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Preface

Inteprated circuits incorporating both digital and analog functions have become increasingly
prevalent in the semiconductor industry. Complex digital eircuits are now cormmonly combined
with analog circuits as part of the continuing drive toward higher levels of electronic system
integration. For example, complex microprocessors are frequently combined with high-
performance analog and mixed-signal circuits to form so-called “system-on-a-chip” devices. An
example of this is a single chip modem combining a digital signal processor with precision
analog-to-digital and digital-to-analog functions on a single silicon die. Such devices offer the
semiconductor customer significant savings in reanufacturing costs due to the resulting reduction
of chip-to-chip interconnections.

Mixed-signal IC test and measurement has grown into a highly specialized field of electrical
engineering. However, test engineering is still a relatively unknown profession compared with IC
design engineering. It has become harder to hire and frain new enginters to become skilled
mixed-signal test engineers. It may take one to two years for a mixed-signal test engineer to
develop enough knowledge and experience to develop adequate test solutions. The slow learning
curve for mixed-sipnal test engineers is largely due to the shortage of written materials and
unjversity-tevel courses on the subject of mixed-signal testing. While many books have been
devoted to the subject of digital test and testability, the same caonot be said for analog and
mixed-signal antomated test and measurement,

Training for mixed-signal test engineers has historiceily started with a sink-or-swim training
course covering the use of the test equipment itself, with little or o training on the basics of
mixed-signal test and measurement. This equipment-centric approach to training is analogous to
teaching a student how to drive by simply explaining the mechanics of the automobile itself (pull
this knob, push that pedal, etc.). It would be umwise to assign such an inadequstely rained
student to drive from L.A. to Pittsburgh withont a roadmap and without a working knowledge of
trivialities such as stop lights and police sirens. Similarly, a new test engineer is often assigned
tiy develop tests for 2 complex citcuit without training in basic test definitions and common test
techniques.

The test engineer is also expected to contribute to the definition of testability circuits that are
incorporated into the design of the device to be tested. Again, there is little formal reference
material or training on the subject of basic mixed-signal design for test (DfT). Asa result, new
test engineers often overlook basic deficiencies in the circutt architecture that prevent the device
from being tested thoroughly and economically.

This book was written in response to the shodage of basic course material for mixed-signal
test and measurement. The book assumes a solid backiround in analog and digital circuits as
well as a working knowledge of computers and computer programming. A background in digital
sipnal processing and statistical anabysis is also helpful, though net absolutely necessary. This
material is designed to be useful as both 3 university textbook and as 4 reference manual for the
beginning professional test engineer. Like many specialized technival mateniats, this book will

xvii



xviii Preface

most likely become partially outdated before publication. Hopefully, it will at least serve as an
amusing historical record of how things were dong back in the twentieth century.

The prerequisite for this book is a junior-level course in linsar continuous-time and discrete-
time systems, as well as exposure to elementary probability and statistical concepts. Fortunately,
these two courses are usually requirad at most universities.

The book is divided into 16 chapters. Chapter 1 presents an introduction te the context in
which mixed-signal testing is performed and why it is necessary. Chapter 2 examines the
process by which test programs are generated, from device data sheet to test plan to test code.
Test program stracture and functionality are also discussed in Chapter 2. Chapter 3 introduces
basic DC measurement definitions, including continnity, leakage, offset, gain, DU power supply
rejection ratio, and many other types of fundamental DC measurements.

Chapter 4 covers the basics of absclute accuracy, resolution, sefrware calibration, standards
traceability, end measurement repeatability. In addition, basic data analysis is presented in
Chapter 4. A more thorough treatment of data analysis and statistical analysis is delayed until
Chapter 15.

Chapter 5 takes a closer look at the architecture of a generic mixed-signal ATE tester. The
generic tester includes instruments such as DC sources, meters, waveform digitizers, arbitrary
waveform generators, and digital pattern generatots with source and capture functionality.

Chapter 6 presents an introduction to both ADC and DAC sampling theory. DAC sampling
theory is applicable to both DAC circuits in the device under test and to the arbitrary waveform
generators in 4 mixed-signal tester. ADC sampling theory is applicable to both ADC circuits in
the device under test and to waveform digitizers in & mixed-signal tester. Coherent multi-tone
sample sets are also introduced as an introduction to DSP based testing. Chopter 7 further
develops sampling theory concepts and DSP-based testing methodologies, which are at the core
of many mixed-signal test and measurement techniques. FFT fondamentals, windowing,
frequency domain filtering, and other DSP-based testing fundamentsls are covered in Chapters 6
and 7.

Chapter & shows how basic AC channel tests can be performed economically using DSP-
based testing. This chapter covers only nonsampled channels, consisting of combinations of op
amps, analog filters, PGAs and other continuous-time circuits. Chapter 9 explores many of these
same tests as they are applied to sampled channels, which include DACs, ADCs, sample and
hold (5/H) amplifiers, etc.

Chapter 10 explains how the basic accuracy of ATE test equipment can be extended using
specialized software routines. ‘This subject is not necessarily taught in formal ATE tester classes,
yet it is critical in the accurate measurement of many DUT perfonmance parameters.

Testing of DACs is covered in Chapter 11. Several kinds of DACs are studied, mchding
traditional binary-weighted. resistive ladder, pulse-width modulation (PWM), and sigma-delta
architectures, Traditional measurements like INL, DNL, and absclute error are discussed.
Severs! kinds of DAC architectures are explored, with an emphasis on their respective
weaknesses and common testing methodelogies.  Chapter 12 builds upon the concepts in
Chapter 11 to show huw ADCs are commonly tested. Again, several different kmds of ADCs
are studied. ingluding  binary-weighted, dual-slope, flash, semiflash, and sigma-delta
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prchitectutes. The weaknesses of each desiygn are explained, as well as the common
methodalogies vsed to pribe their weaknesses.

Chapter |3 explores the pray art of mixed-signal DIB design. Topies of interest include
cempoenent selection, power and ground layout, crosstalk, shielding, transmission lines, and
tester loading, Chapter 13 also illustrates several cormmon DIB circuits and their use in mixed-

signal testing,

Chapter 14 gives a brief introduction to some of the techmiques for analog and mixed-signal
design for test. There are fewer structured approaches for mixed-signal DIT than for purely
digital DIT. The more comman ad hoo methods are explained, 85 well as some of the industry
standards such as [EEE Std. 1149.1 and 11494,

A bret review of statistical anslysis and Gaussian distributions is presented in
Chapter 15. This chapter also shows how measurement resalts can be analyzed and viewed
using a variety of software tools and display forrats. Datalogs, shmoo plots, and histograms are
discussed. Also, statistical process control (SPCY) is explained, incloding a discussion of process
control metrics such as C, and C.

Chapter 14 examiti¢s the economics of production testing. The econottics of test are affected
by many factors such 38 equipment purchase price, test floor overhead costs, test time, dual-head
tzsting, toultisite testing, and fime to market. A test engineer’s debugging skills heavily impacts
tme to marker. Chapter 16 examines the test debugging process to attempt to set down some
generzl guidelines for debugging mixed-gignal test programs. Finally, emerging trends that
affect test economics and test development time are presented in Chapter 16. Some or all of
these trends will shape the future covrse of mixed-signal test and measurement,

The preliminary versions of this complete manuscript were reviewed by a number of students
and practicing test engineers. We would like to thank those professionals and students who gave
us extensive comections and feedback to improve this textbook: Steve Lyons {Lucent
Technologies/Teradyne, Ine.), Jim Larson and Gary Moraes (Teradyne, Inc.), Justin Ewing
{Texas A&M  University/Texas Insttuments, loc.) Pramodchandran Varyam (Georgia
Tech/Texas Instruments, Inc.), and Geoffrey Zhang (Texas Instruments, Inc.). We also thank Juli
Homan (Teradyne, Inc.) and Ted Lundguist (Schlumberger Test Equipment} for providing
photographs for Chapter 1.

We would also like to extend our sincere appreciation to Dr. Rainer Fink and Dr. Jay Porter of
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CHAPTER

Overview of Mixed-Signal Testing

1.1 Mhixep-Sicnar Cirouims

1.1.1 Analog, Digital, or Mixed-Signal?

Before delving into the details of mixed-signal IC test and measurement, one might first ask a
few gopod questions. Exactly what are mixed-signal circuits? How are they used m typical
applications? Why do we have 10 test mixed-signal circuits in the fivst place? What is the role
of a test engineer, and how does it differ from that of a design engineer or product engineer?
Most tratming classes offersd by mixed-signal tester companies assume that the stdents already
know the answers to these questions. For instance, a typical automated test squipment {ATE}
ttaining c¢lass shows the students how to program the per-pin current leakage measurement
instruments in the tester before the students even know why leakage current is an important
parameter to measure. This book will answer many of the what's, when’s, and why's of mixed-
signal testing, as well as the usval how’s. Let’s start with a very basic question; what is a mixed-
signal circuit?

A mixed-signal circuit can be defined as a circuit consisting of both digital and analog
elements. By this definition, a comparator is one of the simplest mixed-zignal circuits. It
compares two analog voliages and determines if the first voltage is greater than or less than the
second voltage, hts digital output changes to one of two states depending on the outcome of the
compatison. [n effect, a comparator is a one-bit analog-to-digital converter (ADC). It might also
be argued that a simple digital inverter is a mixed-signal circuit, since its digital input controls an
“analog” output which swings between two fixed voltages, rising, falling, overshooung, and
undershooting according to the laws of analog circuits. In fact, in certain extremely high-
frequency applications the ontputs of digital circuits have been tested using mixed-signal testing
tethodologies.”

. Analog :1> Digital Digital DD “Analog”

inputs output input output
Figure 1.1. Comparator and inverter - analog, digital, or mixed-signal?

Some mixed-signal cxperls might argue that o comparator and an inverter are ot mixed-
signal devices at all. The comparator is typically considered an analog circutt, while an inverter
iz considered a digital cirewit (Figure .11 Other ezamples of bordering mixed-signal devices
are analoe switches and progronmable suin anplitiers. The purist mwight argue that mixed-signal

1
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circuits are those that involve some sort of nontrivial interaction between digital signals and
analog signals. Otherwise, the device 15 simply a combination of digital logw: and separate
analog circuitry coexisting on the same die or circuit board. The line between mixed-signaj
circuits and analog or digiral circuits is blurry if ene wants to be pedantic.

Partanately, the blurry lines between digital, analog, and mixed-signal are completely
irrelevant in the context of mixed-signal test and measurement. Most complex mixed-signal
devices include at least some stand-alone analog circuits that do not interact with digital logic at
all, Thes, the testing of op amps, comparators, voltage references, and other purely analog
circuits must be included in a comprehensive study of mixed-signal testing. This book
encompasses the testing of both analog and mixed-signal circuits, including many of the
borderline examples. Digital testing will only be covered superficially, sitce testing of purely
digital circuits has been extensively documented elsewhere. ™

1.1.2 Common Types of Analog and Mixed-Signal Circuits

Analog circuits (also known as finear circuits) include operational amplifiers, active or passive
filters, comparators, voltage regulators, analog mixers, analog switches, and other specialized
functions such as Hall effect transistors. One of the very simplest circuits that can be considered
to fall into the mixed-signal realm is the CMOS analog switch. In this circuit, the resistance of a
CMOS transistor is varied between high impedance and low impedance under control of a digital
signal. The off-resistance may be as high as one megachm or more, while the on-resistance may
be 100 € or less. Banks of analog switches can be interconnected in a variety of configurations,
forming more complex circuits such a5 analog multiplexers and demuitiplexers and analog
switch matrices.

Another simple type of mixed-signal circuit is the programmable gain amplifier (PGA). The
PGA is often used in the front end of a mixed-sipnal circuit to allow a wider range of input signal
amplitvdes. Operating as a digitslly adjusted volume control, the PGA is set to high gains for
low-amplitude input signals and low gains for high-amplitude input signals. The next circuit
following a PGA is thus provided with a consistent signal level. Many circuits require a
consistent signal level to achieve optimum performance. These circuits therefore benefit from
the use of PGAS.

PGAs and analog switches involve a trivial interaction between the analog and digital circuits.
This is why they are not always considered to be mixed-signal circuits at all. The most common
gircuits that can truly be considersd mixed-signal devices are analog to digital converters (A/Ds
or ADCs} and digital to analog converters {D/As or DACs). While the abbreviations A/D and
ADC are used interchangeably in the electronics industry, this book will always use the term
ADC for consistency. Similarly, the term DAC will be used throughout the book rather than
D/A. An ADC is a circuit that samples a continunus analog signal at specific points in time and
gonverts the sampled voltages (or currents) into a digital representation. Each digital
representation is called a sample, Conversely, 2 DAC is a circuit that converts digital samples
into analgg voltapes (or currents). ADCs and DACs are the most common mixed-signal
components in complex mixed-signal designs, since they form the interface between the physical
warld and the world of digital lopic.

Comprehensive testing of DACs and ADCs s an expansive topic, since there are o wide
variety of ADC and DAC designs und a wide variety of techniques to test them. For sxample. an
ADC which is only requirad to sample onee per sevond may employ a dual slope COIVRIS I
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architecture, whereas a 100-MHz video ADC may have to employ 2 much faster flash
copversion architecture.  The weakneszses of thege two architectures are totally different
Copsequenutty, the testing of these two converter types is totally different. Similar differences
exist between the various types of DACs.

