft_incr = 1;
if (cntr_limit) next_state = S_2;
nd

;end

Ise next_state =S_1;
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s_2: if (En) begin shft_incr = 1; next_state = S_1; end
else begin pause_En_b = 1; next_state = S_idle; end
default: next_state = S_idle;
endcase
end
endmodule

module Datapath_Unit # (parameter word_width = 32, cntr_width = 5)(
output reg [word_width -1: 0] Data_out,

output cntr_limit,

input Data_in, pause_full, pause_En_b, shft_incr,
clk, rst);

reg  [cntr_width -1: 0] entr;

always @ (posedge clk po:tdge rst)
if (rst) begin cntr <=
else if (pause_full || paussjnfb) cntr <= 0;
else if (shft_incr) cntr <= cntr +1;

always @ (posedge clk, posedge rst)
if (rst) Data_out <= 0;
else if (pause_full || pause_En_b) Data_out <= 0;
else if (shft_incr) Data_out <= {Data_in, Data_out [word_width -1: 1]};
assign cntr_limit = (cntr == word_width -1);
endmodule

Each FIFO in Figure 9-48 must generate a synchronized version of its write
counter for the purpose of comparing it to the read pulse counter in the domain of
the faster clock, clock_I33MHz, for use in determining whether the FIFO is empty™.
The synchronizers that were shown in Figure 5-38 are candidates for synchronizing the
write counter of the FIFO. To determine which of the two synchronizer circuits to use,
note that write_to_stk asserts for one cycle of clock_I00MHz, so the pulse has a
width of Ayrie = 1/ Teock 100muz = 1/(10%) = 10 ns. The period of clock_133MHz is, as
shown in Figure 9-50, Tyock_133mu: = 1/(133 X 10%) = 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 synchronized, we choose the circuit in Figure 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 synchronize rd_cntr to clk_100.

The machine, FIFO_Channel, uses Ser_Par_Conv_32 and FIFO_Dual_Port, but
with the status unit given below. Before presenting simulation results for FIFO_Channel,
we provide a word of cauuon—lhorough timing analysis of FIFOs and their companion
circuitry for across ies 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 data is written to the FIFO under the control of wr_to_stk, which is synchronized to
clock_100MHz.
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FIGURE 9-50 The duration of the asy write pulse covers two edges of clock_133_MHz.

such detailed analysis, the verification of the machine is incomplete. This step will not be
demonstrated here.

module FIFO_Channel # (

parameter word_width =32)(  // Width of FIFO stack and
ata paths
output [word_width -1:0]  Data_out_FIFO, /I Data path from FIFO
output ready,
input
Data_in, /I Serial 100 MHz data
En, I/ Launches activity
read, /I reads data from FIFO
clk_write, Il Clock to synchronize writes
clk_read, I/ clock to synchronize reads
rst

)
wire reg [word_width -1:0]  Data_out_Ser_Par; // Data path from Ser_Par
wire Data_in_Ser_Par;  // Data path into Ser_Par

wire stk_full, Il Status flags
sti_almost_full, stk_half_full, stk_almost_empty,
stk_empty;

FIFO_Dual_Port MO (
_Data_out(Data_out_FIFO),
sti_full(sti_full),
.stk_almost_full(stk_almost_full),
.stk_half_full(stk_half_full),
_stk_almost_empty(stk_almost_empty),
_stk_empty(stk_empty),
Data_in(Data_out_Ser_Par),
.write(write),

.read(read),
clk_write(clk_write),
_clk_read(clk_read),
rst(rst));

Ser_Par_Conv_32 M1(
.Data_out(Data_out_Ser_Par),
.ready(ready),
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write(write),
Data_in(Data_in),
En(En),
full(stk_full),
clk(clk_write),
rst(rst);

endmodule

/I Status Unit for Asynchronous FIFO

module FIFO_Status_Unit # (parameter stk_ptr_width = 3, stk_height = 8,

"

HF_level = 6, //(stk_height >> 1),

Half full level

AF_level = 4, //(stk_height - HF_level) >> 1, I/ Almost full level

AE_level = 2 /[(HF_level) >> 1

X
output [stk_ptr_width -1: 0]
output [stk_ptr_width -1: 0]
output

input
input

[stk_ptr_width: 0]
[stk_ptr_width: 0]
[stk_ptr_width: 0]
[stk_ptr_width: 0]
[stk_ptr_width: 0]
[stk_ptr_width: 0]

11 Stack status signals
assign stk_full = ((wr_cntr - rd_cntr_B_sync) == stk_height) || rst;

assign stk_almost_full = ((wr_cntr - rd_cntr_B_sync) ==
assign stk_half_full = ((wr_cnir - rd_cntr_B_sync)
assign stk_almost_empty = ((wr_cnty
assign stk_empty = (wr_cntr_B_syn

I/ Almost empty level

write_ptr,

read_ptr,

stk_full, stk_almost_full, stk_half_full,
stk_almost_empty, stk_empty,
write_to_stk, read_fr_stk,

clk_write, clk_read, rst

wr_cntr, next_wr_cntr;
wr_cntr_G;

rd_cntr, next_rd_cntr;

rd_cntr_G;

wr_cntr_G_sync, rd_cntr_G_sync;
wr_cntr_B_sync, rd_cntr B_sync;

AF_level) || rst;
F_level) || rst;
cntr_B_sync) == AE_level) || rst;
_cntr) || rst;

wr_cntr_Unit MO_rw_cntr (next_wr_cntr, wr_cntr, write_ptr, write_to_stk,
clk_write, rst);

rd_cntr_Unit Mird_cntr (next_rd_cntr, rd_cntr, read_ptr, read_fr_stk, cik_read, rst);

B2G_Reg M2_B2G (
.gray_out(wr_cntr_G),

binary_in(next_wr_cntr),

wr_rd(write_to_stk),
Jlimit(stk_full),
clk(clk_write),
rst(rst)

)

G2B_Conv M3_G2B (

.binary(wr_cntr_B_sync),
.gray(wr_cntr_G_sync)
%
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B2G_Reg M4_B2G (
.gray_out(rd_cntr_G),
_binary_in(next_rd_cntr),
wr_rd(read_fr_stk),
Jlimit(stk_empty),
_clk(clk_read),
rst(rst)

G2B_Conv M5_G2B (
binary(rd_cntr_B_sync),
.gray(rd_cntr_G_sync)

%

Il Synchronizer Unit

generate
genvar k;
for (k = 0; k <= stk_ptr_width; k = k+1) begin: write_cntr_synchronization
Synchro_Long_Asynch_in_to_Short_Period_Clock MO (
Synch_out(wr_cntr_G_synclK]),
.Asynch_in(wr_cntr_G[k]),
.clock(clk_read),
.reset(rst)

end
for (k = 0; k <= stk_ptr_width; k = k+1) begin: read_cntr_synchronization
Synchro_Short_Asynch_in_to_Long_Period_Clock M1 (
_Synch_out(rd_cntr_G_synclK]),
.Asynch_in(rd_cntr_G[K]),
.clock(clk_write),
.reset(rst)
end
endgenerate
endmodule
module wr_cntr_Unit # (parameter stk_ptr_width = 3)(
output reg [stk_ptr_width: 0] next_wr_cntr, wr_cntr,
output [stk_ptr_width -1: 0] write_ptr,
input write_to_stk, clk_write, rst

)
assign write_ptr = wr_cntr [stk_ptr_width -1: 0];
always @ (posedge clk_write, posedge rst)
if (rst) begin wr_cntr <= 0; end
else if (write_to_stk) begin
wr_cntr <= next_wr_cntr;
end
always @ (Wr_cntr) next_wr_cntr = wr_cntr + 1;
endmodule
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module rd_cntr_Unit # (parameter stk_ptr_width = 3)(
output reg [stk_ptr_width: 0] next_rd_cntr, rd_cntr,
output [stk_ptr_width -1: 0] read_ptr,
input read_fr_stk, clk_write, rst

assign read_ptr = rd_cntr [stk_ptr_width -1: 0];
always @ (posedge clk_write, posedge rst)
if (rst) begin rd_cntr <= 0; end
else if (read_fr_stk) begin
rd_cntr <= next_rd_cntr;
end

always @ (rd_cntr) next_rd_cntr = rd_cntr + 1;
endmodule

module B2G_Reg # (parameter size = 4)(
output reg [size -1: 0] gray_out,
input [size -1: 0] binary_in,
Input wr_rd, limit, clk, rst

'wire [size -1: 0] next_gray_out;

always @ (posedge clk, posedge rst)

if (rst) gray_out <= 0; else if (wr_rd && (limit)) gray_out <= next_gray_out;
B2G_Conv MO (

.gray(next_gray_out),

binary(binary_in)

endmodule

module B2G_Conv # (parameter size = 4)(
output [size -1: 0] gray, input [size -1: 0] binary);
assign gray = (binary >> 1) * binary;

endmodule

module G2B_Conv # (parameter size = 4)(
output rsg [size -1: 0] binary, input [size -1: 0] gray);
integer k;

always @ (gray) for (k = 0; k < size; k = k +1) binary[k] = A(gray >> k);
endmodule

module Synchro_Short_Asynch_in_to_Long_Period_Clock (
output reg Synch_out,

input Asynch_in, clock, reset
)

reg q1, 42;

supply1 Vcc;

wire CIr_q1_q2 = reset || (({Asynch_in && Synch_out));

always @ (posedge clock, posedge reset)
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if (reset) begin
Synch_out <= 0;
d

en
else Synch_out <= q2;

always @ (posedge clock, posedge Cir_q1_q2)
if (CIr_q1_q2) q2 <= 0;
else g2 <=q1;

always @ (posedge Asynch_in, posedge Clr_q1_g2)
if (CIr_q1_q2) q1 <= 0;
else q1 <= Vcc;
endmodule
module Synchro_Long_Asynch_in_to_Short_Period_Clock (
output reg Synch_out, input Asynch_in, clock, reset);
reg Synch_meta;

always @ (posedge clock, posedge reset)

if (reset) begin Synch_meta <= 0; Synch_out <= 0; end

else {Synch_out, Synch_meta} <= {Synch_meta, Asynch_in};
endmodule

The testbench used to verify FIFO_Channel is given below. The testbench selects
a pattern and then presents it to FIFO_Channel one bit at a time.

module t_FIFO_Channel # (
parameter word_width = 32, half_cycle_100_MHz = 4, half_cycle_133_MHz = 3);
wire [word_width -1: 0] Data_out_FIFO;
wire ready;
reg En, read, clk_write, clk_read, rst;

FIFO_Channel MO (Data_out_FIFO, ready, Data_in, En, read, clk_write,
clk_read, rst);

wire [word_width -1: 0]  stk0, stk1, stk2, stk3, stk4, stk5, stk6, stk7;

assign stk0
assign stk
assign stk
assign stk
assign stk

MO0.MO.M1.stk[0]; 1l Probes of the stk

MO.MO.M1.stk[1];

MO.MO.M1.stk[2];

MO.MO.M1.stk[3];

MO0.MO0.M1.stk[4];

assign stk5 = M0.MO.M1.stk[5];

assign stk6 = M0.MO.M1.stk[6];

assign stk7 = M0.MO.M1.stk[7];

tial #8000 $finish;

initial begin clk_write = 0; forever #half_cycle_100_

MHz clk_write = ~clk_write; end 11100 MHz clock
initial begin clk_read = 0; forever #half_cycle_133_

MHz clk_read = ~clk_read; end 11 133 MHz clock
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initial fork
En=0;#18 En =1;
#400 En =
#960En=1;

join

initial fork
read = 0;
#3500 read = 1;
#4200 read = 0;
#7124 read = 1;

Join

initial fork

reg [word_width -1: 0 Pattern_buffer [15: 0;
reg[3:0 Pattern_ptr;
reg [word_width -1: 0] Data_word;

assign Data_in = Data_word [0];

always @ (negedge clk_write, posedge rst)
if (rst) begin Pattern_ptr <= 1; Data_word <= Pattern_buffer [0]; end

else begin
if (M0.M1.pause_full) begin Data_word <= Pattern_buffer [Pattern_ptr -1]; end
if (M0.M1.pause_En_b) begin Data_word <= Pattern_buffer [Pattern_ptr]; end

if (MO.MO.write_to_stk) begin
Pattern_ptr <= Pattern_ptr + 1;
Data_word <= Pattern_buffer [Pattern_ptr];
end
end

always @ (negedge clk_write, posedge rst)

if (rst) Data_word <= Pattern_buffer [0];
else if ((MOM1.shft_incr) && (MO.M1.M0.state 1= MO.M1.M0.S_idle)) Data_word
<= Data_word >> 1;

initial fork

Pattern_buffer [0] = 32'haaaa_aaaa;
2'hbbbb_bbbb;
"heeee_ceee;

2'hdddd_dddd;

Pattern_buffer [7] = 32hbbbb_aaaa;
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Pattern_buffer (8] = 32'haSa5_5a5a;
Pattern_buffer [9] = 32'hb5b5_5b5b;
Pattern_butffer [10] = 32'hccce_5555;

| 2'hffff_5555;
Pattern_buffer [14] = 32'haaaa_5555;
Pattern_buffer [15] = 32'hbbbb_5555;
join
endmodule

Figure 9-51(a) shows the results from simulating a suite of test patterns to verify
the correct operation of FIFO_Channel, the combined serial-parallel converter and
FIFO. The pulses of write_to_stack and read_fr_stack and other si ant features
are highlighted by shading. Note that, during the first assertion of En, stk0 gets
aaaaaaaay, and at the second assertion stk1 gets bbbbbbbby. After a brief pause
(while En is de-asserted), the third pattern (cccccceey) is loaded into stk2, and so
forth, until the stack is full. Then, with stk_full and with read asserted by the testbench,
stk_empty asserts intermittently, 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-parallel converter correctly, with-
out corrupting bits between words and (2) resume the write operation after a pause
by de-assertion of En or by assertion of stk_full. A reset-on-the-fly event demon-
strates that the machine recovers correctly and loads the first pattern at the first
opportunity to write to the stack. The shaded data shows that the synchronization,
code ions, and status determinations occur correctly.

Figure 9-51(b) zooms into the waveforms to demonstrate that the read opera-
tions execute correctly. Eight cycles of clk_read transfer words from the stack to
Data_out_FIFO, from the addresses specified by read_ptr. Note that stk_full de-asserts
with a latency of two cycles of clk_write, and then the state transitions from S_idle (0)
to S_1 (1). Once the machine enters S_1, it takes 31 additional cycles of clk_write to
load another word to the stack (not shown), so (even though the stack is not full) a
write cannot execute immediately.

Figure 9-51(c) shows a sequence in which En and read are both asserted and the
stack is empty. An assertion of write_to_stk loads a5a55aSay into stk0. Two edges of
clk_read later, stk_empy de-asserts, reflecting the latency in comparing rd_cntr to
wr_cntr_B_sync. A comparison of rd_cntr and wr_cntr would de-assert stk_empy imme-
diately, but risk metastability by allowing the stack to be read too close to the edge of
clk_write. The interval of latency is indicated in Figure 9-51(c). The content of stk0 is
read to Data_out_FIFO at the first edge of clk_read 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 MHz/32 = 3.125 MHz.

Figure 9-52(a) presents simulation results showing that reading from the stack is
synchronized by clk_read, and that read_ptr determines the data that is loaded into
Data_out_FIFO. Note, however, that the count of rd_cntr_B_sync skips values (counts
of 1,4, 5, and 6 are missing). This behavior is explained by the simulation results in
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34

Name

192 3502 3512 3522 3532
sl berr v e b

st
clk_write

clk_read

En

read

ready

shft_incr
write_to_stk
read_fr_stk

state[1:0]
wr_entr[3:0]
rd_cnir_B_sync{3:0]
wr_cntr_G[3:0]
rd_cntr_G_syne[3:0)
write_ptr[2:0]
rd_cntr[3:0]
wr_cntr_B_sync[3:0]
rd_cntr_G[3:0]
wr_cntr_G_sync[3:0]

0110 0111

0101

read_ptr[2:0] [ B O B T O B
pause_full L
pawse Enb| |
Pattern_ptr[3:0] T 9
Data_word[31:0) 1 aSaS5asa )\ 52d2ad2d 9695696
Data_in |
Data_out_Ser_Par{31:0] T 00000000 80000000 )
Data_out_FIFO[31:0] | _xooctioox ], X o cecceeee | g et
stk_full B L
stk_empty
stk7[31:0] bbbbaaaa
stk6[31:0] aaaafffl
stkS[31:0] T
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stk3[31:0] dddddddd
stk2[31:0] coccecee
stk1[31:0] bbbbbbbb
stk0[31:0] _anaaaaaa )
(a)
FIGURE 9-52

Simulation of reading from the stack: (a) synchronization by clk_read, and
(b) accounting for skipped counts of rd_cntr_B_synch.
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FIGURE 9-52_Continued

Figure 9-52(b), where the lower two bits of rd_cnir _B_synch are shown. With
rd_counter = 0 (A), the edge of clk_read (B) causes the transition to rd_cntr = 1 (G).
The details of this transition are shown, where the asynchronous value (C) in the
domain of rd_cntr gets passed to the first stage of the synchronizer (E) at the next edge
of clk_write (D), and then passes to Synch_out (F) and the second edge of clk_write.
Given the disparity between the clocks frequencies and the alignment of the edges of
the clocks, with clk_read being faster, the second edge of clr_read (H) causes rd_cnir to
increment to a value of 2 (G). This value passes into its synchronizer (J) and reaches
the output of its second stage (K) so that both bits of rd_cntr_B_synch have changed in
time for the edge of clk_write at (L). The intermediate value of rd_cntr = 1is obscured
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at rd_cntr_B_sync because the relative alignment of edges between clk_rd and
clk_write is such that two bits of the counter can change in the interval of time 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

[

w

Determine the size of the largest pixel processor array that can be implemented
by synthesizing Image_Converter_Baseline (see Section 9.2.1) into a Xilinx
XCS40/XL FPGA (see Table 8-13).
Develop an for ing a ial (row-by-row) algorithm
realizing the behavior of a halftone image converter having only one processor
for an 8 X 6 array. Develop, verify, and synthesize a Verilog model of the
machine. (Optional: By performing porslsymhcsls simulation in a given ASIC
or an FPGA, the rate at which images can be
processed by the machine.)

. The convolution of an N-sample data sequence {x[k]} with the impulse

response of a digital filter {A[k]} with j = 0,1,..., N — 1, produces the filter’s
output and is defined [19,20] by

sl = 3 Ak — k]
P

forj = 0,1,...,2N — 2. (a) Using Verilog constructs, write an NLP describing
the convolution algorithm. Note that the NLP can be unrolled to give

y[0] = x[0] 4[0]
y[1] = x[0) A[1] + x[1] A[0]
y[21 = x[0] A[2] + x[1] A1) + x[2] A[O]

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

Convolution_Baseline, a Verilog model that implements the algorithm, (d) using

the DFG, identify a two-stage balanced pipeline architecture for the machine, and
Ce

(e) develop, verify, and ,_Pipe, an ion of the
pipeline determined in (d) and compare the two realizations of the algorithm.
‘What is the minimum number of that could i the
algorithm?
Yl
=1
o)
(0]
o] A1)

FIGURE P9-3
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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
to (1) search over N unsigned binary numbers to find the largest, (2) then remove
it and repeat the search over the remaining N — 1 words, etc., until the st is
sorted. Develop a temporal DFG for the algorithm and specify an architecture
forits i Develop, verify,and amachine that realizes the
algorithm. Compare and discuss the relative merits of the two sorters.
Write a Verilog model of Bubble_Sort_Alternative, the machine described by
the ASMD chart in Figure 9-19. Develop and exercise a testbench to verify
the machine.
Using the Floyd-Steinberg algorithm (see Section 9.2), develop a Verilog
behavioral model of a machine, GS_Image_Converter, 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.
Develop an NLP describing an algorithm that computes the histogram of eight
equispaced gray levels in an 8 X 6 pixel image with 8 bits of resolution. Using a
DFG for the algorithm, develop, verify, and synthesize (1) a baseline machine
implementing the algorithm and (2) an ASMD-based machine realizing the
algorithm with maximally concurrent processors.
The reservation table in Figure P9-8 reveals how the throughput of Image_
Converter_Concurrent_Processors could be mcreased by exploiting the idle
time of the and two images while conccur-
rently processing the plxels of cach image. Develop, verify and synthesize a
machine that will maximize the throughput that can be obtained in processing
an 8 X 6 array, using four concurrent processors. Include an ASMD chart for
the control unit of the machine (see Figure 9-13).
Develop, verify, and synthesize a frame processor that converts an 8 X 6 array
of pixels with 8-bit resolution 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 /O ports, which accommodate
1 byte each. The pipelining of the isi 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.

v

ol

=

»

°

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

[ Time o Time siow ]
TaTeTalela m s ] lale Tl el o ls AR
I N R K A S T B P BN PR T8 )
N RN A Y AT BN ER ) DN TN N N B E1 ENED
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FIGURE P9-8
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for an 8 X 6 array of pixels. Specify an architecture, and develop and verify
the Verilog model Image_Converter_1_pipe that implements the pipeline
specified by the cutset. Include an ASMD chart for the control unit of the
machine (see Figure 9-13).

. The Verilog model FIR_Gaussian_Lowpass (see Example 9.2) is limited to a

seventh-order filter. Develop and verify a re-usable model with (1) parameters
and memory for up to 16 filter tap coefficients, and (2) a loop-based algorithm
that forms Data_out for an allowed order of the filter. When reset is asserted, the
state of the filter is to return to S_idle, where it remains until a signal Load is
asserted. With the state in S_idle, 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
S_running. While in S_running, 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.

Develop, verify, and synthesize parameterized Verilog models of the DF-II and
TDF-I1 IIR filters (see Figure 9-27). The filters must import their tap coefficients
from the test bench environment.

. Compare the results of synthesizing Circular_Buffer_1 and Circular_Buffer 2

(see Example 9.9).

Verify that the 32-bit serial-to-parallel converter Ser_Par_Conv_32 operates
correctly when the data bits are streamed to the machine continuously (i.e., the
state does not return to S_idle between successive words).

. Modify the cight-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 filter 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.

. Implement and compare two different architectures for an eight-tap FIR with a

16-bit 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.

o

Using MATLARB, design a lowpass FIR filter with passband frequency =
1600 Hz, stopband frequency = 2400 Hz, passband gain = 0 dB, stopband
attenuation = 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 filter satisfactorily attenuates an input at 2.5 kHz and 3 kHz. Deter-
mine the highest sampling rate that can be achieved in the technology that was
used to synthesize the filter. (Optional: Implement the filter in an FPGA and
demonstrate its operation.)

Adaptive digital filters are commonly used to (1) filter noise from data whose
statistics are either unknown or time-varying and (2) to extract a model of an
unknown system from data describing its input-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 filter
and uses the derived information to adjust the filter's weights. In 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 to adapt dynamically to reduce the error signal. A least mean
square algorithm [18] is used to update the tap coefficients of the FIR by
adjusting their values according to

Bnew = biola + 8*Yerror

The stepsize adjustment parameter & is chosen to cause the error sequence to go
10 0.1f & i 100 big the LMS (least mean square) algorithm might not converge; if
it is too small, it might converge very slowly. Consider values of & between 1072
and 107, An adaptive FIR has been designed elsewhere (7] to filter the output of
an unknown system modeled by a seventh order bandpass IR, with a sampling
rate of 8 kHz,and having M = N = 7.The passband of the IIR filter is from 7/3
to 2/3 rad. The stopband attenuation of the filter is 20 dB. The filter’s coeffi-
cients that were presented in reference 7 are given in Table P9-17, normalized to
make ag = 1

(a) Develop and compare two implementations of the IIR filter. One is to use
a pair of circular buffers, one to hold samples of the output, and one to hold
samples of the 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 other implementation is to use shift registers to
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TABLE P3-17 Coefficients for a seventh-order IIR bandpass filter.

bk 4 b
0 1.0000 01191
1 0.0179 0.0123
2 0.9409 —0.1813
3 0.0104 ~0.0251
4 0.6601 ~0.1815
5 0.0342 0.0307
6 0.1129 ~0.1194
7 0.0058 -00178

19.

20.
21.

hold the samples of data. (Note: The implementation will require prescaling and
i ions to support the ari i of the datapath
with the finite wordlength of the machine.) (b) Develop a testbench to verify
that the IIR acts as a bandpass filter.
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 circuit.
Modify the pipelined FIR filter in Figure 9-41(b) to have coherent datapaths.
The DFG in Figure P9-21(a) describes a systolic array processor that imple-
ments the matrix product C = A X B, with ¢; = ) ay by;. Each FU of a fully
parallel implementation of the processor would require 8 channels of data, 4
multipliers, 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 FU 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, and resources of the imple-
‘mentations. Develop, verify, and synthesize Verilog models of each.
Develop and verify a Verilog model of a FIR filter whose architecture exploits
symmetry in the tap coefficients.
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23. Synthesize Integrator_Par (sec Example 9.4), and then resynthesize the model
after replacing the statement clauses

else If (hold) data_out <= data_out;
else data_out <= data_out + data_in;

by the statement clause:
else if (thold) data_out <= data_out + data_in;

Compare the two implementations.
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26.

27.

24. Develop an ASMD chart for a controller that will control decimator_3 datapath

&

3

unit to (1) shift four successive bytes into Shft_Reg, (2) transfer the contents of
Shft_Reg into Int_Reg, (3) transfer the contents of Int_Reg into Decim_Reg,
and (4) wait two cycles before repeating the sequence, while Go is asserted.
Otherwise, the machine returns to 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 decimator_unit_3 and, using the testbench below,
verify your model. Synthesize your model and verify that the functionality of
the synthesized circuit matches that of your behavioral model.

module t_decimator_3_unit # (parameter word_length = 8, latency = 4)( );
reg [word_length -1: 0] da

_in;
reg Go;
reg clock, reset;
wire [word_length*latency -1: 0] data_out;

decimator_3_unit MO (data_out, data_in, Go, clock, reset);

initial #1000 $finish;

ial begin clock = 0; forever #10 clock = ~clock; end

initial fork
reset =1;
#20 reset =
#40 data_i
#160 data_i
#280 data_i

#520 data_|
#6540 data_|
#50 Go =
11#160 G

join
endmodule
The 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 alternative design can eliminate the
buffer registers by modifying the serial-to-parallel converter to anticipate the
signal write by two clock cycles.
Using _FIFO_Buffer, develop additional tests to verify FIFO_Buffer for all
conditions of the stack and assertions of read and/or write operations.
Synthesize FIFO_Buffer and verify a simulation match between the behavioral
and gate level models.




anrmere Architectures for
Arithmetic Processors

This chapler presents alternative architectures and algorithms for the arithmetic oper-
ations in a dlgxlal machme Many algomhms in digital signal processing require
repeated of 50 it is important that they be imple-
mented effici How these operations are i depends on how numbers
are represented in a machine. So we will briefly exammc the commonly used schemes
for representing posmve and negative numbers and fractions. Then we wnll examme
algorithms and for i ing addition, sub

and division of fixed-point numbers.

10.1 Number R i

i

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,—...by by, with b; € {0,1}. All digital machines encode numbers in a
word of bits. The word has a fixed length, and the interpretation of the pattern of bits
depends on the encoding format used by the machine.

The decimal value, By, of an n-bit unsigned binary number B is formed as a
weighted sum of ascending powers of 2, with the most significant bit (MSB) having the
greatest weight (2"'), and the least significant bit (LSB) having the lowest weight (2°):

i=n-1
By = by 2" + b, 32" 2+ oo + 52" + py2° = 2‘6 b2
&

An n-bit word can represent 2" distinct numbers, but the dynamic range of numbers
that are realized is dependent on the encoding format. An n-bit unsigned binary format
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can represent decimal numbers from 0 to 2" — 1. For example, the decimal value of an
8-bit unsigned binary number can range from 0 (0000_0000,) to 127;o(1111_1111,).

In general, a binary number can be as a weighted sum of ing and
descending powers of 2:

B = by 1byz...,bibob_y by...b_pi1 by
with decimal value
Bio = byy2" by 22 + oo + b2 + Be2® + by 27 4+ b, 22 +
* bogir 2™ b, 2™

i=n-1

By= > b2
i==m

The weights having a negative power of 2 form the fractional 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-bit 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 [1]. The radix
point is not i y in the ine; the designer must keep track of its
location, which may vary as amhmeuc operations are performed.

The arithmetic sign of a number in a digital machine must be encoded within the
bits of a word. There are three common formats for signed numbers: signed magnitude,
1s complement, and 2s complement. Of these, the 1s complement and 2s complement
play a significant role in arithmetic units.

10.L.1 Signed Magnitude R ion of Negative I

P 8
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; represents +7, and 1111, —70- Eight-bit signed- i 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""! — 1to +2"7! — 1.

If the signs of two signed-magnitude numbers match, addition is executed directly
by adding the magnitudes (not the sign bits) and setting the common sign of the result to
match the sign of the operands (e.g., ~ 210 + —3;0 = 1010, + 1011, = 1101, = ~5;0).If
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 Having two for 0 com-
phmtcs arithmetic operations on signed binary numbers. Hardware units do not directly

addition and subf ion of signed i numbers.
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Positive range: 01027~ 1
Negative range: —0 to —127

0111_1100,
01111101,

0000_0011,
0000_0010,
0111_1110, 0000_0001,
01111111, 0000_0000,
11111111,

1
1000_0001, \(/2/\ 11111110,

um,mm,\(

N

1111_1101,

FIGURE 10-1 Number wheel representing 8-bit signed-magnitude numbers

10.1.2 Ones Compl R ion of Negative I

Positive numbers are represented in a 1s complement system in the same way they are
represented in a signed-magnitude system, but negative 1s complement numbers are rep-
resented differently, in a 1s complement format. The number wheel for 1s complement
numbers is shown in Figure 10-2. Note that 0, has two representations: 0000_0000, and
1111_1111,. The dynamic range of numbers in an n-bit 1s complement system is from
—2""1 — 110 +2"" — 1, the same as for signed magnitude numbers, but negative num-
bers are encoded differently in the two formats.

The 1s complement of an n-bit binary number B, denoted by — B, is defined by

B+(-B)=2"-1

Positive range: 0to 2" — 1 = 127
Negative range: —127 to —0

0111_1100,
0111101, /124

0000_0011,
0000_0010,
0111_1110, 0000_0001,
o111_1111, 0000_0000,
1000_0000, 111111111,
1000_0001, 1111_1110,

1111_1101,

FIGURE 10-2 Number wheel ing 8-bit 1 numbers.
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Because 2" — 1 is an n-bit word consisting of all 1s, the 1s complement of B is the word
that must be added to B to form an n-bit word of 1s. That word is the bitwise comple-
ment' of B, denoted by ~B, and —B = ~B. For example, if B = 1010,, the 1s comple-
ment of B is ~B = 0101,, and B + (~B) = 1010, + 0101, = 1111,. Digital machines
easily implement the bitwise complement operation with logic inverters.

In a 1s complement format, each positive number has a negative counterpart,
including the number 0. The numbers are said to be self-complementing, because the
complement of a number is obtained by taking the diminished radix complement of the
bits of the word. With a radix of 2, the dimini: radix (1s ! ) of
a binary word is the word formed by complementing its bits. The 1s complement format
easily |mplemems subtraction, but addition requires treatment of two different represen-
tations for 0.2 Consequently, most digital i use a 2s )l
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 + (B*) = 2" = 0 modulo n. Adding 1 to the 1s 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""! to +(2"! — 1). Twos complement numbers can be repre-
sented by the number wheel shown in Figure 10-3. For n = 8, numbers are

Positive range: 010 27 — 1 = 127

Negative range: —128 to —1

0111_1100, A<
0111_1101,

0000_0011

A\ 00000010,
\

0000_0001,

0 | 0000_0000,

) nmi,

01111110,
0111_1111,
1000_0000,

10000001,

1000_0010, o Y/ 11111101,

FIGURE 10-3 Number wheel ing 8-bit 2s complement numbers.

"The bitwise complement operator (~) is included in the Verilog language to support arithmetic operations.
*The signed magnitude format also has two representations for 0.
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incremented counterclockwise by 1, from 0 to 27 — 1 = 127,,. In the clockwise direc-

tion, the count descends from 0 to —27 = —128,,. Figure 10-4(a) demonstrates that
the 2s of the 2s of a number is the number itself. One full
rotation around the wheel returns the pointer to the same location as the pointer to 0,
and increments the count from 2"~ — 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 complement of B
~_

110, = =20}
D(1015) = ~339 = 100, + 0015 = —419 + 1,9 = 2% + 001,
®)

FIGURE 10-4 (a) The 25 complement of the 25 complement of a number B is B,
(b) Signed decimal value of (1015,).
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of addition, i iplication, and division of 2s complement num-
bers can all be performed in hardware thh a unit that can carry out binary operations of
addition and bitwise ion involves the ions 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 format.

‘The signed decimal value of a number in 2s complement format can be obtained
directly, as

D(B) = =b,_ 12" + b 2" + - + b2' + b2".
Figure 10-4(b) illustrates use of this expression to find D(101,.), where the subscript 2c
denotes a binary word in 2s complement format.
10.1.4 Representation of Fractions
The 2s complement of a fraction is defined by
=2-Band B + 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 [3]. 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 the 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 of the 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 g; and b; be the data bits at
the ith cell of the adder, let ¢; be the carry into the ith cell, let 5; be the sum bit out of the
ith cell, and let ¢;| be the carry out of the cell. We define generate and propagate bits g;
and p; using the bitwise-and operator (&)* and the exclusive-or operator (") as follows:

gi=a&b
pi=a"b
The Venn diagram in Figure 10-5 shows where p; and g; are asserted, depending
on g; and b;. Note that p; and g; are mutually exclusive.
The logical expressions forming the sum and carry bits at each stage of the adder
can be written in terms of the Verilog bitwise operators as follows:
si=(a"b)"c;=pi"e
= ((@"b) & c)l(a; & b) = (p; & c)lgi
Note that because p; and g; are mutually exclusive the algorithm can also be expressed
in arithmetic terms as

Cit

s=@"b) e;=p e
ot = (@ "b) &ci+ a;& b= pi&e+ g

FIGURE 10-5_Venn diagrams for assertion of p; and g, (generate) for an adder cell.

3& and && have the same effect on scalar quantities.
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i B

FIGURE 10-6 Schematic for arithmetic implementation of carry 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 algorithmic 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 ith 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 p;
and g; are mutually exclusive. This second form of the equation for ¢;.; produces the
same result as the first one.

The dependencies of 5; and ¢;. on &, b;, and ¢; are depicted in the Venn diagram
of Figure 10-7, where the three circular regions represent the data inputs to a cell of the
adder, a;, b;, and c;; each of the subregions denote where the data outputs s; and ¢
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 4; = 1,b; = 0, and ¢; = 0; where @; = 0,b; = 1, and ¢; = 0; where
a;=1,b;=1,and¢; = 1;0r where ¢; = 0,b; = Oand ¢; =

of an adder cell.

FIGURE 10-7 Data input-outp
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In terms of Verilog bitwise logic (&) and arithmetic (+) operators, the cells of the
adder have*

s0=po”co
e = (Po&co) + g

si=p"er=p " [(po&eo) + gol = pr" (Po& o) + P go
=P &ec) + g =p&p&eotp&gta

s2=ple=p" [P &po&eco+ pr&g+ gl
a=p&ot+t e =p&[p&p&ct+p&gtalte
=n&p&p&atn=p&p&g&atp&kets

s5=p3tes=p " [P & pi&po&eco+ p&pi &gt pr &g+ g
G =pi&et g =pi&[p&p&p&cyt pr&p &gt pp&g+ )t g

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 cell 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 allows the adder to operate
faster, but the cost of this improvement is (h: cxlra loglc needed to compute the sum
and carry-out of each stage. The gate-level 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 that the sum and carry bits at each cell can be
computed recursively. To expose this, we write

=p"c
c=po&ecyt+ g

si=pla
a=p&etg

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 that was calculated at the immediately
previous step. If the propagate bits of an n-bit adder are arranged in a vector
P = (Puts---» P2 P1. Po), the results of the recursion can be used to form an n + 1

“The operators A and & have higher precedence than +.
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dimensional vector: (c,,. .., ¢, ¢1, ¢p) such that the output word and the c_out bit are
obtained as

sum

c_out

The gate-level circuit implementing the 4-bit carry look-ahead logic is shown in

Figure 10-8(a), and, for comparison, the schematic of the circuit implementing the

P (Cn1s 2,15 C0).
Cn

b3 a3 b2a2 blal b0 a0 c_in = 0

c4 = c_out

@

FIGURE 10-8 Gate-level circuits of 4-bit-slice adders: (a) carry look-ahead adder
and (b) ripple-carry adder. The longest paths are highli
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b3 a3 3 b2 a2 2 bl al cl b0 a0 c_in

FIGURE 10-8 Continued

recursive algorithm is shown in Figure 10-8(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 Verilog description of the and generate i i [13] for
a four-bit adder is given below.

module Add_prop. _gen (output [3: 0] sum, output c_out, input [3:0] a, b, input c_in);
reg :0]

carrycham.
integer
wire [3:0] 9 a & b; // carry generate, continuous assignment,
bitwise and
wire 3:0) p =a A b; // carry propagate, continuous assignment,
bitwise xor
wire [4:0] shiftedcarry = {carrychain, c_in} ; I/ concatenation
assign [3:0] sum = p A shiftedcarry; /I summation
assign c_out = shiftedcarry{4]; Il carry out, usage:
bit select
always @ (a, b, c_in, p, @) Il event "or"
begin: carry_generation 1l usage: block
name
integer i; I/ local variable
carrychain[0] = g{0] + (p[0] & c_in); 1/ needed for
simulation

for(i=1;i<=3;i=i+1)
begin

carrychain(i] = g[i] | (p[i] & camrychain(i-1]);
end

end
endmodule
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word_1 word_2

result

FIGURE 10-9 for a combined 4-bit datapath adder and subtractor 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 smallest 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 Multiplication

are important i 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 ial circuit. A inati circuit
that mulhphes two numbers will reqmre more silicon area, but will operate faster than
a iers are attractive because they require less
area, bu( a oomplele multiplication takes several clock cycles to form 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 be 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) numbers with the following representation:

A= (Ap-1, A

mei
b A = 3 A2
=
n-1
B = (B,-i, By-z,..., B, By), = E)B,»Z’
=0
Their product can be written as
mel omt
AXB=>A2Y B2
i=0 j=0

m=1 n-1 .
AXB=3 3 AB;2"
= =

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:

i
AXB= Y P2*
k=0

where Py = AyBy, P; = ABy + AoB,, etc. The term P, ,_, 2™*"~! 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 215,y X 23, = 4945,,. Shifted copies of the multiplicand
are 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 0.

The process shown in Figure 10-10 works manually, and a combinational circuit
can be developed to implement the product, with binary multiplication formed by an

I } {TATO[I[O]ITITT], 215,
Multiplier O[0To[T[o[1T11], 23,
Shifted copies of 1[1]ol1o[1[1]1
the multiplicand {A[Aoifo1[1[1]
{ITITo[TTO[1TiIT]
—-{I1To[TTo i i1l ] ~——{ Double shift ]
Product H100110101000124945",

FIGURE 10-10_Formation of a product by columnwise adding shifted copies of the
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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 that uses multiple
adders for each column [2]. An ordinary adder operates on only two words at a time, so
amore atlracuve scheme that forms a sequence of row sums by adding a single copy of
the dto an d product will be p d 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 the sums that ulti 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 i circuit that iplies two unsi binary num-
bers (words) can be derived from the manual operations for multiplying the numbers
in a radix 2 system. For slmphuty, we illustrate the process for two 4-bit words, A and B
(the i and ively), and we form their product, A X B, as
shown in Figure 10-12. Beginning w1ﬂ1 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
terms, but 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.

————[A[AOORAAA], 215,
~ p——{0Jo[0[1]0]1]1]1] 23
[,

(TTT[O[T[0]1[1]1

[L]011[0[0]00[T[0[T} i (4

{1T1To[1foT1 1] ~——{ Double shift
[Product p-{1ToTo i TT0 1T0 100101 4945,

Shifted copies of
the multiplicand

FIGURE 10-11 Alternative sequential process forming the product of a pair of binary words
by partial sums.
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A3 A2 Al A0 Multiplicand ;
B3 B2 Bl BO Multiplier |
438, 1,8, 1,B, A,B, Partial product 0
A;B 1,8, \,B, 108, Partial product 1
G e c S0 |dstromearsies |
Sy 5 S 1st row sums
A\B, | AyB. Partial product 2
Cyy 2nd row carries
: S Sy Sk Sk 2nd row rums
438, | ABy | ABy |AB; Partial product 3
(o (6] Cy 3rd row carries
G S Sn S5y S0 3rd row sums
Py Py Ps Py Py P, Py Py Final product
2 2 2 o 2 e 2 2% Weight ‘
FIGURE 10-12_Steps in the multipli 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 product 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 formed of linked copies of the 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 0. 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 [S]. 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 8-bit input ing a 16-bit output data-
path for the product. The systolic array in Figure 10-14 i 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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A A A A

Longest path

FIGURE 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 [1]. The area of the device s rel-
atively large, d to other r such as the seq iers 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-
by ling the i of the iplier to execute in
clock cycles. Sequential multipliers are 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, rat.her than exponentially, with the word
length. The behavioral description of a i is izable, which

makes the model portable, to h and ble.

The sequence of operations fom'ung 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 form
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0

Ppoop P P ”

FIGURE 10-14 A systolic array structure for a 4-bit binary multiplier.

a sequential behavioral model of the multiplier, one that eliminates the spatial distribu-
tion of adders in for a p distribution of ion 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 [—: 0] denotes a parameterizable bit range

word1 word2
—0] L1-0]

Start w—>|
Sequential

binary  |—» Ready
sk multiplier

reset m—>|

(=0
product

FIGURE 1015 _Interface signals and block diagram symbol for a sequential binary multiplier.
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for a datapath (e.g., [L_word — 1:0] for wordl and word2,and [2* L_word — 1:0] for
product). The datapaths for wordl, 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 Start initiates a multiplication sequence, and
re-asserts when a valid product is formed. We will now consider architectural alternatives

and for a ial binary iplier of unsigned words.
10.3.3 Seq ial iplier Design: Hi hical D positi
‘The method for designing a ial binary iplier 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 datapath 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 Start. 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 finally re-assert the
signal Ready. The controller uses the bits of the multiplier register to determine whether
to execute the shifting and adding operations to form 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 that the data words be held
externally until product is formed. This has implications for external storage or bus uti-
lization. In contrast, the sequential adder can release its external datapaths as soon its

multiplicand

1|1

FIGURE 10-16 Datapath architecture of a sequential 8-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 of the i ipli i 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 slep the multiplier register is also Shlﬂed
but to the right, and the value of m0, multiplier( ines whether multiplicand is
added to product. The synchronous movement of data is depicted in Figure 10-17 for
the product 215,y X 23y = 4945,,, where the addition operation is executed as paral-
lel addition of the entire words. A single adder supports all of the cycles of addition.

4945, = 23, % 215

word_2 word_1 | ¢ o
. [lih[[l\hhhhhhhh
[efolo[1[o[[]3]
‘multiplier 23, multiplicand
\\ \ l;}} 00 u’fogo‘o“‘o 1[1fo|1]of1f1]1
product 16
[ofofofol:To s 2] | [olefefo[o]e o o s s o s o] ] s

Shifted multiplicand

o o[1[1Jo[s[o[s 1]t o

Accumulated product
o]

[\I\M\I{IDPM

W

[ofeJoJo]o]1]o]1]

Shifted multiplicand
\\ \ fofoioioioio[1]1]of1 o1 1 1o 0"
Accumulated product

[Lo[oJofofo[1]e]s]s s 1 o o o]o]x

Shifted multiplicand

:niofoi‘n:o|1‘1[0]1]0[1Tfr1—[u§o 0

Accumulated product

[ofefofo]o[o]1]o]

\\\

[o[ofo]o]o]e]x]

DNOROOADRRDRBRDGOE

W\

Shifted multiplicand
fofoioio[s1]1]o]sJo1]1]2]oi0t0}0"
Accumulated product

[e]oo]o]o o o]0

[Lo]o[o[+]ofo[s]: o] ]o[1 o o]0

FIGURE 10-17_Register transfers in an 8-bit sequential binary multiplier.
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wordl  word2
Multiplier_STG_0 1
Lostyorts 44
Start
Shift
Add
Control_Unit Datapath_Unit
Ready
mo_y
reset clock product
FIGURE 10-18 Structural units of a sequential binary multiplier

Partitioning the design into a datapath and controller gives the Verilog struc-
tural decomposition shown in Figure 10-18, where Control_UnitContorl_Init and
Datapath_Unit are separately encapsulated Verilog modules instantiated within a top-
level module, Multiplier_STG_0. In this structure, the status signal m0 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

ductivity, b; ging the Verilog and readily avai hesis 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 g;ven s‘ate unnl the condition is satisfied). An arc without annotation
denotes an i 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 Start is asserted with reset de-
asserted. (An alternative design could assert Ready as a Mealy output only while reset is
de-asserted in S_idle.) Thereafter, the state transitions depend on mo0, the LSB of the
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Ireset
/Ready

Ireset
/ Ready

Start
/ Load_words, Ready

7 Shift
[0] denotes multiplier{0)
/[0] denotes the complement of multiplier 0]
— denotes don't-care

Signals not explicitly asserted are de-asserted.

(a) ()

FIGURE 10-19 Allcmallv: STGs for a 4-bit sequential binary multiplier: (a) machine returns to S_idle
upon d (b) machine resides in §_8 after of

shifted multiplier. If the LSB is a 1, the signal Add is 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 S_I, 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 Control_Unit, given in Example 10.1, 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 for 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 m0 is to pass the entire multiplier word to the control unit. This would
require that the itivity list for the level itive behavior ing the bi
tional logic of the control unit contain the multiplier word. Consequently, the cyclic
behavior would be triggered by all changes to the multiplier word, not just by a change to
the LSB. This wastes simulation cycles, and in hardware would result in a higher level of
electrical activity distributed over the circuit. Both consequences are undesirable.

The Verilog i iption of iplier_STG _0 is given in Example
10.1, along with a testbench that conlams an exhaustive pattern generator for wordl
and word2, and a comparator that samples product and checks, while Done is asserted,
whether product matches the expected value.