Another common mixed-signal cirguit is the phase locked loop, or PLL. PLLs are typically
used to generate high-frequency reference clocks or to recover a synchronous clock from an
asynchronous data stream.  In the former case, the PLL 15 combined with a digital divider 1o
construct 8 frequency multiplier. A relatively low-frequency clock, say, 30 WMHz, 15 then
multiplied by an integer value to produce a higher-frequency master clock, such as | GHz. In
tiie latter case, the recovered clock from the PLL is used to latch the individual bits or bytes of
the incoming data stream. Again, depending on the nature of the PLL design and its intended
use, the design weaknesses and testing requirements can be very different from one PLL to the
next,

1.1.3 Applications of Mixed-Signal Circuits

Many mixed-signal circuits consist of combinations of amplifiers, filters, switches, ADCs,
DACs, and other types of specialized analog and digital fimctions. End-equipment applications
such as ¢ellulat telephones, hard disk drives, modems, motor controllers, and multimedia audio
and video products all employ complex mixed-signal circuits, While it is important to test the
individual circuits making up a complex mixed-signal device, it is aisc important to perform
system-level tests. System-level tests guarantee that the circuit as a whols will perform as
required in the end-equipment application. Thorough testing of large-scale mixed-signal circuits
therefore requires st least a basic understanding of the end-equipment application in which the
circuits will be used.

As an example of a mixed-signal application, let us consider a common consumer product
using many mixed-signal subcircuits. Figure 1.2 shows a simplified bleck diagram of a complex
mixed-signal application, the digital cellular telephone. It represents an excellent example of a
complex mixed-signal system because it employs a variety of mixed-signal components. Since
the digital cellular telephone will be used as an example throughout this book, we shall examine
its operation in some detail.

A cellular telephone consists of many analog, digital, and mixed-signal circuits working
together in & complex fashion. The cellular telephone user interfaces with the keyboard and
display to answer incoming calls and to initiate outgoing calls. The control microprocessor
bandles the interface with the wser. [t also performs many of the supervisory functions of the
telephone, such as helping coordinate the bandoff from one base station to the next as the user
travels through each cellutar area. The control microprocessor selects the incoming and outgoing
bansmission frequencies by sending control signals to the frequency synthesizer.  The
synthesizer often consists of several PLLs, which coniral the mixers in the radie frequency (RF)
section of the cellular telephone. The mixers convert the relatively low-frequency signals of the
base-band mterface to extremely high frequencics thar can be transmitted from the cellular
telephone’s radio antenna. They also canvert the very high-frequency incoming signals from the
base station into lower-frequency signals that cun be processed by the base-band interface.

The voice-band interface, digital sigmal processor {DSP), and buse-band interface perlomm
most of the complex operations, The voice-band interface converts the wser’s voice inta digital
samples using an ADC. The valume of the voice signal lrom the microphone can e adjusted
automatically using a programmable gan amplificr (POAY contrelled by aither the 135P o the
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control microprocessor. Alternatively, the PGA may be controlled with a specialized digital
ciccuit built inty the voice-band interfage itself. Either way, the PGA and automatic adjustment
mechamsm form an automatic gain conmol (AGC) circuit,  Before the voice signal can be
digitized by the voice-band interface ADC, it must first be low-pass filtered ta avaid unwanted
high-frequency components that might cause aliasing in the mansmitted stgnal. (Aliasing is a
type of distortion that can occur in sampled systems, making the speaker’s voice difficult to
understand.

MIC EaR y gy
Q Y E;F s =4

Voice-band Digital RF section
interface (ADC, ™  signal [ Base-band/ ™ (mixers, low-
‘_

DAC, PGAs, | | processor | RF interface noise amg,
filters} {DSP} power amp)
Display

I Control Frequency
p-processor ™ synthesizer
I

Kevhoard

Flgure 4.2, Digital cellutar telephone.

The digitized samples are sent to the DSP, where they are compressed using a mathematical
process called vocoding. The vocoding process converts the individual samples of the sound
pressuré waves into samples that represent the essence of the user’s speech. The vocoding
algorithm caleulates a time-varying model of the spesker’s voca! tract as each word is spoken.
The characteristics of the vocal tract change very slowly compared to the sound pressure waves
of the spesker’s voice. Therefore, the wvocoding algorithm can compress the important
characteristics of speech into a much smaller set of data bits than the digitized sound pressure
samples. The vocoding process is therefore a type of data compression algorithm that is
specifically tailored for speech. The smaller number of transmitted bits frees up airspace for
mote cellular telephone users. The vocoder’s output bits are sent to the base-band interface and
EF circuits for modulation and transmission. The base-band interface acts like a modem,
converting the digital bits of the vocoder output inte modulated analog signals. The RF circuits
then transmit the modulated analog waveforms to the base station.

In the receiving direction, the process is reversed. The incoming voice data are received by
the RF section and demodulated by the base-band interface to recover the incoming vocoder bit
streum. The DSP converts the incoming bit stream back into digitized samples of the incoming
speaker’s voice. These sumples are then passed to the DAC and tow pass reconstruction filter of
the vaice-band interface to reconstruct the voltage samples of the incotming vaice, Before the
received voice signal is passed to the earpicce, its volume is adjusted using a second FGA, This
earpicce POA s adjusted by signals from the control micreprocessor, which menitars the
telephone’s volume control buttons o determine the vser’s desired volume sctting. Finally, the
sigrna) meust be pussed through a low impedunce huffer to provide the cument necessary to drive
the eomrpisce.
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Several common cellular telephone circuits are ot shown in Figure 1.2 These include DC
voltage references and voltage regulators that may exist on the voive-band interface or the base-
band processor, analog multiplexers to control the selection of multiple voice inputs, and power-
on reset ¢ircuits, In addition, a watchdog timer is often included to periodically wake the control
micreprocessor from its battery-saving idle mode. This allows the microprocessor to receive
information such as incoming call notifications from the base station. Cleatly, the digital cellular
telephone represents 2 good example of a complex mixed-signal systerm. The vardous circuil
blocks of a cellular telephone may be grouped into 2 small number of individual integrated
circuits, called 2 chipser, or they may all be combined into a smgle chip. The test engineer must
be teady to test the individual pieces of the cellular telephone and/or to test the cellular telephone
as 2 whole. The increasing integration of circuits into 3 single semiconductor die is one of the
most challenging aspects of mixed-signal test engineering.

1.2 Wny Test MuxED-SIGNAL DEVICES?

121 The CHMOS Fabricatlon Process

Integrated circuits (1Cs) are fabricated using a series of photolithographic printing, etching, and
doping steps.  Using a digital CMOS fabrication process as an example, let us look at the
idealized IC fabrication process. Some of the steps involved in prnting a CMOS transistor pair
are illustrated in Figure 1.3a-f. Starting with a lightly doped P wafer, a layer of silicon dioxide
(810;) 15 deposited on the surface (Figure 1.3a). Next, a negative photoresist is laid down on top
of the silicon dioxide. A pattern of ultraviolet light is then projected onto the photoresist using a
photographic mask. The photoresist becomes insoluble in the areas where the mask allows the
ultraviclet light to pass (Figure 1.3b). An organic solvent is vsed to dissolve the nonexposed
areas of the photoresist (Figure 1.3c). After baking the remaining photoresist, the exposed areas
of oxide are removed using an etching process (Figure 1.3d). Next, the exposed areas of silicon
are doped te fortn an WN-well using either diffusion or ion implantation (Figure 1.3}

After many additional steps of printing, masking, etching, implanting, and chemical vapor
depﬂsitinn,s a complete integrated civcuit can be fabricated as illustrated in Figure 1.3£ The
uneven swfaces are exaggerated in the diagram to show that the vanous layers of oxide,
polysilicon, and metal are not at all flat. Even with these exagperations, this diagram only
represents an idealized approximation of actial fabricated circuit structures, The actual circuit
structures are not nearly as well defined as textbook diagrams would lead us to believe. Cross
gections of actual integrated circuits reveal a variety of nonideal physical characteristics that are
not entirely under the semiconducter manufacturer’s control.  Certain characteristics, such as
doping profiles that define the boundaries between P and N regions, are not even visible in a
cross-section view. Nevertheless, they can have a profound effect on many important analog and
mixed-signal circuit characteristics.

1.2.2 Real-Weorld Circuits

Like any photographic printing process, the 1C printing process is subject to blemishes and
imperfections.  These imperfections may cause catastrophic failures in the operation of any
individual IC, or they may cause minoer varistions in performance from one 1C to the next
Mined-atgnal [Cs are often extremely sensttive to tiny imperfections er variations in the printing
and deping processes,  Many of the fubrication defects that cause problems in mixed-signl
devices are ditficult to photograph, even with a powerful scamning electron microscope (SEM).
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For example, a doping error may or may not cause an observable physical defect. However,
doping ervors can introduce large NC offsets, distortions, and other problems that result in I
performance failures.
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Figurg 1.3. CMOS fabrication steps.

Certain types of defeets can be photographed quite easily. Figure 1.4 shows a nondefective
circiit a3 photographed using a FIB machine (a device similar to a scanning electron
microseope).  Compared to the idealized textbook circuit representation, the metal traces are
rounded and imperfect,

In digiial circunts, such imperfcotions in shape may be largely unimportant, However, in
mixcd-signal circuits, the parasitic capacitance between these traces and surmounding struetures
may represent significant circult elements, The exact three-dimensional shape of a metal line
and its spacing to adjacent layers may therefore affect the performance of the circuit under test,
As circoit peometries continue to shrink, thase performanee sensitivities will only become maore
exaggerited.  Although o mixed-signal circuit may be essentiatly functional in the presence of
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these minor imperfections, it may not meet all its required speetfications, For this reason, mixed-
signal devices are often tested exhaustively o guard against defects that are not necessariby
catastrophic.

Figure 1.4, FIB micrograph of metal races on an integrated circuit abtained using a
Schlumberger AMS 3000 (photo courtesy Schlumberger Test Equipmant).

Catastrophic defects such as short circuits and open circuits are often easier to detect with test
equipment than the subtler ones common in mixed-signal devices. Not surprisingly, the
catastrophic defects are often much easier to photograph as well. Several typical defect types are
shown in Figures 1.3-1.8. Figure 1.5 shows a defective metal contact, or via, caused by
underetching. Figurc 1.6 shows a defective via cansed by photomask misalignment. A
completely defective via usually results in a iotally defective circuit, since it represents z
complete ppen circuit. A more subtte problem is a partially connected via, which may exhibit an
abnormally high contact resistance. Depending on the amount of excess resistance, the results of
a partially connected via can range from miner 12O offset problems to catastrophte distertion
problems.

Figure 1.7 shows incomplete ciehing of the metil serrounding a circoit trace,  Incomplete
etching can result in catagtrophic shors belween circuit nodes.  Finally, Figure 1.8 shows a
surfacy defect caused by particulate matter landing on the swface ot the wafer or on a
photographic mask during one of the processing steps.  Again, this type of dzfect results ina
shart between circuit nodes.  Other catastrophic defects include surface scratclws. broken band
wires. and surface explosions caused by etectostatie discharge in a mishandled device. Detects
sugh ws these are the reason each semiconducter device muse be tested hoefore it can be shipped o
the vustomer.
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Figure 1.5. Underetched via.
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Figure 1.7. incomplete metal etch, Figure 1.8. Blocked etch {particulste defect).

It has been said that production testing adds no value to the final product. Testing is an
expensive process thar doves up the cost of integrated circuits without adding any new
functionality. Testing cannct change the guality of the individual ICs; it ¢an only megsure
quality if it already exists. However, semiconductor companies would not spend money to test
products if the testing process did not add value. This apparent discrepancy is easily explained if
we recognize that the product is actually the entire shipment of devices, not just the individual
ICs. The quality of the product is certainly improved by testing, since defective devices are not
shipped. Therefore, testing does add value o the product, as long as we define the product
corractly.

1.2.3 What Is a Test Engineer?

We have mentioned the term fest engineer several times without actwally defining what test
engineering is. Perhaps this would be a good time to discuss the traditional roles of test
engineers, design engineers, product enpineers, and systems engineers, Although cach of these
engineering protessions 1s invelved in the development and production of semiconductor
devices, each profession entails its own set of rasks and responsibilities. The varous cnpineering
professions are easiest o define if we examine the process by which a new semconductor
product i= developed and manufacmared.

A new semiconductor product tvpically begins in one of two ways.  Either o custormer
requests a particular type of product to fitl 2 specific requirement, or a marketing organization
realizes an opportunity to produce a produce that the market oeeds.  In either case, systems
engingers help dehine the tschnical requirements of the new product so that it will operate
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- comectly in the end-equipment application. The systems engineers are responsible for defining

and documenting the customer's requirements so that the rest of the engineering team can design
the product and sucvessfully release it to production.

After the systems engineers have defined the product’s technical requirements, design
engineers develop the corresponding integrated circuit. Hopefully, the new design meets the
technical tequirements of the customer’s application. Unfortumately, integrated circuits
sometimes fail to meet the customer’s needs. The failure may be due to a fabrication defect or it
may be due to a flaw or weakness in the circuit’s design. These failures must be detected before
the product is shipped to the customer.

The test engineer’s rale is to generate hardware and software that will be used by automated
test equipment (ATE) to guarantee the performance of each device after # is fabricated. The test
software directs the ATE tester to apply a variety of electrical stimuli {such as digital signals and
sine waves) to the device under test (DUT). The ATE tester then cobserves the DUT's response
to the various test stimuli to determine whether the device is good or bad (Figure 1.9). A typical
mixed-signal DUT must pass hundreds or even thousands of stirulus/response tests before it can
be shipped to the customer.