Example 10.1

module Multiplier_STG_0 #(parameter L_word = 4)(
output [2*L_word -1: 0] product,
output Ready,
input [L_word -1: 0] word1, word2,
input Start, clock, reset

»
‘wire moO, Load_words, Shift;

Control_Unit MO_Controller (Load_words, Shift, Add, Ready, m0, Start, clock, reset);
Datapath_Unit M1_Datapath (product, m0, word1, word2, Load_words, Shift, Add,

clock, reset);
endmodule
module Control_Unit #(parameter L_word = 4, L_state = 4)( 1/ Datapath
size, state
size
output reg Load_words, Shift, Add,
output Ready,
input moO, Start, clock, reset
%
[L_state -1: 0] state, next_state;
parameter S_i
assign S_idle) && lreset)
|l (state == S_8);
always @ (posedge clock, posedge reset) /I State transitions
if (reset == 1'b1) state <= S_idle; else state <= next_state;
always @ (state, Start, m0) begin 1/ Next state and control logic
Load_words = 0; Shift = 0; Add = 0; /I Default values

case (state)
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S_idle:  if (Start) begin Load_words = 1; next_state = S_1; end
else next_state = S_idle;

s_1: if (m0) begin Add = 1; next_state = S_2;
else begin Shift

s.2 begin Shift =

s_3 if (M) begin Add =
else begin Shift

S_4 begin Shift

S5 if (m0) begin Add
else begin Shift

S_6: begin Shift

S_7T: if (mO) begin Add = 1; next_: “state S_¢ 8 end

begin next_state = S_8; en
s 8 ||‘ (slaﬂ) begin Load_words = 1; next_state = S_1; end

else next_state = S_8;
default: next_state = S_idle;

endcase

end
endmodule
module Datapath_Unit (L_word = 4)(

outputreg  [2'L_word -1: 0] product,

output mo,

input [L_word -1: 0] word1, word2;

input Load_words, Shift, Add, clock, reset
)

reg [2*L_word -1: 0] multiplicand;

reg [L_word -1: 0] multiplier;

assign 'm0 = multiplier{0];

I/ Register/Datapath Operations
always @ (posedge clock, posedge reset) begin
if (reset == 1'b1) begin multiplier <= 0; multiplicand <= 0; product <=
else if (Load_word: *b1) begin
multiplicand <= word
multiplier <= word2; product <= 0;
d

; end

else if (Shift == 1'b1e== 1'b1) product <= product + multiplicand;
end

endmodule

module test_Multiplier STG_0 ();
parameter L_word =4;
wire [2*L_word -1: 0] product;
wire Ready;
lnhgor word1, word2; /I multiplicand, multiplier

Start, clock, reset;
Mumplm STG_0 M1_Multiplier (product, Ready, word1, word2, Start, clock, reset).
Il Exhaustive Testbench
reg [2°L_word-1:0]  expected_value;
reg code_error;
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initial #80000 finish; /I Timeout
always @ (posedge clock) // Compare product with expected value
if (Start) begin
#5 expected_value = 0;
expected_value = word2 * word1;
Il expected_value = word2 * word1 +1; // Use to check error detection
code_error = 0;
d

en

else begin
code_error = (M1.M2.state == M1.M2.S_8) ? |(expected_value * product) :
d

e

n
initial begin clock = 0; forever #10 clock = ~clock; end
initial begin
#2 reset =
#15 reset
end
initial begin #5 Start = 1; #10 Start = 15; end Il Test for reset override
initial begin // Exhaustive patterns
for (word1 = 0; word1 <= 15; word1 = word1 +1) begin
for (word2 = 0; word2 <= 15; word2 = word2 +1) begin
Start = 0; #40 Start = 1;
#20 Start = 0;
#200;
end // word2
#140;
end //word1
end // i 1
endmodule

0;

End of Example 10.1

The controller in Multiplier_STG_0 oonslsls of two behaviors, one is synchronous
(edge-sensitive) and the other is (level: itive). The
behavior models the state transitions at the active edges of the clock, subject to asyn-
chronous reset action. The reset action, being part of the functionality of a flip-flop, is
described in the edge- sensmve behavior of the —not in the level: iti
behavior describing i logic. The inational logic (level it
behavior) forms the next state and the output signals that control the datapath. The Ver-
ilog description of the outputs of the controller can be written directly from the annota-
tion on the branches of the STG. Each output variable is 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 case statement branch, for a given state. Note 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 assi; operator in the inati logic behavior, and using
a nonblocking 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

the of the level iti t-control ion of the com-
binational behavior prevents unwanted latches from being synthesized. Also note that
the decoding of S_8 includes an explicit assignment to next_state 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 nonblocking 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 test_ iplier_STG_0 ines an ive pattern
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 code_error indicates that the model is correct
(provided that the testbench itsclf is indeed correct). Figure 10-21 shows simulation
results for a representative case (419 X 89 = 32yg), 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

0
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clock
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t
T S S T S A B T S A A S A S A A

wordl
multiplicand[7:0]

word2
muliplier{3:0]

state[3:0] [FT S 7 R M TSR 18 o L/

Start ar
'm0 o=t e
Ready - —
Load_words e
Shift T M =
‘Add |e=E = = e

product{7:0]
expected_value[7:0]
code_error

FIGURE 10-20 Results of exhaustive simulation of Multiplier_STG_0 with a self-checking testbench.
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expected_value[7:0] [ 24 ) 32 ) 40 X 48
code_error
FIGURE 10-21 Sample of a i sequence of Multiplier STG_0.
ltiplier are displ in imal format.) The ive test results

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 more robust testing scheme would verify that the behavior is
correct if Start, reset, wordl, or word2 changes randomly. The ability of the testbench to
detect an error correctly was also verified, but the results are not displayed.

10.3.5 Efficient STG-Based Sequential Binary Multiplier

The ial ltiplier_STG_0, d 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
execution sequence by almost a factor of 2. The signal Add is replaced by the signal
'Add_shift 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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/ Load_words, Ready
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m0/Add_shift

.Smn &k IEmpry o
! i

/ Load_words

'm0 /Add_shift
1m0/ Shift

'm0 denotes multiplier 0]
1m0 denotes the complement of multiplier{0]
State transition occurs only if condition is met.

m0/Add_shift
1m0/ Shift

m0 /Add_shift
1m0/ Shift

FIGURE 10-22_STG and block diagram symbol for the controller of an efficient sequential multiplier.

no need to multiply wordl by word2. The datapath unit is modified to produce a status
signal, Empty, to indicate the condition that an input datapath is all 0s. The port struc-
ture of the binary multiplier remains unchanged, but Control_Unit is modified to
include another input port, Empty. Datapath_Unit is modified to include an input port
for Start and an output port for Empty.

The Verilog behavioral description of Multiplier STG_I is presented in
Example 10-2. Like MqupIm STG_0, this machme s controller ignores Start if it is
asserted during a but i 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 1023 shows

from an to verify that code_error is 0 for all of the pat-
terns’; the waveforms also demonstrate that the machine transitions from S_idle to S_5 if
Empty is asserted at the first clock at which Start is asserted after Reset is deasserted.
Figure 10-24 shows that Start is ignored if either data word is 0. Figure 10-25 shows that
product is flushed if Start is asserted while Ready and Empty are asserted. The simulation
results in Figure 10-26 show the signal assertions forming the product 9;9 X 11",

*The shaded areas indicate regions where the resolution of the display does not permit graphing the result.
The exercise of showing that Start is ignored during multiplication is left to the reader.
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FIGURE 1023 Simulation results for Multiplier_STG_1, an efficient sequential multiplier.
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FIGURE 1024 Simulation results for Multiplier_STG_1, demonstrating immediate termination if Ready

and Start are asserted and a data word is 0.
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FIGURE 10-25 Simulation results for Multiplier_STG_I, demonstrating that product is flushed if Start is
asserted while Ready and Empty are asserted.
Example 10.2
module Multiplier_STG_1 #(parameter L_word = 4)(
output [2*L_word -1: 0] product,
output Ready,
input [L_word -1: 0] word1, word2,
input Start, clock, reset
)
wire Ready, m0, Empty, Load_words, Shift,
Add_shift;

Control_Unit MO_Controller (Load_words, Shift, Add_shift, Ready, m0, Empty,
Start, clock, reset);

Datapath_Unit M1_Datapath
(product, m0, Empty, word1, word2, Ready, Start, Load_words, Shift, Add_shift,
clock, reset);

endmodule
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FIGURE 10-26 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 m0, Empty, Start, clock, reset
»
parameter L_state = 3;
reg [L_state -1: 0] state, next_state;
parameter Sldle OS1 1,8.2=2,83=3,
reg
assign
always @ (posedge clock or posedge reset) /1 State transitions
if (reset) state <= S_idle; else state <= next_state;
always @ (state, Start, m0, Empty) begin 1 Next state and control

logic

Load_words = 0; Shift = 0; Add_shift = 0;
case (state)
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S_idle: if (Start && Empty) next_state = S_5;
else if (Start) begin Load_words = 1; next_state = S_1; end
else next_state = S_idle;

if (Empty) next_state = 5

else if (Start) begin Load_words = 1; next_state = S_1; end
else next_state =S_5;

default: next_state = S_idle;

endcase
en
endmodule
module Datapath #(parameter L_word = 4)(
output  [2°L_word -1: 0] product,
output mO0, Empty,
input [L_word -1: 0] word1, word2,
input Ready, Start, Load_words, Shift,
Add_shift, clock, reset
%
reg [2*L_word -1: 0] multiplicand;
reg [L_word -1: 0] multiplier;
assign mO = multiplier(0);
assign Empty = (~jword1)]| (~|word2);

I/l Register/Datapath Operations
always @ (posedge clock, posedge reset) begin
if (reset == 1'b1) begin multiplier <= 0; multiplicand <= 0; product <= 0; end
else if (Start && Empty && Ready) product <= 0;
else if (Load_words) begin
multiplicand <= word1;
multiplier <= word2;
product <= 0;

end

else if (Shift) begin
multiplier <= multiplier >> 1;
multiplicand <= multiplicand << 1;

en

else if (Add_shift) begin
product <= product + multiplicand;
multiplier <= multiplier >> 1;
multiplicand <= multiplicand << 1;

end

end
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 are cumbersome
when the number of states 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 for each new bit to han-
dle additional state transitions. The growth in code is linear in the size of L_word.
Portable, re-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 state 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
datapath and controller and encapsulate them in separate Verilog modules. The datapath
operations will be the same as for Multipier_STG_0 in Figure 10-19, but the ASMD-based
version of the machine will have a slightly enhanced controller. Recall that the machine
Multiplier STG_1 avoids needless activity if word_I or 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 terminating activity and asserting Ready as soon as
the value of the shifted multiplier is 1. (Recall that the versions in Multiplier STG_0 and
Multiplier_STG_1 traverse the entire chain of states independently of the content of
multiplier.) If the value of multiplier is 0, product is comp formed, so the sequence
can terminate when multiplier is detected to be 0. 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 higher 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_done and a data word is empty, Flush
is asserted to empty product of any residual value from 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, S_shifting, S_adding, and S_done. It enters
S_idle when reset is asserted (asynchronously), and remains there, with reset de-asserted
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<= denotes non-blocking assignment

FIGURE 10-27 Block diagram and ASMD chart for Multiplier_ASM_0.a sequential binary multiplicr,
annotated with datapath operations.

and Ready asserted, until Start is asserted. If Start is asserted and a data word is empty,
Flush is asserted and the state enters S_done. Otherwise, the machine asserts Load_words
and will enter S_shifting at the next active edge of the clock. At the clock edge, with
Load_words asserted, the multiplicand and multiplier registers will load wordl and word2,
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respectively. In S_shifting, if multiplier has a value of 1, the machine will transition to
S_done. If not, m0 (multiplier[0]) is tested. If it is 1, Add is asserted and the machine will
transition to §_adding at the next active edge of clock. In conjunction with this transition,
the contents of register multiplicand will be added to the register product. In S_shifting,
if the LSB 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 LSB, and the contents of multiplicand will shift by 1 bit
toward the register’s MSB. In S_adding, Shift is asserted, and at the next edge of clock
the machine will transition back to S_shifting. 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_ASM_0 is given in Example 10.3. The controller-
resides in Control_Unit 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 1 tre of the behavior that describes the next-
state and outpul logu: 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. Note, reset is omitted in the next-state function because it is properly
accounted for in the synchronous behavior. The decoding at S_idle and S_3 handles sit-
uations in which the machine is directed to multiply with a data word that is 0.

The description of Multiplier ASM_0 is parameterizable. A single parameter,
L_word, can be change to accommodate an arbitrary word length, without other mod-
ifications to the model.

Example 10.3
module Multiplier ASM_0 #(parameter L_word = 4) (
output [2*L_word -1: 0] product,
output Ready,
input [L_word -1: 0] word1, word2
)

wire Empty, Load_words, Flush, Add, Shift;

Control_Unit
MO_Controller (Ready, Load_words, Flush, Add, Shift, Start, Empty, m0,
m_is_1, clock, reset);

Datapath_Unit
M1_Datapath (product, Empty, m0, m_is_1, word1, word2, Load_words, Flush,
Add, Shift, clock, reset);

endmodule

"The annotation associating datapath operations with the arcs of an ASMD chart is similar to register transfer
notation 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, m0, m_is_1, clock, reset
%
reg [1: 0] state, next_state;
parameter S_idle = 0, S_shifting = 1, S_adding = 2, S_done = 3;
assign Ready = S_idle) && Ireset) || (state == S_done);

always @ (posedge clock, posedge reset)
if (reset == 1'b1) state <= S_idl e state <= next_state;

always @ (state, Start, Empty, m_is_1, m0) begin
Load_words = 0; Flush = 0; Add = 0; Shift = 0;

case (state)
S_idle: if (IStart) next_state = S_idle;
Ise if (Start && |Empty) begin Load_words = 1; next_state
= S_shifting; end
else if (Start && Empty) begin Flush = 1; next_state =
S_done; end
S_shifting: if (m_is_1) begin Add = 1; next_state = S_done; end
else if (m0) begin Add = 1; next_state = S_adding; end
else begin Shift = 1; next_state = S_shifting; end
S_adding: begin Shift = 1; next_state = S_shifting; end
S_done: if (Start == 0) next_state = S_done;
else if (Empty) begin Flush = 1; next_state = S_done; end
se in Load_words = 1; next_state = S_shifting; end
default: next_state = S_idle;
endcase
en
endmodule

module Datapath_Unit #(parameter L_word = 4) (
output reg [2*L_word -1: 0] product,
output Empty, m0, m_is_1,
input [L_word -1:0]  word1, word2,

input Load_words, Flush, Add, Shift,
clock, reset
%
reg [2*L_word -1: 0] multiplicand;
reg [L_word -1: 0] multiplier;
assign assignEmpty = ((word ):
assign m_i
assign m0 =

always @ (posedge clock, posedge reset) begin
if (reset == 1'b1) begin multiplier <= 0; multiplicand <= 0; product <= 0; end
else if (Flush)
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product <= 0;

else if (Load_words == 1) begin
multiplicand <= word1;
multiplier <= word2;
product <= 0;

end

else if (Shift) begin
multiplicand <= multiplicand << 1;
multiplier <= multiplier >> 1;

end

else if (Add) product <= product + 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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FIGURE 10-28 Simulation results for Multiplier_ASM_0, showing activity
after initial reset with data words of 0.




Architectures for Arithmetic Processors

663
25468 25778 26088 26398 26708 1
Nasi¢ Levne e e b b b
Feser
clock
word1 5 X —( 6%
hans X % e XC c
T 16 (T 0) X i JX 7 1 X )
multiplier(3:0] |73 1 il X3( 000
S_done, 1 —{Sshijiing | Sdone
state[1:0] DODOOOC =3 | T ) Sl ) ) S I )
S.

X
& N> S_shifting
Start \ n / Shifng S adding
Empty
mo

1
+ 4
] 1 i) |
mis 1| ¥ \ / \ 1r Lr iy
Ready | T U —L_ 11
Fiush ] 7
Load_words V1 n YA n 1
Add [mnn \ [! n \\ n nn n
Shift UL »—\\*j\ j__/ n n ipn |
produc(7:0] O (753 C0y X ey 1 00OC 18 Yor
expected_value[7:0] - S § S L6 I 1 24
code_error

FIGURE 10-29 _Simulation results for Multiplier ASM_0, showing proper handling of an empty word.

state to S_idle and flushes product. With multiplicand having a value of 0, assertion
of Start drives the state to S_done. The state remains in S_done with subsequent
assertions of Start because multiplicand is 0, even though multiplier is not 0. 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, which
resulted from the product of 5 and 158 With word2 = 0, assertion of Start asserts
Flush, causing product to become 0. 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
Start 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. The
graph is d to highlight the state transiti Notice how the assertions of

*The displayed value of word2 = 16 is displayed at the end of a for loop. It is formed in the testbench as an
integer and the input port of the multiplier passes only the least significant four bits. The value word2 = 16

is not processed by the multiplier because Start is not asserted by the testbench until word2 begins a new
sequence with word2 = 0.
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FIGURE 10-30 Simulation results showing four cycles of multiplication for Multiplier ASM_0,
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 waveforms illustrate
the sequential assertions of Ready, Start, Load_words, Add,, and Shift.

10.3.7 Efficient ASMD-Based Sequential Binary Multiplier

The by iplier_STG_0 is inefficient because it performs the
shift and add operations in separate clock cycles. Likewise, Multiplier_ASM_0 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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product <= product + multiplicand
_— multiplicand <= multiplicand << 1
multiplier <= multiplier >>1

multiplicand <= multiplicand << 1
multiplier <= multiplier >>1

FIGURE 10-31 Block diagram and ASMD chart for Multiplier _ASM_1, an efficient ASMD-based multiplier.

description of Multiplier _ASM_1 is presented in Example 10.4, and simulation
results are shown in Figures 10-32 to 10-34. Note that Multiplier _ASM_I requires
fewer clock cycles to compute product, and that Ready asserts when multiplier

becomes empty.
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FIGURE 10-32_Simulation results for Multiplier_ASM_I. showing activity after assertion of reset.
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FIGURE 10-33 Simulation results for Multiplier_ASM_1, showing correct flushing action when

is attempted with an empty data word.
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FIGURE 10-34 Simulation results for Multiplier_ASM_I, showing a sample of three cycles

of multiplication.

Example 10.4

module Multiplier_ASM_1 #(parameter L_word = 4)(
output [2*L_word -1: 0] product,
output Ready,
input [L_word -1: 0] word1, word2,
input Start, clock, reset
wire Empty, Load_words, Flush,
Add_shift, Shift;

Control_Unit MO_Controller
(Ready, Load_words, Flush, Add_shift, Shift, Start, Empty, m0, m_is_1, clock,
reset);
Datapath_Unit M1_Datapath
(product, Empty, m0, m_is_1, word1, word2, Load_words, Flush, Add_shift,
Shift, clock, reset);

endmodule
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module Control_Unit (
output Ready, output reg Load_words, Flush, Add_shift, Shift,
input Start, Empty, p0, c_is_ws, clock, reset

»
reg state, next_state;
parameter S_idle =0, S_running = 1;
assign Ready = (state == S_idle) &&
(Ireset);
always @ (posedge clock, posedge reset) /I State transitions
if (reset == 1'b1) state <= S_idle; else state <= next_state;
always @ (state, Start, Empty, p0, c_is_ws) begin 11 Combinational logic
for ASM-based
controller
next_state = S_idle; Flush = 0; Load_words = 0; Shift = 0; Add_shift = 0;
case (state)
S_idle: if (IStart) next_state = S_idle;
else if (Empty) begin next_state = S_idle; Flush = 1; end
else begin Load_words = 1; next_state = S_running; end
S_running: if (c_is_ws) begin next_state = S_idle; Add_shift = 1; end
else if (pO) begin Add_shift = 1; next_state = S_running; end
else begin Shift = 1; next_state = S_running; end
default: next_state = S_idle;
endcase
en
endmodule
module Datapath_Unit #( parameter L_word = 4)(
output reg [2*L_word -1: 0] product,
output Empty, m0, m_is_1,
input [L_word -1: 0] word1, word2,
input Load_words, Flush, Add_shift, Shift, clock, reset
%
reg [2*L_word -1: 0] multiplicand;
reg [L_word -1: 0] multiplier;
assign Empty = (word1 == 0) ||
(word: 0);
assign 'm0 = multiplier[0];
assign m_is_1 = (multiplier == 1);

always @ (posedge clock, posedge reset)
if (reset) begin multiplier <= 0; multiplicand <= 0; product <=
else begin
if (Flush) product <= 0;

; end
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else if (Load_words == 1) begin
mul(lphmnd <= word1;

if (Shift) begin
multiplicand <= multiplicand << 1;
multiplier <= multiplier >> 1; end
else if (Add_shift) begin product <= product + multiplicand;
multiplicand <= multiplicand << 1;
multiplier <= multiplier >> 1;
end
end
endmodule

End of Example 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 HDL to describe and design a state machine controlling a datapath.
Because it leads naturally to portable descriptions of behavior, we summarize below
the basic elements of an ASMD chart-based design method for datapaths and their
controllers:

-

»

w

IS

w

. Partition the design effort into (a) a (edge-sensitive) synchronous behavior

controlling state transitions, (b) one or more (level-sensitive) combinational

behaviors and/or i pecifying the next-state and output
logic of the , and (c) a (edge itive) behavior
describing the d h op: that are by the logic P
in 1(b) above.

In a level itive i description of the inati 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 default next state.

. Use blocking assi, in a level itive behavior ing the bi;

tional logic for next state and output of the datapath controller.

. Describe the reset action of the machine in the edge-sensitive behaviors, not in

the level iti haviors that model inati logic.

. Do not mix datapath operauons with the next-state and output logic. Write a sep-

arate (ed itive) behavior ibing the d.
supporting the archxlecture
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6. In the behavior i datapath i use i i and
condition the activity flow on the output signals d by the datapath
7. Besure that the iti list of the level itive behavior describing the combi-

national logic for the next state and the outputs is complete or, as an alternative,
use the wildcard operator pair @* or @(*).

10.3.9 Reduced-Register S o1 . 0

The previ idered i for the binary iplier use separate registers to
hold multiplicand, multiplier, and product. A shift register sized at L_word2*L_word ini-
tially holds multiplicand and accommodates the shifting operations that occur at each step
of the multiplication sequence. An alternative, and more efficient, architecture is shown in
Figure 10-35, where the register for multiplicand is hardwired to the adder, as are the left-
most (L_word + 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 are formed. and the contents of product are shifted to the right (i.e., product moves
relative to a fixed register holding multiplicand). At each step, the LSB of product deter-
mines whether multiplicand is to be added to product. The sequence of operations contin-
ues until all the bits of multiplier have been shifted out of product, leaving only the result
of the iplication. This scheme elimi a separate register for multiplier,and reduces
the size of the register for multiplicand by a factor of 2. Also, the register for multiplicand
is fixed (i.e., not a shift register). The adder required to generate the sums is also reduced
in size by a factor of 2, saving silicon area and improving speed. Figure 10-35 also illus-
trates the movement of data forming the product 215, X 23y = 4945,

The interface signals and the controller for this datapath architecture are based on
the ASMD chart in Figure 10-36. This machine is efficient, like Multiplier ASM_1, having
only two states, S_idle and S_running. 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 complete. (Problem 6 at the end of the chapter specifies a design
that terminates the multiplication process as soon as the shifted multiplier subword is
empty of 1s.) The asignal, , which controls the counter.

The Verilog code for Multiplier RR_ASM 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 by Add_shift occur before the shift operation
and might generate a carry that would otherwise be dropped, even though the final
result will fit in a register having L_word bits. This condition does not arise in the previ-
ous designs, because their 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 intermediate carry will overflow and be
lost. This condition might not have been detected by a sporadic testing scheme, but it
was revealed by the i ’s error d ion signal.
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FIGURE 10-35 Architecture and data movement for a binary multiplier with reduced registers.
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reset
word2
wordl
Flush
Start #>—|
Ready Add Shife
Control_unit Shift Datapath_unit
Pproduct <=0
< l
clock  reset product
multiplicand <= word]
7 product[L_word — 1 o] <= word2
Note:
ws denotes the condition that counter = L_word
PO = product[0]
<= denotes non-blocking assignment

product <= (product(2*L_word: L_word) +
‘multiplicand, product{L_word— 1: 0]} >> 1
counter <= counter + 1

product >> 1
counter + 1

FIGURE 10-3 ASMD chart for the controller of Mulriplier_RR_ASM, a reduced-register
ASM-based sequential multiplier, annotated with datapath operations.

Example 10.5

module Multiplier_RR_ASM #(parameter L_word = 4)(
output [2*L_word: 0] product,
output Ready,
input [L_word-1:0]  word1, word2,
input Start, clock, reset
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Control_Unit MO_Controller (
‘Ready(Ready), .Load_words(Load_words), .Flush(Flush), .Add_shift(Add_shift),
_Shift(Shift),
Start(Start), Empty(Empty), .p0(p0), .c_is_ws(c_is_ws), .clock(clock),
reset(reset));
Datapath_Unit M1_Datapath (
.product(product), .Empty(Empty), .p0(p0), .c_is_ws(c_is_ws), .word1(word1),
.word2(word2),
Load_words(Load_words), .Flush(Flush), .Add_shift(Add_shift), .Shift(Shift),
.clock(clock), .reset(reset));
endmodule
module Control_Unit (
output Ready, output reg Load_words, Flush, Add_shift, Shift,
input Start, Empty, p0, c_is_ws, clock, reset
)
reg state, next_state;
parameter S_idle =0, S_running = 1;
assign Ready = (state == S_idle) && (Ireset );
always @ (posedge clock, posedge reset) I/ State transitions
if (reset == 1'b1) state <= S_idle; else state <= next_state;
always @ (state, Start, Empty, p0, c_is_ws) begin // Comb logic for next state
and outputs

Flush = 0; Load_words = 0; Shift = 0; Add_shift = 0;
case (state)
S_idle: if (1Start) next_state = S_idle;
else if (Empty) begin next_state = S_idle; Flush =
else begin Load_words = 1; next_state = S_running; end

S_running: if (c_is_ws) next_state = S_idle;

else if (p0) begin Add_shift = 1; next_state = S_running;
end
else begin Shift = 1; next_state = S_running; end
default: next_state = S_idle;
endcase
end
endmodule

module Datapath_Unit #(parameter L_word = 4, L_count = 3)(
output reg [2*L_word: 0] product,
input [L_word -1: 0] word1, word2,
input Load_words, Flush, Add_shift, Shift, clock, reset

)

reg {L_word -1: 0] multiplicand;
reg [L_count-1:0] counter;

sign Empty = (word1 == 0) || (word2 == 0);
ssign PO = product{0];

assign c_is_ws = (counter == L_word);
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always @ (posedge clock, posedge reset)
if (reset == 1'b1) begin multiplicand <= 0; product <= 0; counter <= 0; end
else begin
if (Flush) product <= 0;
if (Load_words == 1)
begin multiplicand <= word1; product <= word2; counter <= 0; end
if (Shift) begin product <= product >> 1; counter <= counter + 1
if (Add_shift) begin
product <= L_word: L_word] + multi productfL_word -1: 0]}
>>1;
counter <= counter + 1;
end
end

endmodule

End of Example 10.5

A sample of waveforms produced by Multiplier_RR_ASM is shown in Figure 10-37.
(The signal multiplier is formed from word2 in the test bench and is not part of the
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FIGURE 10-37_Register transfers in Mulriplier RR_ASM multiple cycles of activity.
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FIGURE 10-38 Simulation results for Multiplier_RR_ASM correct register flushing action.

machine.) The simulation results in Figure 10-38 demonstrate the machine’s ability to
immediately terminate 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 form a group
composed of the primary input and the status signals of the controller, and a second group
composed of the output signals of the controller. This arrangement can be helpful in veri-
fying and understanding the signal activity and overall behavior of the machine.

The design based on the ASMD chart in Figure 10-36 specifies that state return to
S_running after product is finally formed, before returning to S_idle and asserting
Ready.Thus, one cycle of execution is wasted. As an alternative design, the ASMD chart
in Figure 10-39 moves the test of the counter in the dalapa!h to occur after the datapath
signals have been formed, and p the i by directing state
to S_idle without returning to S_running. This eliminates the wasted cycle and asserts
Ready as soon as product is valid. The modified code is shown in Figure 10-40.

10.3.10 Implicit-State-Machine Binary ipli

An implicit- sla(e machme [6—8] oousnsts of a smgle cyclic behavior with multiple
tre that specify an evolution of clock

cycles and |n|pl|c|lly defme the states of a machine (see Chapter 6). Unlike the
ines in the previous an implicit-state machine does not have an explicitly
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reset

multiplicand <= word1
| product[L_word — 1:0] <= word2
word2
/ vy word1
20
¥ Load_words
Flush
Start -
Ready Add Shift
Control_unit Shift Datapath_unit
clock  reset product
(e_is_max

product <= (product[2*L_word: L_word] +
_ " multiplicand, produci[L_word - 1:0]) >> 1
counter <= counter + 1

Note:
c_is_max denotes the condition that counter = L_word ~ 1
PO denotes product[0]

FIGURE 10-39 _Alternative ASMD chart to recover the wasted cycle in Multiplier_RR_ASM.

[*Modified version to recover final cycle*/
S_running: in
if (p0) Add_shift = 1; else Shift
if (c is_max) next_state ~ S_idle; -m next_state = S_running;
enc

I Note: p0 = product[0], c_is_max asserts if counter = L_word —1.

FIGURE 10-40_Code to modify Multiplier_RR_ASM to recover a wasted cycle of operation.
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defined state, nor does it have an explicit state-1 ition behavior. Some desi pre-
fer the simplicity and clarity of the descriptive style offered by an implicit-state
machine, but its utility is limited. Be aware that the structure of the STG 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 systems 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
polanly (e -5 rlsmg) at all state transitions.

it-st: machine for the h binary Itipli
Whose archnecture was shown in Figure 10-35 is presented in Example 10.6. The con-
troller in Multiplier IMP_I was designed to satisfy the following

1. A signal, Ready, is to be asserted at the first 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.

The machine must begin a multiplication sequence at the first active edge of
clock at which Start and Ready are both asserted.

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 0. 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.

Once the multiplication sequence is initiated, Start is to be ignored until Ready is
asserted.

. The datapaths for wordl and word2 are to be ignored after the multiplicand and
multiplier registers have been loaded (i.e., external datapaths are free during the
multiplication sequence).

Once asserted, Ready is to be held asserted until Start (or reset) is re-asserted.
The machine must recover from a random assertion of reset during a multiplica-
tion sequence (i.e., must recover from a running reset).

The machine must operate correctly if Start is asserted randomly, and if Start has
a duration of more than one cycle of clock.

N

w

»

v

B

N

o

The controller in Multiplier_IMP_I is an implicit finite-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_Set_Regs, to reset all registers
affected by reset. Note that the datapath operations are relatively simple, but the con-
troller is more elaborate and complex.

Controller_IMP_1, 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-cycle thread that detects whether a data word is 0 and, if so, terminates immedi-
ately, (3) a multicycle thread in which data words are loaded, followed by a sequence of
assertions of Add_shift or Shift, depending on the running content of the bit
multiplier[0]. Each cycle of activity is initiated by the rising edge of clock. If 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 Ready asserted), and asserts Flush to remove the
residual value of product. Early_Terminate aborts an attempt to multiply with a
zero. In Load_and_Multiply, the controller asserts Load_words in the first cycle,
then issues commands to shift or shift and add in successive clock cycles until the

iplication process is In the model shown here, an additional signal,
Done, is used in the controller to expose a key detail of 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-asserted until Done is asserted. The control signals generated by the con-
troller are registered, so the signals are formed in the clock cycle before the cycle in
which they are used.

Example 10.6

module Multiplier_IMP_1 #(parameter L_word = 4)(
output [2*L_word -1: 0] product,
output Ready, Done,
input [L_word -1: 0] word1, word2,
input Start, clock, reset

) .
wire Empty, w2_0, m_is_1, m1; // status

signals

wire Flush, Load_words, Shift, Add_shift;

Control_Unit MO_Controller
(Ready, Flush, Load_words, Shift, Add_shift, Done, Empty, w2_0, m_is_1, m1,
Start, clock, reset);

Datapath_Unit M1_Datapath
(product, Empty, w2_0, m_is_1, m1, word1, word2, Flush, Load_words, Shift,
Add_shift, clock, reset);

endmodule
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module Control_Unit #(parameter L_word = 4)(

output reg Ready, Flush, Load_words, Shift, Add_shift, Done,
input Empty, w2_0, m_is_1, m1,
input Start, clock, reset

)
reg [L_word: 0] k;

always
@ (posedge clock, posedge reset) begin: Main_Block
if (reset == 1'b1) begin Clear_and_Set_Regs; disable Main_Block; end
else if (Start I= 1) begin: Idling
Flush <= 0; Ready <= 1;
end / idling
else if (Start && Empty) begin: Early_Terminate
Flush <= 1; Ready <= 0; Done <= 0;
@ (posedge clock or posedge reset)
if (reset == 1'b1) begin Clear_and_Set_Regs; disable Main_Block; end
else begin
Flush <= 0; Ready <= 1; Done <= 1;
end
end // Early_Terminate

else if (Start) begin: Load_and_Multiply
Ready <= 0; Flush <=0; Load_words <= 1; Done <= 0;Shift <= 0;
Add_shift
@ (posedge clock, posedge reset)
if (reset == 1'b1) begin Clear_and_Set_Regs; disable Main_Block; end
begin // not reset
Load_words <= 0;
if (w2_0) Add_shift <= 1; else Shift <= 1;
for (k= L_word -1; k =k +1)
(posedge clock, posedge reset)
if (reset == 1'01) begin Clear_and_Set_Regs; disable Main_Block; end
else begin // multiple cycles
Shift <=
Add_shif
if (m_is_1) Rendy <=1;
else if (m1) Add_shift <= 1;
else Shift <= 1; // Notice use of multiplier{1]
end // multiple cycles
Done <=1;
end // not reset
end // Load_and_Muttiply
end // Main_Block

task Clear_and_Set_Regs;

n
Ready <= 1; Flush <= 0; Load_words <= 0; Done <= 1; Shift <= 0; Add_shift <= 0;
end
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endtask
endmodule

modaule Datapath_Unit #(parameter L_word = 4)(
output reg [2°L_word -1: 0]

input [L_word -1: 0]

reg [2*L_word -1: 0]
reg [L_word -1: 0]
assign

always @ (posedge clock, posedge reset)

product,

Empty, w2_0, m_is_1, m1,

word1, word2,

Flush, Load_words, Shift,
Add_shift, clock, reset

multiplicand;
multiplie
Empty = (word1 == 0) ||
(word2 ;
w2_0 = (word2[0]
1 = (multiplier
(multiplier{1] =

if (reset == 1'b1) begin multiplier <= 0; multiplicand <= 0; product <= 0; end

else begin
if (Flush) product <=
else if (Load_words 1) begin
multiplicand <= word1;
multiplier <= word2;
product <= 0; end
else if (Shift) begin
multiplier <= multiplier >> 1;
multiplicand <= multiplicand << 1; end
else if (Add_shift) begin
multiplier <= multiplier >> 1;
multiplicand <= multiplicand << 1;
product <= product + multiplicand; end
end
endmodule

End of Example 10.6

‘The simulation results shown in Figure 10-41 for Multiplier IMP_1 demon-
strate that the controller (1) “wakes up” correctly after an initial assertion of reset
and immediately flushes product, (2,o) ignores Start while reset is asserted, and (3,0)
responds to the second assertion of Start and handles a zero multiplicand correctly,
leaving product at its residual value of 0. The waveforms in Figure 10-42 show that
the machine handles a zero multiplier correctly—the multiplication process is
aborted and the residual value of product (60,¢) is flushed. The results in Figure 10-43
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FIGURE 10-41 Simulation results for v:nﬁcaunn of Multiplier_IMP_I, a binary multiplier controlled by
an implicit state machine, p fter assertion of power-up reser.

show that the machine recovers correctly when reset is asserted during a multiplica-
tion (an i ion for an xmpllclt machine). The machine is
in the process of muluplymg 69 by 11,9 when reset is asserted. The machine flushes
product and idles to await the next assertion of Start, which forms the product of 6,9
by 12,9, 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 8-bit words.

The controller in Multiplier_IMP_1 wastes cycles of execution by cycling through
all of the bits of the multiplier, even after Ready has been asserted. A more efficient
design, Multiplier_IMP_2, is shown in Example 10.7,” where Controller_IMP_2 termi-
nates activity when Ready is asserted. The controller determines when the content of
the multiplier has the value 1 and exits the multiplication loop at the next cycle. This
machine also has a more robust controller that detects whether the multiplicand or the
multiplier have a value of 1 and issues a command to the datapath to load either word2
or wordl directly into the register holding product.

YA compiler directive is placed at the top of the file to define word_size so that a single change in the file cus-
tomizes L_word throughout, but does not require editing of the internal modules.
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FIGURE 10-42 Simulation results for verification of Multiplier_IMP_I, demonstrating correct
with an empty multiplier word (i.e., word2 = 0).

Example 10.7

‘define word_size 4

module Multiplier_IMP_2 #(parameter L_word = ‘word_size)(
output [2*L_wor HO| product,
output Ready, Done,
input [L_word —1: 0] word1, word2,
input Start, clock, reset

»
wire Flush, Load_words,

Load_multiplier;

wire Load_multiplicand;
wire Shift, Add_shift;

Control_Unit MO_Controller

(

.Ready(Ready), .Flush(Flush), .Load_words(Load_words),
Load_multiplier(Load_multiplier), .Load_multiplicand(Load_muiltiplicand),
_Shift(Shift), .Add_shift(Add_shift), .Done(Done),

_Start(Start), .Empty(Empty), .w1_is_1(w1_is_1), w2_is_1(w2_is_1),
.w2_bitd(w2_bit0), .mp_is_1(mp_is_1), .mp_bit1(mp_bit1), .clock(clock),
.reset(reset)
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FIGURE 10-43 Simulation results for vcnﬁcaucm of Multiplier_IMP_I, demonstrating recevcry

from assertion of reser before

a multiply sequence (i.c., a running reset).'

Datapath_Unit M1_Datapath

.product(product), .Empty(Empty), .w1_is_1(w1_is_1), w2_is_1(w2_is_1),

w2_bit0(w2_bit0),
.mp_is_1(mp_is_1), .mp_bit1(mp_bit1)
.Flush(Flush),

, .word1(word1), .word2(word2),

Load_words(Load_words), .Load_multiplier(Load_multiplier),

Load_multiplicand(Load_multiplicand),

Shift(Shift), .Add_shift(Add_shift), .clock(clock), .reset(reset)

)
endmodule
module Control_Unit #(parameter L_word = 'word_size)(

output reg Ready, Flush,
Load_words, Load_multiplier,
Load_multiplicand,
Shift, Add_shift, Done,

input

)%

Start, Empty, w_is_1, w2_is_1, w2_bit0, mp_is_1,

mp_bit1, clock, reset

%Note that Done does not assert until completion of a subsequent multiplication sequence.
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FIGURE 10-44 Simulation results for verification of Multiplier_IMP_I, showing

integer k;
always @(poudu- clock, posedge reset) begin: Main_Block
if (reset == 1'b1) begin Clear_and_Set_Regs; disable Maln Block; end
else if (Sten = 1) begin: ldllng
Flush <= 0; Ready
Load_words <= 0; Load |_multiplier <= 0; Load_multiplicand <= 0;
Shift <= 0; Add_shift <= 0;
end // Idling
else if (Start 8& Empty) begin: Early_Terminate
Flush <= 1; Ready <= 0; Done <= 0;
@ (posedge clock, posedge reset)
if (reset == 1'b1) begin Clear_and_Set_Regs; disable Main_Block; end
else begin
Flush <= 0; Ready <= 1; Done <= 1;
end
end // Early_Terminate
else if (Start && w1_is_1) begin: Load_Multiplier_Direct
Ready <= 0; Done <= 0;
Load_multiplier <= 1
@ (posedge clock, posedge reset)
if (reset == 1'b1) begin Clear_and_Set_Regs; disable Main_Block; end
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else begin Ready <= 1; Done <= 1; end
end //Load_Multiplier_Direct
else if (Start && w2_is_1) begin: Load_Multilicand_Direct

Ready <= 0; Done
Load_multiplicand <= 1;
@ (posedge clock, posidg- reset)
if (reset == 1'b1) begin Clear_and_Set_Regs; disable Main_Block; end
else begin Ready <= 1; Done <= 1; end
end //Load_Multiplicand_Direct
else if (Start ) begin: Load i_and_Multiply
; Load_words <= 1;

ly
@ (posedge clock, pm.dgo reset)
1'bleClear_and_Set_Regs; disable Main_Block; end

if (reset
else begin: Not_Reset

Load_words <=
if (w2_bit0) Add_ shm <= 1; else Shift <=

begin: Wrapper

forever begin: Multiplier_Loop
dge reset)
'b1) begin Clear_and_Set_Regs; disable Main_Block; end

@ (posedge clock, p
if (reset == 1'b1) b
else begin: Multiple_Cycles
Shift <= 0;
Add_shift <= 0;
if (mp_is_1) begin Done <= 1;
@ (posedge clock, posedge reset)
if (reset 'b1) begin Clear_and_Set_Regs; disable Main_Block; end
else disable Wrapper;
end /I Done <=1
else if (mp_bit1) Add_shift <= 1
else Shift <= 1; // Notice use of mulupnerm

end // multiple cycles
‘end // Multiplier_Loop
end // Wrapper
Ready <= 1;
end // Not_Reset
end // Load_and_Multiply
end // Main_Block
task Clear_and_Set_Regs:

begin
Flush <= 0; Ready <= 1; Done <=
Load_words <= 0; Load_multiplier <= 0; Load_multiplicand <=

Shift <= 0; Add_shift <= 0;

end
endtask
endmodule
module Datapath_Unit #(parameter L_word = ‘word_size)(
[2*L_word -1: 0] product,
Empty, wi_is_1, w2_is_1, w2_bit0,

output reg
output
mp_is_1, mp_bit1,
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input [L_word -1: 0] word1, word2,

input Flush, Load_words, Load_multiplier,

input Load_multiplicand, Shift, Add_shift,
clock, reset

%

reg [2*L_word -1: 0] multiplicand;

reg [L_word -1: 0] multiplier;

assign Empty = (word1 == 0) || (wcxdz = 0);

assign 1_is_1 = (word1 b1);

assign

assign _t

assign is_1=

assign mp ) bit1 = multiplier[1];

always @ (posedge clock, posedge reset)
if (reset == 1'b1) begin multiplier <= 0; multiplicand <= 0; product <= 0; end
el

else if (Load_words
multiplicand <= word1;

else if (Load_multiplier) begin
ct <= word2; end

else if (Shift) begin
multiplier <= multiplier >> 1;
multiplicand <= multiplicand << 1; end

else if (Add_shift) begin
multiplier <= multiplier >> 1;
multiplicand <= multiplicand << 1;
product <= product + multiplicand; end

end
endmodule

End of Example 10.7

Several cycles of simulation activity are shown in Figure 10-45. Note that Done
asserts as soon as product is formed, and that Ready asserts when the machine is pre-
pared to initiate another cycle of multiplication. In Figure 10-46, Start launches the
multiplication of 10, by 2y, and is re-asserted before the computation is complete. The
machine ignores the re-assertion of Start, completes the muitiplication, asserts Done,
and then asserts Ready in the next clock cycle. Then, with Start and Ready both
asserted, the machine multiplies 1055 by 9;0. 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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FIGURE 1045 Simulation results for verification of Multiplier_IMP_2, an efficient multiplier
controlled by an implicit-state machine, showing multiplication sequences.

10.3.11 Booth’s Algorithm Sequential Multiplier

Various algorithms have been developed to improve the performance of sequential
multipliers and to simplify their circuitry. Booth’s recoding algorithm is widely used
because it has a simple hardware realization, requires less silicon area, and can speed

up [1,3-5,9-11].

Multipliers that use Booth’s algorithm recode the bits of the multiplier to reduce
the number of additions required to plete a cycle of iplication. Only the multi-
plier is recoded; the ipli is left A derivative form, called Radix-4

recoding or bit-pair encoding, can reduce the number of partial products by a factor 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 convert the result to a 2s complement representation (i.e., radix-2 complement
form). Multipliers that use Booth’s recoding can multiply 2s complement numbers
directly. The design given here can multiply two positive numbers, two negative num-
bers, and a mixture of positive and negative numbers (in 2s complement form).
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FIGURE 10-46 Simulation results for Multiplier_IMP_2, showing simulation activity with Start
asserted with Done.
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FIGURE 10-47 Simulation results for Multiplier_IMP_2, showing recovery from a running reset.
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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 format can be gotten by (1) multiplying the leftmost bit by
—2""", (2) multiplying the remaining bits by 2/, where i is the bit position, and (3) adding
the results [12]. For example, the 25 complement representation of —7 is 1001,. 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 bits 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 that it skips over strings of 1s in the multiplier
and replaces a series of additions by one addition and one subtraction. For example,
the word 1111_0000 is equivalent to 2% — 1 — (2* — 1) = 28 — 2* = 256 — 16 = 240.
An arithmetic unit that must multiply negative numbers can exploit this relationship to
possibly reduce the number of additions in multiplying two numbers. A Booth recoding
scheme recodes 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
operations 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;, m;_;) determines the Booth
recoded multiplier bit, BRC;. 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 performed (i.e., an appropriately shifted copy of the 2s com-
plement of the multiplicand is added to the product). The process encodes the first
encountered 1 as a 1, skips over any successive 1s until a 0 is encountered. That 0 is

25 complement of 7, = 1001,
\——.. %20 =1
0x2! =0
0x2? =0
-1x2%
Decimal value of 1001, 1001,
FIGURE 10-48 _Extraction of the decimal value from a 2: number.

TABLE 10-1_Rules for Booth recoding of a 2s complement number.

m m_; | BRC, | Value Status
0 0 0 0 String of 0s
0 1 1 +1 End of string of 1s.
1 0 1 -1 Begin string of Is
1 1 0 0 Midstring of 1s
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—6si0 | = |1]o|1|1]1]|1|1]1]0 25 Complement notation

Booth recoded
signed digit notation

FIGURE 10-49 Booth recoding of —65,,.

encoded as a 1 to signify the end of a string of 1s, and then the process continues. The
algorithm is valid for the 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,, = 1011_1111; is shown in
Figure 10-49. Note that ordinary multiplication by this number 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 Ludlcales that the Booth rewdmg bits (denoted
by BRC) control the state units for ier_Booth_STG_0
are shown in Figure 10-51, and the Ven]og source code of Multiplier_Booth_STG_0 is
given in Example 10.8.

reset

Ireset/ Ready

Ireset &d& Start
/ Load_words, Ready

1/Add

FIGURE 10-50_STG for a 4-bit Booth sequential multiplier.
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word 1 word?2
Multiplier_Booth_STG_0
Load_words
Start
Shift
Add
Control_unit ‘Sub Datapath_unit
Ready
mo
reset clock product

FIGURE 10-51 Structural units of a multiplier with Booth recoding.