Test ouT
stimulus DUT response Good
= or Pass
ol o | _ bad
?
Fail

Figure 1.9. Test stimulus and DUT respanas verification.

Sometimes the test engineer is also responsible for developing hardware and software that
modifies the structure of the semiconductor die to adjust parameters like DC offset and AC gain,
or to compensate for grotesque manufacturing defects. Despite claims that production testing
adds no valug, this is one way in which the testing process can actually enhance the quality of the
mdividual ICs. Circuit modifications can be made in a number of ways, including laser
triimming, fuse blowing, and writing to nonvolatile memory cells,

The test engineer is also responsible for reducing the cost of testing through test time
reductions and other cost-saving measures. The test cost reduction responsibility is shared with
the product engineer. The product engineer’s primary role is to support the production of the
new device as it matures and proceeds to profitable volume production. The product engineer
helps identify and correct process defects, design defects, and tester hardware and software
defects.

Sometimes the product engineenng function is combined with the test engineering tunction,
forming & smgle test/product engineering position. The advantage of the combined job function
i3 that the product engineering portion of the job can be performed with 2 much maore thorouah
understanding of the device and test program details. The disadvantage is that the product
enginecring responsibilities may interfere with the ability of the engineer to become an expert on
the use of the complex test equipment. The choice of combined versus divided job functions is
highly dependent on the nevds of each arganization.
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1.3 Post-Siuicov PropucTioN FLow

1.3.1 Test and Packaging

After silicon wafers have been fabricated, many additional production steps remain before a final
packaged deviee is ready for shipment to the customer. The untested wafers (Figure 1.10) must
first be probed using automated test equipment to prevent bad dies from passing on to further
production steps.  The bad dies can be identified using ink dots, which are applied either after
each dic is tested or after the whole wafer has been tested. Offline inking 5 a method used to
electronically track bad dics using a computer database. Using pass/fail information from the
database, bad dies are inked after the wafer has been removed from the test equpment.

Figure 1.10. Untasted wafer.

The wafers are then sawed into individual dies and the good ones are attached to lead frames.
Lead frames are punched metal holders that eventually become the individual leads of the
packaged device. Beond wires are attached from each dic's bond pads to the appropriate lead of
the lead frame. Then plastic 15 injection-melded around the dies and lead frame to form
packaged devices. Finally, the individual packaged devices are separated from one another by
trintming them from the lead frame,

After the teads have been triimmed and forned, the devices ure ready for tinal testing on a
second ATE tesier.  Final testing guarantecs that the performance of the device did not shift
dueing the packaging process. For example. the insertion of plastic over the surface of the die
changes the electrical permitivity near the surface of the dic.  Consequendy, trace-to-trace
capacitanees are mereased. which moy aftect sensitive nodes 1 the circaie. In addition, the
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injection-molded plastic introduces mechanical stresses in the silicon, which may consequently
introduce DC voltage shifts. Final testing also guarantees that the hond pads are all connected
and that the die was not cracked, scratched, or otherwise damaged in the packaping process.
After final testing, the devices are ready for shipment to the end-equipment manufacturer.
Figure 1.11 shows a tray of tested quad ftat pack (QFP} devices in a plastic carmier tray.

Figure 1.11. Tasted QFP devices in a plastic camar tray.

1.3.2 Characterization vcrsus Productien Testing

When prototype devices are first characterized, the ATE test program 1s usually very exiensive.
Tests are performed under many different conditions to evaluate worst-case conditions. For
instance, the distortion of an amplifier output may be worse under one loading condition than
another. All loading conditions must be tested to identify which on¢ represents the worst-case
test. Other examples of exhaustive characterization testing would be DT gifset testing using
multiple power supply voltages and barmonic distortion testing at multiple signal leveis.
Characterization testing must be performed over a large number of devices and over several
production lotz of material before the results can be considered statistically wvalid and
trustworthy.

Characterization testing can be quite time consuming due to the large number of tests
involved. Extensive characterization is therefore economically unacceptable in high-volumne
production testing of mixed-signal devices, Once worst-case test conditions have been
established and the design engineers are confident that their circuits meet the required
specifications, a more streamlined production test program is needed. The production test
program is created from a subset of the characterization tests. The subset must be carefully
chosen to guarantee that no bad devices are shipped. Product and test engineers must work very
closely to make sure that the reduced test list still catches all manufacturing defects.

1.4 Test anp MaGrosTIC EQUIPMENT

1.4.1 Autemated Test Equipment

Automated test equipment 15 available rom a number of commercial vendors, such as Teradyne,
LTX, Agitent Technologies, und Schlumberger, to name a few. The Teradwne, [ne. Catalyst
mixed-signal tester 15 shown m Figure 1120 High-end ATE testers olten consist of three major
components: a test hewd, a workstation, and the monftume.
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Figure 1.12. Teradyne Catalyst mixed-signal tester {photo courtesy Teradyne, Inc.}.

The computer workstation serves as the user interface 1o the tester. The test engineer can
debug test programs from the workstation using a variety of software tocls from the ATE wvendor,
Manufacturing personnel can also use the workstation to control the day-to-day operation of the
tester as it tests deviees in production.

The mainframe contains power supplies, measurement instruments, and ome or more
computers that control the instruments as the test program i3 executed. The mainframe may also
contain a manipulator to position the test head precisely. It may also contain a refrigeration unit
to provide cooled liquid to regulate the temperature of the test head electronics.

Although much of the tester’s electromics are contained in the mainframe section, the test head
contsins the most sensitive measurement electronics. These circuits are the ones which require
close proximity to the device under test. For example, high-spead digital signals benefit from
short electrical paths between the tester’s digital drivers and the pins of the DUT. Thetefore, the
ATE testet’s digital drivers and receivers are located in the test head close to the DUT.

Figure 1.13. Device interface board {DIB) showing tocal circuits {left) and DUT socket (right).

A device intertace board (DB furms the electrical interface bevween the ATE tester and the
BUT, The DE s slso knewn os o perforstanes hoaed, swap blodk, of Sarily board, depending
on the ATE vender's terminologzy, [1Bs come in muny shopes and sizes, bur their main function
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is to provide a temporary {socketed) clectrcal connection between the BUT and die electrical
instruments it the wester, The DIB alse provides space for DU T-specific lecal circurts such as
Ioad citcuits and buller amplitiers that are often reguired Lor omxed-signal device testing.

1.4.2 Wafer Probers

Wafer probers are robotic machines that manipulate wafers as the individual dies are tested by
the ATE eqguipment. The prober moves the water undernaath a set of tiny electrical probes
aftached to a probe card. The probes are connected to the electrical resources of the ATE tester
through a probe interface board (PIB). The PIB is 2 specizlized type of DIB board that may be
connected to the probe card theough coaxial cables andfor spring-loaded contacts called peogo
pins. The PIB and probe card serve the same purpose for the wafer that the DIB board serves for
the packaged device. They provide a means of temporarily connecting the DUT to the ATE
taster’s electrical instrumentation while testing is performed.

The prober informs the tester when it has placed ¢ach new die against the probes of the probe
card. The ATE tester then executes a series of electrical tests on the die before instructing the
prober to move to the next die. The handshaking between tester and prober insures that the tester
only begins testing when a die is in position and that the prober does not move the wafer in
midtest, Figure 1.14 shows a wafer prober manufactured by Electroglas, Ine., and claseup views
of a probe card and its probe tips.

Probe cand Probe tips

Figure 1.14. Electrogias wafer prober and probe card.

1.4.3 Handlers

Hand!lers are used to manipulate packaged devices in much the same way that probers are used to
manipulate wafers, Handlers fall into two categories: gravity-fed and robotic. Robotic handlers
are also known as pick-and-place handlers. Gravity-fed handlers are normally used with dual
inling packages, while robotic handlers are used with devices having pins on all four sides or
pins on the underside (ball grid array packages, for example). Figure 1.15 shows a gravity-fed
handler. A robotic handler is shows in Figure 1.16.

Either type alb hondler has one main pumpose; to make a tempaorsey electrical connection
between the DUT pins and the DIB board, Gravity-fed handlers often perform this lask using a
contactor assembly that wrabs the device pins fam either sids with motallic conliwss that aes
twm connect=d o the TR beerd, Robedie Tandlors ususly pick op ceeh devier wathe o saction
wrm and then phunge the device into o socket o the THE board
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In addition to providing & temporary conaection to the DUT, handlers are also responsible for
sarting the good DUTs from the bad ones based on test results from the ATE tester. Seme
handlers alsc provide a controlled therma! chamber where devices are allowed to “sozk™ for a
fow minutes so they can either be cooled or heated before testing.  Since many electrical
parameters shift with temperature, this is an important handler featee.

Flgure 1.15. MultiTest gravity-fad handler. Flgure 1.16. Delta robotic handler.

1.4.4 E-Beam Probers

Electron bearn probers, or e-beam probers as they ave often called, are nsed to probe internal
device signals while the device is being stimvlated by the tester. These machines are very
similar to scanning electron microscapes (SEMs). Unlike an SEM, an e-beam prober is designed
to display variations in circuit voltage as the electron beam is swept across the surface of an
operating DUT. Variations in the voltage levels on the metal traces in the IC appear ag different
shades of gray in the e-beam display (Figure 1.17). e-beam probers are extremely powerful
diagnostic tools, since they provide measurement access to nternal circuit nodes.

High voltage Low voltage

Figure 1.17. Schlumberger IDS-10000 glectren baam prober
(phata courtasy Schiumberger Test Equipment).
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1.4.5 Focused lan Beam Equipment

Focused ion heum (FIB) equipment is used in conjunction with ¢-beam probers to modify the
device’s metal traces and other physical structures. A FIB machine can cut holes in oxide and
metal traces and can 2lso lay down new metallic traces on the surface of the device (Figure 1.18).
Experimental design changes can be tmplemented without waiting for a complete semiconductor
fabricatton cycle. The results of the experimental chunges can then be obscrved on the ATE
tester to determine the success or failure of the experimental circuit modifications.

{a) Deposited
metal traces

{b) Severed metal
trace

(¢} Milled holes In oxIde

Figure 1.18. Circuit medifications implemented using FIE aquipment.

L4.6 Forced-Tempersture Systems

As previously mentioned, 2 bandler’s thermal chamber allows characterization and testing of
large numbers of DUTs at a controlled termperature.  When characterizing a small number of
DUTSs at a variety of temperatures, a less expensive and cumbersome method of temperature
control is needed. Portable forced-temperature systems allow DUT performance characterization

Figure 1.19. Termptronics forced-temperature systemn,
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under a variety of controlled thermal conditions (Figure §.19) The nozzle of a foreed
temperature system can be seated against the DIB bound or bench chatacterization bornd,
forming a small thermal chamber for the DUT. Many forced-temperature systems are able to
raise or lower the DUT s ambient temperature across the full military range {(—55 to +125°C).

1.5 NEw Propuct DEVELOPMENT

1.5.1 Concurrent Engineering

On a poorly managed project, the test engineer might not see the specifications for a device to be
tested until after the first prototype devices armve. The devices must be screened as soon as
possible to ship pood prototypes to the customer even if they were never designed with
testabrility in mind. In this case, the test engineer’s role is completely reactive.

By contrast, the test engineer’s rule on a well-managed project is proactive. The design
enginesrs and test engineers work together to add testabitity functions to the design that make the
device easier and less expensive to test, The test engineer presents a test plan to the design
engineers, explaining all the tests that are to be performed once the device is in production. The
design engineers can catch mistakes in the test engineer’s understanding of the device operation.
They can help eliminate unnecessary tests or point out shortfalls in the proposed test list. This
proactive approach is commonly called concurrent engingering. True concurrent engineering
involves not only design and test engineering personnel, but also systems engineering, praduct
engineering, and manufactuning personnel.  Figure 1.20 shows a simplified concurrent
engineering flow for the development and production release of 8 new semiconductor product.

Product definiticn —

IC design ————
Testability definition —

Test plan generalion —

IC layout —l—
Teat plan raviaw
Tast interface hardware (018) design —

IC photormask generation -

Siticon fabrigation —

Tast code davalopment T ———r—
Test hardware & software dabug ——
IC characterization and debug —
Rafing IC design

IC 2nd pass characterization —
Release to production -

Figura 1.20. Concurrent engineering project low.

The flow begins with a definition of the device requirements. These include product features,
electneal specifications, power consumption requirements, die area estimates, gkc. Once the
device reguirements are understood, the design team begins to design the individual cireuits. [n
the imitial design meetings, lest and product eoginesrs work with the design engineers to define
the testability feamres that wilt make the device less expensive to test and manubscture, Test
muddes are mlded to the design to ullow access to internal circuit nodes that othervise would be
unabscrvable i production testing.  These observability test modes can be very wsetul in
divtgnosing deviee design faws,
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After the test modes are defined, the test engineer begins working ot a test plan while the
design process continues. Initially, the main purpose of a test plan is o allow design engineers
and test engwneers to agree upon a set of tests that will guaraatee the quality of a product onee it
is in produstion. Eventually, the test plan will serve as documentation for funire test and product
engineers that may inherit the test program once it is complete. A well-written test plan contains
brief background information about the product to be tested, the purpose of each test as it relates
o the device specification, setup conditions for each test, and a hardware setup diagram for each
test. Once the test plan is complete, all engineers working on the profect teet to review the
proposed test plan. Last-minute comections and additions are added at this time. Design
engineers point out deficiencies in the proposed test coverage while product engineers point out
any problems that may arise on the production floor,

Once the test plan has been approved, the test engineer begins o design the necessary test
interface hardware that will connect the antomated test equipment to the device under test. Onge
the initial test hardware has been designed, the test engineer begins writing 4 test program that
will run on the ATE tester, In modem ATE eguipment, the test engineer can aiso debug many of
the software routines in the test program before silicon arrives, using an offline simulation
environment running on a stand-alone computer workstation.

After the desipn and layout of the device is complets, the fabrcation masks are created from
the design database. The database release process is known by various names, such as tape-out
or pattern generation, Until patternt generation is complste, the test engineer cannot be certain
that the pinout or functionality of the design will not undergo last-minute modifications. The test
interface hardware is often fabricated only after the pattern generation step has been completed.

While the silicon wafers and the DIB board are fabricated, the test engineer continues
developing the test program. Once the first silicon wafers atrive, the test engineer begins
debugging the device, DIB hardware, and software on the ATE tester. Any design problems are
reported 10 the design engineers, who then begin evaluating possible design errors. A second
design pass is often required to correct errors and to align the actual circuit performance with
specification requirements. Finally, the corrected design is released to production by the product
engineer, who then supports the day-to-day manufacturing of the new product.

Of course, the idealized concurrent engineering flow is a simplification of what happens in a
typical company doing business it the real world.  Concurrent engineering is based on the
assumption that adequate personnel and other resources are available to write test plans and
generate test hardware and software before the first silicon wafers arrive. It also assumes that
only one additional design pass is required to release a device to production, In reatity, a high-
performance device may require several design passes before it can be successfully
manufactared at a profit. This flow also assumes that the market does not demand a change in
the device specifications in midstream - a poor assumption in a dynamic world. Nevertheless,
concurrent engineering is consistently much more effective than a disjointed development
process with peor communication between the various engineering groups.

1.6 Mixen-Sional TESTING CHALLFNGES

1.6.1 Time eo Market

Time o market is 4 pressing issue for sermiconductor manufacurers. Protit marging for u new
product ure highest shortly after it has been releused to the macket, Ylareins begin to shrink s
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competitors introduce similar products at lower prices. The lack of a complete, cost-effective
test program is often the main bottleneck preventing the release a new product to profitable
volume production.

Mixed-signal test programs are particularly difficult to produce in a shert period of time.
Surprisingly, the time spent writing test code is often significantly less than the time spent
learning about the device under test, defining the test plan, designing the test hardware, and
debugging the ATE test sclution once silicon is available. Much of the time spent m the
debugging phase of test development is actually spent debugging device problems. Mixed-signal
test engineers often spend as much time runming experiments for design engineers to isolate
design errors a5 they spend debugging their own test code. Perhaps the most aggravating debug
time of all is the time spent tracking down problems with the tester itself or the tester’s software.

1.6.2 Accuracy, Repeatability, and Correlation

Accuracy is 3 major concern for mixed-signal test engineers. It is very ¢asy to get an answer
from = mixed-signal ATE tester that is simply incorrect. Inaccurate answers are caused by a
bewildering number of problems. Electromagnetic interference, improperly calibrated
insttuments, impropetly ranged instuments, and measurements made under incorrect test
conditions can all lead to inaccurate test results.

Repeatability is the ability of the test equipment and test pregram to give the same answer
multiple times. Actually, a measurement that never changes at all is suspicious. It sometimes
indicates that the tester is improperly configured, giving the same incorrect answer repeatedly. A
good measurement typically shows some varisbility from one test program execution o the next,
since electrical noise is present in all electronic circuits. Electrical noise is the source of many
repeatability problems.

Another problem facing mixed-signal test engineers is correlation between the answers given
by different pieces of measurement hardware. The customer or design engineer ofter: finds that
the test program results do not agres with measurements taken using bench equipment in their
lab. The tesi engineer must determine which answer is correct and why there is a discrepancy. It
is also common to find that two supposedly identical testers or DIB boards give different
answers or that the same tester gives different answers from day to day. These problems
frequently result from obscure bardware or software errors that may take days to isolate.
Corvelation efforts can represent a major portion of the time spent debugging a test program.

1.6.3 Electromechanical Fixturing Challenges

The test head and DIB board must ultimately make contact to the DUT through the handler or
prober. There are faw mechanical standards in the ATE industry to specify how a tester should
be docked to a handler or prober. The test engineer has to design a DIB board that not only
meets electrical requirements, but alse meets the mechanjcal docking requirements.  These
requirements include board thickness, connector locations, [UT socket mechanical holes, and
vanous alignment pms and holes.

Hundlers and probers must make a reliable electricat connection between the DUT and the
tester.  Unfortumately, the metullic contacts between DUT apd DIB board are often wvery
inductive andfor capacitive.  Stray inductance and capacitance of the contacts can represent a
miajor problem. especially when testing high-impedance or high-frequency circuits.  Although



Chapter | » (verview of Mixed-Sigaal Testing 19

several companies have marketed test sockets that reduce these problems, a socketed device will
often not perform quite as well as a device soldered directly to a printed circuit board.
Paerformance differences due 1o sockets are yet another potential source of correlarion emror and
gxtended time to market.

1.6.4 Econsmics of Production Testing

Time i3 money, especially when it comes to production test programs. A high-petformance
tester may cost two million dollars or more, depending on its configuration. Prabers and
handlers may cost five bundred thousand dollars or more, If we also include the cost of
providing floor space, electricity, and production persormel, it is easy to understand why testing
is Bn expensive business.

One second of test time can cost a semiconductor manufacturer three to five cents. This may
not seem expensive at first glance, but when test costs are muitiplisd by millions of devices a
year the numbers add up quickly. For example, 2 five-second test program costing four cents per
second times one million devices per quarter costs a company $800,000 per year in bottom-line
profit. Testing is perhaps the fastest-growing portion of the cost of manufacturing a mixed-
signal device. Continuous process improvements and better photolithography allow the design
engineers to add more functions on a single semiconductor chip at little or no additional cost.
Unfortunately, test time (especially data collection time) cannot be similarly reduced by simple
photolithography. A 100-Hz sine wave takes 10 ms per cycle no matter how small we shrink a
trangistor. The only hope of salvation from photolithography is the addition of test features into
the design itself that aid in the testing of the DUT.

Mainframe ATE equipment is designed to minimize test tirme and maximize overall product
throughpur.  For example, many testers can be equipped with two test heads that share the
mainframe instruments in a multiplexing fashion (Figure 1.21). The purpose of the second head
is to allow the tester to simultanecusly test a device on one head while a second handler or
prober is moving and sorting devices on the other head. Dual-head testing is especially
important when the handler index time {the time it takes to remove one DUT from the tester and
insert the next one) is sipnificant compered to the test time. When a handler or prober is docked
to each test head, the tester can run almost continuously. Thus dual-head testing allows a more
efficient use of the expensive tester hardware.

Another feature common in mainframe testers is multisite capability. Multisite testing is 2
process in which multiple devices are tested on the sarne test head simultanecusly with obvious
savings in test cost. The word “site” refers to each socketed DUT. For example, site O
corresponds to the first DUT; site 1 cotresponds to the second DUT, etc.  Multisite testing is
primarily a tester operating system feature, although duplicate tester instruments must be added
to the tester to allow simultanecus testing on multiple DUT sites.

Clearly. production test cconomics is an extrerely important isswe in the field of mixed-
signal fest engineering. Not only must the test engineer perform accurate measurements of
mixed-signal parameters, but the measurements must be performed as quickly as pessible to
reduce production costs. Since a mixed-signal test program may perfonm hundreds or even
thousands of measurements on each DUT, each measunment must be performed in o smull
fraction of a second. The contlicting requirements of low test time and high accuracy will be &
recurring theme throughout this book.
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Figure 1.21. Teradyne ASTS with dual test heads.

Problems

L.1. List four examples of analog circuits.

L.2. List four examples of mixed-signal circuits,

L.3. Questions 1.3—1.6 relate to the cellular telephone in Figure 1.2. Which type of mixed-
signal circuit acts as a volume control for the cellular telephone earpiece?

1.4. Which type of mixed-signal circuit converts the speaker’s voice iato digital samples?

1.5, Which type of mixed-signal circuit converts incoming modulated veice data into digitat
samples?

L.6. Which type of digital circuit vocodes the speaker's voice samples before they are passed
to the base-band interface?

1.7. When a PGA is combined with & digital logic block to keep a signal at a constant level,
what is the combined circuit called?

1.8, Assume a particle of dust lands on a photomask during the photolithographic printing
process of a metal layver. List at least one possible defect that might occur it the printed
I,

L9, Why does the cleanliness of the air in a semiconductor fabrication area affact the number
of defects i K2 manafuctinng?

1100 Listoat [east four production steps atter walees have been fabricated.
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YWhy would 1t be improper to draw conclusions about a design based on characterization
datz from one or two devices?

List three main components of an ATE tester.

What is the purpose of a DIB board?

What type of equipment is used to handle wafers as they are tested by an ATE tester?
List three advantages of concurrent engineering,

What 15 the purpose of a test plan?

List at least four challenges faced by the mixed-signal test engineer,

Assume a test program runs on a tester that costs the company 3 cents per second to
operate. This test cost includes tester depreciation, handler depreciation, electricity, floor
space, personnel, ete. How much money can be saved per year by reducing a 5-5 test
program to 3.5 5, assuming 5 million devices per vear are to be shipped. Assume that
only 20% of devices tested are good, and that the average time to find a bad device drops
te 0.5 s

Assume the profit margin on the device in problem 1.18 is 20% (i.e., for each 51 worth of
devices shipped to the customer, the company makes a profit of 20 cents). Assume the
profits are taxed at 36%. How many dollars worth of product would have to be shipped
te make an after-tax profit equal to the savings offered by the streamlined test program in
Problem 1.187 If each device sells for 51.80, how many devices does this represent?
Considering the fact that a dollar saved is an untaxed dollar earned, what obvicus
conclusion can we draw about the importance of test time reduction versus the
importance of selling and shipping additional devices?
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CHAPTER

The Test Specification Process

2.1 DEVICE IdaTa SHEETS

2.1.1 Purpose of a Data Sheet

Beginning test engineers often spend a great deal of time leaming how to generate test plans for
mixed-signal devices. A test plan is a written list of tests and test procedures that will be vsed to
verify the quality of a particular device under test {DUTY. The definition of a production test
plan usually begins with a device data sheet or specification sheet, as it is often called.
Unfortunately, the data sheet does not directly translate into a finite list of all required production
tests. For example, a low-pass filter ripple specification of £1.0 dB states that gain variation is
guarantesd at each and every frequency in the passband of the filter. Of course, semiconductor
manufacturers do not test every possible frequency in production. Test plan generation
sometirnes seems like more of an art than a science, especiaily when one tries to define exactly
how a data sheet is translated into a test plan. Before exploring the art and science of mixed-
signal test plan generation, let us look at the function and structure of a data sheet in detail.

The data sheet serves many purposes. When development of a new device begins, the data
sheet serves as the design specification. Design engineers refer 10 the data sheet as a blueprint to
make sure they design the functions that the marketing and systems engineering organizations
have specified. As the project progresses, the test and product engineers refer to the data sheet 1o
define the test list. The test list must be comprehensive enough to guarantee that the
manufactured devices meet the data sheet specifications. Throughout the design process, the
customer refers to the data sheet while designing the device mto the system level end application.
The data sheet thus serves as the formal communication channel between the marketing and
engineering personnel engaged in 2 project.

The test engineer often detects data sheet mistakes end ambiguities while writing the test plan
or developing the test program. [n effect, the test engineer is the first customer for a new desipn.
Likewise, the tester and device interface board (DIB) can be considered the new device's first
apphication. Data sheet errors should be promptly corrected to prevent further mistakes. For
instance, 1f an inappropriste measurement is specified in the initial data sheet, it is the test
engineer's responsibility to make sure the error gets corrected or clarified so that a sensible test
plan can be defined. For this reason it is important o know which organization is responsible for
controlling the data sheet™s contents.

The answer to the ownership question depends somewhat on the tvpe of device being
developed. There are two kinds of devices: catalog and custom. A catalog device is one that is
detined by the semiconductor manutactarer or by an 1C design house. Once defined, a cataloy
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device is offered to multiple costomers for use in their end applications. A custom device, by
contrast, is defined by a specific customer. It must meet that customer’s exact requirements.

In the case of a catalog device, the systems engineering or marketing organization controls the
data sheet, The test engineer only needs to get agreement from the design and systems engineers
to make a data sheet change. In the case of a custom device, the customer and systems engineer
share responsibility for the contents of the data sheet. In addition to approvals from the
marketing or systems engineering team, the customer’s approval is also required before the data
sheet can be modified.

Depending on the customer’s requirements, data sheet changes may be very easy to
imiplement or they may be impossibly difficolt. Regardless of the customer’s needs, though,
specification changes requested at the last minute give the appesrance of a poorly nun
organization. For this reason, it is a good idea for the test engineer to get involved very early in
the definition of a device so that specification changes can be suggested in a timely manner.
Suggestions made early in the new product development cycle give & customer more confidence
that the testing process is under coutral.