The controller in Multiplier_Booth_STG_0 generates the signals Add and Sub to
control the addition and subtraction operations implied by the Booth algorithm. An
alternative design could use one signal, Add_sub, to control these operations, but
would need to generate and use a signal Done in the datapath unit to ensure that addi-
tion and are ded while Done is asserted. Otherwise, the
final 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-flop to store the LSB of multiplier for use in forming the Booth recoding
bits (BRC[1: 0]), and the datapath op i require an unit. Also,
note how the 2s complement representation is formed when the multiplicand is nega-
tive. The left half of multiplicand must be filled with 1s to form the 2s complement cor-
rectly (sign extension). Similar actions are taken within the testbench to predict the
expected value of product. For convenience, a pair of nested for loops generate integer
values of wordl and word2. Additional code converts the patterns to the wordlength of

the ized machine. The for iplier STG_0 is also presented
because it contains some noteworthy features that are used when the pattern genera-
tor and must form sign ions of 2s negative numbers.
Example 10.8
module Multiplier_Booth_STG_0 #(parameter
L_word = 4,
'b1111,
'b0000)(
[2*L_word -1: 0] product,
Ready,
[L_word -1: 0] word1, word2,

Start, clock, reset
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wire mo0, Load_words, Shift, Add,
Sub, Ready;
Controller_Booth_STG_0 M0_Controller
(.Load_words(Load_words), Shift(Shift), .Add(Add), .Sub(Sub), .Ready(Read),
.mO(mo0),

)
Datapath_Booth_STG_0 M1_Datapath
(.product(product), .mO(m0), .word1(word1), .word2(word2),
Load_words(Load_words),

.Add(Add),
endmodule
module Controller_Booth_STG_0 #(parameter L_word = 4, _state = 4, L_BRC = 2)(
output reg Load_words, Shift, Add, Sub,
output Ready,
input mo, Start, clock, reset
):
reg [L_state -1: 0] state, next_state;
parameter i
assign
reg m0_d
wire [L_BRC-1: 0] BRC = {m0, m0_del); /I Booth

recoding bits
1/l Necessary to reset m0_del when Load_words is asserted, otherwise it would
start with residual value
always @ (posedge clock, posedge reset)
if (reset) m0_del <= 0; else if (Load_words) m0_del <= 0; else m0_del <= m0;
always @ (posedge clock, posedge reset)
if (reset) state <= S_idle; else state <= next_state;

always @ (state, Start, BRC) begin I/ Next state and control logic
Load_words = 0; Shift = 0; Add = 0; Sub = 0;

case (state)
S_idle:if (Start) begin Load_words

next_state =S_
else
S_1: if (BRC == 0) || (BRC == 3))

else if (BRC == 1) begin Add = 1; next_state
=8_2;end

else if (BRC == 2) begin Sub = 1; next_state
=8_2;end

S_3: if ((BRC == 0) || (BRC == 3)) = 1; next_state
nd

else if (BRC == 1) bogln Add =1, next_state
=S_4;end

else if (BRC == 2)
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s_5: begin Shift = 1; next_state
=8_7,end
else if (BRC == 1) begin Add =1; next_state
=8_6; el
else if (BRC == 2) begin Sub =1; next_state
=S_6; en
s_T: begin Shift = 1; next_state
=$_8;end
else if (BRC == 1) begin Add = 1; next_state
=S_8; end
else if (BRC == 2) begin Sub = 1; next_state
=$S_8; end
s_2: begin Shift = 1; next_state
=8_3;end
s 4 begin Shift = 1; next_state
=S 5 end
s_6 begin Shift = 1; next_state
=8_7;end
S_8: if(Start) begin Load_words = 1;
next_state = S_1; end
else next_state =S_8
default: next_state = S_idle;
endcase
end
endmodule

module Datapath_Booth_STG_0 #(parameter L_\ word 4)(

output reg
output
input
input

reg

reg
assign
parameter
parameter

[2*L_word -1: 0]

[L_word -1: 0]

[2*L_word -1: 0]
[L_word -1: 0]

I/ Register/Datapath Operations
always @ (posedge clock, posedge reset) begin

if (reset) begin multiplier
else if (Load_words) begin
if (word1{L_word -1]

; multiplicand <=

oduct,

0
word1, word2,
Load_words, Shln Add, Sub,
clock, reset

multiplicand;
multiplier;

'm0 = multiplier{0];
All_Ones = 4'b1111;
All_Zeros = 4'b0000;

; product <=

= 0) multiplicand <= word1;

else multiplicand <= {All_Ones, word1[L_word -1: O]);

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 test_Multiplier_STG_0 ();

parameter L_word = 4;

wire [2*L_word -1: 0] product;

wire Ready;

integer word1, word2; // multiplicand,
multiplier

re Start, clock, reset;

reg [3:0] mag_1, mag_2;

Multiplier_Booth_STG_0 M1 (producl(product) ‘Ready(Ready), .word1(word1),
), Start(Start),
Il Exhaustive Testbench

reg [2°L_word -1: 0] expected_value, expected_mag;
reg code_error;

parameter All_Ones = 4b1111;
parameter All_Zeros = 4'b0000;

initial #80000 $finish; 1/ Timeout

/I Error detection
always @ (posedge clock) // Compare product with expected value
if (Start) begin
expected_value = 0;
case({word1[L_word -1], word2(L_word -1]})

0: begin expected_value = word1 * word2;
expected_mag = expected_value; end

1: begin expected_value = word1* {All_Ones,word2[L_word -1: 0]};
expected_mag = 1+ ~(expected_value); end

2: begin expected_value = {All_Ones,word1[L_word -1: 0]} “word2;
expected_mag = 1+ ~(expected_value); end

3: begin expected_value = ({All_Zeros, ~word2[L_word -1: 0]}+1)

* ({All_Zeros, ~word1[L_word -1: O]}+1);
expected_mag = expected_value; end
endcase
code_error = 0;
end
else begin
code_error = Ready ? |(expected_value A product) : 0;
end
initial begin clock = 0; forever #10 clock = ~clock; end
initial begin




for Arithmeti 695

initial begin Il Exhaustive patterns
#100
for (word1 = All_Zeros; word1 <= 15; word1 = word1 +1) begin
if (word1[L_word -1] == 0) mag_1 = word1;
else begin mag_1 = word1[L_word -1: 0];
mag_1= 1+ ~mag_1; end
for (word2 = All_Zeros; word2 <= 15; word2 = word2 +1) begin
if (word2[L_word -1] == 0) mag_2 = word2;
else begin mag_2 = word2[L_word -1: 0]; mag_2 = 1+ ~mag_2; end
Start = 0; H

#2
end // word2
end // word1

en
endmodule

End of Example 10.8

Figure 10-52 shows the simulation results produced by Multiplier_STG_0 and
Multiplier_ Booth_STG_0 in multiplying 7,y X 7,o. For these data, the multiplier
forms 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
values), and the waveforms of expected_value and expected_mag are also in decimal
format. The computational 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
straightforward, but it is limited to a 4-bit multiplier. A block diagram and ASMD
chart for an efficient and more flexible controller are shown in Figure 10-53. The
machine d; ized and is efficient because it
does not waste time domg 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-based
model. When the value of the multiplier register is 1,, the machine’s action depends
on whether this last bit of 1 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_1 is asserted, there are only two possible values of BRC: 25 and 3. In
the former case, the usual subtraction must be performed: Sub is asserted and the




Advanced Digital Design with the Verilog HDL

31952 32062 32172 3282 t
Name A S S B A A A A B A AT AT O A AT ar i
reset
lock LM MM NN nrnr
wordl [N
7:0] 38 X 1C T 38_ oC|
word2 6 X X 8
[} ) D 3 51 8 [ EX
Start e o |
Load_words e m|
Shift —
Add —
mol— T L \
state_STG[3:0] KRV XW
Shift 1 —
Add 1
Sub g —
mo L
mO_del  —— -
state_Booth[3:0] 8 ) 81 ) ) &3 Wi A} g XX
Ready STG[ 1 |
Ready_Booth DR =]
product_STG[7:0] 2 o 7C 21X [€ 0
product_Booth[7:0] 7} Xox 289 ) IC X0
expected_value{70] a7 X L) 20
expected_mag(7:0] 7] X B Z5] X 56
code_error_STG |
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FIGURE 10-52 Comparison of state transitions in a multiplier with and without
a Booth recoding scheme.

state moves from S_running to S_shiftl, where BRC is now 1,. If word2 was negative
no further action is needed; otherwise, a final addition must be executed. Shift is
asserted in S_shift] to align the multiplicand for the final addition, then the state
moves to S_shift2, where Add is asserted. The latter case must be handled differ-
ently, because the condition that BRC is 11, in S_running with m_is_I asserted
could be due to an intermediate string of 1s or to a terminating string of 1s in word2.

inating string of 1s corresp to a negative 2s complement multiplier and
dictates that Add not be asserted in S_shift2. There is no way to distinguish between
these two cases without setting a flag in the datapath to indicate that word2 is nega-
tive and passing the result as a status signal to the controller. The machine uses a
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Empty

word2

W2_neg word

¥ Load_words

Flush
Shift
Add

Control_unit Datapath_unit
Sub

\ product <=0 I l

multiplicand <= word1 clock  reset product

product <= product — multiplicand
/

Note: m0 denotes multiplier{0]

BRC denotes [m0, m0_del]

m_is_1 asserts if multiplier = 1
w2_neg asserts if the word? is negative
<= denotes non-blocking assignment

_ multiplicand <= multiplicand << 1
multiplier <= multiplier >> 1

product <= product + multiplicand

FIGURE 10-53 Block diagram and ASMD chart for a wordsize-flexible Booth sequential multiplier.

flag 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 = 1110, 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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FIGURE 10-54 Simulation results for a wordsize-flexible Booth sequential
multiplier with (a) multiplicand = —8 and multiplier = +7 and ~8 and (b) multiplicand = —5
and multiplier = 0 and 1.

Figure 10-54 shows the product of —8 ded in 4-bit, 2s as
8,0 = 1000,) by +7,¢ and again by —8, to produce products of 200 (magnitude is 56)
and 64, respectively. Figure 10-55 shows detection of word2 having a value of 0, and
correct multiplication of —5, (encoded in 4-bit, 2s complement as 113, = 1011,) by 1,
to give a product of —5,,.
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FIGURE 10-55 _Bit-pair (radix-4) recoding of ~65y,.
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Example 10.9
module Multiplier_Booth_ASMD #(parameter L_word = 4)(
output [2*L_word - 1: 0] product,
output Ready,
input [L_word-1:0]  word1, word2,
input

Start, clock, reset

%
wire Empty, w2_neg, m_is_1, m0, Flush, Load_words, Shift, Add, Sub;

Gontrol_Unit MO_Gontrller (LLoad_words(Load_words), Fiush(Flush), .Shif(Shif)
-Add(Add), y( y), ), W2, neg(w2 neg),
“m_is_1(m_is_1), .m0(mo0), )

Datapath_Unit M1_ Datapath (product(product), .Empty(Empty), w2 meg(w2_neg)
.m_is_1(m_is_1), .m0(m0), word1(word1), .word2(wor

rd:
‘Load_words(Load_words), .Flush(Flush), Shift(Shift), .Add(Add), .Sub(Sub),
.clock(clock), .reset(reset));

endmodule

module Control_Unit #(parameter L_word = 4, L_state = 3, L_BRC = 2)(
output reg Load_words, Flush, Shift, Add, Sub,

output Ready,

input Empty, w2_neg, m_is_1, m0, Start, clock, reset

parameter

S_idle =0, S_running = 1, S_working = 2, S_shift1 = 3, S_shift2
=4

reg [L state-1:0] state, next_state;

reg

m0_del;

wire [L_BRC-1:0] BRC ={m0, m0_del};
assign Ready = (state == S_idle) || (state == S_idle);

1/ Necessary to reset m0_del when Load_words is asserted, otherwise it would
start with residual value

1/ Booth recoding bits

always @ (posedge clock, posedge reset)
if (reset) m0_del <= O; else if (Load_words) m0_del <= 0; else if (Shift) m0_del
<=mo;

always @ (posedge clock, posedge reset)
if (reset) state <= S_idle; else state <= next_state;

always @ (state, Start, BRC, Empty, w2_neg, m_is_1, m0) begin // Next state
and control
logic

Load_words = 0; Flush =0; Shift = 0; Add = 0; Sub = 0;

next_state = S_idle;

case (state)
S_idle: if (IStart) next_state = S_idle;

else if (Empty) begin Flush

else begin Load_words =

; next_state = S_idle; end
lush =

next_state = S_running; end
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S_running:

S_shiftt:
S_shiftz:

S_working:
default:
endcase
end
endmodule

if (m_is_1) begin

if (BRC == 3) begin Shift = 1; next_state = S_shift2; end

else begin Sub = 1; next_state = S_shift1; end // Only BRC =
2is possible

end

else begin
if (BRC ) begin Add = iext_state = S_working; end
else if (BRC == 2) begin Sul next_state = S_working; end
else begin Shift = 1; next_state = S_running; end

end

begin Shift = 1; next_state = S_shift2; end
begin

next_state = S_idle;

if ((BRC == 1) && (Iw2_neg)) Add = 1;
end
begin Shift = 1; next_state = S_running; end
next_state = S_idle;

module Datapath_Unit #(parameter L_word = 4)(

output reg

[2*L_word - 1: 0] product,

output Empty, w2_neg, m_is_1, m0,
input [L_word-1:0] word1, word2,

)

input Load_words, Flush, Shift, Add, Sub, clock, reset

reg  [2'L_word-1:0] multiplicand;
reg  [Lword-1:0] multiplier;

reg

assign Empty =
assign w2_neg = Flag;

assign m_is_1

Flag;
((word1 == 0) || (word2

(multiplier == 1);

assign m0 = multiplier{0];

parameter
parameter

All_Ones = {L_word{1'b1}};
All_Zeros = {L_word{1'b0});

Il Register/Datapath 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];

if (word1[L_word - 1]

0) multiplicand <= word1;

else multiplicand <= {All_Ones, word1[L_word -1: O]};
multiplier <= word2;

end // Load_words

if (Flush) product <= 0;
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if (Shift) begin
multiplier <= multiplier >> 1; multiplicand <= multiplicand << 1;
end
if (Add) begin product <= product + multiplicand; end
if (Sub) begin product <= product - multiplicand; end
end
endmodule

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, called bit-pair encod-
ing (BPE), 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 » to n/2.
BPE of a multiplier examines 3 bits at a time to determine whether to (1) add the
(2) shift the ipli 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
complemenl of the multiplicand to the left by 1 bit and then add, or (5) to only shift the
icand to the location cor ing 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 of 2. The rules for BPE are summarized in Table 10-2.

TABLE 10-2_Rules for bit-pair (radix-4) recoding of a 25 number.
miy | m; | m_y | Code [BRC;.,;| BRC; | Value Status Actions

0 0 0 0 0 0 0| String of 05 Shift by 2
0 0 1 1 0 1 +1 | Endofstringofls | Add
0 ] 0 2 0 1 +1 | Single 1 Add
0 1 1 3 1 0 +2 | Endofstringof1s | Shift by 1,Add, Shift by |
1 0 0 4 1 0 —2 | Beginstringof Is | Shift by 1, Subtract. Shift by 1
1 0 1 5 0 1 —1 | Single0 Subtract
1 1 0 6 0 1 ~1 | BeginstringofIs | Subtract
1 1 1 7 0 0 0 | Midstring of 1s Shift by 2
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Example 10.10

The bit-pair recoding of —65;; = 1011_1111, is shown in Figure 10-55(e).

End of Example 10.10

Example 10.11

The 2s complement product of 5,y by the multiplier —65,,, with —65,, recoded in a bit-
pair format, is illustrated in Figure 10-56. The first bit-pair (shaded) indicates subtraction,
so the 2s complement of 5, is formed and aligned with the LSB of the multiplicand.
Double shifts result from the next two bit-pairs. The final bit-pair (shaded) specifies sub-
traction, so the 2s complement of 5,q is formed 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 10.11

Example 10.12

Figure 10-57 shows the 25 complement product of —128,, multiplied by the multiplier
—128,¢, with —128,( recoded in a bit-pair format. The first three bit-pairs of the multiplier

= [ele[e]o]o]1]o]1]

vja|tfafafufrr]|r|r|afr{r]o)1|1| |Sign-extended 2scomplement of 5,y
¥
DNDNnnannn [an-exendod s complment ot 5

CLTTL LDl el i o i 1] [rrosucinsconpiement tomar_]

0 | 0 ] [ ‘ 0 | 0 | 1 ‘ ‘Bi(-pai[ recoded multiplier |

=)n|n 0‘0]0‘0'D|lJo‘llolﬂ)Olll()‘l'

Magnitude of the product ‘

FIGURE 10-56 ication of 5 by bit-pair (radix-4) recoding of —65,,.




Advanced Digital Design with the Verilog HDL

Location of multiplier LSB after
3 double shifts, 1 single shift.

YAV ATA
v ¥ ¥ ¥
[1]1‘1 l 1 ‘ 1 |1 [leJl lo[ulolo‘uloﬁ‘ l Sign-extended multiplicand

~128,, |= |1|0o[o|o|ofojofofo| | Multiplier

A[o]o[o[o[o[o]0] [Bprrecoud mtipir

;
|
|
|
|
|
i
i
|
i
H
|
\

Sign bit

[s[sefefefe[efefofe e e[oo]oo] [ imicmen " |
[LTolo o [o[o[o[o[o[e[o o o [o]¢]  [rrodue cwoscomplomens |
(o[ o o[o[o[e[e[o[o[o o [o[o[s] [amnateoneproducs ]
FIGURE 10-57 ion of —128,, by bit-pair (radix-4) recoding of —128,,.

(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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exhaustively for all combinations of positive and negative data words. The controller
handles the states necessary for BPE, and the datapath is expanded to handle single
and double bit shifts.

module Multiplier_Radix_4_STG_0 #(parameter L_word = 8) (

output [2*L_word -1: 0]  product,

output Ready,

input [L_word-1:0]  word1, word2,

input Start, clock, reset

wire Load_words, Shift_1, Shift_2, Add, Sub;
wire [2:0] BPEB;

Controller_Radix_4_STG_0 MO
(.Load_words(Load_words), .Shift_1(Shift_1), .Shift_2(Shift_2), .Add(Add),
.Sub(Sub), .Ready(Ready), .BPEB(BPEB), .Start(Start), .clock(clock),
reset(reset));

Datapath_Radix_4_STG_0 M1
(-product(product), .BPEB(BPEB), .word1(word1), .word2(word2),
Load_words(Load_words), Shift_1(Shift_1), Shift_2(Shift 2), Add(Add),

endmodule

module Controller_Radix_4_STG_0 #(parameter L_word = 8)(

output reg Load_words, Shift_1, Shift_2, Add, Sub,
output Ready,
input [2:0] BPEB,
input Start, clock, reset
%
reg 14:0] state, next_state;
parameter
parameter
parameter
parameter
parameter
assign

always @ (posedge clock, posedge reset)
if (reset) state <= S_idle; else state <= next_state;

always @ (state, Start, BPEB) begin J/ Next state and control logic
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Load_words = 0; Shift_1 = 0; Shift_2 = 0; Add = 0; Sub = 0;
case (state)
S_idle: if (Start) begin Load_words = 1; next_state = S_1; end
else next_state = S_idle;
S_1: case (BPEB)
0: begin Shift_2=1 next_state = S_5; end
4 begin Add = 1; next_state = S_2; end
4: begin Shift_1 next_state = S_3; end
6: begin Sub = next_state =S_2; end
default: next_state = S_idle;
endcase
begin Shift next_state = S_5; end

begin Sub =

begin Shift_’

case (BPEB)
0,7: begil

begin Sub =

begin  Shift 2=1;
begin if (BPEB[1
else Sub = 1;
begin Shift_1
case (BPEB)
0,7:  begin Shift_:
1,2 beginAdd
3,4:  begin Shift
5.6: begin Sub
S_
s_1
s_12: begin  Shift_1
s 13 case (BPEB)
0,7:  begin Shift_:
1,2 begin Add
s_14: begin  Shift 2=1;
S_15: begin
else Sub = 1;
_16: begin  Shift_1
7. if

begin Shift_1

next_state = S_4; end
next_state = S_5; end

next_state = S_9; end
next_state = S_6; end
next_state =S_7; end
next_state = S_6; end

next_state =S_9; end
2b01) Add = 1;
next_state = S_8; end
next_state = S_9; end

next_state = S_13; end
next_state = S_10; end
next_state = S_11; end
next_state = S_10; end

next_state = S_13; end

'b01) Add = 1;
next_state = S_12; end
next_state = S_13; end

next_state = S_15; end
next_state = S_14; end

next_state = S_17; end

if (BPEB[1: 0] == 2'01) Add = 1;

next_state =
next sﬁate

_16; end
17 end
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else next_state =S_17;
default: next_state = S_idle;
endcase
end
endmodule

module Datapath_Radix_4_STG_0 #parameter L_word = 8)(
0]

output reg [2*L_word -1: product,
output [2:0] BPEB,
input [L_word -1: 0] word1, word2,
input Load_words, Shlft 1, Shift_2,
Add, Sub, clock, reset
%
reg [2*L_word -1: 0] multiplicand;
reg [L_word -1: 0] multiplier;
reg moO_del;
parameter All_Ones = {L_word{1'b1}};
assign BPEB = {multiplier{1: 0], m0_del);

I/ Register/Datapath Operations
always @ (posedge clock, posedge reset)
if (reset) begin
multiplier <= 0; mO_del <= 0; multiplicand <= 0; product <= 0;
end
else begin
if (Load_words) begin
mO_del <= 0;
if (word1[L_word -1] == 0) multiplicand <= word1;
else multiplicand <= {"All_Ones, word1[L_word -
multiplier <= word2; product <= 0;
nd

0l

if (Shift_1) begin
{multiplier, m0_del} <= {multiplier, m0_del} >> 1;
multiplicand <= multiplicand << 1;

end

if (Shift_2) begin
{multiplier, m0_del} <= {multiplier, m0_del} >> 2;
multiplicand <= multiplicand << 2;

if (Add) begin product <= product + multiplicand; end
if (Sub) begin product <= product - multiplicand; end
end
endmodule
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Figure

10-59 shows output waveforms in hex and decimal formats verifying the

multiplication of —45,, by —38,,. The values of wordl and word?2 are also shown in hex

and decimal

formats (mag_I and mag_2); the magnitudes of wordl and word2 are

shown in decimal format. The value of multiplicand and the multiplier are shown in hex

and decimal

formats verifying the multiplication of —45;5 by —38,. The values of

wordl and word2 are also shown in hex and decimal formats (mag_I and mag_2); the

magnitudes
multiplicand

2933081
Name

of wordl and word2 are shown in decimal format. The value of
and the multiplier are shown in hex format. The value of product is shown

2933171 2933261 2933351
I R R e P

reset
clock

word1
word1
,_1[7:0]
multiplicand[15:0]

word2
word2
mag_2[7:0]
multiplier[7:0]

state[4:0)

Start
Load_words
BPEB[20)
Ready

Shift_1
Shift 2

product{15:0)
product{15:0]
expected_value[15:0]
expected_value[15:0]
expected_mag(15:0]
code_error

B

45
q Ea)_fa6 X_fide X_ ) fa60 X faco

@L\ ) S -
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00 Xda)_6d Y36 YodX_06 X

FIGURE

10-59 Simulation of Multiplier_Radix_4_STG_0 —45,9 by —38y¢.
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in hex and decimal formats. The exp value (p by the ) is shown
in both formats.

End of Example 10.13

10.4 Multiplication of Signed Binary Numbers

Although signed binary numbers in 2s format can be iplied with Booth's

i we wil ider their iplication 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 of 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 ipli by a positive iplier 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 forming 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 10-60 for the product of —3,, by 6,o. 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 form the product of a positive multiplicand by a negative multiplier, extend the
sign of multiplier to the word length of the multiplier. Then add shifted copies of
the multiplicand, but instead of adding a copy of the multiplicand at the position
corresponding to the extended sign bit of the iplier, add the 2s of
the multiplicand. This last step follows from the observation (see Figure 10-4(b))
that the decimal value of the 2s of an n-bit iplier can be written as
the sum: —B,_;2""' + B, ;2" 2 + --- + B2' + By2". The actions associated with
B,_,..., By, By are the usual ones of adding shifted copies of the multiplicand. The
action of the term associated with —B,_; X 2" is equivalent to adding a shifted
copy of the 2s complement of the multiplicand to the sum of the previously accu-
mulated partial sums. The results in Figure 10-61 form the product of 3;; by —6;¢.

10.4.3 Product of Signed Numbers: Negati iplicand
Negative Multiplier

When the multiplicand and the multiplier are both negative numbers expressed in 2s
complement format, the last sum adds the 2s complement of the multiplicand to the
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FIGURE 10-60 of a negative multiplicand (~3,,), in a 2s -extended
format, by a positive multiplier (6,,). forming the product = 18,
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[1ToJo]1]o] =<— 18,y magnitude of product

accumulated partial sums, but the accumulated sums are formed with shifted copies of
the 2s ig ded ipli instead of the multiplicand. For clarity,
Figure 10-62 also shows the columnwise carries that are generated in forming the prod-
uct of =35 by —6y.

10.5 Multiplication of Fractions

Numbers are normalized 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 [12]. The dynamic range of the decimal value of the numbers that
can be represented by N bits in a 2s complement formatis —2¥~! = D(B) = 2V~! - 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,
because 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.

Normalization divides an N-bit 2s complement word by 2V~ to convert a fixed-
point integer representation of a value to a fixed-point fractional representation. The
dynamic range of the magnitude of the 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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FIGURE 10-61 Multiplication of a positive multiplicand (3,) by a multiplier (~6yq), ina 2s
complement, sign-extended multiplier, forming the product —18;,.

associating its weights with fractions. If a 2s complement word B has the decimal value
D(B) = —by_12¥71 + by 52N+ 4 b2! + b2, its normalized value is given by
F(B) = —by12° + by_527 + -+ + ;2702 4 py2"N=1)_ the so-called Q-format
representation of the number [12]. For example, a Q-5 number format has 5 bits, including
asign bit. The product of two Q-5 numbers has 10 bits, including an extended sign bt 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 8,5 = 1000, by 735 = 00112 is 56,0, which cannot be
stored as a 4-bit value in 2s format. Nor the g
fractions in Q-5 format: F(8;5) = 27* = 0.1000,, and F(7) = 0 0111,. Their product
is 00.0011_1000,, in Q-10 format. Storing the product as a Q-5 value gives
F(8y9 X 7y0) = 0.0011. The denormalized decimal value is F(8;9 X 7;0) = 48y,
obtained by scaling the Q-5 value by 2%, or left-shifting the word by 8 bits.
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FIGURE 10-62 Multiplication of a negative multiplicand (~3,q) by a negative
‘multiplier (—6,0), forming the product 18y,

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_, 27"
b,22 4 b32 + o + b, 27™. The 2s complement of a fraction is formed by com-
plementing the bits from the sign bit to the least significant 1, then adding 1 at the posi-
tion of the least signifi 1. This is equi to ing 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 location of the
radix point of the result of multiplying fractions. In a fixed-point format, a 4-bit fraction is
represented by 5 bits, with the MSB holding the sign of the number in a 2s complement

To[iT] o]0} <34, =271 4272 Lo i)
EE} 0] 0] < Bitwise complement {1 [0[1]
tofo]1 ~ Add1
ATOTE]0]0] ~ =20+ 22
o

Sign bit —
Radix point —

=y =27 42

00}« Bitwise complement

(TTLo]0) - 3= 2+ 2

FIGURE 10-63 Equivalent methods of the forming 2s complement of a fraction (3/4,).
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Extended sign bit
Signbit 15 0107~ 3y =271 4 2-
Adusted x L1010} <=3 =271+ 22
radixpoint 10110010} «—12,5=2""
folovo1]1]ol0j0i0]0] < 3m,=22+2"3
FIGURE 10-64_Multi of a positive fraction (3/410) by  positive fraction (1/219).

format. 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 5-bit words will produce a 10-bit 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 iplicand, Positive Multipli

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 the product of 3/4, by 1/2,.

10.5.2 Signed Fractions: Negative Mi

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 —3/4,, by 3/8,,.

d, Positive

10.5.3 Signed Fractions: Positive iplicand, Negative Multipli

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 10, — A,. This
limits the representation of the multiplicand to have only 2 bits to the left of the radix,

34 =2"+272
Sign-extended multiplicand
3/8,=2"2+273

Shifted, extended multiplicand
Shifted, extended multiplicand

~9132,,

25 complement

931yy=2"2+2"%

Adjusted radix point

FIGURE 10-65 of a negative fraction (3/4;,) by a positive fraction (3/8yo).
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<— 25 complement of multiplicand
010 | ~— —9/32,, = in 2s complement

<9731, = 27% + 27% = magnitude of (3/4),, X (~3/8);y

Adjusted radix point
FIGURE 10-66_Multiplication of a positive multiplicand (3/4,o) by a negative multiplier (~3/8;,).

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: Negati iplicand, Negati o

To form the product of two negative fractions, add shifted copies of the sign-extended 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-and-shift algorithm to form the product of two words.
‘We will consider various architectures for sequential dividers that use a subtract-and-shift
algorithm to form a quotient of two numbers.

fo[i[aof0t~—3mg=2"+27

iifo[aTo]o! ~—-3my=20+22

i[afaffa 1 e]a] _6[_04. ~— Sign-extended multiplicand
] o]

~— Shifted, extended multiplicand

~— =3By

~— Shifted, extended multiplicand
~— 25 complement of multiplicand

| 9131y = 272 + 275 = (~308) X (~ 3B

Adjusted radix point

FIGURE 1067 Multiplication of a negative (=3/4y,) by a negative multiplier (~3/8,,).
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10.6.1 Division of Unsigned Binary Numbers

A sequential algorithm for dividing two unsigned binary numbers (i.c., positive integers)
subtracts the divisor 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 final value of the remainder is formed as the residual content of
the dividend when the i ends. Other i uch 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_0, 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.

word1 wo‘niz
[
Datapath_unit
8
7 0
[—— 1{1]ofofof1]of1
Subtract ] dividend
Start —»] GITE Comparator | (=
wl_is_0

Ready <——{ Control_unit

Error %~ divisor

1

I 1]
quotient
clock w—t
o] [oTeTeTo o e o o]
| |

quotient remainder

FIGURE 10-68 Architecture of Divider_STG_0, a simple, but inefficient, binary divider unit.
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Divider_STG_0 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 terminate without needless computation if the datapath
presents a dividend that is 0. 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 resef not asserted. A signal Error should be asserted
if a divide-by-zero is attempted, and should remain asserted until reser is asserted. An
asynchronous reset signal should drive the state to its idle state from any state.

Divider_STG_0 has parameterized word lengths, shown here for 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 value, and ded by ing the 4-bit 2s
with four 1s. 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 datapath unit. State transitions along the branches leaving a state are

itioned by the indicated ions, provided that reset is not asserted.

reset
Ireset/ Ready

Ireset && Start && !word2
{ Ready

Ireset && Start && wordl && word2
/ Load_words, Ready

&& (word2)

Ireset && Start && (Iword1)

/ Load_words

Note: 'word] denotes word1
Iword2 denotes word2 ==

FIGURE 10-69 State-transition diagram of controller for Divider_STG_0.
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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 reser de-asserted). If word2 (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 one of those specified by the STG, but that detail is not shown on the
STG). If word2 is not 0, word] (the datapath value of dividend) is checked.'" If wordl
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 state S_idle, 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 S_3, 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 §_idle or S_3.
So Start should not be asserted until after Ready is asserted. Otherwise, the contents of
quotient and der could be mi iated 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_0,and w2_is_0 to indicate whether the dividend is larger
than the divisor, the datapath word that would be loaded in the dividend is 0, and the
datapath word that would be loaded into the divisor is 0. These signals are used to
implement the logic that skips division if the word that would be loaded into the divi-
dend is 0, and sends the state to S_Err and aborts an attempt to divide by 0.

End of Example 10.14

Example 10.15

The Verilog description of Divider_STG _0 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 uptoa hesis tool. The (see the Web

'In Verilog, the Boolean value of word?2 is true if and only if word2 has the value of a positive integer.
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site) for Divider_STG_0 has a triggered stimulus generator. Note that the number of
cycles required to form quotient is data-dependent, so stimulus patterns are triggered by
the completion of a division sequence. The machine is synthesizable, because the data

dependency is handled by the not by a dat loop.

module Divider_STG_0 #(parameter L_divn = 8, L_divr = 4)(
output [L_divn-1:0]  quotient,
output [L_divn -1: 0] remainder,
output Ready, Error,
input [L_divn-1: 0] word1, // Datapath for dividend
input [L_divr-1:0] word2, // Datapath for divisor
mpul Start, clock, reset
I* Includes checks for a divide by zero, subtracts the divisor from the dividend until the
dividend is less than the divisor, and counts the number of subtractions performed.
The length of divisor must not exceed the length of dividend .
!
Control_Unit MO_Controller
(.Ready(Ready), .Error(Error), .Load_words(Load_words),
Subtract(Subtract), .Start(Start), GTE(GTE), .w1_is_0(w1_is_0), w2_is_0(w2_is_0),
clock(clock), reset(reset));
Datapath Unit M1_Datapath
), .GTE(GTE), w1_is_O(w1_is_0),
w2_is_0(w2_is_0), .word1(word1), wordz(wordz) Load words(Load words),

%
endmodule
module Control_Unit (output Ready, Error, output reg Load_words, Subtract,

input Start, GTE, w1_is_0, w2_is_0, clock, reset
)
parameter $.1=1,52=2,53=3S Er=4;
parameter
reg [L_state-1:0] state, next_s 'state;
assign Ready = ((state == S_idle) 8& Ireset) || (state == S_3);
assign Error = (state == S_Err);

always @ (posedge clock, posedge reset)

if (reset) state <= S_idle; else state <= next_state;

always @ (state, Start, GTE, w1_is_0, w2_is_0) begin

Load_words = 0; Subtract = 0; next_state = S_Err; // Default values

case (state)
S_idle: case (Start)
0: next_state = S_idle;
1 if (W2_is_0) next_state = S_Err;
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else if ('w1_is_0) begin next_state = S_1; Load_words

; en
else next_state =S_3;
endcase
s_1: if (GTE) begin next_state = S_2; Subtract = 1; end
else next_state =S_3;
s_2 if (GTE) begin next_state = S_2; Subtract = 1; end
next_state = S_3;

s 3 case (Start)
: next_state = S_3;
1 if (W2_is_0) next_state = S_Err;
else if (w1_is_0) next_state = S_3;
else begin next_state = S_1; Load_words = 1; end

endcase
S_Em: next_state = S_Ermr;
default: next_state = S_Err;
endcase
end
endmodule

module Datapath_Unit #(parameter L_divn = 8, L_divr = 4)(
output reg [L_divn -1: 0] quotient,
output [L_divn -1: 0] remainder,
output GTE, wi_is_0, w2_is_0,
input [L_divn-1:0]  word1, // Datapath for dividend
input [L_divr-1:0]  word2, // Datapath for divisor
input Load_words, Subtract, clock, reset

reg  [L_divn-1:0]  dividend;
reg [L_divr -1: 0] divisor;

assign GTE = (dwvdend >= divisor); /I Comparator
assign w1_is_0 = (wor );

assign w2_i
assign remainder = dividen

always @(posedge clock, posedge reset) begin // Register/Datapath Operations.
if (reset) begin divisor <= 0; dividend <= 0; quotient <= 0; end
else if (Load_words == 1) begin
dividend <= word1;
divisor <= word2;
quotient <= 0;
end
else if (Subtract) begin /I Note sign extension below
dividend <= dividend[L_divn -1: 0] + 1'b1 + {{(L_divn -L_divr){1'b1}),
~divisor{L_divr -1: O]};
/1 dividend <= dividend - divisor; I/ alternative using built-in
2's complement arithmetic
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quotient <= quotient + 1;
end /I Use quotient +2 to test error detection
end
endmodule

End of Example 10.15

Figure 10-70 shows waveforms obtained by simulating Divider STG_0 dividing
100, by 13, to produce a quotient of 8, and a remainder of 3,,. The values of wordl,
word2, dividend, divisor, quotient, and remainder are shown in decimal format. The signal
code_error is generated by the testbench on detecting an error in either quotient or
remainder. 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 0.

499162 499242 499322 499402 499482 t
me |yl er e Do e bl

Nal

reset

clock

Ready
Error
Load_words
Subtract
Start

GTE
wl_is 0
w2_is 0

state[2:0]

wordl
word2

dividend[7:0]
divisor[3:0)

quotient[7:0]
remainder{7:0)

expected_quotient{7:0]
expected_remainder(7:0)
code_error

FIGURE 10-70 Simulation results for Divider_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 synthesis tool can fail to produce the most efficient implementation, by not rec-
ognizing economies in the architecture. For example, the architecture of Divider_STG_0
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 The
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_0_sub, is shown in Figure 10-71,
and the machine’s Verilog description is presented in Example 10.16. Note that a single

forms the ion {carry, dif ference} by adding the 2s
complement of divisor to dividend.

word1 word?2

Datapath_unit
7
Load_words

Subtract dividend
GTE carry
wl_is 0
Ready <— Control_unit
451111
Error <——|
1 .m,w
clockké ‘ qurmem
reset
ofofojolofofo|o
I I
quotient remainder

FIGURE 10-71 Architecture for Divider_STG_0_sub,a modified architecture of a simple, but
inefficient, binary divider unit with an 8-bit dividend. The carry bit formed in 2s complement
ion replaces the used by Divider_STG_0.
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Example 10.16

The Verilog description of Divider_STG_0_sub'? uses the carry bit from 2s comple-
ment sub ion to replace a and control the datapath of the machine. The
control unit from Divider_STG_0 is re-used; the datapath unit is changed slightly as
shown below. It has additional code to form the concatenation {carry, dif ference}.
The signal carry provides GTE at the interface between the control unit and the data-
path unit. Simulation results (not shown) for Divider_STG_0 and Divider STG_0_sub
match.

module Datapath_Unit #(parameter L_divn = 8, L_divr = 4)(
outputreg  [L_divn-1:0]  quotient,

output [L_divn-1:0]  remainder,

output carry, wi_is_0, w2_is_0,
input [L_divn-1:0]  word1, // Datapath for dividend
input [L_divr-1:0]  word2, // Datapath for divisor
input Load_words, Subtract, clock, reset

»
reg [L_divn -1: 0] dividen
i 0] divisor;
_divn-1:0] difference;

assign {carry, difference} = dlvldend[L divn-1: 0] + {{(L_divn -L_divr{1b1}},
~divisor{L_divr -1: O]} + 1't
assign w1_is_0 = (word
assign w2_is_0 = (word:
assign remainder = dividend;

always @(posedge clock, posedge reset) begin // Register/Datapath Operations

if (reset) begin divisor

else if (Load_words
dividend <= word1;
divisor <= word2;
quotient <= 0; end

else if (Subtract) begin /I Note sign extension below
dividend <= dividend[L_divn -1: 0] + 1'b1 + {{(L_divn -L_divr}{1'b1}},

~divisor{L_divr -1: O]};

0; dividend <= 0; quotient <= 0; end
) begin

I dividend <= dividend - divisor; Il alternative using built-in
2's complement arithmetic
quotient <= quotient + 1; end 1/ Use quotient +2 to test error detection
end
endmodule
End of Example 10.16

12The complete file and testbench for Divider_STG_0_sub are provided at www.pearsonhighered.com/ciletti.
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10.6.2 Efficient Division of Unsigned Binary Numbers

The machines in the previous section divide 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 perform several subtractions.
A basic architecture for a more efficient divider is shown in Figure 10-72. Its operations
parallel the commonly used manual steps that divide two numbers by (1) aligning the
divisor with the 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 implementation, the contents of the dividend 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 align the divisor and the dividend, depending on their relative size and on the
relative location of each word’s most significant 1 bit. Also, the dividend register must
be extended to the left by 1 bit to accommodate the possibility that the initial (decimal)
value of the aligned content of the divisor register exceeds the (decimal) value of the

Extra bit to accommodate initial
shift of dividend.

word1 word2
Load_words Y
Shift_dividend Datapath_Unit
Shifi_divisor
Subtract 0
| state_is_A_divr
01
Control_Unit dividend
Start ———
Ready <——{
Error «——
T quotient
gt | [oToTo[e oo e]o]
reset i
quotient remainder

FIGURE 10-72 Architecture for Divider_STG_I, a self-aligning divider for unsigned binary
words, with an 8-bit dividend and a 4-bit divisor.




Architectures for Arithmetic Processors 725

associated 4 bits of the dividend register, in which case we must shift a 1 from the MSB
of the dividend before subtraction can be performed. For example, to divide 1001, by
1010,, 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 8-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 dividend, the machine is aligned to subtract the largest possible product of the
divisor and a power of 2, thereby eliminating repeated subtractions when the divisor is
relatively small.

The machine is said to be self-aligning, because it automatically determines
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 approach that
would always initially align both words so that their MSB contains a 1 is inefficient
because it can require far more shifts than are needed. The approach 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 cases 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.,
1100, divided by 1110,) 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., 1100, divided by 0101,). 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 1-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 dividend word (excluding the extra bit). The physical location of the remainder
bits at the end of a division sequence depends 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_1,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 not 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 1-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
the maximum allowed shifts have occurred.
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Note: Asset Load_words to flush r,
value of quotient
reset Start && (word) ==0) && (word,
/Load_words

Start && (word2 == 0)

Start && (word 1= 0) && (word2!=0)
Max && Isign_bit Adocdeieonds

/ Subtract
IMSB_divr && Isign_bit
/ Shift_divisor

Max && sign_bit
MSB_divr

!MSB_divr && sign_bit

IMax && sign_bit
/ Shift_dividend

IMax && sign_bit

IMax && Isign_bit
/ Subtract

Max &d sign_bit

Max &d& !sign_bit
/ Shift_dividend

/ Subtract

FIGURE 10-73 STG for Divider_STG_I.a self-aligning divider.

Example 10.17

The testbench and Verilog description of a self-aligning divider, Divider_STG_1,
corresponding to the STG in Figure 10-73 are given below for an 8-bit dividend and
a 4-bit divisor. Note two features of Divider_STG_I: (1) the sign bit produced by the
subtractor controls the datapath (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 to the is i d. This feature elimil the
need for a separate comparator to implement the test to determine whether the
result of shifting divisor by 1 bit will divide into the 4-bit sub-word of dividend. In
this case, the value of comparison depends on whether divisor has been shifted
before the difference between dividend and divisor is formed. The sign bit of
comparison determines sign_bit. Alignment of dividend with divisor occurs in
S_Adivn. The datapath operations of subtracting and shifting occur in state S_div."*
The test patterns generated by the testbench are triggered by a de-assertion of
Ready. This feature was included, because the number of cycles needed to complete

a division seq is dat A fixed-cycle pattern would have
to the t for division, and use that delay for all pat-
terns, making the test much Ionger than necessary. The leslbench developed for this
model includes error for veri

module Divider_STG_1 #(parameter L_divn = 8, L_divr = 4)( // Choose L_divr <=

L_divn
output [L_divn-1: 0]  quotient,
output [L_divn -1: 0] remainder,
output Ready, Error,
input [L_divn -1: 0] word1, // Datapath for dividend
input [L_divr -1: 0] word2, // Datapath for divisor
input Start, clock, reset
)

wire Load_words, Shift_dividend, Shift_divisor, Subtract, state_is_S_Adivr;
wire  wi_is_0, w2_is_0, sign_bit, Max, MSB_divr;

Control_Unit M0_Controller (
Ready(Ready), Error(Error), .Load_words(Load_words),
Shift_ _dividend), .Shift_ t_divisor),
state_is_S_Adivr(state_is_Adivr),
Start(Start), .w1_is_0(w1_is_0), w2_is_O(w2_is_0), .sign_bit(sign_bit),
Max(Max), .MSB_divr(MSB_divr), .clock(clock), .reset(reset)

]
Datapath_Unit M1_Datapath (

), wi_is_O(w1_is_0), w2_is_O(w2_is_0),
_sign_bit(sign_bit), .Max(Max), .MSB_divr(MSB_divr),

.word1(word1), // Datapath for dividend

word2(word2), // Datapath for divisor

.Load_words(Load_words), .Shift_dividend(Shift_dividend),

_Shift_¢ ift_divisor), state_is_S_Adi :_is_Adivr),
.clock(clock), .reset(reset)

)
endmodule

13See Problem 28 at the end of the chapter for a modification to Divider_STG_1 that reduces the cycles
needed for division.
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module Control_Unit (output Ready, Error,
output reg Load_words, Shift_dividend, Shift_divisor, Subtract,
output state_is_S_Adivr,
input Start, wi_is_0, w2_is_0, sign_bit, Max, MSB_divr, clock, reset
%
parameter S_idle = 0, S_Adivr = 1, S_Adivn = 2, S_div =3, S_Ermr = 4, L_state = 3;
reg [L_state -1: 0]  state, next_state;
assign Ready =((state == S_idle) && !reset);
assign Error = (state == S_Err);
assign state_is_S_Adivr = (state == S_Adivr);

always @ (posedge clock, posedge reset)
if (reset) state <= S_idle; else state <= next_state;

always @ (state, Start, w1_is_0, w2_i
Load_words = 0; Shift_dividend =

0, sign_bit, Max, MSB_divr) begin
ift_divisor = 0; Subtract = 0; next_state

=S idle;
case (state)
S_idle: case (Start)
0: next_state = S_idle;
1 if (w2_is_0) next_state = S_Erm;
else i (‘w1_is_0) begin next_state = S_Adivr;
Load_words
else next_state = S_idle;
endcase

S_Adivr: case (MSB_divr)
0: if (Isign_bit) begin next_state = S_Adivr; Shift_divisor = 1;
end // can shift divisor
else if (sign_bit) begin next_state = S_Adivn; end // cannot
shift
divisor
1: next_state = S_div;
endcase

S_Adivn:  case ({Max, sign_bit})
2'b00: next_state = S_div;
2'b01: begin next_state = S_Adivn; Shift_dividend =
2'b10: begin next_state = S_idle; Subtract = 1; end
2b11: next_state = S_idle;
endcase

S_div: ({Max, sign_bit})

00: begin next_state = S_div; Subtract =

next_state = S_Adivn;

begin next_state = S_div; Subtract = 1; end
2'b11: begin next_state = S_div; Shift_dividend

endcase




default: next_state = S_Err;

end

endmodule

module Datapath_Unit #(parameter L_divn = 8, L_divr = 4, L_cnt = 4)(
/I Choose L_divr <= L_divn

output reg [L_divn -1: 0] quotient,

output [L_divn -1: 0] remainder,

output w1_is_0, w2_is_0, sign_bit, Max, MSB_divr,
input [L_divn -1: 0] word1, /I Datapath for dividend
input  [L_divr -1: 0] word2, // Datapath for divisor
input Load_words, Shift_dividend, Shift_divisor,

Subtract, state_is_S_Adivr,

input clock, reset

)]
parameter Max_cnt = L_divn-L_divr;
reg  [L_divn: 0] dividend; Il Extended dividend
reg [L_dive-1:0]  divisor;
reg [Lcnt-1:0]  num_shift_dividend, num_shift_divisor;

I/ Logic for status signals

assign MSB_divr = divisor[L_divr -1);

assign wi_is_0 = |(jword1);

assign w2_is_0 = !(jword2);

assign Max = (num_shift_dividend == Max_cnt + num_shift_divisor );

/1 Shift the i to for al shifts:

assign remainder = (dividend[L_divn -1 L_divn -L_divr] ) >> num_shift_divisor;

wire [L_divr: 0] comparison = ((MSB_divr == 0) && (state_is_S_Adivr))?
dividend|L_divn: L_divn - L_divr] + {1'b1, ~(divisor << 1)} + 1b1:
dividend[L_divn: L_divn - L_divr] + {1'b1, ~divisor{L_divr -1: 0]}

+1b1;

assign sign_bit = comparison[L_divr];

always @ (posedge clock, posedge reset) Il Register/Datapath operations
if (reset) begin
divisor <= 0; dividend <= 0; quotient <= 0; num_shift_dividend <= 0;
num_shift_divisor <= 0;
end
else begin
if (Load_words) begin
dividend <= word1;
divisor <= word2
quotient
num_shift_c dmdsnd
num_shift_divisor <:

end
if (Shift_divisor) begin
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divisor <= divisor << 1;

num_shift_divisor <= num_shift_divisor + 1;

end
if (Shift_dividend) begin
dividend <= dividend << 1;

quotient <= quotient << 1;

num_shift_dividend <= num_shift_dividend +1;

end
if (Subtract) begin

dividend [L_divn: L_divn -L_divr] <= comparison;

quotient(0] <= 1
end
end
endmodule

module test_| Dlvlder STG 10

pnramehrwcrd 1 max 255;
parameter word_1_mi

parameter word__ 2 mi
parameter max_time
parameter half_cycle =
parameter start_duration
parameter start_offset = 30;

parameter delay_for_exhaustive_patterns = 490;
0;

parameter reset_offset
parameter reset_toggl
parameter reset_duration = 20;

parameter word_2_delay = 20;
wire [L_divn -1: 0] quotient;
wire [L_divn-1: 0] remainder;
wire Ready, Div_zero;
integer word1; // dividend
integer word2; // divisor

reg Start, clock, reset;

reg [L_divn-1: 0] expected_quotient;
reg [L_divn-1: 0] expected_remainder;

wire quotient_error, rem_error;
integer k, m;
Il probes

wire [L_divr-1: 0] Left_bits = M0.M1.dividend(L_divn-1: L_divn -L_divr];
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Divider_STG_1 MO (

inder), .Ready(Ready), )
.word1(word1),

initial #max_time $finish;
initial begin clock = 0; forever #half_cycle clock = ~clock; end
initial begin expected_quotient = 0; expected_remainder

forever @ (negedge Ready) begin 11 Form expected values

#2 If (word2 = 0) begin expected_quotient = word1 / word2; expected_remainder
=word1 % word2; end
end
end
a

ign quotient_error = (Ireset & Ready) ? |(expected_quotient A quotient): O;
ign rem_error = (Ireset && Ready) ? [(expected_remainder A remainder): 0;

initial begin  // Test for divide by zero detection
#2 reset = 1;

#16 reset = 0; Start = 0;

#10 Start = 1; #5 Start = 0;
end

initial begin  // Test for recovery from error state on reset and running reset
#reset_offset reset = 1; #reset_toggle Start = 1; #reset_toggle reset = 0;
word1 = 0;

word2 = 1;

while (word2 <= word_2_max) #20 word2 = word2 +1;

#start_duration Start = 0;

end

initial begin  // Exhaustive patterns
#delay_for_exhaustive_patterns
word1 = word_1_min; while (word1 <= word_1_max) begin
word2 = 1; while (word2 <= 15) begin

#0 Start = 0;

#start_offset Start = 1;

#start_duration Start = 0;

@ (posedge Ready) #0;
word2 = word2 + 1; end /1 divisor pattern
word1 = word1 + 1; end /I dividend pattern
end
endmodule

End of Example 10.17




732

Advanced Digital Design with the Verilog HDL

Figure 10-74 presents simulation results for Divider_STG_I, illustrating the initial
alignment of dividend by the action of Shift_dividend. Based on the STG in Figure 10-73,
the machine correctly forms the quotient of 28,, = 0001_1011, by 8,3 = 1000,, giving a
quotient of 3;, with a remainder of 4,o. When Start is asserted, the machine loads
dividend and divisor,and moves to state S_Adivr, 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_Adivn to begin aligning dividend. With shift_dividend asserted for the
next three clocks, dividend (28,, = 0001_1100,) is shifted three positions to the left to

85092 85192 85292 85392 85492t
Name |\l e b i b biry
reset
clock LI iy
‘Aligning MSB of dividend
Ready |1 with MSB of divisor _ ———
Error
Load_words Mee—= mn
Shift_dividend [ L Z T 1 1 =
Shift_divisor
Subtract { v T T
state_is_S_Adivr I —
Start T ‘I —
wl_is 0
w2_is 0 T\
sign_bit / \J‘_l_\_l—\_
Max| T 1 / 1
MSB_divr | — T \
state[2:0 [ 2_) X1GX z )\‘3 2 0 T3 2
wordl 128)
word2 [T (8 X S
dividend[8:0] 0 S6)11: Y96 64 X 28 YS6 [
divisor(3:0] 7 X ]
Ready ——T 1 —
quotient[7:0] [ 2 X 0 1T X2X73 3 0
remainder(7:0] [ G T 3 2 GSTE G V) ANEW) S 3 62 §
expected_quotient[7:0] 4 X 3)
expected_remainder{7:0] 0 X (a) X T
quotient_error
rem_error

FIGURE 10-74 S;

imulation results for Divider_STG_1, dividing 28, by 84, with initial alignment
of dividend by the action of Shift_dividend.
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align its MSB with the MSB of divisor (8,5 = 1000,), producing for dividend a value of
1110_0000, = 224,. 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,; = 1100_0001, by 1,; = 0001, 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

Divider_STG_1 machine requires more between the and the
datapath than Divider_STG_0, but quotient and reminder are formed in only 18 cycles
instead of 193 cycles.
831724 831824 831924 832024 832124 t
Name I T S T ST
reset
clock ﬂ’q'Lan_rLrLru'u‘\_ru'u'u'LrLru-u-\_n_n
= 18 cycles —~
Ready 1 Aligning divisor —
Error
Load_words n_
Shift_dividend i — 1 - L——
Shifi_divisor \\{\ —
Subtract 0. e, B L —
state_is_S_Adivr \ \ 1 —
art g S

wi_is 0
w2_is 0
sign_bit

Max
MSB_divr

state[2:0)

word1
word2

dividend|8:0]
divisor(3:0)

Ready
quotient([7:0]
remainder{7:0]

expected_quotien(7:0]
expected_remainder(7:0]

quotient_error
“error

FIGURE 1075 Simulation results showing division of 193y by 2, and the initial alignment of divisor
with dividend by the action of Sifi_divisor.
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Start ] Xfer_Rem dividend
Ready <——|

Error <\ Control_unit

reset

10.6.3 Reduced-Register S ial Divider

A more efficient architecture for a divider exploits the fact that the contents of the div-
idend register are 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 for its final location in the reg-
ister, and (3) an overflow bit detects an invalid result.