2.1.2 Structure of a Daia Sheet

Data sheets may contain any of the following sections: a feature summary and deseription,
principles of operation, absolute maximum ratings, electrical characteristics, timing diagrams,
application information, characterization data, circuit schematic, and die layout. The sections that
are most pertinent to test engincering are the device description, priociples of operation,
electrical characteristics, timing diagrams, and package/pinout information. Before we can
understand the process by which the production test list is developed, we must first understand
the purpose of sach of these data sheet sections.

Figure 2.1 shows an example data sheet for a digital-to-anaiog converter (DAC). This data
sheet is taken from: a Texas Instruments data acquisition circuits data book.! The first page of the
data sheet provides a quick device summary. The feature summary ailows the customer to
guickly gaupe the device’s fit to a particular application. The test engineer can generally ignore
this section since the same information is typically called out in subsequent sections of the data
sheet. The pinout and package information is much more relevant to test engineering. The test
engineer refers 1o the pinout and package information to design the DIB for each package type.

The device description gives a quick overview of the device’s functionality. Together with
the principles of operation (Figure 2.2), the device description defines the various operations of
the device in detail. The test program must guarantee all these functions, though not necessarily
in a straightforward manner. For instance, the device description may depict a circuit that
divides an externally gpenerated 1-MHz reference clock by one millton, producing a 1-s timebase.
Since straightforward testing would represent an unacceptably long test time of 1 s, this function
might be tested in an indirect manner.

There are many indirect ways to guarantee the operation of a I-s timebage counter withot
spending | s of test time. For example, a speeal test mode might split the divider into two
separute stages that each count to anc theusund in only 1 ms. The two divider stages could then
b tested simultaneously to guarantee the functionality of the whole, Total test ime would be
anly 1 ms {plus overhead introduced by the tester). This 15 an example of a design for test (DIT)
test muotle, It serves no purpose in the syvstem-level end application. The customer does not need
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io split the divider into two halves and may not even npeed to know that it can be placed in this
tast mode at all. Therefore, test modes may or may not be documented in the data sheet.
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Figura 2.1. Data sheet for 8-bit multiphing DAC: features, description, and pinout,
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PRINCIPLES OF OPERATION

Tha TLETS24C, TLOTS24E, and TLCPEXME ana 8-t iudliphnng DACS consisting of an inverted R-2R ladder,
analng switches, and data input latches. Banary-wanghlod Gumenta are swilched balhwesen the OUT1 and QUT2
bus s, thus maintaining a conslant curmedd in sach ladder feg ndependant of tha switch slate. The high-ordar
hits ara decoced. These decodad bits, thmugh a modiBcation in the F-2R {adder, control Ihree aqually-walghlad
curranl sources. Mos! applicalions ondy redquine the addition of an axtamal opsralicna amplifier and a witage
referme,

The aquivilam circuit for all digial nputs kw is seen in Figure 2, With ail digital inputs low, the entire referenca
Current, |er, is awitched 1o OUT2. The cusrent source V256 represents the conatant current fiowing through the
temminalion resistor of the R-2A ladder, while the current source Iy, mpresents leakage curmants 1o tha
substrate. Tha capacitances appeanng at OUT 1 and OUTZ ars dependont upon e digital input code. With all
cigital inputs high, the off-state swilch capacitancs (30 oF mosimum) appears a1 OUTZ and tha on-slals swilch
cepacitance {120 0F maximum) appears at OUT 1 With all gigikal Inpuls kew, tha stiuation ks reversed as shown
in Figure 2. Analysis of tha circesit for all digital inputs haph s simlar 1 Figure 2; however, in this case, | would
b gwlitched to QUTI.

The DAC on these devices inlertaces to a microprocessor theough the dala bus and the % and WH ool
signals. Whsn G3S and WH are both low, analog ouipul on these tevices rasponds |9 the date activity on Ihe
DBO-D27 daia bus inputs. n this moda, ey i kiches are transparen ard input data directly alfects the
analog oulput When sither the C5 signal or WH signal goes high, the dala on tha DBO-DB? inputs are iatched
l.i;'llilﬂ'ﬂ_ and YWR sigrals go kw again, When G5 i high. the data inputs ane disabled regardiass of the stata
of Ihe WH signai.

These devices are capabie of performing 2-quadrant of fufl 4-quadimnt multiplication. SRt confgurations jor
2-gquadrent or 4-quadrant multiphication are hown in Figures 3 and 4. Tablas 1 and 2 summarize inpul coding
for unipolar and bipalar cperation rspectvely.

w3t %’“"’

oy —%

AEF =—" uner .

ouTa

Figure 2. TLC7524 Equivalen! Circiudt Wih AR Digital Inputs Low

b TeEXAS
INSTRUMENTS

FOET = A0k s ® sy TLEES TRRCS

Figure 2.2. Eight-bit mulliphing DAC: prnciples of operation.
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Consider a second example of indirect tesiing which is more applicable to mixed-signal
circuits. A data sheet states that a programmable gain amplifier {(PGA) can be set to gains from
0 to 30 dB in 2-dB steps. It may or may not be necessary to test each and every gam step. I the
FGA is designed with a birary weighted resisior structure, i1 tmight be possible to measure only
four of the sixteen gain steps, comesponding to the four pain setting paths of the binary
architecture. The other twelve gain steps might be calculated mathematically depending on the
accuracy requirements of the test and the robusiness of the design.

It 1s up to the test engineer and design engineer to wark through all the required functionality
in the principles of operation and determine what series of tests and test modes constitute an
acceptable balance between test thoroughness and costly test ime. The astute design enginesr
will make architectural decisions based not omly on cweuit performance but also on test
efficiency. The experienced test engineer serves a critical role in helping to define what kinds of
civcuits can be most efficiently tested

Many of the features listed in the device description and principles of operation do not result
in measurements of electrical parameters. These features are venfied using what is often
referred to as a go/no-go test or functipnal test. Functional tests result in a simple pass/fail result
with no numerical reading. Parametric tests, by comparison, are those that retamn a value that
must be compared against one or more test limits to determine pass/fail results.

The 1-5 tirner 15 2 good example of 2 curcuit that can be tested with a functional test. It is not
necessary to measure the exact countdown period ip seconds and fractions of a second. The
digital counter circuit either divides by one million or it does not. This type of digital logic
verification is known as a functional pattern test,

The only way the 1-5 pericd of time could be in error is if the divider circuits are not
functional or if the 1-MHz external reference clock is not set to the correct frequency. An
mceorrect external frequency setting does not need to be tested duning 1IC production, since it is
not 2 function of device performance. Only a functional pattern test is required to guarantee the
1-s interval. An automated software process is often used to generate functional pattern tests.
The test engineer should verify that all digial functionality has been guaranteed by either
autornatically generated patterns or by hand-coded functional pattern tests.

In highly customized mixed-signal devices, the test enginetr needs to understand the end
application of the device. Otherwise, the concurrent engineering process described in Chapter |
will be impeded and the test engineer witl not be able fo contribute to the design definition and
debug. The device description and principles of operation provide the test engineer with much of
the information needed 1o understand the system into which the device will be placed.

2,1.3 Electrical Characteristics

Etectrical characteristics (or electrical specifications) provide the test limits and test conditions
for many of the parametric tests in a mixed-signal 1est program. Figures 2.3 and 2.4 show the
electrical characteristics for the 8-bit muliplying DAC. While the format of the electrical
characteristics section may vary widely from one manufacturer to another, there are some
commeon features. There are generatly parameter names fo the lefl side of the chart, fotlowed by
test conditions. Qften, a senes of notes are listed below the electnical characteristics that give
more complete backgrwnd information for seme of the specifications.



An Introduction to Mixed-Signal IC Test and Measurement

TLC7524C, TLC7524E, TLC7524
8-BIT MULTIPLYING DIGITAL-TC-ANALCG CONYERTERS

SLAS0E1E - SEFTEMBER 1995 - REVISED MCPEMBLH 1537

racommendad oparating conditions

"l"ng =3y ¥oputsy UNIT
MY HNOM  MAX MIM  HOM MAX
Supply valage, VoD 4,75 L) B.25 14.5 15 15.5 W
Relerance voltage. Yeaf 10 10 W
High-ewel input veltaga. Vi 2.4 135 W
Low=daval input waaga, Yy '} 1.5 W
=5 sedup Hme, tﬂ[cm 4n daf ne
=5 hold Gme, sy 1] Q na
Dla burs input S#up lme, 1z,(0 25 25 ne
Diata b inpat hiokd G, i) I3 10 ne
Fulse duriﬁon.-‘wuﬁ ko, T ARy = a4 ng
TLCTS24T 1] Fi!] ] T
Ciparatng frea-alt wemperatore. Ty | TLC75241 -25 BE| -25 BS| T
TLCTS24E -4 Bs| -«0 B5

elactrical characterlstics over recommended operating free-air temperature rangs, Yy = +10V,
CUT1 and OUT2 at GND {unlass otherwise notad)

VYoo=%Y¥ Yop=15Y
PARAMETER COHTI) = LT
TEST WS MiHN TYP MWAX| MmN  TYP MWAX
IH High=lwveld input cument v =Yoo 10 10 ok
T8 Low-laved Input current V=0 —10 =10 fe s
DBODBTtoY., WH.CSatdy
CITY ' " ' =300 L2200
g odtisalage bR - A
currant DRO-DBEF &t vpp, WA CSatdv.
s Fpy] Vrgr= £10Y 4000 1200
. J— Cabgacen | DE0-DBT Bl Yymin or Yy max 1 2 mi
oD Swoeh Sandny | 0B0-DET a1d ¥ o Voo 500 BOD | WA
Supply voltaga sansihy, _
kSVS oainvavpp &VpD = 10% 0ol 018 0005 0.04 [wFIAW
IMPLE ST,
&) DEODBT, WA, I8 Wi -d) 3 5 pF
oum DEC-DE7 M0V, WH, CEat0DY 2 2
oUTa mov ks 120 120
Co  Dupulcapaciance e 120 wm]| "
OB7 &l ¥, WA, CEatDw
ouTz | oe-beTat¥on. . a2 I
Ratarence input impedanca
(AEF b (MO & S mp e
INSTRUMENTS
POZT OTFSE ROS et ® L 1 20, TTARG P8BS 2

Figure 2.3. Recormmended cperating canditions and electrical characteristics.
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operating characteristics aver recommended operating {ree-air temperature range, Vg = 210V,

OUT1 and GUT2 at GND [unless atherwize nited)
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Figures 2.4. Electrical specifications and timing diagram.
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In the example in Figure 2.4, Nate | states that the “Gain error is measured using the intemal
feedback resistor...” This piece of information is vital, since the gain eiror specification is
ambiguous without it. Data sheet ambiguities can lead to frustrating correlation efforts. For
instance, if Note | was missing, the test engineer mghl use the intemal resistor to measure gain
error while the customer uses an external resistor. The two engineers might waste days trying to
agree upon the comect value of gain emor for a particular group of DUTs. Unfortunsately, the
data sheet scldom lists all possible test conditions for each measurement in vomplete detail. The
test plan must fill in the gaps as needed. The test engineer should also suggest that clarifications
be added to the data sheet wherever serious ambiguities might cavse the customer preblems at a
later time.

On the right side of the electrical specification table are the test limits. These are divided into
three categories: MIN, TYP, and MAX. The MIN column and MAX column represent the
tinimum and maximum valves allowed for a passing device. These may or may not ali be
tested in production on every single device. Nevextheless, all specifications shouid be tested in
an extended characterization version of the test program. The extended test program verifies that
the device design meets all of the specifications listed in the electrical characteristics section of
the data sheet,

The TYP column represents the typical reading expected from a good device. Ifa TYP value
is specified at all, it is often just the average of the MIN and MAX test limits. The production
test program does not generally guarantee the TYP value. For example, it is not necessary o
verify that the sverage reading for a large number of tested devices is equal to the TYP valug,
Sinee the TYP value has no guaranteed correlation to the devices tested, it has much less value to
the customer than the guaranteed MIN and MAX specifications.

The TYP column is sometimes used to specify parameters that are guaranteed by design
and/or process. For example, an 8-bit DAC has 8 bits of resolution by definition. Resclution is
sometimes listed as a typical specification, but only as a means of formally commuricating the
number of DAC ioput bits. The TYP column is also used to list cheracterization data for
parameters that are difficult or impossible to measure in a cost-effective manner. For cxampie,
input capacitance is often listed as a typical specification because it is largely dominated by the
design layout and by the device package. In cases such as this, characterization data can be
collected from many devices to prove that the parameter pever fails and therefore does not need
1o be tested in production.

Sometimes the data sheet lists 2 parameter with a pote stating that it is “guaranteed, not
tested” or “guaranteed by design” This is a formal way to notify the customer that this
specification has been characterized and shown to be good by design, and is therefors not tested
in production. However, the lack of such a notice should not be taken as 2 guarantee that the
parameter is tested tn production. Most data books contain a notification that paramieters may ot
may not be tested in production, but that they are nevertheless guaranteed by the manufacturer to
meet minimum and maximum speciications.

In addingn to electnical characrensucs, Figure 2.4 also shows the timing diagram for the
example &-bit DAC. Timing diagrams are critical 10 test program development. The digitai
patterts used in mixed-signal tests are sometimes generated maneally due to frequency
synchronization issucs that will become more apparent in subsequent chapters. At present there
are few 1f any good automation schemes that allow the design engineer 10 specify mixed-signal
tests in u way that allows autormatic ranséation into a debugged test program. The mixed-sigmal
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test generation process is stiil largely manval. Thus tming diagrams are still very pertinent to
mixed-signal st engineers.

Application information is often added 1o the data sheet to aid the customer in designing the
end application. Figure 2.5 shows the application diagram for the example 8-bit DAC. This
patticular application diagram shows the ¢ustomer how te nse the DAC in voltage mode rather
than current mode. Application information is often very helpful to the test engineer, as well as
the customer. Often the application informaltion helps the 1e51 engineer understand the mmrended
application for the device or kelps in designing a thorough test list. Application information can
also be helpful in the design of circuitry located on the antomated test equipment’s device
interface board (DIB).

Figere 2.6 shows a functionzl block diagram for the example DAC. The functional bleck
diagram is extremely important on complex devices since 1t provides a top-level representation
of alt the device functions in a single diagram. Like the application information section, the
functional block diagram helps the customer (and the test epgineer) understand the overall
functionality of a coruplex mixed-signal device. Figurs 2.6 alse shows the absolute maximum
and recommended operating conditions for the example 8-bit DAC. Absolute maximum ratings
are not intended for production testing. These are specified imits beyond which device damage
may occur. The recommended operating conditions, by contrast, list production test conditions
such as minimem and maximum supply voltage under which all test lirnits must be met.  The
recommended operating conditions are therefore quite imporwant to the test engineer, since they
define the permutations of test conditions under which all the specifications must be met.

Figure 2.7 shows characterization data for a low-offset JFET op amp. Characterization data
may of may not be included i a data sheet. I it is included, it does not necessarily represent
guaranteed data. [t is analogous to the TYP data column and is oot necessanly guaranteed by the
preduction test program. Certain characterization plots such as statistical histograms may be
collected using the production tester simply because it is the easiest way tp generate the dats.
However, characterization plots are more oRen generated using bench equipment such as
ostilloscopes and spectrum analvzers.

2.2 GENERATING THE TEST PLaN

2.2.1 To Plan or Not to Plan

Strictly speaking, test plans are not absolutely necessary. A 1est engineer can cerfanly generate
a test program by simply sitiing down at the tester computer and entering code based on the
device data sheet. There are several problems with this type of undisciplined approach. First,
device testability will probably net be identified early enough to allow the addition of test
features to the design. Test ptans force the design engineers and test engineers to work through
all the details of testing at an early stage in the design cycle. Second, the test enginser may
creute test-to-test compatibility problems if the details of all tests are not known up front. For
¢xample, a clocking scheme that works well far one 1est may be incompalibie with the clocking
scheme required for a subsequent test. The first test may then need to be rewntien fram scratch
50 that the clocking schemes mesh properly.

It a test plan ts not clearly documented before coding begins, then the test engineer lacks the
necessary overview of the test program that allows all the 1esis to fit together efficiently.
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APPLICATION INFORMATION

vaoltage-made operation

It is possitile o gperate the cument-muliphing DAC n these davices in a voltage mode. |n the woltags mode,
a fixed voltage is placed on Ihe cument output ferminal, The anaiog output voltage is then available at the
refarenca voltage terminal. Figura 1 is an examphe of a current-muttiplying DAL, whkh 13 Speratad in voltage
mcda,

A R ;]
HEF{mugDumm\hhgﬂ“"“’g bl % i %
i F - A Fo
."? a 1 R
BRI
i > OUTT (Fiuved put Voltage)

’I ouT2
Figura 1. Voltage Mode Operation

The relationship between the fixed-inpul voltage and the analog-output woltage Is glven by the foliowing
equation:

Vo = V) (V256)

where

¥y = anakog output voltage
W) = fheend input voitage
D =digital input code comered 1o decimal

In vollage-mode oparaton, these tevices meet the kodowing Srechication;

FARAMETER TEST COMDITIONS: MiN  Max [ uNIT
Linearhy errar at REF Van=5V. OUT1=25Y. OUTZalGND, Ta =257 1| w58
INSTRUMENTS
e o CF W0 B & e LS5, TTAMG T ]

Figura 2.5. Eight-bil mutiphying DAC: application information.
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furctional block diagram
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Figure 2.6. Eight-bit mustiplying DAC: functional block diagram and absolute maximum ratings.
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Figure 2.7. Low-offset JFET op amp: characterization data.




Chapier 2 « The Tesr Specification Process 35

Similarly, test hardware such as [XBs and probe interface bardware cannot be properly
dzsigned until all test details are known. Finally, the test plan helps 1o identify shortfails in the
target tester’'s capabilities. Early identification of tester deficiencies allows the test enpineer time
to find acceptable work-arcunds. Sometimes, the design engineer can even modify the 1T design
to accommodate tester deficiencies. This is another example of design for test (DIT).

2.2.2 Structure af a Test Plan

The structure of a rmixed-signal test plan vartes irom one engineer to the next and from company
to company. $ince test plans are not generally published cutside a company, they tend to be less
formal and less structured than device data sheets. The primary purpose of a test plan is to serve
as a roadmap for the test engineer while the test program is being generated. However, it is also
used as the official communication channel between test engineers, design engineers, product
engineers, and even customers. Depending on the needs and tastes of the person or organization
generating 5 test plan, it might include any of & number of sections. The foilowing are some
suggestions for a well-written test plan.

A, thorough test plan includes device background information that cannot be found in the data
sheet. For example, a device may have test modes that are not documented in the data sheet,
The test plan is an ideal place o kst all test modes and how they are utlized. The test plan is
also a good place to explain special test requirements thar relate to the end application of the
device. For example, a data sheet might list a parameter called error vector magnitude that is
documented more compietely in a separate telecommunication standard. It is a good idea to
explain some of the details of a test like this so that a new engineer does not have to spend hours
tesearching the purpose and mezning of the test.

When reading another person’s test program, it can sometimes be difficult to understand why
a particular test is being performed. A test plan should explain the purpose of each test and how
it relates to a data sheet specification. It should also explain any assumptions the test engineer is
making about a particular test. For example, an amplifier’s absolute gain may be specified from
0to 10kHz. If the test engincer plans 1o test absolute gain at only three frequencies, then the test
plan should explain why those frequencies were chosen. Was it an arbitrary cheice, or does it
relate to expected weaknesses in the design? It should also answer other questions: What was
the input signal level? What typical level is expected from the output of the device? Are other
tests like signal-to-noise ratio tested at the same time as ahsolute gain?

Another very useful addition to a test plan is hardware setup diagrams for each test. A
hardware diagram can include as rouch or as littde detail as needed to explain the test. If too
much detail is included, then the diagram becomes too cluttered to clearly explain the test
conditions. It would probably be unnecessary, for example, to show the full schematic for an op
amyp gain stage having a gain of 10. h would be perfectly acceptable to simply draw a triangular
buffer with the label “x10 gain.” Likewise, it is unnecessary to draw an entire 256-pin DUT if
only three pins of the DUT are relevant to a given lest.

Consider the simple diagram in Figure 2.8. showing a test diagram for a DAC full-scale
output test. This diagram loaks simple, but it may actually represent a test for a small portion of
a much more complicated device. Since most af the other pins of the DUT are irrelevant during
this test. they can be eliminated from the diagram for clarity. Simplified block diagrams such as
this are often more useful in test plan diagrams than fully detailed schemalic representations.
Another way to eliminate clutter is to documen: default conditions. Default conditions such as
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Figure 2.8. Test plan hardware setup diagram.

nominal power supply settings and nominal digital timing can be documented in a “defaults”
section at the beginning of the test plan. Unless otherwise specified, these defaults are assumed
to apply to all remaining test descriptions.

Test descriptions should be documented in a tester-independent manner if possible. This
makes it easier for all engineering team members to understand the purpose of the test and how it
should ideally be implemented. If the test plan describes each test in a tester-independent
manner, it alse makes it essier to convert test programs from one tester to another. Tester-
specific information such as digitizer sampling rates and meter range settings can be added to the
test plan, but they should perhaps be set aside in a separate subsechon after the genenc tester-
independent description.

2.2.3 Design Specifications versus Production Test Specifications

Since the data sheet is initially used as a design specification, it may contain parameters that
either cannot be tested or do not need to be tested in production. These internal specifications are
meant for the design engineers onky, and should probably be removed from the final data sheet,
Consider a very simple example of an on-chip resistor specification of 100 k£ plus or minus
10%. A resistance test would normally be performed by forcing current across the resistor,
measuring the voltage drop, and applying Ohm's law to calculate resistance. However, if the
resistor is permanently connected into the feedback path of an op amp gain stage, then resistance
may not be directly measurable.

Beginning test engineers sometimes agonize over how to measure an internal parameter such
as this without realizing that it is only an internal design specification. Such parameters do not
necessarily need to be tested in production. The experienced test engineer knows 10 verify with
the design engineer whether or not the specification is a design specification or a production
specification. If it is indeed a production specification and the test engineer has no access to
measure the parameter, then something must be done to make the parameter measurable. A
design for test (DfT) stracture might be added 1o the design early in the design cycle 1o allow the
Necessary test access.

In the on-chip resistor example the resistance and its tolerance is specified only to remind the
design engincer of the requirements necessary fo support another parameter such as absolute
gain, Absolute gain of a simple op amp inverting gain stage is the result of several parameters
including two resistance values. The op amp gain stage will probably require an absolute gain
specification, which can be measured direcily without pulling the resistor out of the gair circuit,
If absolute gain performance is the driving force behind the resistance specification, there is no
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reason to measure the resistance values in production. Measuring tThe impariant paramelat,
absolute gain in this example, is soffickent. Mo [T structure would be required to test the
resistors’ values in production.

&2.4 Canverting the Data Sheet into a Test Plan

One of the most difficult things to teach a new test engineer is how to convert a data sheet into a
corespatiding test plan.  The difficulty anises from the mfinite permutations of possible tests
itnphed by the data sheet. Unlike many digital devices, mixed-signal circuits have an obnoxious
habit of interacting with one another in upexpected ways. For example, the signal-to-noise ratio
of an amplifier may change depending on the operating mode of & completely separate digital
circuit on the opposite side of the die.

This effect may worsen with varying power supply voltage setting, die temperature, etc. How
does a test enmineer know which operating modes should be tested when there are so many
possible permutations of test conditions? Obwiously, the production test progtam must consist of
a small subset of possible test conditions but it is difficult to define the pruning process in a
scientific manner. There is really no fixed series of steps that can relisbly convert a data sheet
into a test plan. Nevertheless, a few suggestions are listed in the following paragraphs as a
starting point.

For each sentence in the device description and principles of operation, make sure a test is
defined that guarantees the device cam perform the described operation. For example, if the
description states that a DAC can operate in either of two digital interface modes, make sure
there is & test that verifies both interface medes. Perhaps the DAC has to be tested in both
modes, or perhaps the DAC can be tested in only one mode and 2 much faster digital test can be
executed to verify the other mode. These details must be discussed with the design engineers
and systems engincers.

The central function of a mixed-sigmal test program is the measurernent of each of the
electrical specifications listed in the device data sheet. For each electrical pararmneter, make sure
that a test is defined to measure the parameter in all modes of operation. For example, a DAC
might have a particular lingarity specification, but it may operate in two different modes with
three different voltage ranges and two possible power supply voltages.

Unfortunately, the permutatigns of possible test conditions will often grow to an uarealistic
test list. If the permutaticns of modes and test conditions are oo large, then discuss the problem
with the design engineecs and try to identify which permutations are likely to cause the most
problems. These so-called worst-case conditions are commonly used to prune an infinite test list
down to a more manageable subset of critical tests.

Each electrical specification should raise a senes of questions. If the device includes internal
control registers, how should they be set during each lest? What loading should be applied to the
output pins of the device? Should an external voltage reference be supplied to the device or
should an internal voltage reference be emabled? Can the device drive the capacitive load
presented by the tester instruments or will a vohage follower need to be added to the device
interface hardware? Are there important electrical specifications thar have ot been incleded in
the data sheet? Asking detailed questions fike this can save (he lest enginger many headaches
later in the project.
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In the early stages of device developmenl. some parameters may be lListed as TBL} (t¢ be
determined). Make sure that the innocent-looking TBE placeholder for a simple DC offset test
does not become an unexpected nightroare like “offset = 1 pV MAX" at the last minute. There is
a huge difference in test methodology between a 100-mV DC offset test and 1-pV offset test.
Asking for tough estimates of expected performance is a good idea, even if the exact
specitication 15 not known.

After considering all these questions, a limited set of tests must be specified. ln the end, it
may be impossible to predict what modes of operation represent worst-case test conditions. To
be safe, the test engineer usually specifies as many permutations as is reasonable, The initial test
program has to be weitten so that the test list and test conditions can be easily modified. In this
manner, worst-case conditions can be determined through empirical characterization of the
device performance. After thorough characterization of many lots of production devices, the test
list can be pruned down to an optimum set of tests that most efficiently probe the DUT's
weaknesses.

2.3 CoMPONENTS OF A TEST PROGRAM

1.3.1 Test Program Structure

The test progran is a detailed, tester-specific version of the test plan, written in the target tester’s
native langnage. It may at times deviate from the test plan if the target tester is incapable of
performing tests exactly as specified by the test plan. [n these cases, comments should be added
to the program ta make this discrepancy clear. Major deviations should be approved by the other
members of the engingering team.

Tester languages vary from low-level C routines to very sophisticated graphical user intetface
environments. Despite wide differences in their details, tester languages often share some basic
structural components. Test programs typically consist of all or most of the following sections:
waveform creation and other tester initializations, calibrations, continuity, DC parametric tests,
AC parametric tests, digital patterns (also known as funcrional fests), digital timing tests, test
sequence control, test limits, aod binning control.