The organization of the register shared by dividend and quotient is shown in
Figure 10-77. The register includes a 1-bit extension to accommodate an initial shift that
might be required to align dividend and divisor, and to hold the sign bit that is formed
by subtracting divisor from dividend. The register is extended on the right by 1 bit to

Extra bit to accommodate initial  EXtra bit to accommodate
shift of dividend first bit of quotient
\ wle walnﬂ /
Load_words __-\ ¥ ¥ 7
Shifi_dividend Datapath_unit /
Shift_divisor y
Sub_and_Shift 9 8 7 8 7

state_is_ShSub
wi_is 0 1

4% divisor Rec_Cir

E

num_shift_dividend

M
s L1 L1]

Rec.Cur_Max num_shifi_divisor

— [T

T

clock s——————— l l

quotient remainder

FIGURE 1076 _Architecture for Divider_STG_RR, a binary divider with reduced registers.
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L_divn L_divn — L_divr + 1
L_diva + 1 — L_diva — L_divr
Extra bit to
Extra bit to accommodate initial 1 accommodate first
shift of dividend and sign bit J bit of quotient
from subtraction 9 8 5 4 1.0

-—word]l —»
T AL
_dit 0

Divisor

'
! word2
—

o dividend
| e———— quotient ——

|
I
I
1
1
|
i
1
|
|
|
I
|

FIGURE 10-77_Register ization for Divider_STG_RR, a binary divider with reduced registers.

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.'

Example 10.18

module Divider_RR_STG #(parameter L_divn =8, L_divr =4 )(

/1 Choose L_divr _divn

output [L_divn -1: 0] quotient,

output [L_divr -1: 0] remainder,

output Ready, Error,

input [L_divn -1: 0] word1, // Datapath for dividend
input [L_divr -1: 0] word2, // Datapath for divisor
input Stant, clock, reset

%
Control_Unit MO_Controller (

_Ready(Ready), .Error(Error), .Load_words(Load_words),
Shift_dividend(Shift_dividend), .Shift_divisor, (Shift_divisor),
_Sub_and_Shift(Sub_and_Shift), .Subtract(Subtract),
Flush_divr(Flush_divr), .Xfer_Rem(Xfer_Rem), .state_is_ShSub(state_is_ShSub),
Start(Start), w1_is_O(w1_is_0), .w2_is_0(w2_is_0), .divr_is_1(divr_is_1),
_MSB_divr(MSB_divr), .sign_bit(sign_bit), .Max(Max),

'“The logic forming the status signals within the datapath is not part of the ASMD chart.
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.num_shift_divr_is_0(num_shift_divr_is_0), .Rec_Ctr_Max(Rec_Ctr_Max),

clock(clock), .reset(reset));
Datapath_Unit M1_Datapath (

.quotient, .remainder, .w1_is_O(w1_is_0), w2_is_O(w2_is_0), .divr_is_1(divr_is_1),
.MSB_divr(MSB_divr), .sign_bit(sign_bit), .Max(Max),
.num_shift_divr_is_O(num_shift_divr_is_0),
.Rec_Ctr_Max(Rec_Ctr_Max), .word1(word1), .word2(word2),
.Load_words(Load_words),
.Shift_dividend(Shift_dividend), .Shift_divisor(Shift_divisor),
.Sub_and_Shift(Sub_and_Shift),
.Subtract(Subtract), -Flush_divr(Flush_divr), Xfer Rem(Xfer Rem),
.state_is_Skt _is_ShSub), )):

endmodule

module Control_Unit (
output Ready, Error,
output reg Load_words, Shift_dividend, Shift_divisor, Sub_and_Shift, Subtract,
Flush_divr, Xfer_Rem,
output state_is_ShSub,
input Start, wi_is_0, w2_is_0, divr_is_1, MSB_divr, sign_bit, Max,
num_shift_divr_is_0, Rec_Ctr_Max, clock, reset

)

parameter L_state = 3;

parameter S_idle = 0, S_Adivr = 1, S_ShSub = 2, S_Rec = 3, S_Err = 4;
reg [L_state -1: 0] state, next_state;

assign Ready =((state == S_idle) 8& Ireset) ;
assign Error = (state == S_Err);
assign state_is_ShSub = (state == S_ShSub);

always @ (posedge clock, posedge reset) if (reset) state <= S_idle; else state
<= next_state;

always @ (state, Start, wi_is_0, w2_is_0, divr_is_1, MSB_divr, sign_bit, Max,
num_shift_divr_is_0, Rec_Ctr_Max)

begin
Load_words Shift_dividend Shift_divisor
Sub_and_Shift = 0; Subtract = = =0;
case (state)
S_idle: case (Start)
0: next_state = S_idle;
1 if (w2_is_0) next_state = S_Err;
else if (Iw1_is_0) begin next_state = S_Adivr;

Load_words = 1; end
else if (sign_bit) next_state = S_ShSub;
else next_state = S_idle;

default: next_state = S_Err;

endcase
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S_Adivr:  if (divr_is_1) begin next_state = S_idle; end else
case ({(MSB_divr, sign_bit})
2'b00: begin next_state = S_Adivr; Shift_divisor =

nd // can
shift
divisor
2'b01:next_state = S_ShSub; /l cannot
shift
divisor
2'b10:next_state = S_ShSub;
2'b11:next_state = S_ShSub;
endcase

S_ShSub: case ({Max, sign_bit})
2'b00: begin next_state = S_ShSub; Sub_and_Shift =
2'b01: begin next_state = §_ShSub; Shift_dividend =
2'b10: begin Subtract = 1; if ( num_shift_divr_is_0) next_state
=S_idle;
else next_state =
2'b11: if ( num_shift_divr_i idl
else begin next ¢ state = S_f Rec; Flush dlvr‘1 end
endcase

S_Rec: if (Rec_Ctr_Max) begin next_state = S_idle; end
else begin next_state = S_Rec; Xfer_Rem = 1; end

default : next_state = S_Erm;
endcase
end
endmodule

module Datapath_Unit #( parameter L_divn = 8, L_divr = 4,

L_Rec_Ctr =3, L_cnt =4, Max_cnt = L_divn - L_divr)(

output [L_divn quotient,

output [L_divr - remainder,

output w1_is_0, w2_is_0, divr_is_1, MSB_divr, sign_bit, Max,

output num_shift_divr_i ,

output Rec_Ctr_Max,

input word1, /I Datapath for dividend

input word2, /I Datapath for divisor

input Load_words, Shift_dividend, Shift_divisor,
Sub_and_Shift, Subtract,
Flush_divr, Xfer_Rem, state_is_ShSub, clock, reset

)

reg [L_divn +1: 0] dlvldend /I Doubly extended dividend

reg [L_divr-1: 0] divisor

reg [L_cnt-1:0] num_ shlﬂ dividend, num_shift_divisor;

reg  [L_Rec_Ctr-1:0] Rec_Ctr; /l Recovery counter
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wire  [L_divr: 0] comparison; /l'includes sign_bit
assign MSB_divr = divisor[L_divr -1];
assign wi_is_0 ;
assignw2_is_(
assign num_shift_ I(Jnum_shift_divisor);
assign quotien 1) && ( num_shift_divr_is_0))? dividend[L_divn: 1]:
(num_shift_divr_is_0) ? dividend[L_di jive : O]: dwldend[L divn +1: 0f;
assign remainder = num_shift_divr_is_0 ? (divisor == 1) ? 0
(dividend(L_divn: L_divn - L_divr +1]): divisor:
assign divr_is_1 = (divisor ==
assign Rec_Ctr_Max = (Rec_( C(r—
assign Max = (num_shift_dividend
assign comparison
(state_is_ShSub) ? dividend[L_divn + 1: L_divn - L_divr + 1] + {11,
~divisor{L_divr -1: 0]} + 1'b1:
MSB_divr ? dividend[L_divn + 1: L_divn - L_divr + 1] + {11, ~(divisor << 1)} + 1'b1:
dividend[L_divn + 1: L_divn - L_divr + 1] + {1'1, ~divisor[L_divr -1: O]} + 1'b1;

assign sign_bit = comparison]L_divr];

L_divr - num_shift_divisor);
Max_cnt + num_shift_divisor);

always @(posedge clock, posedge reset) Il Register/Datapath operations
if (reset) begin
dividend <= 0;
divisor <= 0;
num_shift_dividend
num_shift_divisor <=
Rec_Ctr<=0;
end
else begin
if (Load_words == 1) begin
dividend <= {1'60, word1[L_divn -1: 0], 1'b0};
divisor <= word2;
num_s shlﬂ dividend

Il use to down-cnt

if (Shift_divisor) begin
divisor <= divisor << 1;
num_shift_divisor <= num_shift_divisor + 1;

end
if (Shift_dividend) begin
dividend <= dividend << 1;
num_shift_dividend <= num_shift_dividend + 1;
end
if (Sub_and_Shift) begin
dividend <= {comparison]L_divr -1: 0], dividend [L_divn -L_divr: 1], 2610} ;
num_shift_dividend <= num_shift_dividend + 1;
end
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if (Subtract) begin
dividend[L_divn + 1: 1] <= {comparison{L_divr: 0], dividend [L_divn -L_divr: 1]} ;
dividend[0] <= 1;
end
if (Flush_divr) begin
Rec_Ctr <= 0;
divisor <= 0;
end
if (Xfer_Rem) begin
dividend[ L_divn - L_divr + num_shift_divisor + 1 + Rec_Ctr] <= 0;
divisor[Rec_Ctr] <= dividend] L_divn - L_divr + num_shift_divisor + 1+ Rec_Ctr];
Rec_Ctr <= Rec_Ctr + 1;
end
end
endmodule

End of Example 10.18

The simulation results for Divider RR_STG are shown in Figure 10-79, with
17710 177, divided by 510 5, giving a quotient of 35,, and a remainder of 2,,. The dis-
played waveforms include the status signals generated by the datapath unit.

10.6.4 Division of Signed (2s Compl ) Binary Numb

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. Other, more complex,
algorithms exist, but will not be considered here [1].

10.6.5 Signed Arithmetic

Ordinarily, 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 1995, only 32-bit integers are signed. Ver-
ilog 2001/2005 introduced several options for signed data types, ports, and functions
[14]. Tt 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 effect
that the data type of the port will be treated as a signed variable. Likewise, the value
returned by a function can be declared to be signed. Verilog 2001/2005 also supports
type casting operators $signed and Sunsigned. Care must be taken to ensure that the
results of operations and synthesis of code are done with attention to the issue of sign
extension [15].
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num_shifi_dividend + 1

dividend <=

dividend|L._divn +1: 1] <= [comparison|L._divr: 0}, dividend].

dividend <=0
divisor <=0
num_shift_dividend <=0
num_shift_divisor <=0

S_Err
/ Error

dividend < = {160, word1, 1'b0}

divisor <= word?2

num_shift_dividend <=0
visor

divisor <= divisor << 1
num_shife_divisor <= num_shifi_divisor +1

Rec_Crr<=0
divisor <=

dividend[L_divn + 1: 1]<= (comparison{ L_divr: 0), dividendlL_divn —L_divr: 1])
dividend[0]<=1
dividend <= dividend <<1
num_shift_dividend <= num_shift_dividend + 1
divisor[Rec_Ctr] lividendL_divn —L_divr + num_shift_divisor +1 + Rec_Ctr]
dividend|L_divn — L_divr +num_shift_divisor + 1+ Rec_Ctr] <=0

ec <= Rec_Ctr + 1

FIGURE 10-78 ASMD chart for Divider_STG_RR.
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FIGURE 10-79 Simulation results for Divider_STG_RR a binary divider with reduced registers.
The model is efficient in its use of hardware and in its execution time.

Example 10.19

module Add_Sub (
output signed [63: 0] sum_diff;
input signed [63: 0] a, b;
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function signed [64: 0] sum;

endmodule

End of Example 10.19
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. 'The 4-bit multiplier shown in Figure 10-13 can be modified to exploit a 4-bit carry

look-ahead adder instead of a ripple-carry adder. Compare the performance and
area of the two models.

Modify the models for Multiplier_STG_0 1o terminate its activity if the multiplier
or the multiplicand is O (see Example 10.2).

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 controller.
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Modify Multiplier_STG_0 and Mudtiplier_STG_I (see Example 10.1) to terminate
at any intermediate state if the multiplier is empty. Synthesize and compare the
area of the new machine to that of the baseline machine.

The description in Mulriplier_ASM_0 (sce Example 10.3) asserts Ready one cycle
after asserting Done, and is efficient when the data word for the multiplier is 1. but
does not treat the special case in which the data word for the multiplicand is 1.
Modify the ASMD chart of Multiplier _ASM_0 to form a chart for a machine that
does not waste clock cycles when the data word for multiplicand is 1.

Develop logic to terminate the activity of multiplication in Multiplier_RR_ASM
as soon as the subword corresponding to the shifted multiplier is empty of s (see
Example 10.5).

Design and verify Multiplier_IMP_Alternative. an alternative sequential multi-
plier obtained by embedding the datapath operations within the implicit state
machine behavior that implements the controller. Use Multiplier IMP_I (see
Example 10.6) as a starting point for your design.

Develop and verify Multiplier_Booth_STG_I. a Booth multiplier that is pat-
terned after Multiplier_STG_I (see Example 10.2).

Develop and verify Mudtiplier_Booth_ASM_0. a Booth multiplier that is pat-
terned after Multiplier_ASM_0 (sce Example 10.3).

Develop and verify Multiplier_Booth_ASM_1. a Booth multiplier that is pat-
terned after Multiplier_ASM_I (see Example 10.4). with parameterized word
length.

. Develop and verify Mulriplier_Booth_RR_ASM.a Booth multiplier that is pat-

terned after Multiplier_RR_ASM (see Example 10.5). (Hint: Consider the role
of an arithmetic shift operation for sign extension. Select a set of data that
demonstrates a significant reduction in clock cycles to multiply 16-bit words.)

. Develop and verify Multiplier_Booth_IMP_I. a Booth multiplier that is pat-

terned after Multiplier_IMP_I (see Example 10.6). Verify that the machine
resets correctly from any intermediate state.
‘Write the Booth code for the multiplier word shown in Figure P10-13:

Oaonnonae

=TT

FIGURE P10-13

. Develop and verify Multiplier_Radix_4_STG_I, a modified Booth multiplier

using radix-4 encoding that is patterned after Multiplier_STG_I (see Example
10.2). Use the testbench given at the companion Web site to conduct exhaustive
verification.

. Develop and verify Multiplier_Radix_4_ASM_0, a modified Booth multiplier

using radix-4 encoding that is patterned after Mulriplier_ASM_0 (see Example
10.3). Use the testbench given at the companion Web site to conduct exhaustive
verification.
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Develop and verify Multiplier_Radix_4_ASM_1,a modified Booth multiplier using

radix-4 encoding that is patterned after Multiplier_ASM_I (see Example 10.4). Use

the testbench given at the companion Web site to conduct exhaustive verification.

Develop and verify Mulriplier_Radix_4_RR_ASM, a modified Booth multiplier

using radix-4 encoding that is patterned after Multiplier RR_ASM (see

Example 10.5). (Hint: Consider the role of an arithmetic shift operation for sign

extension. Use the testbench given at the companion Web site to conduct

exhaustive verification.)

Develop and verify Multiplier_Radix_4_IMP_1, a modified Booth multiplier

using radix-4 encoding, that is patterned after Multiplier_IMP_I (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.

. The machine Multiplier_Radix_4_STG_0 has a default state assignment that
directs the state 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.

. The machine Multiplier_Radix_4_STG_0 has a simple binary coding of the con-

troller’s state (see Example 10.12). Develop and verify a modified machine with

2 one-hot code, and compare the results of synthesizing both designs.

Develop and verify Multiplier_Radix_4_STG_I, a more efficient version of the

bit-pair encoding multiplier described by Multiplier_Radix_4_STG_0 that uses

additional logic to eliminate needless computation when word! or word2 is 0 or 1

(see Example 10.12).

. Write a testbench to exercise all of the state transitions of Divider_STG_0 in
Figure 10-56.

. Using the testbench rest_Divider_STG_0 (given at the companion website),
verify the features of Divider_STG_0 that were specified in Example 10.13.

. In Example 10.14, Divider_STG_0 forms remainder, Error, and Done as combina-
tional outputs by continuous assignment statements. This may lead to a higher
than necessary signal activity because remainder has needless intermediate transi-
tions while quotient 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 quotient, Error, and Ready as registered
outputs.

In Example 10.14 Divider STG_0, an attempt to divide by 0 drives the state to

S_err, where the machine remains until reset is asserted. Develop an STG for an

alternative machine that recovers from S_4 when Start is asserted. Develop and

verify a Verilog description of the alternative machine.

The divider described by Divider_STG_0 in Example 10.14 asserts Ready when

the machine enters S_3. An external agent that is using Ready to determine

whether quotient is valid must wait until the next clock cycle to read quotient (i.e.,

the agent reads quotient at the second clock after it is formed). However, there

are conditions in which quotient is formed sooner. Modify the STG shown in

Figure 10-67 so that Ready asserts as soon as quotient is valid, and modify

Divisor_STG_0 to form an alternative machine that implements the STG (i.e.,

allows an external agent to read quotient at the first clock cycle after it is formed).

The machine described by Divider_ STG Iin Examplc 10.16 cannot be synthe-

sized because uses a (i.e., during simula-

tion) shift operation. Develop a i by (1)




Architectures for Arithmetic Processors 745

the machine’s STG to accommodate an additional state in which the reminder
is adjusted, (2) developing and verifying the Verilog model of the machine, and
(3) verifying that the synthesized machine’s behavior matches that of the
behavioral description.
28. The self-aligning divider described in Example 10.16 (Divider_STG_I) has a
more efficient alternative (speedwise) in which 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 alternative machine. Examine and discuss whether
the architecture could have an overflow condition.
‘The self-aligning divider described in Example 10.16 (Divider_STG_I) has a
more efficient (registerwise) alternative in which the bits of the quotient are
loaded into the trailing end of the register, holding the dividend as the dividend
is shifted. Note that in Divider_STG_I the operations of shifting and adding
occur in different clock cycles. Be aware that if the shift and subtract operations
are not combined in the same clock cycle, a data configuration might cause an
overflow condition in which the quotient bit formed by subtraction would be
targeted to occupy 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 develop
and verify a Verilog description of the machine.
30. Compare the speed and area of a synthesized 4 X 4 array multiplier to that of a
sequential multiplier.

29.

2

31. The Venlog descr tion of Dlwder STG_0 (ace Example 10.14) shows alterna-
tive of each version of the model and
compare the results.

32. Synthesize and compare Divider STG 0 and Divider STG_0_sub (see

Example 10.14) to ine whether the from the
architecture results in a more efficient implementation.

33, Careful examination of the simulation results in Figure 10-72 reveals that
Divider_STG_I wastes a clock cycle before and after aligning the dividend.
Develop and verify an machine that climinates the wasted clock cycles.

34. The subtraction in Divider_STG_0 (see Example 10.14) can be written directly as
Dividend - Divisor, to exploit the built-in 25 complement arithmetic of Verilog.
Conduct an experiment to delerrnme whether your synthesis tool synthesizes the

w
@

. Modify the machine Dlvnier STG 1 (se: Example 10.16) to detect an attempt
to divide by 1, allowing the machine to have higher throughput.

36. The machine Divider_STG_RR (see Example 10.17) asserts Ready when the

state returns to S_idle after completing a division. Explore the possibility of

asserting Ready sooner, allowing the machine to have higher throughput.

‘The machine Divider_STG_RR (see Example 10.17) detects an attempt to

divide by 1 in state S_Adivr. Explore the possibility of detecting a divide by 1 in

state S_idle, allowing the machine to have higher throughput.

Determine whether the descriptions given by Divider_STG_0, Divider STG__

0_sub, Divider_STG_I, and Divider_STG_RR are synthesizable models. Mod-

ify any machine that cannot be ized so that it can be

Using a feedforward cutset for the 4 X 4 binary multiplier shown in Figure 10-14,

develop and verify a balanced one-stage pipelined implementation of the

cireuit.

37.

9

38.

&

39.

b
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40.

&

41.

42.

S

43.

44.

B

Using a feedforward cutset for the 8 X 4 binary multiplier shown in Figure P10-40,
develop and verify a balanced one-stage pipelined implementation of the circuit.
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 form the 4 X 4 product in a syn-
chronous environment with memory.

Identify the computational wavefronts of the systolic array in Figure P10-40,
and develop a reservation table (see Table 9-1) that utilizes the maximum num-
ber of processors that could execute currently to form the 8 X 4 product in a
synchronous environment with memory.

A carry-select (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 offers a speed imp 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, rather than after the carry has arrived.

a. Develop suitable low-level cells (with hypothetical propagation) delays, 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 P10-43. Use the
supply0 and supplyl 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.

. Develop and verify the circuit using a nonexhaustive testbench 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 testbench that includes a 6-bit behavioral adder and

compares its output to that of the carry-select adder (at suitable times). Use an

exclusive-or scheme to generate a test_results_message that the circuit operates
correctly or not. (Note: Do not generate hard copy of the exhaustive simula-
tion.) This scheme should exploit the $display 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 $monitor tasks executes when its argument has an event. If the $monitor

task is used instead of Sdisplay. the comparison of the two responses will

repost errors until the output of the gate-level adders stabilizes.)

o

o

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 digits, and
the remaining keys are used for the following functions: Enter_data, addition,
subtraction, multiplication, division, and decimal point. The calculator is to have
a 10-digit display.

. Develop, verify, and ize an eight-stage finite-duration impulse response

(FIR) flter for a 16-bit datapath in 2s complement format (see Figure 9-23). Each
multiply and accumulate (MAC) unit is to use a Booth sequential multiplier and
a two-stage pipelined adder. Determine the maximum clock frequency at which
the data sequence can be supplied to the circuit and the frequency of the internal
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FIGURE P10-43

clock that 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 MAGs.

Develop, verify, and synthesize a balanced one-stage pipelined FIR with eight
stages and a 16-bit datapath in 2s complement format (see Figure 9-23). Each
MAC unit is to use combinational multipliers and adders. Determine the maxi-
mum throughput of the pipelined circuit.

Compare the results produced by simulating and syntheisizing the following
alternative models of signed and unsigned arithmetic (i.¢., compare functionalilty
and area):

module adder_1 (output [3: 0] sum, input [2: 0] a, b);
assign sum = {a[2], a} + {b[2], b};
endmodule

module adder_2 (output signed [3: 0] sum, input signed [2: 0] a, b);
assign sum =a +b;
endmodule

module adder_3 (output [3: 0] sum, input [2: 0] a, b, input c_in);
assign sum = {a[2], a} + {b[2], b} + c_in;
endmodule

module adder_4 (output signed [3: 0] sum, input signed [2: 0] a, b, input
c_in);
assignsum=a+b +c_in;

endmodule

module adder_5 (output signed [3: 0] sum, input signed [2: 0] a, b, input
c_in);
assign sum = a + b + $signed(c_in);

endmodule

module adder_6 (output signed [3: 0] sum, input signed [2: 0] a, b, input
c_in);
assign sum = a + b + $signed({1'b0,c_in});

endmodule




aurrern  Postsynthesis Design Task:

The design flow of an application-specific integrated circuit (ASIC) includes tasks for
postsynthesis design validation, timing verification, test generation, and fault simulation."
Design validation confirms that the of the hesi: gate-level netlist
matches that of the register transfer level (RTL) model from which it was synthesized.
Timing verification checks whether a physical implementation of the design meets timing
specifications, and it determines the maximum frequency at which the clock of a synchro-
nous circuit can operate. Test generation develops stimulus patterns that wnll delem the
presence of a pi induced fault in the i circuit. Fault si

how well a set of stimulus patterns exposes the faults that could be in the circuit.

Validat:

11.1 Postsynthesis Design V

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: formal methods and simulation.
Formal 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 belween lhe funcliunaljty of the RTL model and
the gate-level netlist. The ofa 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.

!See Figure 1.1.
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There are several potential sources of simulation mismatch between RTL and gate-
level models of a circuit. The gate-level 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 frequencies, 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 are propagated in the simulation of the
gate-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
ach|eve ummg margms that eliminate the mismatch between the circuits.

can occur if the ing style allows software race conditions
in a sequential machine. In general, software race conditions exist when multiple cyclic
behaviors in a Verilog model make simultancous assignments to the same variable. The
order in which multiple cyclic behaviors are executed by a simulator is indeterminate, and
there is no simulator-independent way to determine 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 T produces race-free logic in such machines by using use nonblocking (<=)

in sensitive cyclic . and blocked (=) assignments in level-
sensitive bchavmrs and by having no variable simultaneously referenced and assigned
value by multiple blocked assignments.”

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.” 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 [1]. The RTL models Latch_Race_I 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 [1] for further discussion of simulation mismatch in design validation.
*A node is a reconvergent fanout node if there are multiple paths to it through combinational logic from
some other node.
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FIGURE 111 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 depends on the order in which the statements are
evaluated; the race condition in the physical circuit depends on the relative delay between the
cnabling input and the datapath through the device. This style of design should be avoided.

explain the sequence of events and evaluations that correspond to the observed
waveforms.* The simulation results in Figure 11-1(b) show that D_out I and
D_out_2 differ. The models synthesize to the same structure, a hardware latch with
D_in connected to the data and enable inputs of the latch. These examples demon-
strate the danger of having a race between the datapath and the enabling signal of a

“The simulator evaluates the second cyclic behavior before the the first cyclic behavior.
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latch. For illustration, we have introduced hypothetical delays in Latch_Race_3 and
Latch_Race_4. These models also synthesize to a latch-based circuit with D_in
connected to the data and enable inputs. The physical circuit will have propagation
delay, and depending on the relative magnitude of the delays from the inputs to
the outputs, will produce waveforms like those shown for D_out_3 and D_out_4.
Simulation mismatch is evident in the waveforms.

module Latch_Race_1 (output reg D_out, input D_in);
reg En;
always @ (D_in) En = D_in;
always @ (D_in, En) if (En

1/ D_in triggers second behavior, with residual En (Enabled-low)
1/ D_out is scheduled to get D_in (1)

J/ First behavior is triggered by D_in

/I En'is updated (1)

JI Second behavior is triggered by En

/I D_out is latched, so no change is scheduled

1 Scheduled value of D_out is assigned (1)

endmodule

0) D_out <= D_in;

module Latch_Race_2 (output reg D_out, input D_in);
reg En;

always @ (D_in, En) if (En == 0) D_out <= D_in;

always @ (D_in) En = D_in;

/I Second behavior is triggered by D_in changing (0 to 1)

JI En is updated (1)

JI Second behavior is also triggered by D_in, with updated En value (1)
11 D_out is latched, so no change

n" of D_out_2 is consi with this

endmodule

module Latch_Race_3 (output reg D_out, input D_in);
wire En;
buf #1 (En, D_in);
always @ (D_in, En)
if (En ) D_out <= D_in;
endmodule

/I Change in D_in schedules delayed change in En

I/l Change in D_in schedules change in D_out

11 D_out is updated

/I Delayed change in En triggers cyclic behavior, but En has

11 D_out latched.

/1 D_out_3 should exhibit change of D_out_3 coincident with D_in

module Latch_Race_4 (output reg D_out, input D_in);
wire En, D_in_del;
buf #2 (D_in_del, D_in);
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buf (En, D_in);
always @ (D_in_del, En)
if (En == 0) D_out <= D_in;
endmodule

End of Example 11.1

11.2 Postsynthesis Timing Verification

Postsynthesis timing verification is necessary because functional verification with
RTL models does not consider propagation delays, does not verify that hardware
timing constraints are met, and does not verify that performance specifications for
input-output (I/O) timing are met. 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 the resistance
and parasitic capacitance of the interconnect 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 netlist produced by the synthesis tool cannot account
for those delays accurately. Estimates of the actual delays are used. The actual values
of the resi and i of the i must be d from the
layout and used to back-annotate the delay models of 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 physical/operational con-
straints of the storage devices in the chip. The critical path and the paths whose
lengths (in time) are close to that of the critical path must be verified to satisfy the
timing constraints. Timing verification must consider the propagation delays of gates,
the interconnect between gates, clock skew, /O timing margins, and device constraints
(e.g., setup, hold, and clock pulsewidth 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 flip-flop is violated, the flip-flop may
enter a metastable state (see Chapter 5).

‘Timing verification uses models of the devices and the interconnect in a cn'c\nl to
analyze its timing and to whether timing and
input-output timing specifications are met in the physical design (prelayout and post-
layout). Timing verification can be achieved directly, by simulating the behavior of a
circuit and confirming that hardware constraints and performance specifications are

SMore recent developments in EDA tools seek to improve timing closure by making routing information
available to the synthesis engine. See www.cadence.com.
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TABLE 11-1 A comparison of methods for timing verification.

Approaches to Timing Verification
Dynamic Static
Method Simulation Path analysis
Needs Test Vectors Yes No
Coverage Pattern-depends Pattern-i
Risk Missed alarms False alarms
Min-Max Analysis Disconti Yes
Couple with Synthesis Not feasible Yes
CPU Run time Days/weeks Hours
Memory Use 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 are referred to as dynamic timing
analysis (DTA) and static timing analysis (STA), respectively [2,3). Table 11-1 compares
features of dynamic and static timing analysis.

DTA uses , gate-level, and switch-level models of a circuit to simulate
and analyze its i paths; i level models are si with analog simu-
lators.” STA uses the same models as DTA, but creates a directed acyclic graph (DAG)
of the circuit by i and i ing 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 alarms (i.e., fail to detect and report a timing violation). DTA is pattern-dependent,
so the stimulus patterns used to exercise the circuit might not exercise the longest path.
Developing a robust set of stimulus patterns to verify timing is difficult and impractical for
today’s large, complex circuits. On the other hand, STA, which exhaustively considers all
possible topological paths of a circuit, may generate false alarms 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 information about the delays of the routed
interconnect. Failure to achieve timing closure requires resynthesis and/or re-placement
and routing of cells, and incurs additional cost. Some synthesis tools address the problem

“Analog simulation is time consuming, and usually done to verify only the critical paths of a high-performance
circuit.
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FIGURE 112 An SoC approach to design integrates on a single chip intellectual property from
several sources.

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 SoCs with millions
of gates is feasible.

11.2.1 Static Timing Analysis

Our 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 circuit (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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FIGURE 11-3 A logic circuit and its timing DAG.

End of Example 11.2

A circuit may have four types of timing paths: (1) paths that originate at a primary
input and terminate 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 terminate 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 inati called tpoints and endpoints, as shown in Figure 11-4.

‘Combinational
logic

(@ Input port to register data terminal
@) Register to register

(@ Register to output port
(@ Input port to output port

FIGURE 11-4_Startpoints and endponts of signal paths for timing analysis in a t.
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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 at 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 DAG 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 propagation delays.

11.2.2 Timing Speciﬁcntions

P icati may in the offsets of signals at the interfaces of a
circuit with its envlrcnmem and may constrain the delays of internal paths.® 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 fully 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 ummg analyzer uses the speclﬂed

int, finput_delays 1O ine the timing margin, denoted by finput_margin in
Flg\lre 11-5, between the arriving signal and the next active edge of the clock.
finput_margin determines the time available for the amvmg signal to pass througb 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 specifies the latest 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 fouiput_delay 10 calculate

clock = S —

FIGURE 11-5_Input delay constraint

*Path constraints influence the time required for a synthesis tool to converge on an implementation that
satisfies the constraints; path constraints also influence the placement of logic within an FPGA. A design
targeted to an FPGA should be synthesized initially without timing constraints and without pin assignments,
to determine whether the design fits within the selected part.
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FIGURE 11-6_Output delay constraint.

toutpur_margin» 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 inp tput (pad to pad) int applies to a path whose startpoint is
a primary input and whose endpoint is a primary output. The I/O delay constrains
the maximum timing length of a combinational path between a primary input and a
primary output.

A cycle time (period) constraint specifies the maximum period of the clock of a
synchronous circuit, and applies to the paths between registers. The constraint specifies
the period of a named clock. A timing analyzer might also allow specification of the
duty cycle and offset (skew) of the clock waveform. If a circuit has multiple independent
clock domains,” the paths are grouped with the clock that synchronizes the storage
elements in the domain, as shown in Figure 11-7. Paths whose endpoints are not the data
input of a storage device are placed in a default group.

Combinational Combinational
logic logic

(D Group for Clk_1
(@) Group for Clk 2

Default group

FIGURE 11-7_Path groups fora ircuit with multiple clock domains.

“Timing analyzers may detect clocks that are derived from the same source (i.e., dependent clocks), but we
will not 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 calculated
for both rising and falling edge transitions by back-tracing from the endpoint of the
path to its startpoint, accumulating the propagation delays along the path. Paths are
sorted by their length and verified to meet I/O 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 reported as a (min:max) range too.

Verification of an input i the setup time of the sequential
device at the endpoint of the path. Likewise, an output constraint is verified by con-
sidering the clock-to-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 at 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 elements will determine the minimum
period 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.

Primary
outputs

Primary
inputs

Combinational
ogic

—

Bclwnmﬂs

FIGURE 11-8 The side inputs of the gates along a statically sensitized path must not block
ion of a signal through the gate.
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11.2.3 Factors That Affect Timing

In a typical hy circuit, signals propagate from a source register to a destination
register through combinational logic as shown in Figure 11-9. The delay along the path is
aresult 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 physlcal gates and nets that are attached to the output of a gate add to its
intrinsic thereby i the ion 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
fanout 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: (1) the sum of the functionally appropriate delay values through

Fan-out
loading

Clock jitter / : > = g
dkt0-Q capacitance W
g = o |

FIGURE 11-9 Factors affecting the timing of a synchronous circuit.

10The intrinsic delay is that which the gate exhibits independently of any fanout loads.
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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 exist 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 synchronous machine:

tak_w Delay between the active edge of the clock and the valid output
of a flip-flop synchronized by the clock.

feomb_max  LoOngest path delay through combinational logic.

tystup Setup time of a flip-flop driven by the combinational logic.

tkew Clock skew.

The delay Zcomp_, max depends on the intrinsic gate delay, slew, and loading due to fanout
and routing Tn deep icron designs (i.e., those with physical
dimensions <.18 um), the i delay is consi 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: feomp_max < Teiock ~ felk_to_output ~ fsetup ~ Iskews OF setup_time_margin > O
where fiewp time_margin = Tetock — felk_to_.Q ~ fsetup ~ Iskew — fcomb_max- The circuit has a
cycle-time violation if fserup_time_margin = 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: fcomb_min > thotd ~ Lelk_to_output
fikews OF Thold_time_margin > O, WHEre fnoid_time_margin = Zeomb_min ~ fhold + Lelk_to_outpur —
Igew- This prevents a race 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.'!
A change in the value of the signal at the startpoint of the path must not arrive too soon at
the register at the endpoint.

‘The relationship between the clock period Tk 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.

e -
'

fomo e ——— _| |

Leruy
Lelk_to_output ¥

FIGURE 11-10 In a skew-free circuit the clock period must satisfy the constraint:
tock > ek 1o oupu * feomb max + lserup-

""Note that minimum path delays are used in the hold-time constraint.
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FIGURE 11-11_Skew introduces ambiguity in the location of the clock edge.

The clock period must be greater than the sum of: the clock-to-output delay, the maxi-
mum delay of the combinational path, and the setup time of the endpoint (assumed to
be a flip-flop). The slack, f ok, Of a path is the difference between the clock period and
the delay of the path. If fy,c = 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 (RC 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: Lok > falk_to_output + Leomb_max T Lsetup + Iskew-

; T q
| ]
rwmh,m;x—-q | e

elc_to_output

FIGURE 11-12 The period of the clock must be increased to compensate for skew, and must satisfy the
constraint: Teioek > feik to_output F feomb max * fsetup * Lcew-
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FIGURE 1113 Buffers in a clock path increase the skew of the clock at its

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 Txew < Tetock — Leik to_output — Leomb_max — setup-

Example 11.3

The shift register in Figure 11-14(a) is shown with unbalanced buffer delays on the
clock distribution net. The simulation results in Figure 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 11.4

The clock divider in Figure 11-15(a) creates clock_by_2 from clock, but the delay of the
buffer skews clock_by_2 relative to clock. The recommended circuit [5] in Figure 11-15(b)
delivers a common clock to the flip-flops and eliminates a buffer.

End of Example 11.4

Clock distribution networks for ASICs must be designed carefully to achieve
short transition times and to minimize the effect of skew. Equalizing the delays from
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FIGURE 11-14 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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FIGURE 1115 Alternative circuits that implement a clock divider: (a) clock_by_2 will have skew
relative to clock and (b) a common clock izes both flip-flops, without skew.

Clk i

FIGURE 11-16 A clock tree balances the delay from the source of a clock signal to its

clock will occur later than the edges that are closest to the source. Clock trees (also
called H-trees) are designed to balance the delays through the tree and to reduce the
peak currents at the load stage [4]. The trees of multiple clocks should be routed to
have similar loads to minimize the 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 far 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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clock_1

FIGURE 11-17 The skew between two signals in a design can be monitored by a testbench to
detect a violation of a maximum skew constraint.

11.3 Elimination of ASIC Timing Violati

Table 11-2 summarizes options that can be ised to i timing violations in
an ASIC. 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 critical 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 flip-
flops having shorter setup and hold 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. . . else by case might lead to parallel logic;
state codes might be changed (e.g., use one-hot coding), with the result that the synthe-
sized circuit is faster.

There are fewer structural options for eliminating timing violations in a field-
programmable gate array (FPGA), because its architecture is fixed. However, FPGAs
include fast carry logic (to improve timing margins) 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 eliminating timing violations in an ASIC.

Elimination of ASIC Timing Violations

Action Effect
Eliminates the violation, constrained by
performance specfication:
Reroute critical paths Reduced net delays
Reduced device delays and improved
setup and hold margins
Redesign the clock tree Reduced clock skew
Reduced path delays
(c.g. carry look-ahead vs. ripple carry)
Reduced path delays
(e.g.,pipelining)
Change technologics Reduced device and path delays

Lengthen the clock cycle

Resize and substitute devices

Substitute a different algorithm

Substitute architectures
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are rich in registers, so pipclining is an attractive option for increasing the throughput
of multilevel combinational logic. 1/O flip-flops 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 I/O and internal timing constraints.
If the constraints cannot be met for a given device the only option is to lengthen the
clock period or substitute a device that has a higher-rated clock frequency.

Error-free synchronous operation is the initial focus of timing verification. Setup

ints, hold ints, and pi i ints are imposed on the design by
the physical storage elements. Constraints on the clock skew are imposed by the inter-
play of the setup constraints, the longest path delay, 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 itions, for example. Testb: 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. . . else 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 smaller and faster circuits, but if. . . else statements offer more flexibility, imple-
ment priority logic, and might be needed to accommodate late-arriving signals. Nested
if . . .else and nested case statements synthesize to multiple levels of logic, which
might compromise performance.

11.4 False Paths

Not all physical paths in a circuit can be exercised. Static path analysis can produce a
false alarm if the tool ignores the true functionality of a path.

Example 11.5

The path In_I-w0-wl-w2-Out_0 in Figure 11-18 cannot be sensitized, because the
conditions that sensitize the path through the gates that drive w0 and w1 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 /n_2 has two paths to w2, a condition known as
reconvergent fanout. When a circuit has reconvergent fanout the path through the gate
at which the signal reconverges might not be statically sensitizable, because the side
inputs of the gate cannot be sensitized independently of the signal that is to propagate
through the gate.
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FIGURE 11-18 The path /n_I-w0-wl-w2-Out_0 in cannot be statically sensitized.

End of Example 11.5

The delay of a topological path may be reported incorrectly if the analysis does
not account for the polarily of signal transitions along the path. In general, merely
addmg lhe mmmum or minimum delay values of the gates along a path may produce
a Iculation of the i or mini path delay and lead to wasted
effort 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 gates, the maximum rising delay is t,u,,y rising = 15.
Considering the polarity of the transitions gives fpax_rising = 5 + 3 + 5 =

End of Example 11.6

Min_rising delay Max_falling delay
Max_rising delay ~ Min_falling delay

[3:5,23) [3:5,23] [3:5.23]

N -

FIGURE 11-19 The maximum delay of a rising edge transition through the inverter path must
account for the polarity of the signal transitions along the path.
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FIGURE 11-20 A circuit with false paths.

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 tool.

Example 11.7

The controlling signals of the ip that steer the in Figure 11-20 are
not independent of each other. Two false paths cannot be exercised. The maximum
topological delay through the circuit is #gpoiogical = 30 + 30 = 60, but the maximum
functional delay £y, = 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.'

"*Timing checks that are specific to a device are usually included in the standard cell library model of the
device by including a specify . . . endspecify block in a module.




Advanced Digital Design with the Verilog HDL

11.5.1 Timing Check: Setup Condition

An edge-triggered flip-flop will not operate correctly if the data at its input is not
stable for a sufﬁuem time before and after the active edge of the clock. Setup and hold
times are logic- ints on the ion of storage el System failure
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 clock. The system task for detecting violations of the setup time
of a device has the following syntax: $setup (data_event, reference_event, limit).

A setup time violation occurs when data_event is unstable within the specified
time limit relative to the reference_event. In practice, data must be stable before the
active edge of the clock of a flip-flop.

Setup-time violations are cause by paths that are long relative to the clock cycle.
The delays that contribute to the late arrival of the data must be reduced, or the clock
period must be increased to eliminate the timing violation (see Table 11-2).

Example 11.8

Figure 11-22 shows the waveforms of sys_clk, sig_a, and sig_b. Note that sig_a satisfies
the setup timing constraint, but sig_b does not. The timing check would be activated by
the tasks $serup (sig_a, posedge sys_clk, 5) and $setup (sig_b, posedge sys_clk, 5); the
latter check would report a timing violation.

End of Example 11.8

11.5.2 Timing Check: Hold Condition

For correct operation of a flip-flop, the data at its input must be stable for a sufficiently

long time after the active edge of its clock. A hold violation occurs if the datapath to the

flip-flop is so short 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 flip-flop at the endpoint of the path.

Figure 11-23 shows the hold m(erval in which the data pﬂlh of a flip-§ ﬂop must be slab]e
Short paths through logic are by

tools to reduce the slack and meet timing constraints. It is desirable to achieve balance

Clock

| I L
\

FIGURE 11-21 The data of a flip-flop must be stable during the setup interval located ahead
the active edge of the clock.

Setup interval
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FIGURE 11-22 The setup time constraint on sys_clk requires sig_a and sig_b to be stable during
the setup interval located ahead of the active edge of the clock. sig_b violates the setup constraint.

Clock

S I Sy B
\ Hold interval /

FIGURE 1123 The data of a flip-flop must be stable during the hold interval located after
the active edge of the clock.

in a design, so that paths are not faster or slower than necessary. Needlessly fast paths
waste silicon area.

‘The system task for detecting violations of the hold time of a device has the follow-
ing syntax: $hold (reference_event, data_event, limit). A hold time violation occurs when
data_event is unstable within the specified time /imit relative to the reference_event.

Example 11.9

For the waveforms in Figure 11-24, sig_a is not stable during the hold interval of sys_clock.
A timing violation would be reported by the task $hold (posedge sys_clk, sig_a,5).

End of Example 11.9

11.5.3 Timing Check: Setup and Hold Conditions

The timing task $sefuphold monitors for violations of both setup and hold constraints
between a reference_event and a data_event, according to the syntax: $setuphold
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FIGURE 11-24 _The hold time constraint on sys_clk is violated by sig_a.

(reference_event, data_event, setup_limit, hold_limit), where reference_event is the edge
transition that synchronizes the device.

Example 11.10

In Figure 11-25 sig_a and sig_b satisfy both the setup and hold constraints.

End of Example 11.10

setup_limit —>)  l+— —>| |« hold_timit
Vo |
|

e X LV

s X N

FIGURE 11:25 The setup and hold constraints are satisfied by sig_a and sig_b relative to 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 $width (reference_event, limit) will detect a violation of the minimum
pulse width (typw). For example, the task $width (posedge clk,4) will detect a violation
if the interval between a positive edge of c/k 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 11.11

‘The minimum pulsewidth constraint in Figure 11-26 is satisfied by clock_a, but violated
by clock_b.

End of Example 11.11

11.5.5 Timing Check: Signal Skew Constraint

Clock skew is a critical issue in system performance. 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 reference_event and data_event is greater than limit.

Example 11.12

$skew(posedge clkl, posedge clk2, 3) detects a violation if the interval between the
rising edge of clkl and the rising edge of clk2 exceeds 3, as shown in Figure 11-27.

End of Example 11.12

—n — fMpw

clock_a

[1_

FIGURE 11-26 The task will detect a pulse width violation by clock_b.

clock_b
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FIGURE 11-27_Skew is checked between signal edges by the system task Sskew.

11.5.6 Timing Check: Clock Period

The period of a clock is determined by the interval between successive active edges of
the waveform. The task $period (reference_event, limit) will monitor successive edges
of an edge-triggered reference_event and detect a timing violation error if the interval
between successive events is less than limit. In design re-use within an SoC environ-
ment, this timing check would verify that 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 statement $period (posedge clock_a, 25) does not
detect a timing violation in clock_a, shown in Figure 11-28.

End of Example 11.13

11.5.7 Timing Check: Recovery Time

The Srecovery (reference_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 mini time that an input

f fmomn
clock_a l

|
M fimit =25 —>

FIGURE 11-28 _clock_a satisfies the constraint on its minimum period.
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FIGURE 1129 The interval between the falling (de-asserting) edge of set relative to the next
rising edge of clock_a satisfies the constraint on the recovery time.

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 data_event.

Example 11.14

The task invoked by the procedural statement $recovery(negedge set, posedge 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 field, where it
is expensive to diagnose and repair. The failure of a circuit might be permanent, inter-
mittent, or transient. A permanenlfallure exhibits incorrect operation of the circuit at
all times. An i Sailure is ly, and for only a finite duration.
Transient failures occur in the | of certain envi: ditions that alter
the performance charac(erislics of the devices, such as high temperature or back-
ground radiation. The failure might be caused by any of the following: (1) wafer
defects, (2) contaminated atmosphere in the clean room (i.e., ambient pamcula!es)
(3) impure processmg gasses, water, and i and (4) ph
d (i.e., ing) defect might cause a high junction leak-
age currenl a high contact resistance, an open circuit, a short circuit, or an out-of-spec
threshold voltage. Our concern will be defects that cause failures that are apparent as
functional errors during operation.
C i in the cl i can i defects in the
manufactured circuit. The atmosphere of the clean room might contain particles of
dust, smoke, shaving lotion, or other 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 are 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 vibrati
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
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 verification steps that 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 verify the functionally of the design are usually a
starting point for production testing, but they are not 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 gates).

duction testing is with i errors that are caused by
manufacturmg 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 kow 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 physical 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 y metal-oxide i
(CMOS) circuit has a stuck-on fault if the gate of a transistor is always on. Such defects in
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TABLE 11-3 Physical faults and circuit-level effects in an
integrated circuit.

Physical Faults

Chip-Level Fault

| Open-Circuit Fault
Short-Circuit Fault

3
&
s
E]
14
a

or short between

Broken, misaligned, or poor wire bonding x
| [
x| x
FE
Gate-Level Fault |
Contact opens x
Gate to source/drain junction short x| X
X [ x
f | x
x

*Parametric fault (threshold voltage shift) or delay fault

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 close to the of anei ing signal path, or when 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 failures.

Faults due to short-circuits occurring in the interconnect between transistors in a
logic cell are called bridging faults. Bridging faults are detected by measuring the qui-
escent current, Ippq, through a circuit. Testing the quiescent current takes more time
than tests for stuck faults, but tests for /ppq are needed for bridging faults, because the
tests that reveal stuck faults are not intended to reveal a bridging fault, which are man-
ifested by a high quiescent current rather than by an incorrect logic value.

Example 11.15

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 time while the
output of the device switches. The quiescent current through the device, Ippq, is 0, but
the bridging fauit in the pull-up logic of this circuit will cause a high current to flow
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FIGURE 11-30_A two-input NOR gate with (a) a bridging fault and (b) a stuck-on fault

between the rails when x1 = 0 and x2 = 1, causing thermal damage and early mortality
of the device. Ippq testing, which monitors the quiescent current of the circuit, would
detect the presence of the bridging fault [6].

The two-input NOR gate in Figure 11-30(b) has an internal defect in which the
pull-down transistor for x7 is stuck on, with x7 effectively 1. Because the signal applied to
the pull-up gate for x/ cannot be exercised independently of the signal attached to the
pull-d gate for xJ, this ition cannot be detected externally by testing the logic of
the circuit. Note that if x1 = 0 and x2 = O then y = 1, but the pull-down transistor with
the stuck-on gate tends to pull y to 0. The stuck-on fault causes a current that always
tends to discharge the output node of the device, making the pull-up action slower than
that of a fault-free circuit. In addition, the high current through the pull-down transistor
will lead to thermal degradation and early failure of the circuit.

End of Example 11.15

Faults that are caused by shorts of nets to the power or ground rails of the circuit
are called stuck at 1 or stuck at 0 faults, respectively. A given node in a circuit may be
stuck at logical 1, denoted by s-a-1, or stuck at 0, denoted by s-a-0. The presence of a
s-a-1 or s-a-0 fault p ises the logic i d by the circuit.

Example 11.16

The three-input NAND gate in Figure 11-31 is shown in (a) without a fault, in
(b) with an s-a-0 fault on one input, and in (c) with an s-a-1 fault on one input. The
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FIGURE 11-31 A three-input NAND gate with (a) no faults, (b) x/ with an s-a-0 fault, and
(c) xI with an s-a-1 fault.

logic of the gate in the fault-free circuit has yyooq = (x1 x2 x3)’, but the circuit with
the fault x7 s-a-0 has y, ;.o = 1 its output is stuck at 1. The circuit with x/ stuck at
1has y, 5.1 = (x2 x3)’ (i.e., the circuit realizes a two-input NAND gate). The logic
realized by the circuits having a fault differs from the logic of the fault-free

circuit."?

End of Example 11.16

All of the nets attached to the inputs and outputs of the gates in a logic circuit are
possible sites for s-a-0 and s-a-/ faults. 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 difference between the logic of the fault-free circuit and the logic
of the circuit having an s-a-0 or s-a-1 fault. The s-a-0 fault in Figure 11-31(b) could be
detected by a test that applied x1 = 1,x2 = 1and x3 = 1. If y;; -,
the test reveals the presence of the fault, because yy =y o= 3=1 = 1
Ygooa = 0. Similarly, the s-a-1 fault in Figure 11-31(c) will be detected by a test that
applies x1 = 0 and x2 = 1 and x3 = 1 because y,¢, x2=1,x3=1 = 0 does not match
Ygooa = 1if the fault is present.

The faults in the isolated threc-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 at the inputs
and the outputs of most of the gates in a circuit are not directly available at the chip’s
pins. Moreover, a chip is limited to at most a few hundred pins, but may have millions
of fault sites 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 propagate the fault to a primary output of the device.

"'Note that the internal bridging fault in Figure 11.31(b) affects the gate of the pull-down transistor driven by
x1 and does not affect the corresponding pull-up transistor. A stuck fault at x/ affects both transistors.
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11.6.2 Fault Detection and Testing

1f a 5-a-0 or s-a-1 fault in a combinational logic circuit is testable, it can be detected by
applying a set of inputs, known as a test pattern, and observing whether the output of
the circuit with the fault differs from that of a fault-free circuit. A basic scheme for test-
ing circuits for stuck faults 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 fault. If the outputs of
the circuits do not differ, the applied pattern cannot distinguish between the faulty
circuit and the fault-free circuit.

Example 11.17

A test for the fault x/ s-a-0 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 faulty circuits differ, so the stimulus pattern (x123) = (111)
detects the fault and is a test for x/ s-a-0.

End of Example 11.17

Note that if x7 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 fault 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 fault. If the outputs do not match, the stimulus pattern will
detect such a fault in the manufactured circuit.

Fault-free
circuit

Stimulus

Unit under
test (UUT)

FIGURE 11-32 Fault simulation compares the response of a fault-free circuit to the response
of a circuit with a fault.
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FIGURE 11-33 A test for x1 s-a-0 detects a difference between the faulty circuit
and the fault-free circuit.

A test for a s-a-0 and a s-a- 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 (justify) the assumed value of the 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 fault-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 are shown in Figure 11-34, with the so-called faulty circuit
having the fault x7 s-a-0. To detect the fault, the stimulus pattern has the value of x7 set
to 1 to justify the fault. The side inputs of the NAND gate (xI, x2, x3) are set to 1 to
sensitize the output of the gate to the value of x/. The side input of the OR gate (x0) is
set to 0 to sensitize the path propagating the value of xI to the primary output of the
circuit. The fault-free circuit has y,,04 = 0; the circuit with x7 5-a-0 has yy,u, = 1. The
stimulus pattern (x0 x1 x2 x3) = (011 1) is a test for the fault x/ s-a-0.
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FIGURE 11-34 The stimulus pattern (x0 x1 x2 x3) = (01 11) detects the fault x7 5-a-0 by justifying
the fault and sensitizing the output to the fault.

End of Example 11.18

11.6.3 D-Notation

A special symbolic notation, called D-notation [7), is used in test generation 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 x/ has the value D when the pattern (x1x2x3)=(111) is
applied, meaning that x/ = 1 in the fault-free circuit, and 0 in the circuit having x1 s-a-0.

Circuit with
Test pattern afaulthasy

FIGURE 11-35 The D-notation indicates that a net in a fault-free circuit has the value 1 and has a
value 0 in the circuit with a fault.
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Likewise, the output of the fault-free circuit has y,,,, = D’. The symbolic output of the
faulty circuit has yg,,, = D.

End of Example 11.19

The D notation for faults 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
circuit. It is desirable to have a high number of faults detected by a small number of tests.

Example 11.20

The two-level circuit in Figure 11-36(a) has faults sites at nine primary inputs, three
internal nets, and one primary output. The tables in Figure 11-36(b) and 11.36(c) use
D-notation to indicate the values of the internal and primary output nets for the indi-
cated stimulus patterns.'* The tables are annotated to identify the faults that are
detected by the pattern. The tests are developed under the assumption that a single
fault is present in the circuit (the so-called single stuck fault model [6]), but a given test
may actually detect more than one fault. In this circuit, only three tests are needed to
detect all of the possible s-a-1 faults, and another three tests detect all of the s-a-0 faults.

End of Example 11.20

Example 11.21

When a test is applied to detect the fault w2 s-a-0 in the multilevel combinational
logic circuit in Figure 11-37(a), the signals have the values displayed in D-notation in
table in Figure 11-37(b). Of the possible tests for the fault, the one with
(x1 x2 x3 x4 x5) = (1x 1 xx) is shown, where x denotes a don’t care. The values of
the primary inputs that sensitize the fault do not conflict with the values that justify
the fault, so the pattern detects the fault. The output of the fault-free circuitis y = 1.

End of Example 11.21

ault in il networks is i by tracing a path forward
from the fault site to a primary output, then setting all of the side inputs of the gates on the
path to their sensitizing values (e.g., the side inputs of AND gates are set to 1). Then paths
are traced backward from the side inputs through gates to the primary inputs, to establish

“In this context, the symbol x denotes a don’t-care.
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FIGURE 1136 Al of the 5-a-0 and s-a-1 faults in the circuit in (a) are detected by
the patterns in (b) and (c).

values of the primary inputs that sensitize the path from the site of the fault to the primary
output. This step is called line justification. In general, i itization must be con-
sidered [6], because single-path sensitization might not produce a test for a testable fault.

Example 11.22

The fault G2 s-a-1 in the circuit in Figure 11-38, known as Schneider’s circuit [6],
can be justified by setting x2 = 1 and x3 = 1. To sensitize a single path from the
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FIGURE 1137  Fault detection: () s combinational logc ciruit and (b) ignal values n D-notation
for j of the fault w2 s-a-0.
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FIGURE 11-38_The fault G2 s-a-1 cannot be sensitized by a single path.

fault site to y_out, set x1 = 1, which drives the output of G5 to 1. The previous
choices for x1, x2, and x3 are compatible with setting to 1 the side inputs of the
NAND gate forming y_out, but setting G6 to 1 requires setting x4 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 the fault, a similar condition blocks the propagation of the fault to the
output. Consequently, the fault G2 s-a-1 cannot be detected by sensitizing a single
path from the fault site to the output of the circuit. The fault can be detected only
by simultaneously sensitizing the paths through both G5 and G6, with the stimulus
pattern (x1 x2x3x4) = (1111).

End of Example 11.22

11.6.4 Automatic Test Pattern G ion for Combinational Circuits

It is not feasible to develop tests for faults in large combinational circuits by applying
manual methods. The test for the fault w2 s-a-0 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 test patterns that 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 mcnrporatcd in software for automatic test pattern
generation (ATPG). It uses i and is to find a test for
alogical fault in a combinational circuit if a test exists, but its efficiency degrades if the
circuit contains a large number of exclusive-or gates.

Two alternative algorithms, PODEM (path-oriented decision making) [8], and
FAN (fanout-oriented test-generation algorithm) [9], are more efficient than the
D-algorithm. The PODEM algorithm uses forward implication from a circuit’s pri-
mary inputs to replace the alternating backtracing 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 al. [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 reconvergent fanout. Some faults might not
be detectable. Untestable faults are due to (1) redundant logic (see Problem 11.14),'®

15 Although synthesis tools remove redundant logic.  circuit may be modified after synthesis to add redundant
logic to improve the speed of the circuit or to cover hazards. Such modifications are problematic for test
gencration because they can reduce the efficiency of the effort to generate tests.
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(2) uncontrollable nets, and/or (c) unobservable nets. A fault cannot be tested if the net
on which the fault is located cannot be controlled or if no output paths can be sensitized
to observe the fault.

Example 11.23

A test for the fault w2 s-a-0 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 1, but sensitization of y requires setting x5 to 0. Table 11-4
shows the signal values in D-notation and shows the conflicts between the values of the
primary inputs required to sensitize w3 and y. The reconvergent fanout of x5 forces y to 0,

Reconvergent
fanout site

w2 5-a-0
wl

Need x5 =1

Need x5 =0

FIGURE 1139 A test for the fault w2 s-a-0 does not exist. The reconvergent fanout of x5 leads to
conflicting conditions to test the fault w2 5-a-0.

TABLE 11-4 The reconvergent fanout causes a conflict between the values of
x5 required to sensitize the fault w2 s-a-0.

Justification | Sensitization Test
xI x [ 0
2 0 x 0
=3 x x x
x4 1 x 1
x5 x 10‘;’;,";’ conflict
wi 1 x
w2 D D
w3 x D
wd x D
WS x conflict
y x 0
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independently of the fault w2 s-a-0. A test cannot distinguish between the faulty circuit
and the good circuit.

End of Example 11.23

11.6.5 Fault Coverage and Defect Levels

Testing for faults ensures the quality of the parts that are 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 the expression:

W=1-yun

where Y represents the fractional yield of the ASIC manufacturing process that
produced the chips (e.g., Y = 0.75), and T is the fraction of faults (i.e., coverage) that
have been tested (by fault simulation) [10,11]. 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 faults, for a glven process yield. The curves provide a quantita-
tive measure of the payoff of achieving an in ge. It is
commonplace for semiconductor vendors to ensure that Ihelr fault coverage exceeds
99% of the faults in a circuit.

11.6.6 Test Generation for Sequential Circuits

It can be very difficult 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 fault site and/or sensitizes a path. It is impractical to verify that two
sequential circuits have the same functionality (i.c., are equivalent, by applying input

TABLE 11-5 The quantity of undetected defective parts depends on the process
‘maturity and the test vector coverage. Less mature technologies require
significantly higher fault coverage to reduce the average defect level.

Test Vector Coverage

0% | 0% | 9%

Process | % Defects Undetected

Yield
Advanced 0% | 0% | 21% | 2%
Technology
Maturing

ology 50% 19% 7% 0.7%
Mature

Technology 90% 3% 1% | 01%
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FIGURE 1140 Defects per million parts versus test coverage and process yield.

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 wl s-a-1. The patterns are developed in reverse order, beginning with the values
that 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 effect 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-
tional circuits.
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wl s-a-1

data D o—*2Ip 4 w3

[ clke I— clk
clock

FIGURE 11-41 A sequence of three patterns detects the fault w1 s-a-I.

TABLE 11-6 Test-pattern sequence for testing the fault w/ s-a-
in Figure 11-42. The test pattern must propagate a |
through the shift register to sensitize the output y'to
the fault.

Justification | Sensitization | Test
wl D'
w2
w3
Cyele 3 x1
x2
data

olx|c|e

Cycle2 x1

PIREIE

Cycle 1 I

2
s [ [ e o e e [ ] [ e | ¢ e | [ o] e | o o [ ¢ |

i e e [ e o [ | =] [ e [ | | =]

%
X
1
[ x

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 ASIC implements a
partial- or a full-scan method depending on whether some or all of its internal flip-
flops are replaced by scan cells and connected to form 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 form dual-port registers,
called scan registers, making a circuit more controllable and/or observable. Scan registers
can shift data through a serial port 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 11-42 shows a set of dual-port scan cells connected to form a 4-bit-wide scan
register. In normal operation, with ' = 0, data is loaded in parallel from D[3: 0}, In test
mode (T = 1), data is shifted through the register from x_in3_scan_in to y3_scan_out.
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 /O 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 = 1) and toggling the
clock n + 1 times to propagate a test 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 normal (7 = 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_inl
x_in2 Combinational logic

x_in3_scan_in

¥3_scan_out

s I I I

FIGURE 11-42 A scan register is formed with dual-port register cells.
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Primary inputs (PT) ' Combinational logic

scan_in

test

Scan register

clk

scan_out

Primary outputs (PO)

FIGURE 1143 Circuit structure for full-scan testing.

11.7 Fault Simulati

Fault simulation compares the behavior of a circuit that has a fault with the behavior of
a circuit that is fault-free. 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 ATPG.'®
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. Fault 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 / 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 grading'’ determines the coverage
provided by a set of test patterns by checking whether a fault is detectable and possibly
finding a test for 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 fault are not useful in testing. Fault

i ion is done in ji ion with test ion 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.

16See, for example, the TetraMAX® ATPG tool at www.synopsys.com.
V7 Also called fault coverage analysis.
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ys-a-l

FIGURE 11-44_The faults x7 s-a-0 and y s-a-1 are equivalent faults.

11.7.1 Fault Collapsing

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 si use fault collapsing to form equi classes of
faults that are detectable by the same test. Faults that are detected by the same test
are indistinguishable and are called equivalent faults. 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 x/ s-a-0 in Figure 11-44 cannot be distinguished from the fault y s-a-1, so the
test that detects xI s-a-0 will also detect y s-a-1. 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 si ion simull ly si multiple copies of a machine (circuit),
each with its own distinct m]ecled fault, and compares their responses to that of the
good machine. Although it is faster than serial fault si . parallel fault s
requires more memory and efficient memory to

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 the
searches that are used to justify and sensitize faults. The payoff is that a concurrent
fault simulator is faster than serial or parallel fault simulators.

11.7.5 Probabilistic Fault Simulation

Another method for fault si ion, called p ilistic fault s ion, i ifies test
vectors that have high toggle coverage and uses them as the basis for test vectors 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 perform and faster than other methods of fault detection.

11.8 JTAG'® Ports and Design for Testability

Design for testability (DFT) ensures that manufactured circuits can be tested for
defects. DFT usually requires that a circuit is designed/modified to support testing,
because the relatively small number of available I/O 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 d(fflcu]ty of con(rollmg and observing internal nodes [12]. There are
also several app to imp the ility of a circuit [6], but we will focus on
scan-based methods, which extend the concepl introduced in Section 11.7.6 for testing.
sequential circuits. We do so because s hes have become

pp P

'¥The JTAG port is named after the Joint Test Action Group, a team of industry experts who defined the
IEEE 1149.1 and 1149.1a 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
P ility of complex pr logic devices (CPLDs) and FPGAs.

There are several practical problems in chip and board-level testing: (1) Sequen-
tial machines are 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 controlled casily by the available 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 ASIC 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-level testing.

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 circuits. A boundary scan chain is added to the netlist of an ASIC'
by inserting boundary scan cells (BSCs) 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 serial connection. When used internally, the cells are referred to
as data register (DR) cells.

A typical BSC, 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, scan_in. The output mux determines whether data_in or the output flip-flop
is connected to data_out.

With mode = 0 the cell is in normal mode, and data_in is passed through the output
multiplexer to data_out 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 data_out 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 output
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

19We will discuss scan chains for ASICs, but they are also used in FPGAs and other devices.
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scan_in

shiftDR

mode

data_out

Capture/Scan

Register FF Register FF

clockDR updateDR
scan_out

FIGURE 11-45 The DR cells used to implement boundary scan test regiters and test-data
registers include a flip-flop and an output flip-1

core’s logic. If the cell is used as an output, the core logic of the ASIC is connected to
data_in, and data_out is connected to the output pin of the ASIC. A Verilog model of
the BSC cell is given below.

module BSC_Cell (output data_out, output reg scan_out,
input data_in, mode, scan_in, shiftDR, updateDR, clockDR
3

reg update_reg;
always @ (posedge clockDR) begin
scan_out <= shiftDR ? scan_in : data_in;
end
always @ (posedge updateDR) 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,
from data_in to data_out. The multiplexer 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 (update_reg).

In scan mode, the 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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TABLE 11-7 Modes of operation of a BSC.

Mode Operation
Normal | With mode = 0, data_in is connected directly to data_our, and
the scan chain does not affect the operation of the ASIC.
Scan ‘With shiftDR = 1, data enter through scan_in and leave through

scan_out, at the active edge of clockDR.

Capture | With shiftDR = 0, data_in is loaded into the capture register at
the active edge of clockD.

Update | With mode = 1, the output of the capture register i shifted

to the update register at the active edge of updateDR.

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 the 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 clockDR 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 = 1).

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_out 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 clockDR 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 JTAG 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 JTAG 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 JTAG port and a bound-
ary scan chain, a tester can detect shorts and opens in board traces, between the chip’s
1/O 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 JTAG port has assumed a much larger role than testing ASICs and printed
circuit (PC) boards for production defects. The port is used to program configurable
PLDs [14] and FPGAs.™ It is also used to develop and debug software for embedded
p by ing the p and providing access to its internal registers’

See, for example, www.altera.com and www.xilinx.com.
2ISee www.agilent.com.
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11.8.3 JTAG Registers

Each chip i ing the JTAG 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 (7'DJ) and test-data output (7D O). The actual register can be formed by
linking one or more test-data registers (TDRs) of internal scan chains.

The single-bit bypass register 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.

ASIC logic core

Boundary scan register 1

Instruction register

[ ]

Bypass register

FIGURE 11-46_Register structure required by the JTAG specification.

scan_in
scan_out
shifiDR

clockDR

FIGURE 11-47 The bypass register (BR) cell for boundary scan.
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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 test by reducing the number of shifts that must occur before a pattern is
located in a given scan register. A Verilog model of a bypass register cell is described
below by BR_Cell. The signal shiftDR gates the scan path, and clockDR synchronizes
the cell.

module BR_Cell (output reg scan_out, input scan_in, shiftDR, clockDR);
always @ (posedge clockDR) scan_out <= scan_in & 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_value to assert either
0 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 1/O through scan_in/scan_out,
and parallel input/output through data_in/data_out. A Verilog model of the IR cell is
given below.

module IR_Cell (
output reg data_out, scan_out,
mput data_in, scan_in, shiftiR, reset_bar, nTRST, clockIR, updatelR

param-ter SR_value = 0;
wire S_R =reset_bar & nTRST;

always @ (posedge clockIR) scan_out <= shiftiR ? scan_in: data_in;
always @ (posedge updatelR or negedge S_R)
S_R == 0) data_out <= SR_value;
elsa 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 shiftIR 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 reset_bar 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
Table 11-8. The BYPASS instruction scans data from TDI to TDO through a 1-bit
bypass regls\er, 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 the 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
structure.

TABLE 11-8 Instructions specified by IEEE standard 1149.1.

Instruction Action

Shifts data through a single-cell bypass register, bypassing the ASIC's
BYPASS boundary scan register, reducing the length of the scan path needed to test

other

Drives known values onto the output pins of the ASIC for testing
EXTEST and logic external to the ASIC.

SAMPLE captures the dzta ‘values present at the system pins and loads
SAMPLE/PRELOAD | (in parallel) the data into the capture register flip-flops. PRELOAD places
a test data pattern into the output register.

‘Applics a test pattern to the ASIC logic and captures the response from the
logic. Connects only the boundary scan register between TDI and TDO.
The host ASIC can execute a self-test while the TAP controller is in the
state S_Run_ldle.

Shifts out the data in the IDCODE register (device identification register),
providing the tester with the device manufacturer’s name, part number,
IDCODE* and other data, The instruction defaults to the BYPASS register if there

is no IDCODE register in the TAP.

INTEST*

RUNBIST*

*denotes an optional instruction.
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‘The SAMPLE/PRELOAD instruction captures data from the 1/O 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 JTAG standard. The code for the BYPASS instruction is required to be all 1s. 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 nTRST inputs
have pull-ups to conform to the JTAG requirement that if, for example, the 7D/ 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 (TDI, TDO, TMS, and TCK) to support boundary scan and internal
testing.”> The TDI and TDO 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 (TDI) 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

22An optional fifth pin may be used to apply an asynchronous, active-low test-reset input signal (nTRST) to
reset the TAP controller. Like TMS and TDJ, nTRST must be attached to a pull-up device.
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FIGURE 1149 Chip architecture with JTAG test access port. (* denotes optional registers.
e active-low input nTRST is also optional.)

on the positive edges of TCK.” Signals generated by the TAP controller drive the
shifiDR, mode, clockDR, updateDR, shiftIR, clockIR, and updatelR inputs of the
register cells. Figure 11-50(a) shows a PC board with two ASICs with boundary
scans chain in a ring confi ion [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 11-50(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.

»Required by the JTAG specification.
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FIGURE 11-50 A PC board with ASICs equipped with boundary scan cells and JTAG ports: (a) in test
mode the chips on the board are daisy-chained in a ring configuration for TMS and (b) in test mode the
chips on the board are daisy-chained in a star for TMS.

11.8.6 TAP Controller State Machine

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.** 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.

24The state codes of the TAP are not specified by the TTAG standard. For clarity, we have added the prefix
S_ to the names of the states of the TAP controller shown in Figure 11.51. For brevity, the states Test-
Logic-Reset, Run-Test-1dle, Select-DR-Scan, and Select-IR-Scan specified in the JTAG standard are named
S_Reset, S_Run_ldle, S_Select_Dr, and S_Select_IR, respectively, in Figure 11.51 and in our model of the
TAP controller.
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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_Run_Idle and TMS is
asserted, the state will return to S_Reset if TMS is held asserted for two clock cycles,
after moving through S_Select_DR,and S_Select_IR. It will reside in S_Reset until TMS
is de-asserted to cause a transition to S_Run_Idle.

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 S_Reset, S_Run_Idle, S_Shift DR,
S_Pause_DR, S_Shift_IR, or S_Pause_IR will cause the machine to remain in that state
until the value of TMS is switched. The states S_Capture_DR, S_Exitl_DR, S_Exit2_Dr,
S_Capture_IR, S_Exitl_IR, and S_Exit2_IR are temporary states. The machine passes
through them in one cycle. S_Capture_Dr and S_Capture_IR 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_Exit_2) 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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destinations (e.g., S_Pause_. DR S_ Update DR orS Shtft DR) A single-bit control signal
selects between three by over two clock cycles.

The content of the instruction register dctenmnes whether the boundary scan
register or one 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_reset can be reached from any other state by asserting TMS for at most five clock
cycles. In post-synthesis simulation, n”TRST 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 TAP controller state machine.

State Activity

S_Reset The resct state of the TAP controller. The test logic of the TAP is disabled

and the host ASIC operates normally. If the machine has a device identification

register, the IDCODE instruction is loaded into the instruction register;

otherwise, the BYPASS instruction is loaded.

S_Run_ldle The TAP controller resides in S_Run_Idle while the host ASIC executes

an internal test, such as BIST. The instruction register must be preloaded with
supporting the test.

S_Select DR | An assertion of TMS while the controller is in S_Run_Idle drives the state to

S_Select_DR, where it resides for one cycle, before passing to S_Capture_DR

to initiate a scan data sequence, or to S_Select_IR, where a sequence can be

initiated to update the instruction register or terminate the activity

S_Caprure_DR | While the state resides in S_Caprure_DR, the capture/scan register of the

boundary scan register or the test-data register specified by the current

instruction can be loaded in parallel (via data_in). Capture is initiated by

a pulse of clockDR, with shift_DR low.

S_Shifi_DR ‘A test-data register selected by the instruction 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_Exit]_DR ‘A temporary state, entered from S_Shifi_DR (after a shifting sequence), or

from S_Caprure_DR (bypassing an initial shifting sequence). After one cycle,

the state transitions to S_Pause_DR to pause until TMS is again asserted, or to

S_Update_DR, where the captured data are loaded into the output register.

S_Pause_DR | The stalc resides in S_Pause_DR to temporarily halt the scanning process,

with TMS = 0, until TMS is asserted, with the capture/scan register cells

holding their state.

S_ExiZ_DR | A temporary state. The state resides in S_Exi2_DR for one cycle,

before a transition to S_Shift_DR, where it initiates a scan sequence, or to

S_Update_DR, where the scan process is terminated and the captured data

are loaded into the output register.

S_Update_DR | The state resides in S_Update_DR for one cycle after the clock that loads the

output register from the capture/scan register, before making a transition to

S_Select_DR, where it initiates a scan sequence or an instruction sequence,

or to S_Run_ldle, where it resides while the ASIC executes operations. In test

mode the contents of the output register drive the parallel output.
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TABLE 11-10 Moore-type outputs generated by the TAP controller state machine.

Output Function
reset_bar Resets the instruction register (IR) to IDCODE or to BYPASS.
SHIftIR Selects the serial input to the capture/scan flip-flop in the instruction
register cells
clockR Captures data at the input of the IR or shifts the contents of the IR
toward the test data output. Action is gated by the falling edge of TCK.
updatelR Loads the output register flip-flop with the content of the capture flip-flop
of the IR Action is gated by the falling edge of TCK.
shift DR Selects the serial input 1o the capt flip-flop in the TDR cells.
clockDR Captures data at the input of the IR or shifts the contents of the TDR
toward the test data output. Action is gated by the falling edge of TCK.
updateDR | Loads the output register with the content of the TDR capture/scan
flip- flop. Action is gated by the falling edge of 7CK.
selectiR Selects either the instruction register o a test-data register (o be connected
between the TDI and TDO pins of the TAP.
enable TDO | Enables the three-state buffer that drives the test-data output (7D0).

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 ASIC with a boundary scan chain and a TAP
controller for JTAG. Then the BYPASS and INTEST commands will be demonstrated.
Exercises at the end of the chapter will deal with additional features of the controller. The
ASIC is a simple 4-bit adder, but it is ient for ing the same p: that
is taken for more complex ASICs. We will consider architectural and operational 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_Shift_DR and remain there for as many cycles as needed
to shift a test pattern into the boundary scan register. At the end of the shifting opera-
tions, the test inputs should reside in the 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 clockDR 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 clockD R 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 ASIC that has been modified to include a TAP for
JTAG is shown in Figure 11-52. For simplicity, the ASIC is an embedded 4-bit adder.
The TAP controller and the control signals for the TAP are omitted in the illustration,
but are included in the model of the JTAG-enhanced ASIC.
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ce 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 BSC_Interface [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 BSC_Interface 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 [13: 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 data_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
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to the inputs of the ASIC. For example, the Sum|3: 0] and c_out ports of the ASIC are
connected to data_in[13: 9], and data_out[13: 9] is connected to {sum|[3: 0], c_out} 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 BSC_Interface can be declared to match the I/O 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, demonslrating the parallel and serial
/O modes of the boundary scan register. For this exercise, shiftDr, clockDR. updateDR,
and mode were lled by the testbench. The lation results in Figure 11-53 are

Load capture/scan register

Name

shift DR
updateDR

data_in{7:0]
scan_in

BSC_Scan_Register{7:0]
BSC_Scan_Register{7]
BSC_Scan_Register|6] |-
BSC_Scan_Register(S]
BSC_Scan_Register{4]
BSC_Scan_Register(3]
BSC_Scan_Register(2]
BSC_Scan_Register|1]

BSC_Scan_Register{0] == \ L
2y
BSC_Outpur_Register[7:0)| _2%__X laa) ) T
data_ou[7:0] aa X aa

scan_out o

FIGURE 11-53 _Simulation result 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_Scan_Register. With shiftDR de-asserted, the first pulse of updateDR
demonstrates that the scan register (8'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 scan_out. The second pulse of updateDR loads the value of the capture/scan
register (8'hff) into the output register. When the test mode is asserted, the value in the
output register drives the bus data_out. 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_in
and loads the value 8'haa into the scan register again.

module Boundary_Scan_Register #(parameter size = 14)(

output  [size -1: 0] data_out,
output scan_out,
input [size -1: 0] data_in,
input scan_in,
input shiftDR, mode, clockDR, updateDR
3
reg [size -1: 0] BSC_Scan_Register, BSC_Output_Register;

always @ (posedge clockDR)
BSC_Scan_Register <= shiftDR ? {scan_in, BSC_Scan_Register [ size -1: 1]} :
data_in;

always @ (posedge updateDR) BSC_Output_Register <= BSC_Scan_Register;

assign scan_out = BSC_Scan_Register [0];
assign data_out = mode ? BSC_Output_Register : data_in;
endmodule

module Instruction_Register #(parameter IR_size = 3)(
output [IR_size-1:0]  data_out,

output scan_out,

input [IR_size -1:0]  data_in,

input scan_in,shiftiR, clockIR, updatelR, reset_bar
'reg [IR_size -1:0]  IR_Scan_Register, IR_Output_Register;
assign data_out = IR_Output_Register;

assign scan_out = IR_Scan_Register [0};

always @ (posedge clockiR)

IR_Scan_Register <= shiftiR ? {scan_in, IR_Scan_Register [IR_size - 1: 1]} : data_in;
always @ ( posedge updatelR, negedge reset_bar)  // Asynchronous per
1140.1a.
if (reset_bar == 0) IR_Output_Register <= ~(0); 1/ Fills IR with 1s
Il for BYPASS instruction
else IR_Output_Register <= [IR_Scan_Register;

endmodule
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A model of the TAP controller state machine is given below. The state of the machine
has a binary code. Also, for simplicity, gated clock signals are generated for clockDr,
updateDR, clockIR, and updatelR. For actual implementation, the signals would be con-
nected to the clock inputs of special flip-flops having a multiplexed input (see Section 6.11).

module TAP_Controller (
output reg reset_bar, selectiR, shiftiR,
output reg shiftDR, enableTDO,
output  clockDR, updateDR, clockiR, updatelR,
input T™S, TCK

%

parameter S_Reset
S_Run_ldle
S_Select DR
S_Capture_DR
S_Shift_DR
S_Exit1_DR
S_Pause_DR
S_Exit2_DR
S_Update_DR
S_Select_IR
S_Capture_IR
S_Shift_IR
S_Exit1_IR
S_Pause_IR
S_Exitz_IR
S_Update_IR

reg [3:0] state, next_state;

pullup (TMS);  // Required by IEEE 1149.1a; ensures that an undriven input
pullup (TDI); 1l produces a response identical to the application of a logic 1.”
1/ Program for Xilinx implementation

[

always @ (negedge TCK) reset_bar <= (state == S_Reset) ? 0 : 1; // Registered

active low
always @ (negedge TCK) begin
shiftDR <= (state S_shift_ DR)?1:0; /I Registered select for scan mode
shiftiR <= (state == S_Shift_IR) ? 1: 0;
/I Registered output enable

enableTDO <= ((state == S_Shift_DR) || (state == S_Shift_IR))?1:0;
end

/I Gated clocks for capture registers
assign clockDR = |(((state == S_Capture_DR) || (state == S_Shift_DR)) &&

(TCK == 0));
assign clockR = ((state == S_Capture_IR) || (state == S_Shift_IR)) &&
(TCK==0));

I/ Gated clocks for output registers
assign updateDR = (state == S_Update_DR) && (TCK ==0);
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assign updatelR = (state == S_Update_IR) && (TCK == 0);
always @ (posedge TCK ) state <= next_state;

always @ (state, TMS) begin
selectiR = 0;
next_state = state;

case (state)
S_Reset:
0) next_state = S_Run_ldle;
end
S_Run_idie:  begin selectiR = 1; if (TMS) next_state = S_Select_DR; end

S_Select DR:  next_state = TMS ? S_Select_IR: S_Capture_DR;
S_Capture_DR: begin next_state = TMS ? S_Exit1_DR: S_Shift_DR; end
S_Shift_DR: if (TMS) next_state = S_Exit1_DR;
S_Exit1_DR: next_state = TMS ? S_Update_DR: S_Pause_DR;
S_Pause_DR:  if (TMS) next_state = S_Exit2_DR;
S_Exit2_DR: next_state = TMS ? S_Update_DR: S_Shift_DR;
S_Update_DR:  begin next_state = TMS ? S_Select DR: S_Run_ldle; end
S_Select_IR: begin

next_state = TMS ? S_Reset: S_Capture_IR;

S_Capture_IR:
TMS ? S_Exit1_IR: S_Shift_IR;
nd
S_shift_IR: begin selectlR = 1; if (TMS) next_state = S_Exit1_IR;end
S_Exit_IR:

next_state = TMS ? S_Update_IR: S_Pause_IR;

end
S_Pause_IR: begin selectiR = 1; if (TMS) next_state = S_Exit2_IR; end
S_Exit2_IR: begin
selectiR =1;
next_state = TMS ? S_Update_IR: S_Shift_IR;

S_Update_IR:
next_state = TMS ? S_Select_DR: S_Run_ldle;
end
default next_state = S_Reset;
endcase
end
endmodule

The parameterized model listed below, ASIC_with_TAP, instantiates the follow-
ing modules: ASIC, TAP_Controller, Boundary_Scan_Register, Instruction_Register,
Instruction_Decoder, and TAP_Controller. In general, the instruction register of a TAP
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loads a parallel data path (data_in) in the state S_Capture_IR, which provides the TAP
with design-specific information generated in the host component.” In this example,
Dummy_data = 3'b001 is passed through the port data_in.

module ASIC_with_TAP #(parameter size = 4)(

output [size -1: 0] sum, /I ASIC interface I/O
output c_out,
input [size -1: 0] a,b,
input c_in,
output TDO, /I TAP interface signals
input TDI, TMS, TCK
»
parameter BSR_size = 14;
parameter IR_size = 3;
wire [BSR _size -1: 0] BSC_lnterface; // Declarations for bound-
ary scan register /O
wire reset_bar, /I TAP controller outputs

selectiR, enableTDO,
shiftlR, clockIR, updatelR,
shiftDR, clockDR, updateDR;

wire test_mode, select_BR;

wire TDR_out; Il Test data
register serial
datapath

wire [IR_size -1:0]  Dummy_data = 3b001; // Captured in
S_Capture_IR

wire [IR_size -1: 0] instruction;

wire IR_scan_out; I/ Instruction
register

wire BSR_scan_out; // Boundary scan
register

wire BR_scan_out; 1/ Bypass register

assign TDO = enableTDO ? selectlR ? IR_scan_out : TDR_out : 1'bz;

assign TDR _out = select_BR ? BR_scan_out : BSR_scan_out;

ASIC MO (

.sum (BSC_Interface [13: 10]),
.c_out (BSC_Interface [9]),

a (BSC_Interface [8: 5]),

b (BSC_Interface [4: 1),
.c_in (BSC_lnterface [0]);

2The JTAG standard requires that the cells of the two least significant bits of the instruction register shall
load the pattern 2'b01 in the state S_Caprure_IR. The remaining bits have fixed (0 or 1) but application-
dependent values.
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Bypass_Register M1(
.scan_out (BR_scan_out),
_scan_in (TDI),

_shiftDR (shift_BR),
_clockDR (clock_BRY));

Boundary_Scan_Register M2(
.data_out ({sum, c_out, BSC_Interface [8: 5], BSC_Interface [4: 1],
BSC_Interface (0]}),
.data_in ({BSC_Interface [13: 10], BSC_lInterface (9], a, b, c_in}),
.scan_out (BSR_scan_out),
.scan_in (TDI),
_shiftDR (shiftDR),
.mode (test_mode),
.clockDR (clock_BSC_Reg),
.updateDR (update_BSC_Reg));

Instruction_Register M3 (
.data_out (instruction),
.data_in (Dummy_data),
.scan_out (IR_scan_out),
.scan_in (TDI),
shiftiR (shiftIR),

.clockIR (clockIR),
.updatelR (updatelR),
reset_bar (reset_bar));

Instruction_Decoder M4 (
.mode (test_mode),
_select_BR (select_BR),
shift_BR (shift_BR),
.clock_BR (clock_BR),
_shift_BSC_Reg (shift_BSC_Reg),
.clock_BSC_Reg (clock_BSC_Reg),
.update_BSC_Reg (update_BSC_Reg),
.instruction (instruction),
_shiftDR (shiftDR),
.clockDR (clockDR),
.updateDR (updateDR));

TAP_Controller M5 (
.reset_bar(reset_bar),
_selectiR (selectR),
_shiftiR (shiftiR),
_clockIR (clockIR),
.updatelR (updatelR),
_shiftDR (shiftDR),
.clockDR (clockDR),
.updateDR (updateDR),
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.enableTDO (enableTDO),
TMS (TMS),
TCK (TCK));
endmodule
module ASIC #(parameter size = 4) (
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 Bypass_Register (
output reg scan_out,
input scan_in, shiftDR, clockDR
»
always @ (posedge clockDR) scan_out <= scan_in & shiftDR;
endmodule
module Instruction_Decoder #(parameter IR_size = 3) (
output reg mode, select_BR, clock_BR, clock_BSC_Reg,
update_BSC_Reg,
output shift_BR, shift_BSC_Reg,
input [IR_size -1: 0] instruction,
input shiftDR, clockDR, updateDR
'parameter BYPASS =3b111; /I Required by 1149.1a
parameter EXTEST = 3'b000; /I Required by 1149.1a
parameter SAMPLE_PRELOAD =3'010;

parameter INTEST :
parameter RUNBIST 3'b100;
parameter IDCODE =3D101;

assign  shift_BR = shiftDR;
assign  shift_BSC_Reg = shiftDR;

always @ (instruction, clockDR, updateDR) begin
mode = 0; select_ BR =0; /I default is test-data register
clock_BR = 1; clock_BSC_Reg = 1;
update_BSC_Reg =0;
case (instruction)
EXTEST: begin mode = 1; clock_BSC_Reg = clockDR;
update_BSC_Reg = updateDR; end
INTEST: begin mode = 1; clock_BSC_Reg = clockDR;
update_BSC_Reg = updateDR; end
SAMPLE_PRELOAD: begin clock BSC_Reg = clockDR;
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update_BSC_Reg = updateDR; end

RUNBIST: begin end
IDCODE: begin select_BR = 1; clock_BR = clockDR; end
BYPASS: begin select_BR = 1; clock_BR = clockDR; end
default: begin select_BR = 1; end

endcase

en
endmodule

The structure of the testbench (1_ASIC_with_TAP) used to test ASIC_with_TAP
is shown in Figure 11-54. Two arrays, Array_of TAP_Instructions and Array_of
ASIC_Test_Patterns, hold patterns for scanning instructions and test patterns into the
boundary scan register. The test sequence selects a pattern from one of the registers
and loads it into Pattern_Register. When the test sequence asserts a load signal the
pattern held in Pattern_Register is loaded into the register TDI_Reg within
TDI_Generator.The TAP controller scans the pattern from 7DI_Reg into the TDI port

t_ASIC_with_TAP

ASIC_with_TAP

DI 1 l i 1

ol 1w
sum(3:0]  cout|  a[3:0] b3:0]  clin
K

TDI_Generator TDI_Monitor
—1

Pattern_Buffer_1

strobe Pauiern_Buffer 2

Error

TDO_Reg

“Array_of_TAP_Instructions Array_of_ASIC_Test_Patterns

FIGURE 11-54_Structure of a testbench for ASIC_with_TAP.
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of the TAP and into Patttern_Buffer_I. The pattern from the TDO port of the TAP is
scanned into TDO_Reg within TDO_Monitor, and at the same time the pattern in
Pattern_Buffer_l is scanned into Pattern_Buffer_2. When the scan activity is complete,
the contents of TDO_Reg and Pattern_Buffer_2 are compared to detect an error.

The testbench t_ASIC_with_TAP is given below, with comments identifying some
of the functional features that need to be verified.

module t_ASIC_with_TAP ();

parameter
parameter
parameter
parameter
parameter
parameter
parameter
parameter

wire
wire
wire
wire
reg
reg
wire
wire
wire
reg
wire
wire
reg
reg
integer
reg

reg
reg

reg

size =

/I Testbench
4;

BSC_Reg_size = 14;

IR_Reg_size = 3;
N_ASIC_Patterns
N_TAP_Instruction:

Pause_Time = 40;
End_of_Test = 1500;

time_1 = 350, time_2 = 550;
[size -1: 0] sum;
[size -1: 0] sum_fr_ASIC = M0.BSC_Interface [13: 10];
c_out;
c_out_fr_ASIC = M0.BSC_Interface [9];
[size -1: 0]
c_in;
[size -1: 0] a_to_ASIC = M0.BSC_Interface [8:
[size -1: 0] b_to_ASIC = M0.BSC_Interface [4: 1];
c_in_to_ASIC = M0.BSC_Interface [0];
TMS, TCK;
TDI;
TDO;
load_TDI_Generator;
Error, strobe;
pattern_ptr;

[BSC_Reg_size -1: 0]
[IR_Reg_size -1: 0]

[BSC_Reg_size -1: 0]

enable_bypass_pattern;

Array_of_ASIC_Test_Patterns
[0: N_ASIC_Patterns -1J;
Array_of_TAP_lInstructions
[0: N_TAP_Instructions -1];
Pattern_Register; 1/ Size to maximum
TDR

ASIC_with_TAP MO (sum, c_out, a, b, c_in, TDO, TDI, TMS, TCK);

TDI_Generator M1(
_to_TDI (TDI),
_scan_pattern (Pattern_Register),
Joad (load_TDI_Generator),
.enable_bypass_pattern (enable_bypass_pattern),
TCK (TCK));
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TDO_Monitor M3 (
_to_TDI (TDI),
from_TDO (TDO),
.strobe (strobe),
TCK (TCK));

initial #End_of_Test $finish;
initial begin TCK = 0; forever #5 TCK = ~TCK; end
* Summary of a basic test plan for ASIC_with TAP

Verify default to bypass instruction
Verify bypass register action: Scan 10 cycles, with pause before exiting
Verify pull up action on TMS and TDI
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_Idle
Instruction scan in, pause, resume scan in, pause, update, return to S_Run_ldle
*

/I TEST PATTERNS

Il External I/O for normal operation

initial fork

9'b0;
'b_1010_0101_0; //sum=F,c_out=0,a=A,b=5,c in=0

I* Option to force error to test fault detection
initial begin :Force_Error
force MO.BSC_Interface [13: 10] = 4'b0;
end
!
/I Test sequence: Scan, pause, return to S_Run_ldle

al begin
strobe = 0;
Declare_Array_of_TAP_Instructions;
Declare_Array_of ASIC_Test_Patterns;
Wait_to_enter_S_Reset;
/l Test for power-up and default to BYPASS instruction (all 1s in IR), with default path
Il through the Bypass Register, with BSC register remaining in wakeup state (all ).
11 ASIC test patter is scanned serially, entering at TDI, passing through the

bypass register,
/1 and exiting at TDO. The BSC register and the IR are not changed.

pattern_ptr = 0;
Load_ASIC_Test_Pattern;
Go_to_S_Run_ldle;
Go_to_S_Select_DR;
Go_to_S_Capture_DR;
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Go_to_S_Shift_DR;
enable_bypass_pattern = 1;
Scan_Ten_Cycles;
enable_bypass_pattern = 0;
Go_to_S_Exit1_DR;
Go_to_S_Pause_DR;

Paus:
Go_to_S_Exit2_DR;
”

Go_to_S_Shift_DR;
Load_ASIC_Test_Patter
enable_bypass_pattern
Scan_Ten_Cycles;
enable_bypass_pattern = 0;

Go_to_S_Exit1_DR;
Go_t (o S_Pause DR;
Pause; -
Go, lo S_Exit2_DR;
*/
Go_to_S_Update_DR;
Go_to_S_Run_ldle;
end

1/ option to re-load same pattern and scan again

1l Test to load instruction register with INTEST instruction

initial #time_1 begin
pattern_ptr = 3;
strobe = 0;
Load_TAP_lInstruction;
Go_to_S_Run_ldle;
_Select_DR;
_Select_IR;
_Capture_IR; /I Capture dummy data (3'b011)
IR_Reg_size) Go_to_S_Shift_IR;
Go_to_S_Exit1_IR;
Go_to_S_Pause_IR;
Pause;
Go_to_S_Exit2_IR;
Go_to_S_Update_IR;
Go_to_S_Run_ldle;
end

Il Load ASIC test pattern
initial #time_2 begin
pattern_ptr = 0;
Load_ASIC_Test_Pattern;
Go_to_S_Run_ldle;
Go_to_S_Select_DR;
Go_to_S_Capture_DR;

repeat (BSC_Reg_size) Go_to_S_Shift_DR;
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Go_to_S_Exit1_DR;
Go_to_S_Pause_DR;
Pause;
Go_to_S_Exit2_DR;
Go_to_S_Update_DR;
Go_to_S_Run_ldle;
Il Capture data and scan out while scanning in another pattern

pattern_ptr = 2;
Load_ASIC_Test_Pattern;
Go_to_S_Select_DR;
Go_to_S_Capture_DR;
strobe = 1;
repeat (BSC_Reg_size) Go_to_S_Shift_DR;
Go_to_S_Exit1_DR;

_Go_to_S_Pause_DR;
Go_to_S_Exit2_DR;
Go_to_S_Update_DR;
strobe = 0;
Go_to_S_Run_ldle;

end

Jremsmnsassrnsascnssasernss TAP CONTROLLER TASKS *4+t#sssasssssssssnsnssnss
task Wait_to_enter_S_Reset;

begin
@ (negedge TCK) TMS = 1;

end

endtask
task Reset_TAP;
begin
TMS = 1;
repeat (5) @ (negedge TCK);
end
endtask
task Pause; begin #Pause_Time; end endtask
task Go_to_S_Reset; begin @ (negedge TCK) TMS = 1; end endtask
task Go_to_S_Run_ldle; begin @ (negedge TCK) TMS nd endtask
task Go_to_S_Select DR; begin @ (negedge TCK) TMS = 1; end endtask
task Go_to_S_Capture_DR;  begin @ (negedge TCK) TMS nd endtask
task Go_to_S_Shift DR; begin @ (negedge TCK) TMS = 0; end endtask

task Go_to_S_Exit1_DR; begin @ (negedge TCK) TMS = 1; end endtask
task Go_to_S_Pause_DR; begin @ (negedge TCK) TMS = 0; end endtask
task Go_to_S_Exit2_DR; begin @ (negedge TCK) TMS nd endtask
task Go_to_S_Update DR;  begin @ (negedge TCK) TMS = 1; end endtask

task Go_to_S_Select_IR; begin @ (negedge TCK) TMS =
task Go_to_S_Capture_IR; begin @ (negedge TCK) TMS =

; end endtask
; end endtask
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task Go_to_S_Shift_IR; begin @ (negedge TCK) TMS = 0
task Go_to_S_Exit1_IR;
_Pause_IR;
_Exit2_IR;
_Update_IR;
__Cycles; b.gm npm (10) begin @ (negedge TCK)

MS =
@ (pol.dgo TCK) TMS = 1; end end endtask

Jresssrsssasinsenensasasinnsens ASIC TEST PATTERNS **tssssessnssssssssssassnsrars
task Load_ASIC_Test_Pattern;
begin
Pattern_Register = Aray_of ASIC_Test_Pattems [patter_ptr];
@ (negedge TCK ) load_TDI_Generator = 1;
@ (negedge TCK) load_TDI_Generator = 0;
end

endtask
!Ilk Declare _Array_of ASIC_Test_Patterns;

IIsS 52 s1s0_c0_a3a2a1a0_b3b2b1b0_c_in;

Array_of_ASIC_Test_Patterns [0] = 14'b0100_1_1010_1010_0;

Array_of_ASIC_Test_Patterns [1 4'b0000_0_0000_0000_0;

Array_of_ASIC_Test_Patterns [2] 4'D1111_1_1111_1111_1;

Array_of ASIC_Test_Patterns [3] = 14'b0100_1 0101 0‘\01 _0;
end endtask

Jressssenssesssssssssassereens INSTRUCTION PATTERNS *+essessssassassasassas
parameterBYPASS= 3'b111;// pattern_ptr = 0
param.torEXTEsT— 3'D001;/ pattern_ptr = 1
arameterSAMPLE_PRELOAD= 3'b010;/ panem_plr =
pnrlmoltrlNTEST- 3'b011;/ pattern_ptr =
parameterRUNBIST= 4'b100;/ pattern_ptr = 4
parameterIDCODE= 5'b101;// pattern_ptr = 5

task Load_TAP_Instruction;
begin
Pattern_Register = Array_of_TAP_Instructions [patter_ptr;
@ (negedge TCK ) load_TDI_Generator =
@ (negedge TCK) load_TDI_Generator =
end
endtask

task Declare_Array_of_TAP_lnstructions;
begin
Array_of_TAP_Instructions [0] =
Array_of_TAP_Instructions [1

Array_of_TAP_Instructions [3
Array_of_TAP_Instructions [4] = RUNBIST;
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Array_of_TAP_Instructions [5] = IDCODE;
end
endtask
endmodule

module TDI_Generator #(parameter ESC _Reg_size = 14)(

output to_TDI,

input [BSC_Reg_size -1:0]  scan_pattern,

input load, enable_bypass_pattern, TCK

reg [BSC_Reg_size -1: 0] TDI_Reg;

wire enableTDO =t_ASIC_with_TAP.M0.enable
TDO;

assign to_TDI = TDI_Reg [0];

alway: (posedge TCK) if (load) TDI_Reg <= scan_pattern;
else if (enableTDO || enable_bypass_pattern)
TDI_Reg <= TDI_Reg >> 1;

endmodule
module TDO_Monitor #(parameter BSC_Reg_size = 14)(
input to_TDI,
input from_TDO, strobe, TCK
3
reg [BSC_Reg_size -1: 0] TDI_Reg, Pattern_Buffer_1,
Pattern_Buffer_2,
Captured_Pattern, TDO_Reg;
reg Error;
parameter test_width = 5;
wire enableTDO = t_ASIC_with_TAP.M0.enable
TDO;
wire [test_width -1: 0] Expected_out =

Pattern_Buffer_2 [BSC_Reg_size -1
: BSC_Reg_size - test_width];
wire [test_width -1: 0] " ASIC_out=
TDO_Reg [BSC_Reg_size - 1:
BSC_Reg_size - test_width];

initial Error =0;
always @ (negedge enableTDO) if (strobe == 1) Error = |(Expected_out »
ASIC_out);

always @ (posedge TCK) if (enableTDO) begin
Pattern_Buffer_1 <= {to_TDI, Pattern_Buffer_1 [BSC_Reg_size -1: 1]};
Pattern_Buffer_2 <= {Pattern_Buffer_1 (0], Pattern_Buffer_2 [BSC_Reg_size -1: 1]}
TDO_Reg <= {from_TDO, TDO_Reg [BSC_Reg_size -1: 1]};

end

endmodule

Note that the ASM chart of the TAP controller (see Figure 11-51) has the prop-
erty that 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 testbench
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
testbench detects an error that has been injected into the circuit. The instruction
patterns conform to the instruction code in the model for Instruction_Decoder. The
test sequences are generated by TDI_Generator and monitored by TDO_Monitor,
and given below. The task Load_ASIC_Test_Pattern executes a test sequence to select
and load a scan pattern into the register TDI_Reg within TDI_Generator. This
pattern scans out of TDI_Generator while enableTDO or enable_bypass_pattern is
asserted. TDO_Monitor includes a two-stage pipeline buffer whose input stage
receives the pattern that is shifted into the ASIC. The first stage holds the pattern that
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
pattern 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 cells. A mismatch is detected as an error. The
testbench includes an optional segment of code that injects an error into the bits

ponding to the sum d by the adder, and that checks whether an error is
detected by TDO_Monitor.