Well-written test programs often contain extensive characterization code to perform tests not
specifically required by the data sheet. Fhese characterization tests allow the design engineers 1o
better evaluate the quality and robustoess of the IC design. A thorough test program may also
contain code that allows offline sirmulation of the tests so that certain portions of the program can
be debugged without a tester or device. Let us take a more detailed look at some of the structural
components commonly found in a mixed-signal test prograrm.

2.3.2 Test Code and Digital Paterns

Test code and digital pastterns make up the bulk of mixed-signal test programs. Test code
controls the order and timing of insrument settings, signal generation, and signal measurements
that rake up each measuremment in the test program.  Test code typically does not conmol the
real-time details of each instrument, though.

For example, the data generated From the digital subsyskem of a tester are not clocked out one
bit at a time by the test code. Instead, the lest code simply calls for the tester’s digital subsystem
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t0 begin exercising the desired digital pattern at the appropriaie time. The digital subsystem then
takes care of the details of generating the individual omes and zeros. Thus the test code for a
DAC full-scale output test might look something like this in pseudocode:

dac_full_scale voltage()

{
set Vi1 = 25V, /" Set the DAC’s voltage reference to 2.5 volts *f
start digital pattern = “dac_fuk_scale™; /* Set the DAC output to +fuil scale (2.5V)
connect meter: DAC_OUT #* Connect the DAC voltmeter t the DAC output */
fsout = read_meter( ); ™ Read the voltage leved at the DAC_OUT pin */
test fsout, /* Compare the DAC full scale cutput o the data sheet limits */

}

Digital patterns consist of groups of data bits called wectors. Each vector represents the drive
and expect data that are to be sent out on each of the tester’s digital pins at a specific time. Drive
data specifies the desired state at the input 1o the DUT (HL LOW, or HIZ). Compare data (also
called expecr data) specifies the required digital output from the device. Vectors are usually sent
out at 3 regular rate, called the bit celf rate. Digital patterns usually contain not only the 1/0
drive and expect data, but aiso the sequencing mformation for the vectors. The digital pattern
sequencing commands allew branckmg, looping, and other vector sequencing operations that
make the pattern more compact. To generate a pair of clocks at two different frequencies from
digitz] pins CLK1 and CLK2, one might write the following pseudocode pattern:

labal pattern contrel CLX1 LKz
ETART Q 0 f* Vactory one *f
1 D f* Yector two, etc. )/
a 1
Jump START 1 1 f* Infinite loop +/

This pattern would comiinue in an infinite loop, producing two frequencies. The CLKI
frequency would be twice that of the CLK2 frequency.

The test code and the digital pattern must operate in stepped synchronization for mixed-signal
tests. It would be unfortunate in the DAC test above if the digital pattern “dac_fuli_scale™ did
not exscute until 30 ms after the meter measwrement had already been performed. For this
Teason, mixed-signal testers include handshaking functions in both the test code and digital
patiern control that allow the tester computer and digital pattern sobsystern to keep in step with
ohe another.

Another patiern 155ue unique to mixed-signal testing 15 thal the pattern often must be executed
at 2 very precise frequency. It is not acceptable to round off the perod of the vector rate to fhe
nearest nanosecond as is often done in purely digital test programs. The reason for this will
become more apparent in Chapiers 6 and 7, ~Sampling Theory” and “DSP-Based Testing.”
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2.33 Binning

One of the functions of a test program is to sort each device into one of several categories, called
bins, depending on the outcome of the various fests. The most obvious bins are “pass” and
“fail ” but there are several others that might be added  For example, a continuity test 15 usually
ingerted at the beginning of the test program.

The purpose of the continuity test is to verify that all the electrical contacts between the tester
and the DUT have been successfully connected. If a large percentage of devices fail the
contimnity test, this indicates a probable error in the tester hardware. 1t 15 therefore a good idea 1o
use separate bins for continuity failures and data sheet failures so that the production staff can
maore ¢asily recognize tester hardware problems.

Binning is not always a pass/fail operation. Somesimes there are different grades of passing
devices. 1f a device is designed to operate 2t 100 MHz but some of the manufactured devices are
actually able to operate at 120 MHz, then the test program might be set up to split these devices
into two quality grades, “good™ and “great.” Bin 1 roight represent the 120-MHz devices, while
Bin 2 might represent the devices that could only operats wp to 100 MHz. The-120 MHz devices
would be labeled differently than the 100-MHz devices. They would also be priced differently,
of course. We are all familiar with higher prices for faster PC microprocessors and memory
chips.

Fast binning 15 a term used to describe a tester’s ability to bin a bad device as soon as it fails
any test. This is done to prevent a bad device from wasting valuable tester time affer it has
already produced a failing result. The test and product engineers should work together 1o ensure
that the most commonly failed tests are placed near the beginning of the test program. This
allows the tester to sort bad devices as quickly as possible.

The tester generates a binning signal that tells the handler or preber what te do with the
various categories of devices. Until recent years, bad die on a wafer were often squirted with red
ink dots to designate thern as failures. Now this inking is commonly performed offline or is done
in a purely virma} manner using pass/fail databases and production lot ID numbers. At final test,
different grades of packaged devices are sorted into separate plastic tubes or trays by the handler.

2.3.4 Test Sequence Controt

Test sequence may be controlled in a number of ways, depending on the sophistication of the
tester’s software environment. In older testers, the onder of the various tests was simply
determined by the order of test routine execution. Comparisons of measured results against test
limits were performed afier each measurement. Test limits were therefore scattered all through
the test program along with the instrument setups and measurement code. Such a scattered
arrangemnent made it difficult to idestify which test limits were appliad to a device in & given
version of the test program. This made it difficult to verify that the test program limits matched
the data sheet limits.

As tester software environments matured, a new type of test code module evolved to allow a
more convenicnt summary of test Row, test hmits, and binning information.  The new code
medule, called & seguencer by some vendors, contains the test routine function calls, the test
limits, and the binning information for each test result. The sequencer code allows the
programer ko order the tests and group all the test limits inte a central location in the test code,
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separate from the test routines themselves. The sequencer code thus provides a convenient
summary of the test list, test order, and pass/fail limits for each test. This makes it easier te audit
the program for compliance with data sheet test limits. Depending on the tester’s software
environment, the sequencer modules may be coded as text or they may consist of graphical
interface objects linked together with arrows to indicate program flow and binning decisions.

125 Waveform Caleulatians and Other Imitializations

Mixed-signal test programs use many precompuied waveforms. A 1-kHz gain test requires a
sinusaidal waveform that doss not change from one program execution 1o the next. Waveforms
that do ot seed to change ars precompuied and stored either in arrays or directly into memery
banks in the tester instruments themselves. Digital waveforms are also precomputed and stored
int the digital subsystem of the tester. Many of the required initializations such as waveforn
cornputations are performed only opoe when the test program is first loaded. Performing these
initializations only once saves a large amount of test execution time.

Other operations, such as resetting tester instruments to a default state, must be performed
each time the program is . The details of initializations are very specific to each tester, but
most testers involve some type of first-nm initialization code. One major class of first-nn code
is focused calibrations and checkers.

23.6 Forused Calibrations and DIB Checkers

Sometimes the insmumentation in a tester does not have sufficient aceuracy for a given test. If
fiot, a special routine called a focused calibration is required when the program first ons. The
focused calibmation routine determines the inaccuracy of the instument vsing slower, more
accurate instrumentation as a reference. The inaccuracies of the faster instrument can then be
comrected in a process known as sefiware calibration.

Software calibrations must also be performed on circuitry placed on the device interface
board. Assume an op amp voltage follower is placed on the DIB to buffer a weak device output.
The gain and offset of the volge follower adds ermors intp any measured results. The test
engineer must calibrate the gain and offset of the voltage follower using focused calibrations to
achieve maximum accuracy. Sometimes focused calibrations can be as difficult to develop as the
device measurements themselves, especially when extreme accuracy is required in the final test
result,

Fortunately, many software calibrations ame hidden from the user in the tester’s operating
system. These calibrations are performed automatically when the program is first loaded. Other
calibrations are performed on a regular basis, such as once per week. Software calibration is
discugsed in greater detail in Chapter 10, “Focused Calibrations.™

Electromechanical relays, op amp circuits, comparators. and other active circiits are
commonly placed gn the B to extend the tester's functionality and accuracy. These circuits
are subject to Failure. The rest program should include DIB checker code to venfy the
functionality of any circuitry placed on the device interface board. This allows production
personnel to avold running thousands of good devices through a bad DIB before discovenng the
error. DIB checker routines are usvally mm along with focused calibrations when the program is
hirst loaded.



42 An Introduction to Mixved-Signal IC Tesr and Mrasurement

2.3.7 Characterization Code

Characterization tests are often added to a test program to allow tharough evaluation of the first
few lots of production material. Thorough characterization of a new device is critical, since it
allows the design engineers to identify and correct the marginal portions of the design.  An
example of a characterization test would be a fler response test implemented at #ach frequency
frotm 100 Hz to 10 kHz in 100-Hz mncrements.  Such a test would never be cost-effective in a
production test program, but it would provide thorough information about the filter's gain versus
frequency characristics.

138 Simuiation Code

Simulation code is sometimes added to a mixed-signal test program to allow some of the
mathematical routines to be verified. For example, the ideal output of 2 DAC might be simulated
and stored itto an array for use by a DAC lincarity calculation routine. Offline code debugging
techuiques like this are a good way 10 reduce debug time and aveid wasting valuabile tester time.
However, such simulations are not entirely effective in uncovering errors such as incotrect DUT
register setlings or improper tester instrument rapge se1Ongs.

A more advanced type of simulation, known as fest simwlation or virtual fest allows true
closed-loop simulation of the tester and device. Using test simulation, & software model of the
tester stimulates a model of the DUT according to the instructions in the test program. The
tester model and tester operating system then capture the responses from the DUT model and
compare them to test limits. Test simulatior: is explained in more detail in Chapter 16, “Test
Economics.™

2.3.9 “Debuggabilicy™

1t is said that the three most important things in real estate are location, location, and location. It
might be said of test program stnicture that ihe three most important things are debuggability,
debuggability, and debuggability {(despite the fact that “debuggability” is not a real word). A
study at Texas Instruments showed that the test program debugging process takes about 20% of
an average test engineer’s week. The debugging time was found to be roughly twice the time
spent writng test cade.

Debugging is not only a matter of finding and fixing test code bugs. It is also a matter of
locating measurement correlation errers, intermittent failures, and bardware problems incloding
bad THB layout and broken tester mdules. More important, test debugging often mms into
design debugging.

Dresign debugging activities account for a large portion of the test program debugging time.
One of a mixed-signal test engineer’s most valoable roles is to help the desipn engineers isolate
design problems. A good test engineer with a well-structured test program can quickly modify
the program and run expenments for design engineers or customers.  These experiments ar
critical to reducimg the time it takes to get the problems worked out of a new mixed-signal
design.  The success or failure of a mixed-signal product often depends on how well the design
engineers, test engineers, and product engineers work together 1o resolve design problems.
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2.4 SUuMpMAaRY

In this chapter, we have reviewed the basic structure of a data sheet, and we have seen how
tabular entries and comments in a data sheet wanslate first into a test plan and then into a test
program. The transiation is not a3 simple one-to-one process, with each data sheet entry
corresponding to one clearly defined test. Rather, the process requires a great deal of thought,
¢xperience, and commott sense to guarantee the intent of the data sheet specifications without
literally performing tithons of possibie kests in a production test program.,

[n Chapter 3, we will begin looking at the test development process, starting with the
definitions of some of the most basic tests in a mixed-signal test program, the analog DO tests,
Since these tests require very simple hardware and software, we will study DC tests first to gain
some familiarity with the language and methodology of analog and mixed-signal testing. Cur
study of true mixed-signal tests, involving a mixtwe of anelog and digital sigmals, will be
delayed until later chapters so that we can first develop a fundamental understanding of issues
such as accuracy atd repeatability.

Problems

2.1. {a} List &t least three purposes of a data sheet (b} List at least six types of information
that can be fousid in a data shest. {¢) ln which section of the data sheet are the maximum,
minimum, and typical specification hrats histed?

2.2. What is a test plan? Is there a rigorous method to convert any given data sheet into a test

plan? Do the electrical characteristics listed in the tables of a data sheet correspond one-
to-one with individual DUT measurements?

1.3. Do the absolute maximum ratings need fo be verified during production tesbng?

2.4. Problems 2.4-2.8 refer to the TLCY524C data sheet in Figures 2.1-2.6. What autput
load resistance should be attached 1o the DAC output (QUT1) during the sentling time
test? What capacitance should be attached in paralle] with the load resistance?

4.5. What is the ideal relationship between the output voltage and the input voltage and digital
input code when the DAC is operated in voltage mode?

2.6. What state must be applied to the WR and CS signals to allow the DAC cutpur voltage
1o change according to the data a1t DBO-DB?? [f the CS signal is high and the WR

signal is low, what will happen to the DAC output when the data signals DB0O-DB?
change from 00000003 to 111111117

2.7. When the TLC7524C is packaged in the FN package, what device signal is attached to
pin 167 What signal is attached 10 pin 97 What pin is connected to the positive power
supply?

2.8. When the TLC7524C is powered with a 3-V supply, what is the maximum power
dissipated by the davice? If a TLC7524C draws 1.5 mA from the Vpg supply, would it
pass the power dissipation specilication?