‘The simulation results shown in Figure 11-55 demonstrate that the default
instruction is the BYPASS instruction. The signals c_in, b, a, c_out, and sum are exter-
nal ports of ASIC_with_TAP; c_in_to_ASIC, b_to_ASIC, and a_to_ASIC are input
ports of ASIC, and ¢_out_fr_ASIC and sum_fr_ASIC are output ports of ASIC. The
system resides in an unknown state when simulation initiates at time r = 0. At the first
active edge of 7CK the state of the machine enters S_Reset (0),° where it remains
(Figure 11-55(a)) until the sequence of inputs of TMS scans 10 bits of the Pattern_Register
(1354y) through the TAP (Figure 11-55(b)).”’ In the testbench, Pattern_Register holds
the pattern selected by pattern_ptr. The pulse of Load_TDI_Generator loads the pat-
tern into TDI_Reg (within TDI_Generator). The LSB of TDI_Reg drives TDI. After
the machine enters S_Shift_DR (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
transitions occur on the rising edges of TCK, and that the waveform of TDO is a copy
of the waveform of 7DI delayed by one cycle while enableTDO is asserted. Also note
that clock_BSC_Reg is fixed (i.c., 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 7CK following entry into the TAP controller
state S_Capture_DR. Note in Figure 11-56(a) that this edge occurs at the transition
between S_Capture_DR and S_Shift_DR, and that the output of the bypass register is 0.
The output of the register will be the value scanned out of 7DO and the next rising edge
of TCK following assertion of TDO_enable.

See Problem 21 at the end of this chapter.
?"The data patterns and test sequence intervals have been chosen to illustrate the operation of the TAP.
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b_to_asic3o)|[ 5
a_to_ASIC[3:0)| a
c_out_fr_ASICE
sum_fr ASICB3:OI____ T
reset_bar]
TCK|
TMS|
stae[3:0][_0 XXX 4, e XXX 1 X
Scanning (State: 4, 5_Shifi_DR)
clock_BSC_Reg]
update_BSC_R
BSC_Scan_Register[13:0] XK
BSC_Outpus_Register{13:0] xxxx
Scanning the bypass register
shiftDR)
clock_BR
hifilR]
'/ Normal mode TDO is TDI delayed by one cycle
test_mods
select_BR| P

(a)

FIGURE 1155 Simulation results—scanning a pattern through the bypass register of ASIC_with_TAP
after power-up: (a) the pattern scans through the chip with a delay of one clock cycle and (b) control
signals, TAP registers, and testbench registers.
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FIGURE 11-55 Continued

The scanning process does not affect the values of the signals at the ports of
ASIC. clockBR is active for one cycle in state S_Capture_DR (3) and for 10 cycles in
state S_Shift DR (4). selectBR connects the bypass register to T7DI and TDO.
BSC_Scan_Register and BSC_output_Register hold 14'Hx because they have not yet
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FIGURE 11-56 Simulation results—loading the instruction INTEST into the instruction register.
(a) enableTDO is asserted only while scanning (otherwise TDO is in the high-impedance state),
and (b) the instruction INTEST is loaded, then a data pattern is reloaded and scanned out of
the TDI_Generator and into ASIC_with_TAP, via TDI.
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FIGURE 11-56 Continued

received data. reser_bar is asserted (active-low) and resets the 3-bit instruction register
to hold all 1s (the BYPASS instruction) in state S_Reset (0). The subsequent bits of
TDO replicate the waveform of TDI.

The simulation results in Figure 11-57(a) show the BYPASS instruction being
shifted out of the TAP and the instruction INTEST being loaded into the TAP while
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FIGURE 11-57 Simulation results: (a) after scanning the test pattern 1354, into the capture/scan
register, the boundary scan output register is loaded, and test inputs are applied to ASIC
and (b) the outputs of ASIC are captured and scanned out through TDO, and shifted into
TDO_Reg for with Pattern_Buffer_2 (see Figure 11.66).
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the machine is in the state S_Shift_IR (11), with shiftIR and enableTDO asserted. The
testbench loads Pattern_Register with INTEST, then asserts load_TDI_Generator to
load TDI_Reg with INTEST. In state S_Shift_IR(11) the instruction scans into
IR_SCAN_Register (Figure 11-57(b)) while BYPASS scans out of the register through

Name

720 840

1080 t

state{3:0]

selectIR
clockIR
updatelR

IR_Scan_Register[2:0]
IR_Output_Register{2:0)

DI
enableTDO
TDO

clock_BSC_Reg
BSC_Scan_Register{130)
BSC_Outpur_Register{130]

pattern_ptr

Pattern_Register{13:0]

load_TDI_Generator
TDI_Reg(13:0]
Pattern_Buffer_1{13:0]
Pattern_Buffer 2[13:0]
TDO_Reg[13:0]

strobe

Expected_our[4:0)
ASIC_our(4:0)

Error

e 002 4 0001

_—

1354 36t
o0 1354 31t
I
[ | 2
1354 | 3fff
de pattern data
Il Z
[({___oooo ) 3esr 1\ 0000
A
\ 1354 31t
19aa 1354
xXda 134a
o 000000000000 (]

= J000000000000C__c2

(®)

FIGURE 11-57 Continued
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TDO. When the state of the TAP controller enters S_Update_IR, the instruction
INTEST is loaded into IR_Output_Register. The waveforms in Figure 11-57(b) also
show the testbench reloading Pattern_Register with 1354, transferring the pattern to
TDI_Reg, and scanning the pattern into the BSC_Scan_Register while the state
resides in S_Shift_IR. Also note that the three-state behavior of TDO conforms to the
JTAG standard.

With ZR_Output_Register holding the instruction INTEST, the pattern (1354;,)
that was loaded into BSC_Scan_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.
Note that the values at ¢_in_to_ASIC,b_to_ASIC,and a_to_ASIC change to the values
specified by the applied test pattern, and that c_our_fr ASIC and sum_fr_ASIC are
produced by the adder within ASIC.® A second test pattern (3fffy) is loaded into
TDI_reg (see Figure 11-57(b)) and shifted into BSC_Scan_Register while 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_Output_Register (see Figure 11-58(a)), and Expected_out is compared to ASIC_out
in Figure 11-58(b). The patterns match, and Error remains de-asserted.?”

11.8.8 Design Example: Built-In Self-Test

Built-in self-test (BIST) logic allows an ASIC to test itself. BIST 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 tesled as
part of a board environment. For example, p and other

use BIST to test block RAMs on power-up.

A simple architecture for a machine with BIST hardware is shown in Figure 11-59.
In normal mode, the unit under test (UUT) is driven by external (primary) inputs, but in
test mode, patterns are generaled by bml( -in circuitry and applied to the circuit. The
response of the circuit is and to an expected
response to the input pattern. A dlﬁ'erenoe 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)™ 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.

*The adder implemented in this example has 0 delay.

*The testbench includes an example in which a fault is injected into ASIC and detected by an applied test
pattern.

¥See Chapter 5.
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Name 984 1104 1224 1344 1

P S S U B T S A S A AR A R S R MY

c_in
Bb[3:0]
af3:0]
c_out
sum[3:0]

c_in_to_ASIC
b_to_ASIC[3:0]
a_to_ASIC[3:0]
c_out_fr_ASIC
sum_fr_ASIC[3:0]

reset_bar
TCK
™S

state[3:0]

clock_BSC_Reg
update_BSC_Reg
BSC_Scan_Register[13:0]
BSC_Output_Register{13:0]

ShifiDR
clock_BR
shiftlR

test_mode
select_BR
DI
enableTDO
TDO

0
g e

Labd

T

000X 1
Toad new pattern into
output register

[ A
13% (] [T

FIGURE 11-58 Simulation results—after scanning a second data pattern into ASIC_with_TAP:
(a) the pattern (3fffy, is loaded into BSC_Output_Register) and (b) the expected and actual

outputs of AS/C match.
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984 1104 1224 1344 ¢

Name P S A A M A A A A AT I SR AT A A S

staref3:0] [~ 000 !

selectIR
clockIR

updatelR
IR_Scan_Register[2:0) 3
IR_Outpur_Register[2:0) 3

DI
enableTDO [~
TDO [ ]

[unr

clock_BSC_Reg
BSC_Scan_Register{13:0] [\ 36t
BSC_Outpur_Register(13:0) | 1354 | 3t

pattern_ptr 2
Pattern_Register{13:0] 36if

load_TDI_Generator

TDI_Reg[13:0] 0000
Pattern_Buffer_1[13:0] 366
Pattern_Buffer 2[13:0] 1354
TDO_Reg[13:0] 134a
Scan complete: output
strobe —— matches expected value
Expected_ourl4:0] {7 1)
ASIC_ourl4:0] | i
Error
(b)

FIGURE 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 steps (i.e., the
sequence of patterns is cyclic). This method for generating patterns is attractive
because the hardware required to generate the seq of patterns is signifi less
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FIGURE 11-59 Architecture for a BIST machine.

than 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 [16].

Two 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
where the lap coefficients have the value 1. Both generate i length

binai ding on the tap

Type IT 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 tap 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 determine whether the circuit is operating correctly. Instead of storing the patterns
of the exp a MISR p 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 ¥ of 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 tesz_mode, which controls whether
ASIC_with_BIST is operating in test mode or in normal mode, and a signal reser that
drives an internal state machine to a reset state. The signal done asserts for one cycle of
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Reset

Clock

(®)

FIGURE 11-60 Linear feedback shift registers: (a) Type I (external xor gates) and (b) Type IT
(internal xor gates).

clock to indicate that the BIST test sequence is complete; error indicates that the sig-
nature produced by Response_Analyzer 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,
Response_Analyzer,and BIST_Control_Unit. The BIST implementation does not modify
ASIC, the circuit that is to be tested by the BIST hardware. Pattern_Generator is a cus-
tomized LFSR, with the ize, ifying the size of the d: of the adder in
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TABLE 11-11 Tap ients for length pseudo-random binary
sequence generators.
n Coefficient Vectors (C,...C; C)) Coefficents
2 11 €16
3 101 GG
4 1001 (HH
5 1.0010 CsC,
6 10_0001 CsCy
7 100_0100 GiCs
8 10001110 | GGG,
9 1.0000_1000 CsCs
10 10_0000_0100 CisCs
1 100_0000_0010 CuC:
12 100000101001 | €12 CsCaCy
13 1000000001101 | C€;3CiCiC,
14 10_0010_0010_0001 | €14 C1CsCy
15 100_0000_0000_0001 CisC
16 1000_1000_0000_.0101 | Cy6C1aC3C;y
32| 1000_0000_0010_0000_0000_0000_0000_0011 | CyCpCyC,
R[] R[2] RN -1] RIN]

Clock

FIGURE 11-61 Multiple-input linear feedback shift register (MISR).

ASIC; Length, specifying the length of the shift register; and initial_state, specifying the
state that results when an external reset is asserted, The maximum-length LFSR in
Pattern_Generator will generate stimulus patterns, and a MISR in Response_Analyzer will
generate a signature. At the end of the test sequence, BIST_Control_Unit 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_with_BIST.
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ASIC_with_BIST

ASIC
sum[3:0)  c_out a[3:0] b[3:0) cin
s = =
ch 3 &, “ 5
H 3 S iy )
3 3 o ) ]
¢ g g H H
3 3
< <
[ e
Response
Analyzer
Pattern
Generator
Al 1
sum[3:0]  c_out a[3:0] b[3:0) cin
test_mode error
reset done
clack

FIGURE 11-62 Architecture for ASIC_with_BIST.

The ASM chart in Figure 11-63 describes the state-machine controller for
ASIC_with_BIST. The signals clock, reset, and test_mode 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_test while patterns are applied and then
transitions to S_compare, where the signature produced by Response_Analyzer is
compared to stored_pattern. If the patterns match, the state transitions to S_done
and asserts the Moore-type output done for one clock cycle before returning to
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1
est
/enable

FIGURE 11-63 ASM chart for the controller of ASIC_with_BIST.

S_idle. If the patterns do not match, the state transitions to S_error, where it remains
until reset is asserted.

module ASIC_with_BIST #(parameter size = 4)

output [size -1: 0] sum, /I ASIC interface I/O

output c_out,

input [size -1: 0] a.b,

input c_in,

output done, error,

input test_mode, clock, reset
%

wire [size -1: 0] ASIC_sum;

wire ASIC_c_out;

wire [size -1: 0] LFSR_a, LFSR_b;

wire LFSR_c_in;

wire [size -1: 0] mux_a, mux_b;

wire mux_c_in;
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wire enable;

wire [1: size +1] signature;

assign  {sum, c_out} = (test_mode) ? 'bz : {ASIC_sum, ASIC_

assign  {mux_a, mux_b, mux_c_in}= (enable == 0) ? {a, b, c_i
{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));

Pattern_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, ASIC_c_out}),
_enable (enable),

_clock (clock),
reset (reset));

BIST_Control_Unit M3 (done, error, enable, signature, test_mode, clock, reset);
endmodule

module ASIC #(parameter size = 4)(

output [size -1: 0] sum,
output c_out,
input [size -1: 0]

input c_in

assign {c_out, sum}=a + b + c_in;
endmodule

module Response_Analyzer #(parameter size = 5)(
input [1: size] R_in,
input enable, clock, reset

)%
always @ (posedge clock)
if (reset == 0) MISR_Y <= 0;

end
endmodule
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module Pattern_Generator #(parameter size = 4, Length = 9)(

output  [size -1: 0] a,b,
output c_in,
input enable, clock, reset

)3
reg [1: Length] LFSR_Y;
parameter [1: Length] initial_state = 9'b1_1111_1111;
parameter [Length: 1] Tap_Coefficient = 9'b1_0000_1000;
integer k;

assign a = LFSR_Y[2: size + 1];
assign b = LFSR_Ysize + 2: Length};
assign c_in = LFSR_Y[1];
always @ (posedge clock)
if (reset == 1'b0) LFSR_Y <= initial_state;
else if (enable) begin
for (k = 2; k <= Length; k = k + 1)
LFSR_Y[K] <= Tap_Coefficient[Length -k +1]
2 LFSR_Y[k -1] A LFSR_Y]Length] : LFSR_Y[k -1J;
LFSR_Y[1] <= LFSR_Y[Length];
end
endmodule

module BIST_Control_Unit #( parameter sig_size = 5, c_size = 10, size = 3,

c_max = 510)(
output reg done, error, enable,
input [1:sig_size] signature,

input test_mode, clock, reset

"parameter stored_pattern = 5'hia; // signature if fault-free
parameter S_idle =0,
S_test=1

reg [size T 0] state, next_state;
reg [c_size-1:0]  count;
wire match = (signature == stored_pattern);

always @ (posedge clock) if (reset == 0) count <= 0;
else if (count == c_max) count <= 0;
else if (enable) count <= count + 1;

always @ (posedge clock) if (reset == 0) state <= S_idle;
else state <= next_state;

always @ (state, test_mode, count, match) begin
done = 0;
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next_state = S_error;
case (state)

if (test_mode) next_state = S_test,
if (count
£ = S_test; end

if (match) next_state = S_done;
else next_state = S_error;

_max -1) next_state = S_compare;

S_done: ext_state = S_idle; end
S_error:  begin done = 1; error = 1; end
endcase
end
endmodule

The testbench for ASIC_with_BIST 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 test_mode is asserted, (4) initiation of activity in the LFSR
pattern generator and the MISR when enable is asserted by BIST_Control_Unit, and
(5) detection of an injected fault at an input pin of ASIC.

module t_ASIC_with_BIST #(parameter size = 4, End_of_Test = 11000);

wire [size -1: 0] sum; /I ASIC interface I/O
wire c_out;

reg cin;

wire done, error;

reg test_mode, dock reset;

reg Error  flag=1;

ASIC_with_BIST MO (sum, c_out, a, b, c¢_in, done, error, test_mode, clock, reset);

initial begin Error_flag = 0; forever @ (negedge clock) if ( M0.error)
Error_flag = 1; end

initial #End_of_Test $finish;

join
1l Test power-up reset and launch of test mode
initial fork

#2 reset = 0;
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#10 reset = 1;
#30 test_mode = 0;
#60 test_mode = 1;

join
1l Test action of reset on-the-fly
initial fork
#150 reset = 0;
#160 test_mode = 0;
join

1/ Generate signature of fault-free circuit
initial fork
#180 test_mode
#200 reset = 1;
join
/I Test for an injected fault
initial fork
#5350 release MO.mux_b [2] ;
#5360 force MO.mux_b[0] = 0;
#5360 begin reset = 0; test_mode = 1; end
#5370 reset = 1;
join
endmodule

1

‘The simulation results in Figure 11-64 demonstrate that power-up reset drives
the state of the BIST_Control_Unit to S_idle (0), and resets the state of the LFSR to
1ffy;. When test_mode is asserted the state transitions to S_test (1), where enable is
asserted. The assertion of enable connects the datapath from the LFSR (see mux_a,
mux_b, and mux_c_in) to the ports of ASIC and drives the output datapath (see
sum and c_out) of ASIC_with_BIST into the high-impedance state. With enable
asserted, the LFSR generates patterns driving the internal datapath for ASIC_sum
and ASIC_c_out, and the MISR within Response_Analyzer begins to generate pre-
liminary signatures. A second assertion of reset demonstrates that the machine
resets on-the-fly.

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 are applied to detect injected faults. The simulation results in
Figure 11-66 were generated after a fault was injected at an input of ASIC. They
demonstrate that the machine detects the mismatch between the stored pattern of the
fault-free machine and the signature produced by the MISR when the machine has
the injected fault.
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FIGURE 11-64 Simulation results showing (1) power-up reset, (2) reset on-the-fly, (3) three-state
action of sum and c_out and selection of the input datapaths when test_mode is asserted,
and (4) initiation of activity in the LESR and the MISR when rest_mode is asserted

in ASIC_with_BIST.
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FIGURE 11-65 Simulation results showing match between the stored pattern and the signature
of the fault-free circuit in ASIC_with_BIST.
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FIGURE 11-66 Simulation results showing detection of an injected fault in AS/C_with_BIST.
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‘The gates in Figure P11-1 are annotated with (min:max) delay ranges for rising
and falling output transitions. Develop a DAG for the circuit, and enumerate
the delay ranges of the paths through the circuit for rising and falling transitions
of the outputs.

Using a static timing analyzer, ine the maxi clock frequency at
which a synthesized implementation of ALU_machine_4_bit can operate with-
out a timing violation (see Problem 7 in Chapter 8).¢

Using a static timing analyzer, determine the maximum clock frequency at
which a of UART_ "_Arch can operate
without a timing violation (see Chapter 7).
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FIGURE P11-1

4. Using a static timing analyzer, determine the maximum clock frequency at
which a synthesized implementation of UART_8_Receiver can operate without
a timing violation (see Chapter 7).

5. Gated clocks can be problematic in ASICs and FPGAs. Compare the circuits
shown in Figure P11-5, which can be used to generate a clock pulse when a
binary counter reaches a specified count.

6. Conduct a static timing analysis of a 4-bit ripple-carry adder and a 4-bit carry
look-ahead adder. The adders are to be implemented using cells from a CMOS
standard-cell library (include the source code for the models of the adders).
List 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 distribution of the path lengths of
the ripple carry adder. Find the longest path, identify it below, and indi-
cate its delay.

Longest path begins at:
Longest path ends at

Delay of the longest path____ns

ii. Find the shortest path, identify it below, and indicate its delay.
Shortest path begins at:

Shortest path ends at:____

Pathdelay:___ns

Create a timing analysis report and a distribution of the path lengths of
the carry look-ahead adder. Find the longest path, identify it below, and
indicate its delay.

Longest path begins at:
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 at
Shortest path ends at:
Pathdelay:___ns




Postsynthesis Design Tasks 847

FIGURE P11-5
TABLE P11-6
Propagation Delay | Propagation Delay
Coll e (Rising) (Falling)

b. Using cell area data, compare the areas of the two implementations.

Area (ripple carry).
Area (look-ahead),
Provide data showing how the area was calculated.

o

Develop a testbench for the designs, and identify below input patterns that
will exercise the longest and shortest paths, and the delays that are
observed in simulation with these patterns. Provide waveforms of the
results (annotate the results to show the delay).

Pattern for longest path:
Delay observed in simulatio
Pattern for shortest path:
Delay observed in simulation:
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d. For 16-bit ripple carry (RCA) and carry look-ahead (CLA) 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 11-7), using the flip-flops of the cell library. (Note: The regis-
ters are not part of the adder). Provide annotated simulation results
showing the above delays.

Shortest clock cycle:RCA:
Shortest clock cycle:CLA:,

e. Discuss the significant differences between the adders.

7. Find a minimum set of test patterns that will cover all of the s-a-0 and s-a-I
faults in the gate-level model of a full adder circuit shown in Figure P11-7.

8. The circuit in Figure P11-8 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 the s-a-0 fault on the input to the AND gate is
detectable.

cin
a—s Gl G2
sum
b
G4 -
c_out
G3
FIGURE P11-7
An—y o
Ccol
F_static
F_dynamic
C_lare
B
R

5-a-0

FIGURE P11-8
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Develop tests for the faults G4 5-a-0 and G4 s-a-1 in Figure P11-7.
Verify that ASIC_with_TAP (see Section 11.8.7) is synthesizable. Check for
latches in the netlist of the synthesized circuit.

. What feature of the JTAG TAP controller (sec Figure 11-51) enables the

machine to enter S_Reser at the first active edge of the clock following
power-up, in the absence of the optional active-low external asynchronous
reset nTRST?

. The model for ASIC_with_TAP (see Section 11.8.7) generates gated clocks in

Instruction_Decoder. Develop, verify, and synthesize ASIC_with_TAP_NGC,a
model that does not have gated clocks.

. The model for ASIC_with_TAP (sce Section 11.8.7) has parameters in several

modules. Consequently, each module must be edited to resize the design. Using
the defparam construct to define all of the parameters of ASIC_with_TAP,
develop and include an annotation module in the testbench _ASIC_with_TAP
to parameterize the design.

The model ASIC_with_TAP (sce Section 11.10.6) includes pull-up devices for
TMS, TDI,and nTRST. Develop a testbench to verify that the models conform
to the JTAG specification that e(at TMS, TDI, or nTRST) shall be identical to
the application of a logic 1.

. The state of the JTAG TAP controller enters S_Reset on power-up and remains

there until 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 before returning to 1).

Develop ALU_4_bit_with_JTAG, a JTAG-enhanced version of ALU_4_bit
(see Table P8.7a in Chapter 8 for'a functional specification of ALU_4_bir), and
a testbench, (_ALU_4_bit_with_JTAG having scan patterns that exhaustively
verify the functionality of the opcode A_and_B and tests for any s-a-0 or s-a-1
fault that can be detected at the output. Include in the testbench a test demon-
strating that a fault injected at an output pin of ALU_4_bir will be detected.

. Explain why the state S_ExitI_DR is needed in the ASM chart of the TAP

controller.

Develop a model for Board_with_Four_ASICS, a module that contains four
copies of ASIC_with_TAP (see Section 11.10.6) connected in a ring configura-
tion (see Figure 11-62). The ASICs are to be connected to form a 16-bit ripple
carry adder with the port structure (sum/15:0], c_out, a[15:0], b[15:0], c_in).
Develop a testbench, (_Board_with_Four_ASICS, and test sequences that (1)
bypass all four chips, (2) bypass all but the chip producing the most significant
bit-slice of the board’s output, (3) test the interconnect between the ASICs pro-
ducing the least significant 8 bits of the machine, (4) tests the ASIC producing
sum/[7:4] for internal faults (use gate-level models for the bit-slice adders).
Using the force. . . release construct, the testbench is to inject faults as needed
to demonstrate that faults are detected.

. 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 I LFSRs shown in Figure 11-60 do not enter the state
Y = 0, because they could not exit from that state. Explain how the modified
Type I LFSR shown in Figure P11-20 enters and leaves the state ¥ = 0000.

Reset

—

ey =1
D Q D Qo D o D Q
[ vz iEC] 1K
Cik e Clk e Clk Q Clk Q

Clock L'ﬁ
1/

FIGURE P11-20




armoxa Verilog Primitives

Verilog has a set of 26 primitives for ing the i ity of inati 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 nof 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 (bufifl, bufif0, notifl, notif0, tranifl, tranif0, rtranifl, rtranif0), 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 of a primitive are vectors, the output vector is
formed on a bitwise basis from the input’s vector.

Primitives may be instantiated with prcpagaucn delay‘ and may have snenglh

assigned to their output net(s). Their input in Verilog's f
logic system is defined by the following truth tables, where the symbol L represents 0 or
z, and the symbol H rep: 1 or z. These iti symbols simula-

tion results in which a signal can have a value of 0 or z, or a value of 1 or z, respectively.

A.1 Multiinput Combinational Logic Gates

The truth tables of Verilog’s combinational logic gates are shown for two inputs, but
the gates may be instantiated with an arbitrary number of scalar inputs.

in_1

and | 0 1 x z

0
1
x
z

cococo

0
1
x
x

% %o
P

FIGURE A-1_Truth table for bitwise-and gate (and). Terminal order: our, in_1, in_2




852 Advanced Digital Design with the Verilog HDL

Nx =
[

1 1
x x
x x
x x

FIGURE A-2_Truth table for bitwise-nand gate (nand). Terminal order: ou, in_1, in_2

or 0 1 x z
0 0 1 x x
1 1 1 1 1
x x 1 x x
z x 1 x x

FIGURE A-3 Truth table for bitwise-or gate (or). Terminal order: out, in_l, in_2

nor 0 1 x z
0 1 0 x x
1 0 0 0 0
x x 0 x x
z x 0 x x

FIGURE A-4 _Truth table for bitwise-nor gate (nor). Terminal order: out, in_l, i
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xor 0 1 x z
0 0 1 x x
1 1 0 x x
x x x x x
z x x x x

FIGURE A-5 _Truth table for bitwise exclusive-or gate (xor). Terminal order: out, in_1, in_2

xmor | 0 1 x z
0 il 0 x x
1 0 1 x x
x x x x x
z x x x x

FIGURE A-6_Truth table for bitwise exclusive-Nor gate (xnor). Terminal order: out, in_I, in_2

A.2 Multioutput Combinational Gates

out N

out 2

in out_1

FIGURE A-7 Truth table for bitwise buffer (buf). Terminal order: out_I, our 2, ..

Lout N, in
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ou N
o2
in our_1
not | 0 1 x z
output| 1 0 x x

FIGURE A-8 Truth table for bitwise inverter (mot). Terminal order: our_1, out 2, ...

.3 Three-State Logic Gates

curl
PR | S
control
bufifo | 0 1 x z
i| 0 0 z L L
ind 1 1 z H H
AT T
It 2z x z x x

FIGURE A-9 Truth table for three-state buffer (bufif9) with active-low enable. Terminal
rder: out, in, ctrl

arl
""b—&—-mu
control
bufif1| 0 1 x 2
il 0 7 0 L L
o1 z 1 H H
A
| P S T

FIGURE A-10_Truth table for three-state buffer (bufifl). Terminal order: out, in, ctrl
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crl

in out
ontrol

notifo | 0 1 x z

i 1 z H H

no1 o fo z L I

Plox | x z x x

t) oz |x z x x

FIGURE A-11 Truth table for three-state inverter (nofif9) with active-low enable.
‘Terminal order: ous, in, cir

crl

in out

control
notif1| 0 1 x z
il o |z 1 HH
b I 0 L. &
Plox | x x x
t 2z |z x x x

FIGURE A-12_Truth table for three-state inverter (notifl). Terminal order: ous, in, cirl

A.4 MOS Transi Switches

The cmos, remos, 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, falling,
and turn-off delay (i.e., to the z state) of the output. A pair of values specifies the rising
and falling delays, and the smaller of the two values determines the delay of transitions
to x and z. A triple of values specifies the rising, falling, and turn-off delay, and the
smallest of the three values determines the ition to x. Delays of to L
and H are the same as the delay of a transition to x.!

!See Ciletti MD. Modeling Synthesis and Rapid Prototyping with the Verilog HDL (Prentice-Hall, Upper
Saddle River, NJ: 1999) for a discussion of the rules governing the strength of nets driven by switch-level
primitives.
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crl

HiZ S0 SiIL Sl
Hiz su StH  StH
HiZ SX SiX SiX
HiZ HiZ HZ HZ

—cus -
Nx o

FIGURE A-13 nmos pass transistor switch (mmos). Terminal order: out, in, ctrl

—Evs -
Nk o
2
T
R
2
&

2
=]

FIGURE A-14 pmos pass transistor switch (pmos). Terminal order: out, in, ctrl
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p_enable

input output
n_enable
cmos ] control input
n_enable p_enable 0 1 % z
0 0 St0 Stl StX HiZ
0 & HiZ HiZ Hiz HIiZ
0 x SiL StH StX HiZ
o z StiL StH StX HiZ
1 o St0 St1 StX HiZ
1 1 St St1 StX HiZ
1 x St0 st StX HiZ
St0 St StX Hiz
S0 Stl SX HiZ
x 1 SIL StH  SiX  HiZ
x x SL SH  SX  HiZ
x z SiL StH StX HiZ
z 0 St0 St1 SiX HiZ
z 1 StL StH StX HiZ
z x SL SH  SIX  HiZ
z z SiL StH StX Hiz

FIGURE A-15 CMOS transmission gate (cmos). Terminal order: output, input, n_enable, p_enable
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ctrl

el Laouw

control

mmos [ 0 1 x z

HiZ Pu0 PulL Pul
Pul  PuH PuH
HiZ PuX PuX PuX
HiZ HiZ HiZ HZ

LR
NHmO
T T

R

FIGURE A-16 High-resistance nmos pass transistor switch (mmos). Terminal order: out, in, ctrl

crrl

st Laour
control

pmos | 0 1 x z

Pu0  HiZ PuL Pul
HiZ PuH PuH
PuX HiZ PuX PuX
HiZ HiZ HZ HZ

“Ho
4

~e98 ~

FIGURE A-17 High-resistance pmos pass transistor switch (rpmes). Terminal order: ous, in, ctrl
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Pp_enable
input output
n_enable
remos control input

n_enable Pp_enable 0 1 x z

0 0 Puo Pul PuX  HiZ
0 1 HZ ~ HiZ HiZ HiZ
0 x Pul  PuH  PuX  HiZ
0 z PL  PuH  PuX  HiZ
1 0 Pu0 Pul PuX  HiZ
1 1 Pu0 Pul PuX  HiZ
1 x Pu0 Pul PuiX  HiZ
1 z Pu0 Pul PuX  HiZ
x 0 Puo Pul PuiX  HiZ
® 1 Pul PuH  PuX  HZ
x x PuL  PuH  PuX  HiZ
x z Pl PuH  PuX  HiZ
z 0 Pud Pul PuX  HiZ
z 1 PuL  PuH  PuX  HiZ
2 x PuL  PuH  PuX  HiZ
z z PuL  PuH  PuX  HiZ

FIGURE A-18 High-resistance cmos transmission gate (remos). Terminal order: output,
input, n_enable, p_enable
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A.5 MOS Pull-Up/Pull-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 delay values may be specified for these gates. The default strength of
these gates is pull. Note: The pulldown and pullup gates are not to be confused with tri0
and #ril nets. The latter arc nets that provide connectivity, and may have multiple
drivers; the former are functional elements in the design. The i@ and tril nets may
have multiple drivers. The net driven by a pullup or pulldown gate may also have mul-
tiple drivers. Verilog's pullup and pulldown primitives can be used to model pull-up and
pull-ds devices in circuitry tied to unused inputs on flip-flops.

out

FIGURE A-19 Pull-up device. Terminal order: out

FIGURE A-20 Pull-down device. Terminal order: out

A.6 MOS Bidirectional Switches

Verilog includes six predefined bidirectional switch primitives: tran, rtran, tranifo,
rtranif9, tranifl, and rtranifl. 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 tran and rtran primitives model bidirectional pass gates, and may not
have a delay specification. These bidirectional switches pass signals without delay. The
rtranifO, rtranifl, tranifl  and rtranifl switches are ied by a delay i
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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 (turn-on,
turn-off) specifies both delays, with the turn-on being the first item and turn-off being
the second item. The default delay is 0.

in_ourl in_our2

FIGURE A-21 Bi ional switch (fran). Terminal order: in_outl, in_our2

in_outl in_ou2

FIGURE A-22 Resistive bidirectional switch (rtran). Terminal order: in_outl, in_out2

ctrl

in_outl m in_our2

FIGURE A-23 Three-state bidirectional switch (traniff)). Terminal order: in_outl, in_out2, ctrl

in_ourl in_out2

FIGURE A-24_Resistive three-state bi switch (rtranif0). Terminal order: in_outl, in_out, ctrl
el
in_ourl - in_our2
tranif1
FIGURE A-25_Three-state bi switch (¢ranifl). Terminal order: in_outl, in_out2, ctrl

in_ourl in_our2

FIGURE A-26_Resistive three-state bidirectional switch (rtranif). Terminal order: in_outl, in_out2, ctrl







APPENDIX B

Verilog Keywords

Verilog keywords in Verilog 1364 (1995, 2001, and 2005) are predefined, lower-case,
nonescaped identifiers that define 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
and
assign
automatic
begin

buf
bufif0
bufifl
case
casex
casez

cell

cmos
config
deassign
default
defparam
design
disable
edge

else

end
endcase
endconfig

endfunction
endgenerate
endmodule
endprimitive
endspecify
endtable
endtask
event

for

force
forever
fork
function
generate
genvar
highz0
highz1

if

ifnone
incdir
include
initial

inout

input

instance
integer
join

large

liblist
library
localparam
macromodule
medium
module
nand
negedge
nmos

nor
noshowcancelled
not

notif0
notifl

or

output
parameter
pmos
posedge
primitive

pullo

pulll

pulldown
pullup
pulsestyle_onevent
pulsestyle_ondetect
remos

real

realtime

reg

release

repeat

nmos

rpmos

rtran

rtranif0
rtranifl
scalared
showcancelled
signed

small

specify
specparam
strong0
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strongl
supply0
supplyl
table
task
time
tran

trireg
unsigned
use
uwire
vectored
wait
wand

weak0
weak1
while
wire
wor
xnor
xor
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Verilog has two families of flxcd data types: nets and registers. Nets establish structural
y. i store i

C.1 Nets

‘The family of net data types is described in Table C-1.

TABLE C-1 Data types in Verilog

Net Types

with no logical behavior or implied

Establishes connectivity, with no logical behavior or functionality implied. This

of net has the same functionality as wire, but is identified distinctively to indicate that

it will be three-stated in hardware.

A et that is connected o the output of multiple primitives. It models the hardware
wired-AND, e.g., open collector te

‘A et that is connected to the output of multiple rendiEC ‘models the hardware
of a wired-OR, e.g., emitter coupled log

A net that is connected to the output of multiple primitives. [t models the hardware

implementation of a wired-AND, e.g., open collector technology. The physical net is

to be three-stated.

A net that is connected to the output of multiple primitives. It models the hardware
implementation of a wired-OR, e.g., emitter coupled logic. The physical net is to be
three-stated.

A global net that is connected to the circuit ground.

A global net that is connected to the power supply.

A net that is connected to ground by a resistive pull-down connection.

A net that is connected to the power supply by a resistive pull-up connection.

HEH: | I T

A net that models the charge stored on a physical net.
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At time 7, = 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 they are changed by

events during simulati

C.2 Register Variables

Register variables are assigned values by procedural statements within an always or
initial block. Register variables hold their value until an assignment statement changes
them. The following are predefined register types: reg, integer, real, realtime, and time.

C.2.1 Data Type:reg

‘The data type reg is an abstraction of a hardware storage element, but it does not corre-
spond directly to physical memory. A reg variable has a default initial value of x. The
default size of a register variable is a single bit. Verilog 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 inout port of a module, or the
target of a continuous assignment.

C.2.2 Data Type: integer

The data type integer supports numeric Inte-
gers are represented internally to the word length of !he host machine (at least 32 bits).
A negative integer is stored in 2s complement format. A integer variable has a default
initial value of 0.

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
—4, is stored as 1111_1111_1111_1111_1111_1111_1111_1100. When the size of a
number assigned to an integer is less than 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 z 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, Size_of_Memory;
integer Array_of_nts [1:100);

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 = —12/3 is —4; the result of A = —'d12/3 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
real variable has a default initial value 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: and $bii . Thel reference manual (LRM) describes lim-
itations on the use of operators with real operands.

C.2.4 Data Type: realtime

Variables having type realtime are stored in real number format. A realtime variable
has a default initial value of 0.0.

C.2.5 Data Type: time

The data type time supports time-related computations within procedural code in Ver-
ilog models. time 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 0.

C.2.6 C Error: Undeclared Regi: Variabl

Verilog has no mechanism for handling undeclared register variables. An identifier
that has not been declared is assumed to reference a net of the default type (e.g., wire).
A to an undeclared variable will cause a compiler error.

C.2.7 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.
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Example

If an 8-bit word vect_word has a stored value of decimal 4, then vect_word[2] has a
value of 1; vect_word[3:0] has a value of 4; vect_word[5:1] has value 2; ie.,
vect_word[7:0] = 0000_0100,, and vect_word[5:1] = 0_0010,.

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 are port objects
in a Verilog module. For example, a register variable may not be declared to be an
inout port.

TABLE C-2 Rules for port modes with nets and registers.

Port Mode
Variable Type input | output | inout
Net Variable Yes Yes Yes

Register Variable No Yes No

A variable that is declared as an input port of a module is implicitly a net variable
within the scope of the module, 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.29 Arrays

A i ion array with el 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 word 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 how the syntax for declaring a reg memory variable
simplifies to the form: reg word_size array_name memory_size for an array of 1024
32-bit words:

we

rd'size memory size
l ‘memory name

reg [31:0] cache_memory [0:1023];

End of Example

Multi-di i arrays of are formed by appending one or more
address ranges to a declaration providing the type, size, and name of an object.

Example

reg [15: 0] data  [0: 127][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 part-select of fixed width, +: and —, having
the syntax [<start_bir> +: <width>] and [<start_bit> —: <width>), respectively. The
parameter width specifies the size of the part select, and start_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 i ing (+) or ing (—) 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-1 a net 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 of child_module can drive a net in parent_module.

C.2.11 Strings

Verilog does not have a distinct data type for strings. Instead, a string must be stored
within a properly sized register by a procedural assignment statement. A properly
sized reg (array) has 8 bits of storage for each character of the string that it is to hold.
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parent_module

NET or L Actual
REGISTER ~ NET NET
child_module l T i Formal

NET NET or NET
REGISTER

FIGURE C-1_Scope of nets and registers.

Example

A declaration of a reg, string_holder, that will accommodate a string with num_char
characters is given below.

reg [8*num_char-1: 0] string_holder;

End of Example

The declaration in the example implies that 8 bits will encode each of the
num_char characters. If the string “Hello World” is assigned to string_holder, it is nec-
essary that num_char 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 are automatically filled in the unused positions, beginning at the position of the
MSB (i.e., the leftmost position).

C3 C

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; /l integer
parameter width = 32, depth = 1024; /] integers
parameter byte_size = 8, byte_max = byte_size-1; / integer
parameter a_real_value = 6.22; / real
parameter av_delay = (min_delay + max_delay)/2; Il real
parameter initial_state = 8'b1001_0110; 1l reg

End of Example

C.4 Referencing Arrays of Nets or Regs

A net or a register is by its identifier. A to a vector object can
include a bit-select (i.c., 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 i ifier has an ing (: di
order from its LSB to its MSB, a referenced part-select of that identifier must have the
same ascending (descending) order from its LSB to its MSB.
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The built-in operators of the Verilog 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 are used in Boolean expressions in conditional state-
ments or with conditional operators. Verilog 2001, 2005 implements the classes of opera-
tors listed in Table D-1. The meaning of Verilog’s operators is fixed; there is no provision
for “overloading™ an operator. The interp i of the op and ds is auto-
matic and transparent to the user. The aritk g these is fully
implemented in Verilog for scalar and vector nets and rega Ior 2 oomplemenl 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
arithmetic operators supported by Verilog are identified in Table D-2.

When arithmetic operations are performed on vectors (net and registers) the
result is determined by modulo 2" arithmetic, where n is the size of the vector. The bit

TABLE D-1 Arguments and results produced by Verilog
operators.

Operator Argument Result
Arithmetic Pair of operands | Binary word
Bitwise Pair of operands | Binary word
Reduction Single operand Bit

Logical Pair of operands | Boolean value
Relational Pair of operands | Boolean value
Shift Single operand Binary word
Conditional Three operands Expression
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TABLE D-2 Verilog arithmetic operators

and symbols.
Symbol Operator
+ Addition
- Subtraction
. Multiplication
/ Division
e Exponentiation
% Modulus

pattern that is stored in a register is interpreted as an unsigned value. A negative value
is stored in 2s 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 11, = 34. On the other hand, if —1 is stored in a
3-bit register its value 111, = 7.

Example

The simulation results shown below illustrate the modulo 2" arithmetic operations of
addition, subtraction, and negation.
modaule arith1 ();
reg  [3:0] 3
i , diff1, diff2, neg:

Sdisplay tsimA B A+B AB B-A -A");

$monitor (Stime,"%d %d %d %d %d  %d", A, B, sum, diff1, diff2, neg);
#10 $monitoroff;

$monitor (Stime,,"%b %b %b %b %b %b", A, B, sum, diff1, diff2, neg);

end
endmodule
t_sim A B A+B A-B B-A S A
5 5! 2 7 3 29 27
15 0101 0010 00111 00011 11101 11011

Note that A + B and A — B have values that are expected. But B — A does not
return the decimal equivalent of 2 — 5 = —3. The actual value of B — A is obtained
by adding the 2s complement of A (11011;) to the value of B (00010,), using the word
length of the result. Verilog descriptions involving operations on nets and registers
must anticipate modulo 2" arithmetic, 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 MSB indicates that
the result is to be interpreted as a negative value expressed in 2s complement format.

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 Verilog bitwise operators.

TABLE D-3 Verilog bitwise operators.

Symbol Operator

~ Bitwise negation
& Bitwise and

| Bitwise inclusive or

» Bitwise exclusive or
A A Bitwise exclusive nor

Example

If y1 is the binary word 1011_0001 and y2 is the binary word 0010_1001, then the
bitwise operation y1 & 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 D-4 Verilog reduction operators.

Symbol Operator
& Reduction and
~& Reduction nand

| Reduction or

~| Reduction nor

A Reduction exclusive or
~A A Reduction xnor




876

Advanced Digital Design with the Verilog HDL

Example

If y is the eight-bit binary word 1011_0001, the “reduction and” operation on y pro-
duces: &y = 0.The reduction and operation takes the “and” of the bits in the operand.
It returns a 1 if all of bits in the operand are 1.

End of Example

Example

Examples of the reduction operator are given below.

Expression Result Operator
&(010101) 0 Reduction And
| (010101) 1 Reduction Or
& (010 x 10) 0 Reduction And
1010 x 10) 1 Reduction Or

End of Example

D.4 Logical Operators

The Verilog logical operators operate on 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 family of operators is listed in Table D-5.

Logical are used with the iti i operator and in
ditional (if) within i i or tasks.

TABLE D-5_Verilog logical operators.
Symbol Operator

1 Logical negation
Logical and
Logical or
Logical equality
Logical inequality
Case equality
Case inequality
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Example

Examples using logical operators are given below:

a. if((a < size — 1) && (b!=c) && (index !=last-one)....
b. if (! inword)...

c. if (inword

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 0 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 are 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 &d& B will return a Boolean scalar result. If A and
B are scalars, the result will be the same as obtained using A & B.If A and B 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'b110 and B = 3'b11x. 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.5 Relational Operators

The Verilog ional compare ds 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, 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. Table D-6
lists the Verilog relational operators.

TABLE D-6_Verilog relational operators.

Symbol Operator
< Less than
<= Less than or equal to
> Greater than
>= Greater than or equal to
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D.6 Shift Operators

Verilog logical shift operators (Verilog 1364-1995, 2001, 2005) shift the bits of a single
operand left or right by a specified number of position, filling in with zeros the positions
that are vacated by the shift. Verilog arithmetic shift operators (Verilog 1364-2001,2005)
shift the bits of a single operand left or right by a specified number of positions. If the
shift is to the right, the vacated bits are replaced by the MSB of the word; if the shift is
to the left, the vacated bits are replaced by 0.

Note: the effect of the left arithmetic shift is identical to that of the left logical
shift. Table D.7 identifies the shift operators.

TABLE D-7_Verilog shift operators.

Symbol Operator
<< Left logical shift
>> Right logical shift
<<< Left arithmetic shift
>>> Right arithmetic shift

Example

If word A has the bit pattern 1011_0011, the statements A = A << land A <<< 1 cre-
ate the bit pattern A = 0110_0110. The statement A = A >> 2 creates the bit pattern
A = 0010_1100. The statement A = A >>> 3 creates the pattern A = 1111_0110.

End of Example

D.7 _Conditional Operator

‘The Verilog condmonal assngnmem operator selecvs an expresslon for evaluation, based
on the value of dif /_exp. . The operalor has the syn-
tax: ion ? true_expressi faLv ion. If

evaluates to Boolean true, then true_expression is evaluated otherwise, falre expre.mon
is evaluated.

Example

The statement below assigns the value of A to Y if A = B; otherwise, it assigns the
value of B.

Y =(A==B)?7A:B;

End of Example
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Example

The following Verilog statement uses the conditional operator to assign value to bus_a.
wire [15:0] bus_a = drive_bus_a ? data : 16'bz;

The effect of the assignment is summarized below:

drive_bus_a =1 sets data on bus_a
drive_bus_a= 0 sets bus_a to high impedance
drive_bus_a = x sets x on bus_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 assi using the iti : (1) logic value z is not allowed
in the dit L. ion, (2) Os are ically filled if the operands have differ-
ent lengths, (3) i the conditional_expression is ambi then both true_expression and
false_expression are evaluated and the result is calculated on a bitwise basis according to
Table D-8.

Note that the truth table assigns 0 (1) to the expression when both true_expression
and false_expression have the value 0 (1). In these cases the result of the evaluation does
not depend on itional_ . One iction that applies to the use of the con-
catenation operator is that no opemnd may be an unsized constant.

TABLE D-8 Truth table for the
conditional assignment operator.

true_expression
_ % |0 1 x
§
8100 x «x
% 1 x 1 x
RN
g

D8 C tion 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.




Advanced Digital Design with the Verilog HDL

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 1011_0001.

b. {4{a}} = {a,a,a,a}

c. {0011, {{01}, {10}}} = 0011_0110.

End of Example

D.9 Expressions and Operands

Verilog ions combine ds with the 1 ’s to produce a
resultant value. A Verilog operand may be composed of nets, registers, constants, num-
bers, bit-select of a net, bit-select of a register, part-select of a net, part-select of a regis-
ter, memory element, a function call, or a concatenation of any of these. The result of
an expression may be used to ine an assi to a net or register variable or
to choose among alternatives. The value of an expl’eSSIO‘n is determined by performing
the indicated operations on its operands. An expression may consist of a single identi-
fier (operand), or some combination of operands and operators that conforms to the
allowed 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 THIS_SIG = A_SIG / B_SIG;
b. assign y_out = (select) ? input_a : input_b;

End of Example

D.10 Operator Precedence

Verilog evaluates expressions from left to right, and the evaluation of a Boolean
expression is terminated as soon as the expression is delermmed to be true or false.
The p d of Verilog op within an is given in Table D-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 !he mlem expressed in
an ion.Asap use to in
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TABLE D-9 Verilog operators and their precedence.

Operator
Symbol Function Precedence
+ =1~ (unary) Sign, complement Highest
.- Exponentiation
% Multiplication, Division, Modulus
+ = (binary) ‘Addition, Subtraction
< > << > Shift
Relational
Reduction
Logical
7 Conditional Lowest

D.11 Arithmetic with Signed Data Types

Verilog-1995 is limited to signed arithmetic on 32-bit integers. The reg and net data types
are unsigned, and expressions are as signed arif ic only if every operand is
a signed variable (i.e. has type integer). The data types of the variables in an expression,
not the operators, determine whether signed or unsigned arithmetic is performed. Verilog-
2001,2005 use the reserved keyword signed 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 D-1 declares signed variables in Verilog 2001 and illustrates the results stored
from arithmetic operations in Verilog 1995, 2001, and 2005.

Verilog 1995 Verilog 2001, 2005
‘integer mn; integer m, n;
reg 163:0] v; reg signed [63:0] v;
/i value stored . llvalue stored
_..._0000_1100 ; 1/ 0000_..._0000_1100
_1111_1100 111111_.._1111_1100
)_..._0000_1000 ; // 0000_..._0000_1000
m=m/n; /result: -3 m=m/n; /result -3
v=v/n; //result: 0 v=v/n; /lresult: -2

FIGURE D-1_Arithmetic with signed data types.

Example End: Arithmetic with Signed Variables
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D.12 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 Verilog 2001, a sized literal integer can
be declared as signed. The symbol s is pre-appended to the base specifier 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.

reg signed  [63:0] v; / Signed variable

2; Il Literal integer

1-64'd2; 11 Stored as 0
1-64'sd2; /1 Stored as -6

Example End: Declaration of Signed Variables and Literals

D.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 eliminates the need to declare and assigned value
to additional variables to circumvent the restrictions of Verilog-1995.

Example: Arithmetic with Sign Conversion Functions

In the statements below the function $signed returns a signed value from its argument,
sum_diff, with the result apparent in the value stored for signed_sum_diff.

integer Vi

reg [63:0]  sum_diff

v=-16;

sum_diff = 48;
sum_diff = sum_diffv; /f Returns 0
signed_sum_diff = $signed (sum_diff)iv; // Returns -3

Example End: Arithmetic with Sign Conversion Functions
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2.1.1 Assignment Width Extensi

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. If the expression on the RHS is unsigned (i.e. reg, time, and all net types), its
extension is formed by filling with 0. This can lead to inappropriate extensions when the

LHS exceeds 32 bits.

Verilog-2001 has a more elaborate set of rules for extending the width of a word
beyond 32-bits, as summarized in Figure D-2. These rules differ from those for Verilog-
1995, so a model that adhered to the rules of Verilog-1995 will not work he same as a

model employing the rules of Verilog-2001.

Extended value
Left-most bitof | Unsigned Signed
RHS RHS RHS
expression expression | expression

0 0 0
1 0 1
x S x
z z z

FIGURE D-2_Width extension in Verilog 2001, 2005.
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Formal Syntax

The syntax of the Verilog language conforms to the following Backus-Naur Form
(BNF) of formal syntax notation.

1.

I

w

=

o w

=

%

White space may be used to separate lexical tokens.

Name ::= starts off the definition of a syntax construction item. Sometimes Name
contains embedded underscores ( _ ). Also, the symbol::= may be found on the
next line.

. The vertical bar, |, introduces an alternative syntax definition, unless it appears in

bold.

. Name in bold text is used to denote reserved keywords, operators, and punctua-

tion marks required in the syntax.

. [item] is an optional item that may appear once or not at all.
. {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.

. Namel_name?2 is equivalent to the syntax construct item name2. The namel (in

italics) imparts some extra semantic information to name2. However, the item is
defined by the definition of name2.

. The notation | ... is used in the non-appendix text to indicate that there are other

alternatives, but that due to space or expediency they are not listed here.
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Formal Syntax

This formal syntax specification is provided in Backus-Naur form (BNF). It is reprinted
from IEEE 1364-2001, 2005. The [EEE d|scla|ms any responsxbxlny or hablhty resulting
from the an usc in this This is rep d with permis-
sion of the IEEE.

The syntax of the Verilog language conforms to the following BNF of formal syn-
tax notation.

F1 Source text

F1.1 Library source text

library_text ::= { library_descriptions }

library_descriptions
library_declaration
| include_statement
| config_declaration

library_declaratiol
library library_identifier file_path_spec [ { , file_path_spec }]
[ -incdir file_path_spec [{, file_path_spec}];

file_path_spec ::= file_path

include_statement ::= include < file_path_spec > ;

F12 Configuration source text

config_declaration ::=
config config_identifier ;
design_statement

From IEEE Std. 1364-2001, IEEE S$td. 1364-2005. Copyright 2005 IEEE. All rights reserved.
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{ config_rule_statement }

endconfig
design_statement ::= design { [library_identifier. ] cell_identifier } ;
config_rule_statement

default_clause liblist_clause
| inst_clause liblist_clause

| inst_clause use_clause

| cell_clause liblist_clause

| cell_clause use_clause

topmodule_identifier{ .instance_identifier }

cell [ library_identifier. ] cell_identifier

liblist [{ library_identifier } ]

use [ library_identifier . ] cell_identifier [ : config |

use_clause :

F1.3 Module and primitive source text

source_text
descriptiol
module declaration
| udp_declaration
module_declaration
{ attribute_instance } module_keyword module_identifier
[ module_parameter_port_list ]
[list_of_ports ] ; { module_item }
endmodule
| { attribute_instance } module_keyword module_identifier
[ module_parameter_port_list ]
[ list_of_port_declarations ] ; { non_port_module_item }
endmodule
module_keyword :

module | macromodule

F14 Module parameters and ports
module - port_list = # (
list_of_ports ::= ( port {, port } )
list_of_port_declarations

( port_declaration {, port_declaration} )

10
port ::=

[ port_expression ]

| . port_identifier ( [ port_expression ] )
port_expression ::=

port_reference

1{ port_reference { , port_reference } }

From IEEE Std. 1364-2001, IEEE $td. 1364-2005. Copyright 2005 IEEE. All rights reserved.
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F15

port_reference
port_identifier
| port_identifier [ constant_expression ]
| port_identifier [ range_expression]
port_declaration ::=
{attribute_instance } inout_declaration
| {attribute_instance } input_declaration
| {attribute_instance } output_declaration

Module items

module_item ::=
module_or_generate_item
| port_declaration;
| { attribute_instance } generated_i Instantlallon
1 { attribute_instance } local_parameter_declaration
| { attribute_instance } parameter_declaration
1 { attribute_instance } specify_block
I{ anribu(e_lna(ance } specparam_declaration
module_or_generate_item :
{ attribute_instance } module_or_generate_item_declaration
| { attribute_instance } parameter_override
1 { attribute_instance } continuous_assign
1 { attribute_instance } gate_instantiation
1 { attribute_instance } udp_instantiation
I { attribute_instance } module_instantiation
1{ attribute_instance } initial_construct
| { attribute_instance } always_construct
module_or_generate_item_declaration ::=
net_declaration
| reg_declaration
| integer_declaration
| real_declaration
| time_declaration
| realtime_declaration
| event_declaration
| genvar_declaration
| task_declaration
| function_declaration
non_port_module_item
{ attribute_instance } generated_instantiation
| { attribute_instance } local_parameter_instantiation
| { attribute_instance } module_or_generate_item
|{ attribute_instance } parameter_declaration
| { attribute_instance } specify_block
| { attribute_instance } specparam_declaration
_override ::= list_of_param_assi ;

From IEEE Std. 1364-2001, IEEE Std. 1364-2005. Copyright 2005 IEEE. All rights reserved.
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F.2 Declarations

F2.1 Declaration types

F2.1.1 Module parameter declarations

local_parameter_declaration :
localparam [ signed ] [ range ] list_of_param_assignments ;
| localparam integer list_of_param_assignments ;
| tocalparam real list_of_param_assignments ;
| localparam realtime list_of_param_assignments ;
| localparam time list_of param_assignments ;
parameter_declaration ::=
parameter [ signed ] [ rang ] list_of_param_assignments ;
| parameter integer list_of_param_assignments ;
| parameter real list_of_param_assignments ;
| parameter reaitime list_of_param_assignments ;
| parameter time list_of_param_assignments ;
_( i [ range ] list_of_specparam_assignments ;

F.2.1.2 Port declarations
inout_declaration inout [ net_type ] [ signed ] [ range ]
list_of_port_identifiers
input_declaration put [ net_type ] [ signed ] [ range |
list_of_port_identifiers
output_declaration :
output [ net_type ] [ signed ] [ range ] list_of_port_identifiers
| output [ reg ] [ signed ] [ range ] list_of_port_identifiers
| output reg [ signed ] [ range ] list_of_variable_port_identifiers
| output [ output_variable_type ] list_of_port_identifiers
| output output_variable_type list_of_variable_port_identifiers

Type declarations
event_declaration
genvar_declaration
integer_declaration
net_declaration ::
net_type [ signed ]
[ delay3 ] list_of_net_identifiers ;
| net_type [ drive_strength ] [ signed ]
[ delay3 ] list_of_net_dec!_assignments ;
| net_type [ vectored | scalared ] [ signed ]
range [ delay3 ] list_of_net_identifiers ;
| net_type [ drive_strength ] [ vectored | scalared ] [ signed ]
range [ delay3 ] list_of_net_decl_assignments ;
| trireg [ charge_strength ] [ signed ]

event list_of_event_identifiers ;
jenvar list_of_genvar_identifiers ;
integer list_of_variable_identifiers ;

From IEEE Std. 1364-2001, IEEE Std. 1364-2005. Copyright 2005 IEEE. All rights reserved.
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891

F2.2
F221

F222

F223

From IEEE Std. 1364-2001, IEEE Std. 1364-2005. Copyright 2005 IEEE. All rights reserved.

[ delay3 ] list_of_net_identifiers ;
| trireg [ drive_strength ] [ signed ]
[ delay3 ] list_of_net_decl_assignments ;
| trireg [ charge_strength] | vectored | scalared | [ signed ]
range [ delay3 ] list_of_net_identifiers ;
| trireg [ drive_strength ] [ vectored | scalared ] [ signed ]
range [ delay3] list_of_net_decl_assignments ;
real_declaration ::= real list_of_real_identifiers ;
realtime_declaration ::= realtime list_of_real_identifiers ;
reg_declaration ::= reg [ signed ] [ range |
list_of_variable_identifiers ;
time_declaration ::= time list_of_variable_identifiers ;

Declaration data types
Net and variable types
net_type

supply0 | supply?
| tri | triand | trior | tri0 | tri1
| wire | wand | wor
output_variable_type ::= integer | time
real_type :
real_identifier [ = constant_expression |
| real_identifier dimension { dimension }
variable_type
variable_identifier [ = constant_expression |
| variable_identifier dimension { dimension }

Strengths
drive_strength

( strength0 , strengthl )

| ( strength1 , strength0 )

| ( strengthO , highz1 )

| (strength1, highz0 )

| ( highz0 , strength1 )

| ( highz1 , strengthO )
strengthO ::= supply0 | strong0 | pull0 | weak0
strength1 ::= supply1 | strong1 | pull1 | weak1
charge_strength ::= ( small ) | ( medium ) | ( large )

Delays

delay:
delay2 ::= # delay_value | # (delay_value [, delay_value] )
delay value

unsigned_number

| parameter_identifier

| specparam_identifier

| mintypmax_expression

# delay_value | # (delay_value [, delay_value [, delay_value] ] )
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F.2.3 Declaration lists

list_of_event_identifiers ::= event_identifier [ dimension { dimension } ]

{, event_identifier [ dimension { dimension }
list_of_genvar_i |dentlf fiers ::= genvar_i |dent|ﬁer( genvar_identifier }
list_of_net_decl_: = net_decl_: {, net_decl_assi }
list_of_net_identifiers ::= net_identifier [ dimension { dimension } ]

(., net_identifier  dimension { dimension } 1)
list_of_param_z = param_z {, param_assi }
list_of_port_identifiers port identifier {, port_identifier }

real_type {, real 1ype)

list_of_real_identifiers
list
list_of variable, identifiers = variable_type { , variable_type }
list_of_variable_port_identifiers ::= port_identifier [ = constant_expression ]
{. port_identifier [ = constant_expression ] }

\_assi }

F.2.4 Declaration assignments

net_decl_assignment ::= net_identifier = expression
param_assignment ::= parameter_identifier = constant_expression
‘specparam_assignmen
specparam_identifier = constant_mintypmax_expression
| pulse_control_specparam
pulse_control_specparam
PATHPULSES = (reject_imit_value [, error_limit value ]);
| PATHPUL ify_input_terminal_
output_terminal_descriptor
= (reject_limit_value [, error_limit_value ]);

limit_value constam mmtypmax expression

F2.5 Declaration ranges

1_constant_e i ion_constant_e ion ]
range ::= [ msb_constant_expression : Isb_ cons'ant t_expression ]

Function declarations

function_declaration ::
function [ automatic] [ signed] [ range_of_type ] function_identifier;
function_item_declaration { function_item_declaration }
function_statement
endfunction
| function [ automatic] [ signed] [ range_of_type ]
function_identifier ( function_port_list) ;
block_item_declaration { block_item_declaration }
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function_statement
endfunction
function_item_declaration
block_item_declaration
| tf_input_declaration ;
function_port_list ::= { attribute_instance } tf_input_declaration { , { attribute_instance }
tf_input_declaration }
range_or_type ::= range | integer | real | realtime | time

F.2.7 Task declarations

task_declaration ::=
task [ automatic] task_identifier;
{ task_item_declaration }
statement
endtask
| task [ automatic] task_identifier ( task_port_list ) ;
{ block_item_declaration }
statement
endtask
task_item_declaration ::=
block_item_declaration
- | { attribute_instance } tf_input_declaration ;
|{ attribute_instance } tf_output_declaration ;
|{ attribute_instance } tf_inout_declaration ;
task_port_item { task_port_item }

{ attribute_instance } tf_input_declaration
| { attribute_instance } tf_outpur_declaration
| { attribute_instance } tf_inout_declaration
tf_input_declaration
input [ reg] [ signed ] [ range ] list_of_port_identifiers
| input [ task_port_type ] list_of_port_identifiers
t_output_declaration :
output [ reg] [ signed ] [ range ] list_of_port_identifiers
| output [ task_port_type ] list_of_port_identifiers
tf_inout_declaration
inout [ reg] [ signed ] [ range ] list_of_port_identifiers
| inout [ task_port_type ] list_of_port_identifiers
task_port_type
time | real | realtime | integer

F.2.8 Block item declarations

block_item_declaration ::=
{ attribute_instance } block_reg_Ldeclaration
| { attribute_instance } event_declaration

| { attribute_instance } integer_declaration
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E3

|{ attribute_instance } local_parameter_declaration

| { attribute_instance } parameter_declaration

| { attribute_instance } real_declaration

| { attribute_instance } realtime_declaration

| { attribute_instance } time_declaration
block_reg_declaration ::= reg [signed] [ range ]

list_of_block_variable_identifiers ;
list_of_block_variable_identifier:

block_variable_type { , block_variable_type }
block_variable_type

variable_identifier

| variable_identifier dimension { dimension }

Primitive instances

E3.1

Primitive instantiation and instances

gate_instantiation ::=
cmos_switchtype [delay3]
cmos_switch_instance { * cmos_switch_instance } ;
| enable gatetype [ drive_strength ] [ delay3 ]
enable gate_instance {, enable gate_instance } ;
| mos_switchtype [delay3]
mos_switch_instance { , mos_switch_instance } ;
| n_input_gatetype [ drive_strength ] [ delay2 ]
n_input gate_instance { , n_input_gate_instance } ;
| n_output_gatetype [ drive_strength | [ delay2 ]
n_output_gate_instance {, n_output_gate_instance } ;
| pass_en_switchtype [ delay2 ]
pass_enable_switch_instance { , pass_enable_switch_instance } ;
| pass_switchtype
pass_switch_instance { , pass_switch_instance } ;
| pulldown [ pulldown_strength ]
pull_gate_instance {, pull_gate_instance } ;
| pullup [ pull up_strength |
pull_gate_instance {, pull_gtate_instance } ;
cmos_switch_instance ::= [ name_of_gate_instance ] ( output_terminal , input_terminal ,
ncontrol_terminal , pcontrol_terminal )
enable_gate_instance ::= [ name_of_gate_instance ] ( output_terminal , input_terminal ,
enable_terminal )
mos_switch_instance ::= [ name_of_gate_instance ]
( output_terminal, input_terminal , enable_terminal)
n_input_gate_instance ::= [ name_of_gate_instance ]
( output_terminal , input_terminal { , input_terminal } )
n_output_gate_instance ::= [ name_of_gate_instance ]
( output_terminal {, output_terminal } , input_terminal )
pass_switch_instance ::= [ name_of_gate_instance ] (inout_terminal , inout_terminal )
pass_enable_switch_instance ::= [ name_of_gate_instance ]
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(inout_terminal , inout_terminal , enable_terminal )
pull_gate_instance name_of_gate_instance ] ( output_terminal )
name_of_gate_instance ::= gate_instance_identifier [ range ]

F3.2 Primitive strengths

pulldown_strength
(strengthO , strength1 )
| ( strength1 , strengthO )
| ( strength0 )

pullup_strength =
( strengthO , strength1 )
| ( strengthl , strengthO )
| ( strength1 )

F.3.3 Primitive terminals

enable_terminal ::= expression
inou_termina et_lvalue
input_terminal

ncontrol_terminal
output_terminal

peontrol_terminal ::= expression

F.3.4 Primitive gate and switch types

cmos_switch type mos | rcmos

bufif0 | bufifl | notif0 | notif1

nmos | pmos | rnmos | rpmos

ind | nand | or | nor | xor | xnor
buf | not

= tranif0 | tranifll rtranif1 | rtranif0
= tran | rtran

F4 Module and generated instantiation

F4.1 Module instantiation

module_instantiation
‘module_identifier [parameter_value_assignment |
module_instance {, module_instance } ;
parameter _value_assignment ::= # ( list_of_parameter_assignments )
list_of_parameter_assignments

ordered_| A {, ordered_ ¢
named r_assif {, named_; &
ordered -_assi =
named r_identifier ( [ ion])

module_instance ::= name_of_instance ( [ list_of_port_connections ] )
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name_of_instanc
list_of_port_connection:
ordered_port_connection { , ordered_port_connection }
| named_poet_connection { , named_port_connection } )
ordered_port_connection ::= ( attribute_instance) [ expression ]
named_port_connection ::= ( attribute_instance) .port_identifier ( [ expression ] )

odule_instance_identifier [ range |

F4.2 Generated instantiation
generated_instantiation ::= generate { generate_item } endgenerate
generate_item_or_null ::= generate_item | ;
generate_item
generate_conditional_statement
| generate_case_statement
| generate_loop_statement
| generate_block
| module_or_generate_item
generate_conditional_statement ::=
if ( constant_expression ) generate_item_or_null [ else generate_iten_or_null ]
generate_case_statement ::= case ( constant_expression
genvar_case_item { genvar_case_item } endcase
genvar_case_item onstant_expression { , constant_expression } :
generate_item_or_null | default [ : ] 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
generate_block ::= begin [ : generate_block_identifier ] { generate_item } end
E5 UDP declaration and i iati
F5.1 UDP declaration
udp_declaration :
{ attribute_instance } primitive udp_identifier ( udp_port_list ) ;
udp_port_declaration { udp_port_declaration }
udp_body ‘
endprimitive
| { attribute_instance } primitive udp_identifier ( udp_declaration_port_list ) ;
udp_body
endprimitive
F5.2 UDP ports

udp_port_list ::= output_identifier , input_identifier { , input_identifier }
udp_declaration_port_
udp_output_c » udp_input_¢ ion {, udp_input_c ion }
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E53

F54

F6

udp_port_declaration
udp_output_declaration ;
| udp_input_declaration ;
| udp_reg_declaration ;
udp_output_declaration ::=
{ attribute_instance } output port_identifier
| { attribute_instance } output reg port_identifier [ = constant_expression ]
udp_input_declaration ::= { attribute_instance } input list_of_port_identifiers
udp_reg_declaration attribute_instance } reg variable_identifier

UDP body
udp_body :

combinational_body | sequenhul body
|_body ::= table ional_entry { combinational_entry} endtable
combinational_entry ::= level_input_list : ou!put symbol ;

== [ udp_initial s ]ta L_entry { al_entry)

udp_initial_ stalemen( = initial output_port_identifier = init_val;
_val:= 1'b0 | 1'b1 | 1'bx | 1'bX | 180 | 1'B1 | 1'Bx | 1BX11] 0

output_symbol
level_symbol
‘edge_symbol ::

rIR|fIFIp|P|n|N|*

UDP instantiation

udp_instantiation ::= udp_identifier [ drive_strength] [ delay2 ]
udp_instance { , udp_instance } ;
udp_instance ::= [ name_of_udp_instance ] (output_terminal , input_terminal
{, input_terminal } )
udp_instance_identifier [ range ]

name_of_udp_instance

Behavioral statements

F6.1

Conti .

continuous_assign ::= assign [ drive_strength) [ delay3 ] list_of_net_assignments ;
list_of_net_assi = net_assi {, net_: }
net_assignment et_Ivalue = expression
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F6.2

E6.3

F6.4

Procedural blocks and assignments

initial_construct ::= initial statement
always_construct ::= always statement
blocking_assignment ::= variable_lvalue = [ delay_or_event_control ] expression
nonblocking_assignment ::= variable_Ivalue <= [ delay_or_event_control ] expression
procedural_continuous_assignments
assign variable_assignment
| deassign variable_lvalue
| force variable_assignment
| force net_assignment
| release variable_Ivalue
| release net_lvalue
function_blocking_assignment
function_statement_or_null :::

ariable_Ivalue = expression
function_statement | { attribute_instance } ;

Parallel and sequential blocks

function_seq_block ::= begin [ : block_identifier
{block_item_declaration } 1 { function_statement } end
variable_assignment ::= variable_lvalue = expression

par_block ::= fork [  block_identifier { block_item_declaration } ] { statement } join
seq_block ::= begin [ : block_identifier { block_item_declaration } ] { statement } end
Statements

statement

{ attribute_instance } blocking_assignment ;
| { attribute_instance } case_statement
| { attribute_instance } conditional_statement
| { attribute_instance } disable_statement
| { attribute_instance } event_trigger
| { attribute_instance } loop_statement
| { attribute_instance } nonblocking_assignment ;
| { attribute_instance } par_block
| { attribute_instance } procedural_continuous_assignments ;
|{ attribute_instance } procedural_timing_control_statement
|{ attribute_instance } seq_block
| { attribute_instance } system_task_enable
| { attribute_instance } task_enable
| { attribute_instance } wait_statement
statement_or_null
statement
| { attribute_instance } ;
function_statement ::=
{ attribute_instance } function_blocking_assignment ;
|{ attribute_instance } function_case_statement
|{ attribute_instance } function_conditional_statement
| { attribute_instance } function_loop_statement
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E6.5

F.6.6

| { attribute_instance } function_seq_block
|{ atiribute_instance } disable_statement
| { attribute_instance } system_task_enable

Timing control statements

delay_control
# delay_value
| # ( mintypmax_expression )
delay_or_event_control
delay_control
| event_control
| repeat ( expression ) event_control
disable_statement
disable hierarchical_task_identifier ;
| disable hierarchical_block_identifier;
event_control ::=
@ event_identifier
| @ ( event_expression )
@
l@()
event_trigger ::=
-> hierarchical_event_identifier ;
event_expressiol
expression
| hierarchical_identifier
| posedge expression
| negedge expression
| event_expression or event_expression
| event_expression , event_expression
procedural_timing_control_statement
delay_or_event_control statement_or_null
wait_statement
wait ( expression ) statement_or_null

Conditional statements

conditional_statement
if ( expression )
statement_or_null [ else statement_or_null ]
| if_else_if_statement
if_else_if_statement
if ( expression ) statement_or_null
{ else if ( expression ) statement_or_null }
[ else statement_or_null ]
function_conditional_statement ::=
if ( expression ) function_statement_or_null
[ else function_statement_or_null |
| function_if_else_if_statement
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function_if_else_if_statement ::=
if ( expression ) function_statement_or_null
{ else if ( expression ) function_statement_or_null }
[ else function_statement_or_null ]

F6.7 Case statements

case_statement
case ( expression )
case_item { case_item } endcase
| casez ( expression )
case_item { case_item } endcase
| casex ( expression ) )
case_item { case_item } endcase

case_item

{s t_or_null

| default [ : ) statement_or_null
function_case_statement ::=

case ( expression )

function_case_item ( function_case_item } endcase

| casez ( expression )

function_case_item { function_case_item } endcase

| casex ( expression )

function_case_item { function_case_item } endcase
function_case_item :

} : function_s t_or_null

{
| default function_statement_or_ null

F.6.8 Looping statements

function_loop_statement
forever function_statement
| repeat ( expression ) function_statement
| while ( expression ) function_statement
| for ( variable_assi ion; variable_z
function_statement
loop_statement ::=
forever statement
| repeat ( expression ) statement
| while ( expresslon ) statement
| for ( variable_: ion; variable_assif )

F.6.9 Task enable statements

system_task_enable ::= system_task_identifier [ ( expression { , expression } )] ;
task_enable ::= hierarchical_task_identifier [ ( expression { , expression})] ;
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E7  Specify section

F7.1 Specify block declaration

specify_block
specify_item
specparam_declaration
| pulsestyle_declaration
I showcancelled_declaration
| path_declaration
| system_timing_check
pulsestyle_declaration ::=
pulsestyle_onevent list_of_path_outputs ;
| pulsestyle_ondetect list_of_path_outputs ;
showcancelled_declaratio
showcancelled list_of_path_outputs ;
| noshowcancelled list_of_path_outputs ;

ecify { specify_item } endspecify

F7.2 Specify path declarations

path_declaration ::=
simple_path_declaration ;
| edge_sensitive_path_declaration ;
| state_dependent_path_declaration ;
simple_path_declaration ::
parallel_path_description = path_delay _value
| full_path_description = path_delay_value
parallel_path_descriptior
(specify _input_terminal_descriptor [ polarity_operator ] => specify
_output_terminal_descriptor)
full_path_description ::=
(list_of_path_inputs [polarity_operator] *> list_of_path_outputs )
list_of_path_inputs ::=
specify_input_terminal_descriptor { , specify_input_terminal_descriptor }
list_of_path_outputs ::=
specify_output_terminal_descriptor { , specify_output_terminal_descriptor }

F.7.3 Specify block terminals

specify_input_terminal.descriptor
input_dentifier
| input_identifier [ constant_expression ]
1 input_dentifier [ range_expression |
specify_output_terminal_descriptol
output_identifier
| output_identifier [ constant_expression ]
| output_identifier [ range_expression]
input_identifie put_port_identifier | inout_port_identifier
output_dentifier ::= output_port_identifier | inout_port_identifier
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F.7.4 Specify path delays

path_delay_value ::=
list_of_path_delay _expressions
| (list_of_path_delay_expressions)
list_of_path_delay _expression:
t_path_delay _expression
I'trise_path_delay_expression , tfall_path_delay _expression
| trise_path_delay_expression , tfall_path_delay_expression ,
tz_path_delay_expression
1101_path_delay_expression , 110_path_delay_expression ,
10z_path_delay_e tz1_path_delay_¢
11z_path_delay_expression , z0_path,_delay_ expression
1101_path_delay_expression , t10_path_delay_expression ,
10z_path_delay_expression,
tz1_path_delay_expression , t1z_path_delay_expression ,
tz0_path_delay_expression
t0x_path_delay_expression , tx1_path_delay_expression ,
t1x_path_delay_expression,
x0_path_delay_expression , txz_path_delay_expression ,
tzx_path_delay_expression
t_path_delay_expression ::= path_delay_e expresslon
trise_path_delay_ path_delay_
tfall_path_delay_ ath_delay._t
tz_path_delay_expression ::= path_delay_expression
101_path_delay_ path_delay_¢
t10_path_delay_¢ path_delay_¢
t0z_path_delay _e
tz1_path_delay_
t1z_path_delay_
20_path_delay_¢
t0x_path_delay_
tx1_path_delay_¢
11x_path_delay_e
tx0_path_delay_¢
txz_path_delay_
tzx_path_delay_
path_delay_¢
edge_sensitive_path_declaration ::
parallel_edge_sensitive, _path_description = path_delay_value
1 full_edge_sensitive_path_description = path_delay _value
parallel_edge_sensitive_path_description ::=
( [ edge_identifier | specify_input_terminal_descriptor =>
specify_output_terminal_descriptor [ polarity_operator ] :
data_source_expression )
full_edge_sensitive_path_description
([ edge_identifier ] list_of_path_inputs *>
list_of_path_outputs [ polarity_operator ] : data_source_expression )
data_source_expression ::= expression
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E7.5
F75.1

edge_identifier ::= posedge | negedge
state_dependent_path_declaration ::=
if ( module_path_expression ) simple_path_declaration
| if ( module_path_expression ) edge_sensitive_path_declaration
lifnone simple_path_declaration
polarity_operator ::

System timing checks
System timing check commands

system_timing_check
$setup_timing_check
1 $hold _timing_check
| $setuphold_timing_check
| Srecovery_timing_check
| $Sremoval_timing_check
| $recrem_timing_check
| $skew timing_check
| $timeskew_timing_check
| $tullskew_timing_check
| $period_timing_check
| $width_timing_check
| $nochange_timing_check
$setup_timing_check
$setup (data_event , reference_event , timing_check_limit [ , [ notify_reg]]);
$hold _timing_check ::
$hold ( reference_event , data_event , timing_check_limit [, [ notify_reg] ]) ;
$setuphold_timing_check
$setuphold ( reference_event , data_event, timing_check_limit ,
timing_check_limit
[, [notify_reg ][, [
05 [delayed reference] [ , | delayed_ data]]]]]]).
$recovery_timin_check ::
$recovery ( reference_event , data_event, timing_check_limit [,
[ notify_reg]]);
$removal_timing_check
$removal ( reference_event , data_event, timing_check_limit [, [
notify_reg]]);
Srecrem_timing_check ::=
$recrem ( reference_event , data_event, timing_check_limit ,
timing_check_limit
[, [ notify_reg] [ , { stamptime_condition ] [, [ checktime_condition |
[, [ delayed_reference ] [, [ delayed_data] 1]1111) ;
$skew_timing_check ::=
$skew ( reference_event , data_event , iming_check_limit [, [ notify_reg]1);
$timeskew_timing_check
$timeskew ( reference_event , data_event , timing_check_limit
[, [ notify_reg ] [, [ event_based_flag ] [, [ remain_active_flag]]]]);
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F7.52

F753

$fullskew_timing_check ::=
tullskew ( reference_event, data_event , timing_check_limit
timing_check_limit
[, [notify_reg ][, [ event_based_flag] [, [ remain_active_flag]11]);
$period_timing_check
$period (controlled_reference_event , timing_check_limit [, [ notify_reg]1)
$width_timing_check ::=
$width ( controlled_reference_event , timing_check_limit , threshold [ , [
notify_reg]]);
$nochange_timing_check ::=
$nochange ( reference_event , data_event , start_edge_offset ,
end_edge_offset [, [ notify_reg]]);

System timing check command arguments

checktime_condition ::= mintypmax_expression
controlled_reference_event ::= controlled_timing_check_event
data_event ::= timing_check_event
delayed_dat
terminal_identifier
| terminal_identifier [ constant_mintypmax_expression ]
delayed_reference ::=
terminal_identifier
| terminal_identifier [ constant_mintypmax_expression |
end_edge_offset := mintypmax_expression
event_based_flag ::= constant_expression
notify_reg ::= variable_identifier
reference_event ::= timing_check_event
remain_active_flag
stamptime_condition
start_edge_offse mintypmax_expression
threshold ::=constant_expression
timing_check_limit ::= expression

System timing check event definitions

timing_check_even
[timing_check_event_control] specify_terminal_descriptor [ 8&&
timing_check_condition ]
controlled_timing_check_event :=
[ timing_check_event_control specify_terminal_descriptor [ 8&&
timing_check_condition |
timing_check_event_control ::=
posedge
| negedge
| edge_control_specifier
specify_terminal_descriptor ::=
specify_input_terminal_descriptor
| specify _output_terminal_descriptor
edge_control_specifier ::= edge [ edge_descriptor [ , edge_descriptor ] ]
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edge_descriptor ::=
01

110
| z_or_x zero_or_one

scalar_timing_check_condition

| ( scalar_timing_check_condition )
scalar_timing_check_condition

expression

| ~expression

1 expression

| expression =

| expression

| expression
scalar_constant

1'6011'b1 11°'BO11'B11'b01'b11'BOI'B1]1]0

scalar_constant
= scalar_constant
scalar_constant
scalar_constant

E8 Expressi
F8.1 Concatenations
u={ 4 1
constant_ { constant_ ion { , constant_g

constant_expression constant_concatenation }
module_path_expression {,

constant_multiple_concatenatior

module_path_concatenation :
module_path_expression } }
module_path_multiple_ ion ::= { constant_
module_path_¢ eoncatenatnon)

}
\_value { , net_c _value } }

nel concatenation_value
hierarchical_net_identifier
I hierarchical_net_identifier [ expression | { [ expression ] }
| hierarchical_net_dentifier [ I ion] } [ range._e ion |
I hierarchical_net_identifier [ range_expression ]
| net_concatenation
variable_c { variable_t ion_value {,
variable_concatenation_value }}
variable_concatenation- value :
hierarchical_variable_identifier
I hierarchical_\ vsrlable identifier [ expression ] { [ expression ] }
| hierarchical_variable_identifier [ expression ] { [ expression ]} [
range_expression
| hierarchical_variable_identifier [ range_expression ]
| variable_concatenation
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F.8.2 Function calls

constant_function_call ::= function_identifier { attribute_instance }

( constant_expression { , constant_expression } )

hierarchical_function_identifier { attribute_instance }

( expression { , expression

genvar_function_call ::= genvar_function_identifier { attribute_instance }
( constant_expression { , constant_expression } )

system_function_call ::= system_function_identifier

[ ( expression { , expression } ) ]

function_call

F.8.3 Expressions

base_expression ::= expression
conditional_expression ::= expression1 ? { atiribute_instance } expression2 : expression3
constant_base_expression ::= constant_expression
constant_expression
constant_primary
| unary_operator { attribute_instance } constant_primary
| constant_expression binary_operator ( attribute_instance }
constant_expression
| constant_expression ? ( attribute_instance } constant_expression :
constant_expression | string
constant_mintypmax_expression ::=
constant_expression
| constant_¢ i
constant_range_expressiol
constant_expression
| msb_constant_expression : Isb_constant_expression
| constant_base_expression +: width_constant_expression
| constant_base_expression - width_constant_expression
\_constant_e i constant_e i
expression1 ::= expression
expression2 ::= expression
expression3 ::= expression
expression
primary
| unary_operator { attribute_instance } primary
| expression binary_operator { attribute_instance } expression
| conditional_expression
I string

constant_¢ ion : constant_

constant_expression

ion

| expression: expression: expression

module_path_conditional_expressior

attribute_instance }
module_path_e¢ ion : module_path_e

module_path_expression ? {
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module_path_expression
module_path_primary
1 unary_module_path_operator { attribute_instance } module_path_primary
I module_path_expression binary_module_path_operator { attribute_instance }
module_path_expression
| module_path_conditional_expression
module_path_mintypmax_expression :
module_path_expression
| module_path_expression : module_path_expression :
module_path_expression
msb_constant_expression ::= constant_expression
range_expression
expression
| msb_constant_t ion : Isb_constant_e
| base_expression +: width_constant_expression
| base_expression -: width_constant_expression
width_constant_expression ::= constant_expression

F.8.4 Primaries

constant_primary ::=

constant_concatenation

| constant_function_call

1 ( constant_mintypmax_expression )

| constant_multiple_concatenation

| genvar_identifier

| number

| parameter_identifier

| specparam_identifier
module_path_primary

number

| identifier

| module_path_concatenation

| module_path_multiple_concatenation

I function_call

| system_function_call

| constant_function_call

I ( module_path_mintypmax_expression )

number

I hierarchical_identifier

I ical_identifier [ ]
I I_identifier [ ion |
| concatenation

| multiple_concatenation

| function_call

| system_function_call

| constant function_call

| ( mintypmax_expression )

1}
1} [ range_ 1
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F8.5 Expression left-

net_ivalue
hierarchical_net_identifier
I hierarchical_net_identifier [ constant_expression ] { [constant_expression ] }
| hierarchical_net_identifier [ constant_expression ] { [ constant_expression ] } [
constant_range_expression ]
| hierarchical_net_identifier [ constant_range_expression ]
| net_concatenation
variable_lvalue :::
hierarchical_variable_identifier
| hierarchical_variable_identifier [ expression ] { [ expression ] }
| hierarchical_variable_identifier [ expression ] { [expression ] }
[range_expression |
| hierarchical_variable_identifier [ range_expression |
| variable_concatenation

F.8.6 Operators

unary_operator
o]~ & [ ~& I~ 1A | ~A | A~
binary_operator
1T | %] ==|1= | === 1==| && ||| | **
[<l<= > >= | & ||| A] A~ | ~A|>> | << | <<< | >>>
unary Vmodule _path_operator
VI~ & ~&||~]|A]~~] A~
binary _module_path_operator
1=T&& T I&TT1A | A~| ~A

F8.7 Numbers

number ::
decimal_number
| octal_number
| binary_number
| hex_number
| real_number
real_number ::= unsigned_number . unsigned_number
| unsigned_number [ . unsigned_number] exp [ sign]

decimal_number: :=
unsigned_number
| [ size ] decimal_base unsigned_number
|[s|ze]dec|mal base x_digit{ _}
[slze]de:lmal base z_digit { _}

From IEEE Std. 1364-2001, IEEE Std. 1364-2005. Copyright 2005 IEEE. All rights reserved.
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non_zero_unsigned_number
non_zero_unsigned_number ::= non_zero_decimal digit { -1 decimal_digit }
= decimal_digit { _ | decimal_digit }

mavy digit { _ | binary_digit }

| octal_digit }

@il T hex_digit }

| [sIS]h 1'[sIS]H
non_zero_decimal_digit=1[2[3(45|6|7/8(9
decimal_ 1112131415]6/78|9
x_digit 1 z_digit 10 | 1

x_digit 1z_digit |01]21314|5(6|7

igit | z_digit 10 1]2[3]14|5(6|7(8(9
Vllhlclﬂl.lflAIBQCIDIE\F

* { Any_ASCII_Characters_except_new._line } *

F9 General

F9.1 Attributes

attribute_instance ::= ( * attr_spec { , attr_spec} * )
attr_spec ::=

attr_name = constant_expression

| attr_name
attr_name ::= identifier

E9.2 Comments

comment ::=

one_line_comment

| block_comment
one_line_comment ::= // comment_text \n
block_comment /* comment_text */
comment_text ::= { Any_ASCII_character }

F.9.3 Identifiers

arrayed_identifier ::=
simple _arrayed _identifier

From IEEE Std. 1364-2001, IEEE Std. 1364-2005. Copyright 2005 IEEE. All rights reserved.
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| escaped_arrayed_identifier
identifier
identifier
identifier
escaped_arrayed_identifie escaped_identifier [ range ]
escaped_hierarchical_identifier
escaped_hierarchical_branch
{. simple_hierarchical_branch | . escaped_hierarchical_branch }
escaped_identifier {Any_ASCII_character_except_white_space} white_space
event_identifier i
function_identifie entifier
i rrayed_identifier
identifier
dentifier /* Hierarchy disallowed */

genvar_function
genvar_identifier
hierarchical_block_identifier
hierarchical_event_identifier
hierarchical_function_identifier :::
hierarchical_identifiel

simple hierarchical_identifier

| escaped_hierarchical_identifier
hierarchical_net_identifier ierarchical_identifier
hierarchical_variable_identifier ::= hierarchical_identifier
hierarchical_task_identifier ::= hierarchical_identifier
identifier ::=

simple_identifier

| escaped_identifier
inout_port_identifier
input_port_identifier
instance_identifier
library_identifier ::=
memory_identifier
module_identifier ::

ierarchical_identifier
ierarchical_identifier
hierarchical_identifier

identifier
module_instance_identifier ::= arrayed_identifier

net_identifier ::= identifier

output_port_identifier ::= identifier
parameter_identifier identifier
port_identifier ::= identifier

simple_arrayed_identifier ::= simple_identifier [ range ]
simple_hierarchical_identifier ::=
simple_hierarchical_branch [ .escaped_identifier ]
simple_identifier ::= [ a-zA-Z_]{[ a-zA-20-9_$ ]}
specparam_identifier identifier
system_function_identifier ::= $[ a-zA-Z0-9_$){ [a-zA-Z0-9_$] }
system _task_identifier ::= $[ a-zA-20-9_$){ [a-zA-Z0-9_§]}
task_identifier ::= identifier

From IEEE Std. 1364-2001, IEEE Std. 1364-2005. Copyright 2005 IEEE. All rights reserved.
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F9.4

E9.5

NOTES:

Identifier branches

simple_hierarchical_branch ::
simple_identifier [ [ unsigned_number ] |

{{ .simple_identifier [ [ unsigned_number]]}]

escaped_hierarchical_branch ::
escaped_identifier [ [ unsigned_number ] ]

[{ .escaped_identifier [ [ unsigned_number]]}]

White space

white_space ::= space | tab | newline | eof

. Embedded spaces are illegal.

. A simple_identifier and arrayed_reference shall start with an alpha or underscore
(_) character, shall have at least one character, and shall not have any spaces.
‘The period (.) in simple_hierarchical_identifier and simple_hierarchical- branch
shall not be preceded or followed by white_space.

‘The period in escaped_hierarchical_identifier and escaped_hierarchical- branch
shall be preceded by white_space, but shall not be followed by white_space.
The $ character in a system_function_identifier or system_task_identifier
shall not be followed by white_space. A system_function_identifier or
system_task_identifier shall not be escaped.

End of file.

W

>

“w

o

From IEEE Std. 1364-2001, IEEE Std. 1364-2005. Copyright 2005 IEEE. Al rights reserved.







armoxe . Additional Features
of Verilog

G.1 _ 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_of_nor contains a declaration of 8-bit input and output data-
paths. The declared instance of the nor primitive with an 8-bit range specification creates
a structure of 8 nor gates. The individual bits of the are i con-
nected in sequential order to the inputs of the corresponding gate. The array structure is
shown in Figure G-1.

module array_of_nor (output [0: 7]y, input [0: 7] a, b,);

nor [0:7] MO (y, a, b);
endmodule

End of Example

G.2 _ Arrays of Modules

Declaring a range between the instance name of a module and its ports 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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a[0:7] b[0:7]

B

v0o:7)

FIGURE G-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-bit slice ripple-carry adders is described in
array_of adders.

module array_of_adders (output [3: 0] sum, output c_out, input [3: 0] a, b,
input c_in);
wire [3:1] carry;
Add_full M[3:0] (sum, {c_out, carry{3:1]}, a, b, {carry[3:1], c_in});
endmodule

End of Example

G.3 Hierarchical Derefi ing

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 cumbersome if the edited value is near the end of a long list.

module modXnor #(parameter size = 8, delay = 15) (output [size-1:0]y_out, input
[size-1:0]a, b);
assign #delay y_out = a ~"b; Iibitwise xnor

endmodule

module Param (output [7: 0] y1_out, output [3: 0] y2_out, input [7: 0] a1, b1,
input [3: 0] a2, b2);

modXnor G1 (y1_out, a1, b1); IlUses default parameters
modXnor #(4, 5) G2 (y2_out, a2, b2); /IOverrides default parameters
endmodule
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 defparam 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 from
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 hdref_Param (output [7:0] y1_out, output [3: 0] y2_out, input 7:0] a1, b1,
input [3:0] a2, b2);
modXnor G1 (y1_out, a1, b1),
G2 (y2_out, a2, b2); Ifinstantiation
endmodule
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module annotate: Ila separate "annotation”
module
defparam
hdref_Param.G2.size = 4. Ilparameter
assignment by
hdref_Param.G2.delay = 5; IIhierarchical reference
name
endmodule

module modXnor #(parameter size = 8, delay = 15) (output [size -1: 0] y_out,
input [size -1: 0] a, b);

assign #delay y_out = a ~Ab; Ilbitwise xnor
endmodule
End of Example
G.5 Procedural Conti Assig t

‘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). PCAs 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) deassign key word or until another procedural continu-
ous assignment is made.

Example

The four-channel mux below uses the assign . .. deassign PCA to bind the output to a
selected datapath.

module mux4_PCA (input a, b, c, d, input [1: 0] select, output reg y_out);
always @ (select)

endmodule

End of Example

The force .. . release form of procedural continuous assignment applies to register
variables as well as nets, and overrides assign . . . deassign continuous assignments. The
Jorce ... release construct is used primarily within testbenches to inject logic values or
logic into a design. See t_ASIC_with_JTAG 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 g 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 has 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_PCA (output reg q, output gbar, input data, preset, clear, clock);
assign qgbar = ~
always @ (negedge clock) q
always @ (clear, preset) begin
if (Iclear) assign q = 0;
else if (Ipreset) assign q = 1;
else deassign q;
end
endmodule

End of Example

G.6 Intra-Assignment Delay

‘When a timing control operator (# or @) appears in 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 assngnment operator within an asslgnmem state-
ment. This type of delay, called i delay, the r side

ion of the assi and then schedules the to occur in the future,
at a time determined by the urmng control. Ordinary delay control postpones the exe-
cution of a tra-; delay postp. the occurrence of the assign-
ment that results from i A in a list of blocked
procedural assignments (i.e. those usmg the = operator, must complete before the
statement after it can execute).

Example

‘When the first is in the ial activity flow below, the value
of B is sampled and scheduled to be assigned to A five time units later. The statement
does not ion until the assi| occurs. After the assignment to A is
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made, the next statement can execute Thus, C gets D 5 time units after the first state-
ment is encountered in simulation.

A=#5B;
C=D;

End of Example

Intra-assignment delay control (0) has lhe e{fect of causing the nghlhand side expressmn
of an assij to be hen the p is encoun-
tered in the activity flow. However, the ass:gnmem 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 implemented 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 lhc description below G gets ACCUM when A_BUS changes. As a result of the intra-

delay, the proced to G cannot ion 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 flow. This
may differ from the actual value of ACCUM when A_BUS finally has activity.

G = @(A_BUS) ACCUM;
C=D;

End of Example

G.7 Ind i Assi t 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
lhcse multiple assignments and d:snngulsh between blocking (=) and nonblocking (<=)

The activity of a si is by an event (i.e., a change in the value
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ofa net,a register vanable or the !nggenng of an abstract event). (see Section G.10). The

steps of the are to establish an event queue to determine
the order in which assignments to variables occur in simulation. Consequemly, the queue
manages the assignments to registers when ing and blocking 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 assi, for the current time, and (5) advance the simulator time
(5im)- The language reference manual (LRM) for Verilog refers to this organization of
the simulation activity as a “stratified-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 @ 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 $write system
tasks. Any procedural assignments blocked by a #0 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 activity of the active queue is dynamic.
When it becomes empty, the contents of the inactive queue are moved to the active
queue, and the process continues.

The order of processing events in the active queue is not specified by the LRM
and is tool-dependent. For example, if an input to a module at the top level of the
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 nonblocking 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 active, inac-
tive, and nonblocking assignment update events, such as the $monitor 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 of 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 inactive region are activated (i.e., they are
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TABLE G-1

Class of event

Time of occurrence

Order of processing

®  Evaluate RHS of
nonblocking
assignments

|

¥ Evaluatc inputs to

| primitives and update
their outputs |

N blocking |
assignments.

Update continuous
| assignments

® Update procedural |
continuous

assignments

Execute Sdisplay and
$write statements

In any order

Current 1, with #0 blocking
assignments

In any order after all active
events.

Evaluated during previous
or present fy, to be
assigned at fy,

In any order after all active
and inactive events

Aﬂn-ﬂmm-ﬂ
nonblocking assignment

i
i

Simulation cyce; th processng ofall o te events n the activeevent queue. An explict #0 delay

control requires th:

at the executing process be suspended and added as an inactive event for the

current simulation time, so that the process is resumed in the next simulation cycle (IEEE 1364).
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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 events 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 #0, delay control is encountered in a
behavior, the associated process is suspended and added as an inactive event for the
current simulation time. The process will be resumed in the next simulation cycle at the
current time.
In addition to the structure imposed by the stratified event queue, the simulator
musl also adhere to the rule tha( the relative ordering of blocking and nonblocking
at the same si time will be such that the nonblocking assignments
will be scheduled after the blocking ass:gnmen(s, with the exception that blocking
assignments that are triggered by will be scheduled after the
nonblockmg ass:gnmenls that are already scheduled. (Caution: The $display task exe-
cutes ly when it is in the ial activity flow of a behavior.)
The $monitor task executes at the end of the current simulation cycle (i.e., after the
nonblocking assignments have been updated). Thus, in the code below, execute_display
assigns value to @ and b, samples the current RHS of « and b, displays the current val-
ues of a and b, then updates @ and b. The values of a and b at the end of the behavior
are not the values that were displayed (i.e., $display executes before the nonblocking
assignments). On the other hand, execute_monitor assigns value to ¢ and d, samples ¢
and d, updates ¢ and d, and then prints the values of ¢ and d. The values of ¢ and d when
the behavior expires are the same as the values that were printed. The standard output
is printed below:

b<=a; <=c;
Sdisplay ("display: a=%b b =%b", a,b);| $monitor ("monitor: ¢ = %b d = %b", c, d);
end end
G.8 wait$ t

‘The wait construct suspends a thread of an activity flow 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 S t

The fork .. 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).
Sork ... join are helpful in ing complex waveforms in testbenches
and abstract (and nonsynthesizable) models of behavior. The activity of a fork ... join
statement is complete when all of the statements within it have completed execution.

Example

The assignment to A below is made at t,, = 5, and the assignment to C is made at
Lim = 10;

fork

#5A=B;

#10C=D;

join

End of Example

G.10 Named (Abstract) Events

‘The Verilog named event provides a high-level ism of ication 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-
tive edge transition. A second behavior detects the event of up_edge 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 [1].

moduh Flop_event (input clock, reset, data, output reg q, output q_bar);
up_ 3
n:lgn q_bar = ~q;
always @ 1pondg- clock) -> up_edge;
always @ (up_edge, negedge reset)
begin
if (reset == 0) q <=
end
endmodule

; else q <= data;

End of Example

G.11_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 G-2 lists language constructs that are commonly supported
by synthesis tools; Table G-3 lists constructs that are to be avoided. Not all of these are
inherently unsymhesuable (c 8., repeat loops) but they are not supported by vendors
because eq can be by other Verilog has robust
delay constructs for 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 will imple-
ment a design subject to constraints on area, timing, and availability of parts in a cell
library or speed grade in an FPGA. For additional details, see [1].

REFERENCES

1. Ciletti MD. Modeling, Synthesis, and Rapid Prototyping with the Verilog HDL.
Upper Saddle River, NJ: Prentice-Hall, 1999.
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TABLE G-2

Module declaration

Port modes: input, output, inout

Port binding by name

Port binding by position

Parameter declaration

Connectivity nets: wire, tri, wand, wor, supply0, supply1
Register variables: reg, integer

Integer types in binary, decimal, octal, hex formats

Scalar and vector nets

Subrange 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 relational operators
Procedural block statements (begin ... end)

case, casex, casez, default

Branching: if, if ..  0f .
disable (of procedural block)
for loops

Tasks: task ... endtask (no timing or event control)
Functions: function ... endfunction

. else ... if

TABLE G-3

Assignment with variable used as bit select on LHS
global variables

case quality, inequality
defparam

)

pulidown, pullup

force ... release

repeat

©mos, rcmos, NMos, rMos, Pmos, rPMos.
tran, tranif0, tranif1, rtran, rtranif0, rtranif1
primitive ... endprimitive

table ... endtable

intra-assignment timing control

delay specifications

scalared, vectored

small, medium, large

specify, endspecify

$time

weak0, weakA, strong0, strong1, pull0, pull1
Skeyword




aeeoxn 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-flops are summarized in Table H-1.

TABLE H-1
K _— i " y y
&  dffrgpqb_a is a D-type flip-flop with rising-cdge clock (CK).
& Q= |internally gated data input (between the output and the external
%8 datapath and the output), (D) asynchronous active-low gate
control (G), reset (RB). and Q output.

e (G).reset (RB). and Q outp
K
DO The dffrmpgb_a is a D-type flip- ﬁnp wuh nslngﬂge clock (CK).
DI Q= | dual. internally ts, (D0 an
RB active-low re:ﬂ (RB), data select m ).and Q bu(puL

dffrmpab_a
X

Q= | The dffspgb_a is a D-type fi ing-edge clock (CK).

SB asynchronous active-low set (:m nm-\ Q output.

dffspqb_a

CK
ﬁ The dffrpb_a is a D-type flip-flop with rising-edge clock (CK),
R Q! asynchronous active-low reset (RB), Q and QB outputs.

NEES
|3
3

D Q= |The dffrpgb_ais a D-type flip-flop with rising-edge clock (CK),
RB asynchronous active-low reset (RB), and Q output.
dffrpab_a

GB Q| The latrpgb_a is a D-type transparent latch with active-low I
enable (GB), active-low reset (RB). and Q output.

5

iR
ei
3

s

s

2 O | The armb_a s a D-type transparent latch with aciverigh atch
R 0B}—= | enable (G). active-low reset (RB), Q and QB outpu

latrnb_a

D

G Q= | The lairngb_ajis 2 D-type transparent latch with active-high latch
RB enable (G). active-low reset (RB), and Q output.

latrng_a







s Verilog-2001, 2005

The Verilog HDL underwent 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 C i clarified i syntax and
semantics in IEEE Std. 1364-1995' and removed errors in the LRM. The language was
enhanced to support higher level deling and abstract deling, while mai

backward compatibility with IEEE 1364-1995. Minor revisions and clarifications were
again introduced 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.

L1 ANSI C Style Ci
IEEE Std. 1364-2001 introduced ANSI C style syntax for module and UDP declarations.

L11 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 I-1. Also, the input ports have default type wire, so the declaration
of type wire 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.

112 Module Declarations
See Figure 1-2.
113 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-2001, 2005, the declarations of parameters may
be included between the module name and the port list, as shown in Figure I-3.

IReferred to as Verilog-1995.
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Verilog-1995

Verilog-2001, 2005

module Add_16 (sum, c_out, a,
output [15:0] sum:

output .
input [15:0] a,b;
input c_out;

always @ (a or b or c_in)

rea[15:Q ' out;  optional
i | -

b, c_in); | module Add_16 (sum, c_out, a, b, c_in);
outputreg  [15:0] sum:

c
input [15:0] a,b;
c.in;

optional

@(aorborc_in
{c_out, sum}=a+b+c_in;

>_out;

endmodule
{c_out, sum}=a+b+c_in;
endmodule
BEOREEL
Verilog-1995 Verilog-2001, 2005

module Add_16 (sum, c_out, a, b, ¢_in); | module Add_16 (

output [15:0]  sum; outputreg  [15:0] sum,
output c_out; output reg c_out,
input [15:0] a,b; input [15:0] a,b,
input cin; input c_in);
reg[15:0]  sum;

output [size ~1: 0]
ut

outp

input  [size ~1: 0]
input

reg  [size~1:0]
reg

always @ (a or b or c._in)
{c_out, sum}=a+b+cin;

reg c. always @ (a or b or c_in)
wire[15:0]  a,b; {c_out, sum}=a+b+c_in;
wire c_in;
always @ (a or b or c_in) endmodule
{c_out, sum}=a+b+c_in;
endmodule
FIGURE 1-2
Verilog-1995 Verilog-2001,2005
module Add (sum, c_out, a, b, c_in); module Add #{parameter size = 16) (
parameter size = 16; output

reg  [size~1:0]

output reg
input [size -1: 0]
input

always @ (a or b or c_in)
{c_out, sum}=a+b+c_in;

endmodule

FIGURE I3
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1.4 UDP Declarations

Verilog-2001, 2005 allows ANSI-style declarations combining the mode and/or data
type of the elements of a port with the port list (see Figure I-4).

15 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-2001,2005 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 I-5.

l0g 1995 " Verilog 2001, 2005
primitive latch (q_out, enable, data) ‘pnmltlve latch umtput reg qout, |
output q_out; input enable.
input enable, data; input data);
reg q_out; table
table
endtable
endtable | endprimitive

endprimitive [

_FIGURE 14

Verilog 1995 Verilog 2001, 2005
function [16: 0] sum_FA; function [16: 0] sum_FA (input [15:0] a, b, input c_in)
input [15:0] a, b; sum=a+b+c_in;
input c_in;

endfunction
sum=a+b+c.in;

endfunction

Verilog 1995 Verilog 2001, 2005
task sum_FA; task sum_|
tput [15 O siim P! (output [16 0] sum, input [15:0] a, b, input'c_in);
put  [15: 0] a,
input c_in; sum=a+b+c_in |
sum=a+b+c_in; endtask

endtask

(b)

FIGURE I-5
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Verilog 1995 Verilog 2001, 2005

function real sum_Real function real sum_Real (input real a, b);
input real a
sum=a+b;
sum=a+b;
endfunction |
endfunction ‘

Verilog 1995 Verilog 2001, 2005 —‘
task sum_Real; task sum_Real
output real sum; (output real sum, input real a, b);

input real a, b,
sum=a+b
sum=a+b;

| endtask

endtask
(b)

FIGURE I-6

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 port of the function or task, as shown in Figure I-6.

11.6 Initialization of Variables

Variables of type reg, integer and time are initialized to a default value? 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 realtime are initialized to the default value 0.0. In Verilog-1995,
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 reg, integer, time, real, or realtime 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 different value in simulation. An example of initialization of a variable is
given in Figure I-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 I-8.

L2 Code M: t

i)

Verilog-2001, 2005 expands the capabilities of tasks and functions to include re-entrant
tasks and recursive functions.

?The default net type can be overridden by a compiler directive
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Verilog 1995 Verilog 2001, 2005
module Clk_gen (clock); module Clk Gen #(parameter delay = 5) (output clock);
parameter  delay = 5; reg  clock
output clo ck
reg clock;

initial forever #delay clock =

clock;
initial begin

clock = 0;

forever #delay clock = ~clock;
end

endmodule

endmodule |

Verilog 1995 Verilog 2001, 2005

module Clk_gen (clock) module Clk_Gen #(parameter delay = 5) (output reg clock = 0);

parameter
output clock initial forever #delay clock = ~clock;
reg clock;
endmodule
initial begin
clock =

forever #delay clock = ~clock;
end

endmodule

12.1 Re-Entrant Task:

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 all 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 call to a task is complete. Designers work around this problem by placing the

same task in mulhple modules and isolating their memory space, but this wastes
and of the code [1,2].

Venlog 2001, 2005 supports re-entrant tasks with dynarruc 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




Advanced Digital Design with the Verilog HDL

tasks must not reference data generated by the task after 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 Venlcg 1995 are static too, and may not include delay constructs (i.e., # @,
wait). Fur N logic eq to an

Because a function executes in zero time, there is no possibility for concurrent calls to the
same function. However, subsequent calls to a function overwrite its memory space. If a
function calls itself recursively, each call will overwrite the memory of the previous call. In
Verilog-2001,2005 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 I-9 compares a recursive implementa-
tion in Verilog-2001, 2005 with an illegal description in Verilog-1995.

L2.3 Constant Functions

Functions may be used in Verilog-1995 only where a nonconstant expression can be
used. For example, the widths and depths of arrays can be hardwired by fixed numbers
defined by which are Although p can be defined in
terms of other parameters, this mechanism for scaling a design can be cumbersome.

Venlog -2001, 2005 supports constant functions, wluch can be called wherever a
constant is required. Constant ions are eval d ion time and do not
depend on the values of variables at simulation run~ume. 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 only locally
declared variables, and other constant 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 defparam 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 call system functions and tasks, and may not use hierarchical path
references.

Verilo v erllng-ml. 2005 |

cov ey i

[ function (63: 0] Bogus function sutomatc (63: 0] factoil
| “input  [31:0] N; input  [31:0]
if (N == 1) Bogus = 1 if (N == 1) factorial =
else Bogus = N*Bogus (N-1) else factorial = N*factorial (N-1);

endfunction endfunction

FIGURE I-9
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L3  Support for Logic Modeling
L3.1 Implicit Nets

In Verilog-1995, 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 assignment. If the implicit net is connected to a vector
port, it will inherit the size of the port; otherwise, 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-2001, 2005 an undeclared iden-
tifier that is not a port of a module will be inferred as an implicit scalar net. Figure I-10
shows a module that complies with Verilog-2001, 2005, but not with Verilog-1995.

L3.2 Disabled Implicit Nets

‘The mechanism for implicitly declaring a net can be disabled by including a new argu-
ment, none with the ‘default_nettype, 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-1995 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 fixed width, +: and —:, having the syntax <starting_bit>
+: <width> and <starting_bit> —: <width>, respectively. The parameter width specifies
the size of the part select, and start_bit 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

Verilog 1995 ilog 2001, 2005
module Adder (sum, c_out, a, b, c_in); | module Adder ( |
output [15:0]  sum; output [15:0] sum,
output c_out, output c_out,
input [15:0] a,b | input [15:0] ab,
input c_in input c_in)
always @ (a or b or c_in) always @ (a or b or c._in)
| {c_out, sum}=a+b+c_in; {c_out, sum} =a +b +c_in;
| assignmatch=a &b; / Invalid assign match=a &b // Valid
| endmodule | endmodule |

FIGURE I-10
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| Verilog 1995 Verilog 2001, 2005
reg [15: 0] sum reg [15: 0] sum
reg [2: 0] K reg [2: 0] K
1/ Valid; 11 Valid
wire [7: 0] a_byte = sum [15: 8]; wire [7: 0] a_byte = sum[15: 8];
Il Error: 1 Valid
wire [3: 0] b_byte = sum[K + 3; KJ; wire [3; 0] b_byte = sum[K +: 3];

FIGUR

11

‘ Verilog 2001, 2005 ‘

wire  [31:0] d_paths [15: 0] /1 1-dimensional array of words |
[reg  [15:0] data [0: 127)[0: 127]; /1 2-dimensional array |
of wor
‘real time_array [0: 15] [0: 15] [0: 15; /I 3-dimensional array

FIGURE I-12

incrementing or decrementing the index of the bits in the vector. See Figure I-11 for an
example.

134 Arrays

Verilog-1995 supports only one-dimensional arrays of type reg, integer, and time.
Verilog-2001, 2005 supports arrays of real and realtime variables, in addition to arrays
of type reg, integer, and time. 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 I-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.

14  Support for Arithmetic
141 Signed Data Types

Verilog-1995 is limited to signed anthmetlc on 32-bit integers. The reg, time, and all net
data types are unsi and are as signed arithmetic only if every
operand is a signed variable (i. e has type integer). The data types of the variables in an
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I Verilog 1995

reg [15:0] data  [0: 127][0: 127];
real time_array {0: 15](0: 15][0: 15
wire  [31:0]d_paths  [15:0];

wire  [15:0] a_data_word = data [4][21];
wire  a_time_sample = time_array [7)[7][7];
wire  [7: 0] a_byte = data [64)[32][12: 5]
wire  a bit=data [31]8](3];

FIGURE I-13

/I 2-dimensional array of words
/I 3-dimensional array
/I 1-dimensional array of words

Il references a word
I/ references a word
Il references a byte
Il references a bit

whether signed or unsigned arithmetic is per-

fonned Venlog 2001 20()5 uses the reserved key word signed 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. See Figure 1-14.

14.2 Signed Ports

Ports may be declared to be signed in two ways: by declaration with the mode of the
port or by declaration of the type of the associated port variable. Figure I-15 shows
examples of declarations of signed variables without and with ANSI C style syntax.

143 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

Verilog 1995

Verilog 2001, 2005 ‘

integer m, n;
re [63:0] v,

I/ value stored

integer
reg signed

m,n;
[63:0] v;

// value stored

m = 12; // 0000_..._0000_1100 m = 12; // 0000__..._0000_1100

—4; 1/ 1111_..._1111_1100 =—4 /1111 11111100

1/ 0000_..._0000_1000 //0000_..._0000_1000
m=m/n; /result—3 m=m/n; /result-3
v=v/n; /l result -2

Il result 0

[ v=vin

FIGURE I-14
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Verilog 2001, 2005 |

| modute Add_sub (

| *output signed (63: 0] sum_dif;  // stored as signed value

input  signed [63: 0] a, b; I/ stored as signed value
endmodule
(@)
Verilog 2001, 2005
module Add_Sub (
output reg signed (63: 0] sum_diff
input wire signed [63:0]a.b
)
endmodule |
(b)
FIGURE I-15

Verilog 2001, 2005 |

reg signed [63: 0] v / signed variable

v=12 / literal integer
| v=v/-64'd2; Il stored as 0

v=v/-64'sd2; /l 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 literal integer
can be declared as an integer. The symbol s is used to specify that a sized or unsized lit-
eral integer is signed, as illustrated in Figure I-16.

144 Signed Functions

Functions in Verilog-1995 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 reserved keyword signed, Verilog-2001, 2005 allows signed arithmetic
to be performed on returned values of a vector size. Figure I-17 identifies the possible
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Verilog 1995

Example Returned Value | Verilog 2001, 2005
function sum single bit x x
function [31: 0] sum unsigned vector of 32 bits x x

function integer sum

signed vector of 32 bits

x

3

function real sum

64-bit double-precision

function time sum

unsigned 64-bit vector

function signed [63: 0] sum

signed 64-bit vector

FIGURE I-17

types of a function in Verilog-1995 and Verilog-2001, 2005. Remember that the data
types of the vari in an ion, not the determine whether signed or
unsigned arithmetic is performed. Signed amhmenc is performed only when all of the
operands are signed variables.

145 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 from the value passed in. The func-
tions are useful because an expression returns a signed value if and only if all of its

are signed vari; Sign the need to declare and
assign value to additional variables to circumvent the restrictions of Verilog-1995. See
Figure I-18.

14.6 Arithmetic Shift Operator

Logical shift operators (<<, >>) are supported by Verilog-1995. These operators have
two operands: an expression (operand) whose value is to be shifted, and an expression

Verilog 2001/2005

integer v

reg [63: 0] sum_diff, signed_sum_dif;

v=-16;

sum_diff = 48;

sum_diff = sum_diff / v; Il returns 0
signed_sum_diff = $signed (sum_diff) / v; Il returns -3

FIGURE I-18
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Verllog 2001, 2005

integer data_value, data_value_1995, data_value_2001; // signed datatype ]
data_value =-9;  stored as 1111..._1111_0111
data_value_1995 = data_value >> 3; I stored as 0001..._1111_1110
data_value_2001 = data_value >>> 3; 1 stored as 1111..._1111_1110
data_value_1995 = data_value << 3; I stored as 1111..._1011_1000
data_value_2001 = data_value <<< 3; I stored as 1111..._1011_1000

FIGURE I-19

(operand) that determines the number of shifts. The bitwise-shift operators insert a 0 into
the cell vacated by a shift. Verilog-2001, 2005 includes the operators >>> to shift arith-
metically to the right and <<< to shift bitwise to the left. The arithmetic right-shift
operator (>>>) implemented in Verilog 2001, 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 0. 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-
tionally equivalent to the logical left-shift operator (<<). The examples in Figure I-19
show the distinctions between the logical and arithmetic shift operators.

L4.7 Assi Width E i

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. If the expression on the RHS is unsigned (i.e., reg, time, and all net types),
its extension is formed by filling with 0. 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 of Verilog-2001,2005.

L4.8 Exponentiation

is not i i in Verilog-1995—it requires repeated
within a loop Verilog-2001, 2005 includes the operator **, which

*The shift-left operator implemented in Verilog-2001 fills with 0, which corresponds to multiplication by a
power of 2. An arithmetic shift-left that fills with the LSB produces different results.
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Extended value
Leftmostbitof | Unsigned | Signed
RHS RHS ]
expression expression | expression
0 0 0
[ 1 0 1
x x x
FIGURE 120
Verilog 2001, 2005
Returned value Base Exponent

double-precision floating point

real, integer, or signed value

real, integer, or signed value

ambiguous 0 not a positive number
ambiguous negative number not an integer
FIGURE 121
Verilog 2001, 2005

reg [7: 0] base;
rog [2: 0] exponent;
reg [15: 0] value;

value = base ** exponent;

FIGURE 1-22

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 I-21.
‘The example in Figure 1-22 illustrates the syntax for using **. (Note: The operator for

has higher

than the operator for multiplication.)
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I Sensitivity List for Event Control

The event-control expression in Verilog-1995 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

L6 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 every execution lhread of the behavior (e.g., if statements are

. If the t trol exp is i a sy is tool will infer
latched logic, rather than binational logic. Uni i omission of a signal from
an t-control ion is p ic, so Venlog -2001, 2005 uses a wildcard
token (*) to lndlcale a level iti t: 1 ion that is sensitive to
every variable that is reference within the behavior, thereby eliminating the need to
explicitly identify them and avoiding the of an t trol

expression. See Figure 1-24.

Verilog-1995 Verilog-2001, 2005
module Adder (sum, ¢_out, a, b, ¢_in); | module Adder (sum, c_out, a, b, c_in);

output [15:0]  sum; output [15:0] sum;

output c_out; output cout;

input [15:0] a, input [15:0] a,b;

input cin; input cin;

always @ (a or b or c_in) always @(a, b, c_in)

{c_out, sum} =a+b +c_in; {c_out, sum}=a+b +c_in;
endmodule endmodule
FIGURE 123

“The new syntax permits mixing separated by or with items separated by commas, but this usage makes the
code less readable.
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Verilog-1995

Verilog -2001, 2005

module Adder (sum, ¢_out, a, b, c_in):
output [15: 0] sum;

output

input [15: 0]
input

reg [15: 0]
reg

c_out;
a,b;

always @ (a or b or c_in)
{c_out, sum} =a+b +c_in;
endmodule

module Adder (
output reg

[15:0] sum,
output reg c_out;
input [15:0] ab;
input clin);

always @ (*)

" ansmauve always @ *
{c_out, sum})=a+b+c.

endmodule

FIGURE 1-24

Caution: The @ operator is

end
block of statements that immediately follcw 1( Careless use of the operator wdl lead to

models that do not

with the single or begin .

the

y of 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 c_in.

Verilog-2001, 2005

always @ (a or b or c_in) begin
{c_out, sum} =a+ b +c_in;
diff =a—b;

end

endmodule

Verilog-1995

module Adder (sum, diff, c_out, a, b, c_in);
output [15:0]  sum, diff;

output c_out

input [15:0] a,b;

input c_in;

reg [15: 0] sum, diff;

reg c_out;

module Adder (
output reg

[15:0]  sum, diff,
output reg c_out
input [15: 0] ab,
input c.in);

sensitive to only a and b

always-egin
diff

@diff=a—b;
| foout sump=a+b+cin;
| end

endmodule

FIGURE 125
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L7 Par ters

Parameters make models more igurable, readable, and portable.
Declared by the keyword parameter, parameters in Verilog-1995 are run-time con-
stants, and their value can be changed before simulation and during

There are two mechanisms for redefining the value of a parameter: remotely, using
the keyword defparam, and implicitly, by in-line 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 syntax #(value_l, value_2, ..., value_m) be inserted after the instance name of a
module to redefine parameters declared within the module. The order of the
sequence of value_I, value 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 are to be redefined. Because
the parameters are not explicitly named in this syntax for redefinition, the practice is
prone to error, and renders the model less readable. Verilog-1995 also supports spec-
params (specify parameters) that may be declared and used only within specify ...
endspecify 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.

$Specify blocks are used to declare input-output paths across a module, assign delay to those paths, and
declare time checks to be performed on signals at the module inputs.
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Verilog 1995
Operands Operation
All operands
wcugned | Siened
integers arithmetic
Anoperang | Unsaned
is unsigned arithmetic
Ao | oo
real value arit
FIGURE 126

L7.1 Parameter Constants

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.

L7.2 Parameter Redefinition

Verilog-2001, 2005 provides zxpllcll m -line redefinition of parameters on a module-
instance basis. The syntax for the of an i module is
shown below.

module_name instance_name #(.parameter_name (parameter_value), ...)
(port_connections); 1

This feature of Verilog-2001, 2005 explicitly i i the
‘The rcdefmltmn does not depend on the order in which the paxameters are defined in
the module. C ly, the code is self- and more readable

than its counterpart in Verilog-1995.
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Verilog 2001, 2005

Specified by declaration Subject to

Sign | Range | Type | redefinition

Redefinition rule

No No No Yes Same as Verilog-1995'
. Size is
Yes Yes No No P"’;‘"’:g’ 8] specified by
B the range

Parameter is | inherited from
signed

Yes No No Inherits size

redefinition

Parameter is | Size is fixed

No Yes No No unsigned | by range

Yes Yes Parameter retains type

!In Verilog-1995 a parameter inherits the vector size and type of the last parameter
redefinition.

FIGURE 127

L7.3 Local Parameters

Verilog-2001, 2005 introduces local parameters (keyword: localparam), whose
value cannot be directly redefined from outside the module in which they are
declared.® Figure 1-28 compares the parameters, specify parameters, and local para-
meters. 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.

L8 Inst Generation

Verilog-1995 supports structural modeling with declarations of arrays of instances of
primitives and modules. The generate .. . endgenerate construct in Verilog-2001, 2005
extends this feature to replicate distinct copies of net declarations, register variable
decl: i p initi i i always i

“It might be desirable to protect. for example, the state-assignment codes from inadvertent change.
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Verilog 2001, 2005
Verilog 1995

parameter | specparam | localparam

Module item Yes No Yes
Location Task item Yes No Yes
declaration Function item Yes No Yes
Specify block No Yes No
By a defparam Yes | . No No
Method t
of direct Redefined in-line Yes No No
redefinition  —— — 1
SDFfiles |  No Yes No
From another - v E
parame
Method of indirect (— — -
redefinition by Froma S o Ne
assignment of localparam
Froma No Yes No
specparam |
Within amodule | Yes No Yes
|
Within a specify | .
block No Yes No ‘
FIGURE 1-28

initial behaviors, tasks, and functions.” ‘Verilog-2001, 2005 introduces a new kind of
variable, denoted by the keyword genvar, which declares a nonnegative integer® that is
used as an index in the replicating for loop associated with a generate ..

block. The index of the for loop of a generate . .. endgenerate block must be a genvar
variable, and the initializing statement and the loop update statement must both assign
value to the same gemvar variable. The contents of the for loop of a generate. ..

endgenerate statement must be within a named begin . . . end block. Note: The name of
the block is used to build a unique name for each generated item.

7A generate.... endgenerate block may not include port declarations, constant declarations, and specify
blocks.

A variable of type genvar may be declared within a module or within the generate ... endgenerate block; it
‘may not be assigned a negative value, an x value, or a z value.
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Verilog 2001, 2005
module Adder_CLA (parameter size = 32)(

output[size—1:0]  sum,
output c_out,
input [size - 1: 0] ab,
input c_in);
wire [size/8-1:0]  co,ci
assign cllo]=c
assign & out = c_olsizels - 11
generate
genvar j;
=1 =j+1) begin:
ign c_ifj] = c_ofj - 1]

endgenerate

generate

genvar k;

for (k = 0; k <=size/8 — 1,k =k +
Add_cla_8 ADD (sum[((k+1)‘871)7 a] < o[k] al((k+1)*8 — 1) —:8], b{((k+1)"8 — 1) —8], c_I[KI);
end
endgenerate
endmodule

FIGURE 1-29

The model in Figure 1-29 generates a 32-bit adder from copies of an 8-bit adder,
with instance names M/0].ADD, M[1].ADD, M[2].ADD, and M{3].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, Add_cla_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, generate statements are used to generate a parameterized pipeline
of words.

The replication of items by a generate block can be controlled by if statements and
case statements. Figure 1-31 uses an if statement to determine whether a ripple-carry
adder or a look-ahead adder is mslanuated dependmg on the width of the datapath.
Figure I-32 uses a case to
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module generated array_pipeline #(parameter width = 8, length = 16)(
output [width — 1: 0] data_out,
input [width — 1: 0] data_in,
Inputclk, reset);

reg|width - 1: 0] pipe[0: length — 1];
wire [width — 1: 0] d_in[0: length — 1];

assign d_in [0] = data_i
assign data_out = mpe[s(zo —1%

generate

:k<=length - 1; k = k + 1) begin: W
assign d_in[k] = pipelk — 1];
end

endgenerate

j <= length - 1; ] =  + 1) begin: stage
always @ (posedge clk, negedge reset)

if (reset == 0) pipe[]] <= 0: else pipe(j) <= d_in[];
end

endgenerate
endmodule
FIGURE 130
Verilog 2001, 2005
module Add_RCA.or_CLAH(parametar size = 8)
output [size - 1: 0]
output o,
Input [size—1:0]  a,b,
Input clin);

generate
if (size < 9) Add_rca #(size) M1 (sum, c_out, a, b, c_in):

else Add_cla #(size) M1 (sum, c_out, 2, b, c_in);
endgenerate
endmodule

FIGURE I-31
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module Add_RCA_or_CLA (parameter size = 8)(
output [size — 1: 0]
output c_out,
input [size - 1: ab,
input cin);
generate
case (1
size<9:  Add_rca #(size) M1 (sum, c_out, a, b, c_in);
default: Add_cla #(size) M1 (sum, c_out, a, b, c_in);
endcase
endgenerate
endmodule
FIGURE I-32
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aeenons . Programming Language
Interface

The Verilog description I has a built-in p ing | inter-
face (PLI) 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 when it piles a Verilog ip
These data structures contain topological and other information about the design. PLI
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 PLI:

Dynamically scan the data structures of the design and annotate the delays of
model instances. (Back-annotation is done after layout to ensure that the mod-
els used in timing verification accurately account 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-language simulation model into the design during simulation.
* Interface a hardware unit to the design during simulation.

These are but a few of the uses for PLIL The interested reader is referred to the

Language Reference Manual, of which over one-half of the content is dedicated to
PLI, and to Sutherland [1], which provides a comprehensive treatment of PLI.

REFERENCE
1. Sutherland S. The Verilog PLI Handbook. Boston: Kluwer, 1999.




APPENDIX K Web sites

Additional can be i at the various Web sites are listed below. Other
sites will be posted our companion Web site.

Industry Organization

www.accellera.org Accellera
WWW.OpEencores.org Opencores
Www.systemc.org System C

FPGA and Semiconductor Manuf:

www.actel.com Actel Corp.

www.altera.com Altera, Inc.

www.atmel.com Atmel Corp.

www.latti icond com Lattice i Ce
www.xilinx.com Xilinx, Inc.

Media and Archives

www.eetimes.com EE Times

www.isdmag.com Integrated System Design magazine
http://xup.msu.edu Xilinx University Resource Center'

http://www.mrc.uidaho.edu/vlsi/ See this site for additional links
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EDA Tools, Resources, and Training

www.cadence.com Cadence Design Systems, Inc.
www.co-design.com Co-Design Automation, Inc.
Wwww.mentorg.com Mentor Graphics corp.
www.model.com/verilog Model Technology
www.simucad.com Simucad, Inc.
www.silvaco.com Silvaco, Inc.
Www.synopsys.com Synopsys, Inc.
www.synplicity.com Synplicity, Inc.
www.tm-associates.com TM Associates
Consultants

www.sunburst-design.com Design, Inc.
www.sutherland.com Sutherland HDL, Inc.
www.whdl.com ‘Willamette HDL, Inc.

"The Xilinx University Resource Center Web site, maintained and hosted by the Department of Electrical
and Computer Engineering at Michigan State University, provides a collection of resources already located
on the web, as well as original content. A robust online support system, consisting of a mailing list,discussion
board, and email is in place and monitored to answers any questions that you may have.




o WWeb-Based Resources

The companion Web site for the book, located at www.prenhall.com, contains tutorials
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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hexadecimal scanner, 216
hierarchical decomposition, 110
hierarchical dereferencing, 914
hierarchical design, 4

‘cmos transmission gate,
nmos pass transistor aiteh 55
mos pes iR S
Hald time.7
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procedural blocks, 89
sequential blocks, 898
statements,

task enable, 900

959
latch
cyclic behavioral models of, 150-151
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leading-edge devices, 466
least sgnificant bit (LSB), 84,376,627
e Tght- cmmmg diode (LED)
displa

hehavior, 368,669

deciuations, ey
ignments, 892
Dlock Hom, 893 894
data t
function, 892-893
lists, 892
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Togic synthesis, 237-245, 248
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test methodology. 120-123
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ripple-carry e, 632,946
ripple counter, 304

transport delay, 131 5 o
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Add (sum, c_out,a, b c_in), 928
Add_16,928

add_16_pipe,582

add_dcycle, 182
Add_Aceum_1,309
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Add_half ASIC,128
Add_half_unit_delay,127
Add_prop_gen, 637
Add_rea_16,111
Add_rca_4,111
Add_RCA_or_CLA, 947,948
Add_Sub, 741,936

Adder (sum, c_out, a, b, c_in), 933,940,941
Adder (sum, diff,a, b, c_in), 940,542
Adder, 933,941,942

Address_Register, 366
Alu_RISC,368
alu_with_z1,257
annotate, 916
AOI5_CA3,147
AOI5_CA0,143

arith] 874
amhmenc _unit, 187
rray_of adders, 914

array_of nor,913
ASIC.815,838
ASIC_with_BIST, 837
ASIC_with_TAP813
asynch_df_behav, 152
Auto_LFSR,178
Auto_LFSR_ALGO.174
Auto_LFSR_RTL,172
B2G_Conv,610
B2G_Reg, 610

badd_4,258

barrel_shifter, 204
BCD_to_Excess_3_ROM, 429
BCD_to_Excess_3b,279
best_gated_clock.313
Bi_dir_bus,271

Binary_ Cuumer Part_RTL,351
BIST_C init, 839
Bogus (;m diff.a,b, c_in), 940
boole_opt, 24¢
Boundary_Scan_Register, 810

Bypass_Register,
Circular_Buffer 1,588
Circular_Buffer 2,588
Clk_gen (clock),931
Clk_Gen, 931
Clock_Unit, 375
Comp_2_algo, 160
Cump 2.c0.167
2.CAL1S4
Comp2.CA3,155
Comp_2_RTL,157
Comp_2_str, 116

Comp_4_str, 117
comparator,250

pare_32_CA,156
Control_Unit, 331, 368,382,393, 550, 605,

648, 668, 673, 683,700, 728,737

Control_Unit_by_3,352
controller, 193,656
Controller_Booth_STG_0,692

count_ones_SM, 331

D_flop, 366

D_reg4_a,274

Datapath,

Datapath_Booth_STG_0,693

Datapath_Radix_4_STG_0,708

Datapath_Unit, 332,352, 550, 606, 668,
673,685,720,723,729,738

Decimator_1,570

Decimator 2,571

Decimator_3,573

Differentiator, 570
Divider_RR_STG, 735
Divider_STG_0,719
Divider_STG_1,721
empty_circuit, 275
Encoder, 166




Index of Verilog Modules and User-Defined Primitives

expression_sub, 317

for_and_loop_comb, 319

G2B_Conv,610

generated array_pipeline, 947
hdref_Param,915
Hex_Keypad_Grayhill_072,220
1IR_Filter_8,564

Image_Converter_0,521
Image_Converter 1,528
Image_Converter_Baseline, 524
Image_Converter_Concurrent_Processors.
536

Instruction_Decoder,815
lmxrumwl +_Register. 366, 810
r_Par, 561
lnlegmlm_qu,SSS

IR_Cell, 7

Latch_ CA 149
latch_if1.267
latch_if2.268
Latch_Race_1.752
Latch_Race.
Latch_Race 3,752
Latch_Race_4,752
Latch_Rbar_
Latched_Seven_Seg_Display,254
Majority, 176
Majority_4b,176
Memory_Unit, 372
modXnor.915,916
iple_reg_assign. 317
Multiplexer_3ch, 367
Multiplexer_Sch, 367

Muliplier_Booth_ASMD, 700
Multiplier_Booth.. sm 0.691

> 2,682
Multiplier_Radix_4_STG_0,706

Multiplier_RR_ASM, 672
Multiplier_STG_0, 648
Multiplier_STG_1.655
M _32_CA, 146
Mux_4_32_CA,165
Mux_s IJZ case, 163

my_design, 107
NRZ_2_Manchester_Mealy. 281,282
NRZ_2_Manchester_Moore,283
NRZI_Mealy, 299
operator_group,315

or_nand. 249

ord_behav,262

ord_behav_latch, 263
Par_load_reg4,203

Param, 915

Pattern_Generator, 839

PP_Datapath_Unit.539
PP_Memory_Unit, 539
PPDU.524

Priority, 167
Processing_Unit, 365
Program_Counter, 361
RAM_2048_8,4
RAM_static, 433
RAM_static_BD, 435
rd_cntr_Unit, 597,610
Register_File, 208
Register_Unit, 366
res_share,25¢
Response_Analyzer, 833
ring_counter,200
ripple_counter, 304
RISC_SPM, 365
ROM_16_x_4,424
ROM_BCD _io_Excess_3,429

ly. 287
Srq.Rtr/J Is. Muly_Sh/l Reg,292
Seq_Rec_3_ls_Moore, 288

Seq_Rec_Moore_imp, 311
Ser_Par_Cony_32,605
Seven_Seg_Display, 170

shifireg_nb_V05. 159

shifireg_PA.157

shifireg_PA_rev, 158

snS4170,269

source_text, 888

swap_synch,273

Synchro_Long_Asynch_in_to_Short_Peri
od_Clock,611

Synchro_Short_Asynch_in_to_Long_Peri
|_Clock,610

Synchronizer, 221

1_Add_half,122

L_ASIC_with_BIST, 840

L_ASIC_with_TAP,817

+_Bubble_Sort, 551

_DUTB_name, 125

{_FIFO_Channel, 611

LFIFO_Dual_Port, 597

t_Image_Converter_1,529

t_Image_Converter_Baseline, 525

1_Image_Converter_Ce (_Processor,

_NRZI_Mealy, 299

test_BCD_to_Excess_3b_Converter,
429

test_Divider STG_1.730

test_RAM_static_BD, 437
test_RISC_SPM,374

Uni_dir_bus, 271
Universal_Shift_Reg,206
up_down_counter, 200
»_down_counter, 201
U Do buplicl 16
word_aligner, \!

wr_cntr_Unit, 597,609




Summary of Key Verilog Features
(IEEE 1364)

(Examples include 1995, 2001, and 2005 syntax)

Design Encapsulation:

A Verilog module encapsulates functionality; mod-
ules may be nested to any depth.

module name_1995 (list of ports);

//Declarations

Port modes: Input, output, inout identifier;
... wire A[3:0];)

Register variable (e.g., reg B[31: 0};)

Constants: (e.g. parameter size = 8;)

Named events (e.g., event trigger;)

Continuous assignments

(e.g. assign sum = A + B;)
Behaviors am-y- (cyclic), Inmal (single-pass)

generate ...

//lInstantiations

primitives

modules

endmodule

module name_2001_2005 #(parameter
X

endgenerate

par_1=valt,
output reg [size -1: 0] out_port1, .
Input [size_in -1: 0] in_port1,...

)
//Declarations
/lnstantiations
endmodule

Multi-(Scalar) Input Primitives
(Each input is a scalar)

and (out, iny, in, ..

in);

xor (out, iny, |nz.
xnor (out, iny, in,

- Iny);
iny):

Multi-Output Primitives
buf (out;, outy, ..., outy, in);  // buffer
not (outy, outy, ..., Outy, in); 1/ inverter

Three-State Logic Primitives

bufifo (out, in, control);
bufift (out, in, control);
notifo (out, in, control);
notift (out, in, control);

Pullups and Pulldowns
pullup (out_y); pulldown (out_y);

Propagation Delays
Single delay:  and #3 G1(y, a, b, c);
iselfall: and #(3,6) G2 (y, a, b, c);

Riselfall/turnoff: bufif0 #(3, 6, 5) (y, x_in, En).
Mintyp:Max:  bufif #(3:4:5, 4:5:6, 7,8:9)
(y. x_in, en);

Simulator command line options for single delay
value simulation:
+maxdelays, +typdelays, +mindela;

Example: verilog +mindelays testbench.v
C £

May execute a level-sensitive assignment of value toa
net (keyword: ), or may execute the statements
of a cycls or

initial) bchav\or ‘The statements m a behavu:vr exe-
cute or on the
assignment operator, subject to level-sensitive or
edge-sensitive event control expressions.

Syntax: Continuous assignment

assign net_name = [expression];

Syntax: Cyclic behavior
aiways begin [procedural statements] end




Syntax: Single-pass behavior
initial bagin [procedural statements] end
Cyclic (always) and single-pass (initial) behaviors may
have level sensitive and/or edge sensitive timing control.
Edge sensitive: always @(posedge clock) q <= data;
Level sensitive: always @ (enable, data)

If (enable) q <= data

Sensitivity Lists and Event
Control Expressions

Verilog 1995: @ (a or b)
Verilog 2001: @ (a, b)

Data Types: Nets and Registers

Nets: Used to cstablish structural connectivity
between instantiated primitives and/or modules;
may be target of a continuous assignment; (¢.g., wire,
tri, wand, wor).

Value is determined during simulation by the dri-
ver of the net, e.g, a primitive or a continuous assign-
ment (Example: wire Y = A +B;).

Register variables: Store information and retain value
until reassigned.

Value s establishcd by an assignment made by a
procedural statement.

Value s retained until a new assignment is made
e.g., reg, integer, real, realtime, time

Example: always @ (posedge clock)
if (reset) q_out
else q_out <= datai

Procedural Statements

Describe logic abstractly; statements execute sequen-
tially to assign value to variables

if (expression_is_true) statement_1; else statement_2;
case (case_expression)

case_item: statement ;

default: statement;

endc:

for (conditions ) statement;

repeat constant_expression statement;
while (expression_is_true) statement;
forever statement;
fork statements join // execute in parallel

Assignments

Continuous: Continuously assigns the value of an
expression to a net.

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 are listed. Values are assigned
concurrently.

Procedural (Continuous):
assign ... deassign Overrides procedural assignments
toanet.
force ... release Overrides all other assignments to
anet or a register.

Operators
(R concatenation
- xpcn:nunlmn
. arithmet
% mﬂdul\ls
>>=<<= relational
! logical negation
logical an¢
logical or
logical equality (identity)
logical inequality
case equality

case inequality
bitwise negation
bitwise and

bitwise or

bitwise exclusive-or
bitwise equivalence
reduction and
reduction nand

~Nor "~ reduction xnor

<< left logical shift

>> right logical shift
<<< left arithmetic shift
>>> right arithmetic shift
» conditional

or Event or
Specify Block

Example: Module Path Delays

ecify
e specparam dsclavahoﬂs (min: typ: max)

iz

I parallel

Il state dep
3. 4);

0) (a.
(posedge clk => (y d |n))
endspecify




Example: Timing Checks

specify
‘specparam t_setup = 3:4:5, t_hold = 4:5:6;
$setup (data, posedge clock, t_setup);
$hold (posedge clock, data, t_hold);
endspecify
Memory: Declares an Array of Words
Example: Memory Declaration and Readout
module memory_read_display();
reg [31: 0] mem_array [1: 1024];
Integer k;
Initial begin
Il read contents of mem_array from a file
in hex format
$Sreadmemh ("mem_contents.dat’),
mem_array);
I display contents of mem_array

for (k = 1; k<= 1024; k = k+1)
Sdisplay (‘word [%d] =
%h" k,mem_array[k]);
end
endmodule
Arrays

reg [7: 0] name [dim1 : 0] [dim2: 0] [dim3 : 0]
idi Arrays (E )!

[15: 0] reg data [0: 27)(0: 127];  // 2-dimensional
al time_array [0: 15][0: 15](0: 15]; // 3-dimensional
Integer indices (7: 0][63: 0]; I/ 2-dimensional

Variable Part Select (See Appendix F)
C and Race Conditi

Indeterminate outcomes result from race condi-
tions when multiple edge-sensitive behaviors use
the procedural assignment operator (=) to refer-
ence (read) and assign value to the same variable at
the same time.

name.

Example (with race):

always @ (posedge clock) a = b;

always @ (posedge clock) b = a;

Use nonblocking assignment operator (<=) to
eliminate race conditions; assignments are inde-
pendent of the order of the behaviors and the
order of the statements.

Example:

always @ (posedge clock) a
always @ (posedge 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
‘machines.

Example (without race):
always @ (posedge clock)
state <= next_state;
always @ (state, inputs)
case (state)
state_0: begin next_state = state_5; ...
end

‘endcase

Functions

May invoke another function; may not invoke a task

Executes with zero delay time

May not contain delay control (#), event control (@),
nonblocking assignment operator (<=), or wait.

Must have at least one input argument.

May not have output or inout arguments.

Function name serves as placeholder a single

returned value

Example:
value = adder (a, b);
ancﬂun [4:0] adder;
input [3:0] a, b;
adder=a +b;
endfunction

Tasks

May invoke other tasks and other functions

May contain delay control(#), event control (@),
and wait

May have zero or more arguments having mode
input, output, inout

Passes values by its arguments

Example:
adder (sum, a, b);

task adder;

output [4: 0] sum;
input [3:0] a,b;
sum=a+b;

endtask




Selected Compiler Directives

lefine  width = 16;
Iproject ! heuderv
100 ns/ins // time_units / precision

Ise .. ‘endif
Example:
module or_model (y, a, b);
output y;
input a, b;
‘Ifdef cont_assign // uses continuous
assignment

assigny=a|b;
‘else
orG1(y.a,b) / uses primitive

‘endif

endmodule

Simulation Output

$display ("string_of_info %d", variable);

Integer K;

Initial K = Sfopen(“output file);

always @ (event_control_expression) // dump data
begin

Sfdisplay (K, *%h", data[7: 0]):

$fclose (“output_file");

$monitor ($time, "out_1 = %b out 2=
%b", out_1, out_2);

$monitor (K, "some_value = %h",
address[15: 0]);

$monitoron;

$monitoroff;

end

Simulation Data Control
Example:

initial begin

1/ dump simulation data into my_data.dump
Sdumpfile ("my_data.dump");

// dump all signals

Sdumpvars;

1/ dump variables in module top.
Sdumpvars (1,top)

i dump variables 2 levels below top.mod1;
Sdumpvars (2,top.mod1);

Il stop dump

*Except for division by a power of 2.

#1000 $dumpoff;

/ start or restart dump #500
Sdumpon;

Il suspend simulation
$stop;

/I terminate simulation
#1000 $finish;

end

Parameter Redefinition

In-line (instance-based):

module Something ( );
parameter size = 4;
parameter width

endmodule

Something #(8, 32) M1 ();

Indirect (hierarchical dereferencing):
module Annotate ();

defparpam .Something.width =

Local Parameters (See Appendix F)

Value cannot be dircctly redefined from outside
the module in which they are declared.
Keyword: localparam

Ci to Avoid in Sy

time, real, and realtime variables
named event
triand, trior, tri0, tri1 nets
vector ranges for integers
slngl&pass (initial) behavior
.. deassign procedural continuous assignment
ﬁm:t ~release procedural continuous assignment
fork .. joln block (parallel activity flow)
defparam parameter sut
Operators: Modulus (%) and division(/)*,

Primitives: pullup, pulldown, tranlfo, tranif1,
rtran, rtranifo, riranift

Hierarchical pathnames

Compiler directives
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