2.9. At what frequency does the fotal harmonic distortion for a TLOS! JFET op amp exceed
0.004%Y 1s the distortion at this frequency guaranteed to be less than 0.004% on every
device!
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2.10. Can a DUT’s specifications be measured under ali possible test conditions?

2.11. Which section of a test program tells the handler or prober whether a device is good or
bad?

2.12. What is the purpose of the DIB checker section of a test program?
2.13, What is the purpose of focused calibrations?
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CHAPTER

DC and Parametric Measurements

3.1 Cowntmuity

3.1.1 Purpose of Continuity Testing

Before a test program can evaluate the quality of a device under test (DUT), the DUT must be
connected to the ATE tester using a test fixture such as a device interface board (DIB). A typical
nterconnection scheme is shown in Figure 3.1. When packaged devices are tested, a socket or
handler contactor assembly provides the comtact between the DUT and the DIB. When testing a
bare die on a wafer, the contact is made through the probe needles of a probe card. The tester’s
instruments are connected to the DIB through one or more layers of connectors such as spring-
loaded pogo pins or edge connectors. The exact connection scheme vanies from tester to tester,
depending on the mechanical/electrical performance tradecffs made by the ATE vendor.

Drevice under
test (DUT) Device interfaca board
{DIB)

|

DDDD Pin card
GDDE*—eIEﬁ_*
P00

Hand-test socket
or handler contactor \

.ee

Test head

Figure 3.1. ATE test head to DUT interconnections.

In additien to pogo pins and other connectors. efectromechanical relays are often used to route
signals from the tester electronics to the DUT. A relay 1s an clectncal switch whose position is
controlled by an electromagnetic field. The field is crealed by a cumrent forced through a coil of
wire inside the retay {Figure 3.2). Relays are used xtensively in mixed-signal testing to modify
the elecrrical cannectivns to and from the DUT as (ke test program progresses from test to test,

45
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Figure 3.2. Eleciromechanical relays.

Any of the electrical connections between a DUT and the tester can be defective, resulting in
open circuits or shotts between electrical signals. For example, the wiper of a relay can become
stuck in either the open oc closed position after moillions of open/close cycles. While
interconnect problems may not pose a Serous problem in a lab environment, defective
connections ¢an be a major source of tester down time on the production floor. Continuity tests
{also known as contac! lesis} are performed on a device to verfy that al} the electrical
connections are sound. 1f contimutity testing is not performed, then the production floor personnel
cannot distinguish between bad lots of siicon and defective test hardware connections. Without
continyity testing, thousands of good devices could be rejected simply becsuse a pogo pin was
bent or because 3 relay was defective.

3.1.2 Continuity Test Technique

Continuity testing is usualty performed by detecting the presence of on-chip protection Circuits.
These circuits protect each input and output of the device from electrostatic discharge {ESD) and
other excessive voltage conditions. The ESD protection circuits prevent the input and output
pins from exceeding a small voltage above or below the power supply voltage or ground. Diodes
and silicon-controlled rectifiers (SCRs) be used to short the excess currents from the
protected pin to ground or to a power teeminal.

An ESD protection diode conducts the excess ESD current to ground or power any tme the
pin’s voltage exceeds one diode drop above {01 below) the power or ground veltage. SCRs are
similar to ESD protection diodes, but they are riggered by a separate detection circuit. Any of a
variety of detection circuits can be used to trigger the SCR when the protecied pin’s voltage
exceeds a safe voltage ranpe. Once triggered, an SCR behaves like & forward-biased diode from
the protected pin to power or ground (Figure 3.3). The SCR remains in its triggered state until
the excessive voltage is removed. Since an SCR behaves much like a diode when triggered, the
term “protection diode” is used to describe ESD protection circoits whether they employ a
simple diode or a more elaborate SCR structure. We will use the term “protection diode™
throughout the remainder of this book with the understanding that a more complex circuil may
actually be employed.

DUT pins may be configured with either one or fwo protection dicdes, connected as shown in
Figure 3.4. Notice that the diodes are reverse-biased when the device is powered up, assuming
normal input and output voliage levels. This effectively makes them “invisible” to the DUT
circuits dunng normal operation.
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______________________________________________________
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Figure 3.3. SCR-based ESD protection circuit.

To verify that each pin can be connected 1o the tester without electrical shorts or open circuits,
the ATE tester forces a small current across each protection diode in the forward-biased
direction. The DUT's power supply pins are set to zero volts to disable all on-chip circuits and
to connect the far end of each diode to ground. ESD protection diodes connected to the positive
supply are tested by forcing a current fcowy into the pin as shown in Figure 3.5 and measuring the
voltage, Veowr, that appears at the pin with respect to ground. If the tester does not ses the
expected diode drops on each pin, then the continuity test fails and the device is not tested
further. Protection diodes connected to the negative supply or ground are tested by reversing the
direction of the forced current.

Foo

Duafé®s0 L  oDyr. .
pm_tecﬁun Single E
diodes ESD E
ouT diode |

DUT pin ——C circuits —+—D— DUT pin

Figure 24, Dual and single protection diodes.

In the case of an SCR-based protection cireuit, the current source initially sees an open circuit.
Because the current source gutput tries to force current into @n open circuit, its output voltags
rises rapidly. The rising voltage soon triggers the SCR's detection circuit. Once triggered, the
SCR accepts current from the current source and the voltage returns to one diode drop above
ground. Thus the difference berween a diode-based ESD protecton citcuit and an 3CR-based
citcuit is hardly noticeable during a contipuity test.

The amount of current chosen is typically berween 100 pA and 1 mA, but the ideal value
depends on the charactenistics of the protection diodes. Too much current may damage the
diodes, while too little current may not fully bias them. The voltage drop across 3 good
protection diode usually measures between 350 and 750 mV. For the purpose of illustration, we
shall assume that a conducting diode has valtage drop of 0.7 V. A dead short to ground will
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Figure 3.5. Chacking the continuity of the diode connected to the positive supply. The other dicde is tested
by reversing the direction of the forced carent.

result in a reading of 0 V, while an open circauit will cause the fester’s current source to reach a
programmed clamp voltage.

Many mixed-signal devices have multiple power supply and ground pms. Continuity to these
power and ground connegctions may or may oot be testable. 1f all supply pins or 2l ground pins
are not properly connected to ground, then continuity 10 some or all of the nonsupply pins will
fail. However, if only some of the supply or ground pins are not grounded, the others will
provide a cotitinuity path to zeto voits. Therefore, the uncommected power supply ot ground pins
may not be detected. One way to test the power and ground pins mdividually is to connect them
to ground one at a time, using relays to break the connections to the other power and gronnd
pins. Continuity to the power or ground pin can then be verified by looking for the protecticn
diode between it and another DUT pin.

Occasionally, a device pin may not include any protection diodes at all. Continuity to thess
unprotected pins must be verified by an alternative method, perhaps by detecting a smaall amount
of current leaking into the pin or by detecting the presence of an on-chip compenent such as a
capacitor or resistor. Since unprotected pins are highly vulzerable to ESD damage, they are used
ounly in special cases.

Ong such example is a high-frequency tnpot requiring very low parasitic capacitance. The
space-charge layer in a reverse-biased protection diode might add several picofarads of parasitic
capacitance to a device pin. Since even a small amount of stray capacitance presents a low
impedance to very high-frequency signals, the protection diode must sometimes be omitted to
enhance electrical performance of the DUT.

3.1.3 Serial versus Parallel Continuity Tesling

Continuity can be tested one pin at a hme, an approach known as serfal continuity festing.
Unforunately, serizl testing is a time-consuming and cestly approach. Modem ATE testers are
capable of measuring continuity on all or mest pins 1 parallel rather than measuring the
protection diode drops one at 2 ime.  These testers accomplish parallel testing wsing so-called
per-pin measurermend instrumentis as shown in Figure 3 6{a).
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Clearly it is more economical to test all pins at once using many current sources and valtage
meters. Unfortunately, there are a few potential problems to consider, First, a fully parallel test
of pins may not detect pin-to-pin shorts. If two device pins are shorted together for spme reason,
the net current through each diode does not change. Twice as much current is forced through the
parallel combination of two diodes. The shorted circuit configuration will therefore result in the
expected voltage drop across each diode, resulting in both pins passing the continwty test
Obviously, the problem can be solved by performing a continuity 1est on each pin in a senal
manner at the cost of exira test titne. However, a more aconomical approach is to test every other
pin for contituity on one test pass while grounding the remaining pins. Then the remaining pins
can be tested during a second pass while the previously tested pins are grounded. Shorts between
adjacent pins would be detected using this dual-pass approach, as illustrated in Figure 3.6(h).

<

J

Pin-to-pin
short

B = s B e s e e B

(b)
Figure 3.6. Parallel continuity testing: (3} full parallel testing wilh possible adjacent fault masking;
{b} minimizing potential adjacent fault masking by exciting every second pin.

A secorul, subtler problem with parallel conlmuity testing is related 1o analog measurement
performance. Roth analop pins and digitl pms must be 1ested for continuity. On some testars
the per-pin continuity test circuitry is hmited to digital pims only. The analey pins of the tester
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may net include per-pin contimsity measurement capability. Oo these tesiers, continuity testing
on analog pins can be performed one pin at a time using a single current source and volimeter.
These wo instruments can be connected to each device pin one at a ime to measure prolection
diode drops. Of course, this is a very time-consuming serial test method, which should be
avgided if possible.

Alternatively, the analog pins can be connected to the per-pin measurement electronics of
ihgital pins. This allows completely parallel resting of continuity. Unfortunately, the digital per-
pin electronics may inject noise into sensitive analog signals. Also, the signal trace connecting
the DUT to the per-pin continuity elecironics adds a complex capacitive and inductive load to the
analog pin, which may be unacceptable. The signal mace can also behave as a parasitic radio
antenna into which unwanted signals can couple into analog inputs. Clearly, fuil parallel testing
of analog pins should be treated with care. Ope solution 1o the noise and parasitic loading
problems is to isolate each anatog pin from its per-pin contipuity circuit using a relay. This
comnplicates the IMB design but gives high performance with minimal test time. Of course, a2
tester having per-pin centinuity measuremeent circuits on both anslog and digital pins represents a
superior solution

3.2 LEskKaGE CURRENTS

3.2.1 Purpose of Leakage Testing

Each input pin and output pin of a DUT exhibits a phepomenon called feakage. When a voltage
is applied to a high-impedance analog or digital mput pin, a small amount of current will
typically leak into or out of the pin. This current is called feckage current, or simply feakage.
Leakapge can also be nteasured on output pins that are placed into a nondriving high-impedance
mode. A good desige and manufacturing process should result in very low leakage currents.
Typically the leakage is less than 1 pA, slthough this can vary from one device design to the
next.

Ome of the main reasons 0 measure leakage is to detect improperly processed intsgrated
circuits. Leakape can be caused by many physical defects such as metal filaments and
particulate matter that forms shorts and leskage paths between layers in the 1C.  Another reason
to measure leakage is that excessive leakage cuments can cause improper operation of the
customer's end application. Leakage currents can cause DC offsets and other parametric shifts.
A third reason to test leakage is that excessive leakage cuments can indicate a poorly processed
device that initially appears to be functional but which eventually fails after a few days or weeks
in the custorner’s product,'  This type of early failure is known as infant mortality.

311 Leakage Test Techaique

Leakage 13 measured by simply forcing a DC voltage on the input or output pin of the device
under test ynd measuring the small carrent flowing inte or out of the pin. Unless otherwise
specified in the data sheet, leakage is typically measured twice. 1t is measured once with an
input voltage near the positive power aupply voltage and again with the input near ground (or
negative supply). These two currents are referred 10 as f {input current, logic high) and 7y
(input current, logic low), respecrvely.
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Diigital inputs are typicatly tested at the valid input threshold voltages, My and ¥j;. Analog
input leakage is typically tested at specific veltage levels listed in the data sheet. |{ no particutar
input voltage is specified, then the leakage specification applies to the entire allowable input
voltage range. Since leakage is usually highest at one or both input voltage extrernes, it is often
measured at the maximum and minimum allowable input vollages. Output leakage (foz) 5
measured in a manner similar 1o input leakage, though the output pin must be placed inte a high-
impedance (HLZ) state using a test mode or other control mechanism.

3.2.3 Serial versus Parallel Leakage Testing

Leakage, like continuity, can be tested one pin ar a time (seral testing) or all pins at once
(parallel testing). Since lsakage currents can flow from one pin to another, serial testing 1s
superior to parallel testing from a defect detection perspective. However, from a test time
pemspective, patailel testing is desirad. As in continuity testing, a compromise can be achieved
by testing every other pin in a dual-pass approach.

Continuity tests are usually implemented by forcing DC current and measuring voltage. By
contrast, leakage tests are implemented by forcing DC voltage and measuring current. Since the
tests are similar in nature, tester vemdors gemerally design both capabilities into the per-pin
measurement circuits of the ATE tester's pin cards. Analog leakage, like analog continuity, is
often measured using the per-pin resaurces of digital piz cards. Again, a tester with per-pin
continuity measurement circulis on both analog and digital pins represents a superior solution,
assuming the extra per-pia circuits are oot probibitively expensive.

3.3 Power SurrLY CURRENTS

3.3.1 Importance of Supply Current Tests

Cne of the fastest ways to detect a device with catastrophic defects is to measure the amount of
curtent it draws from each of its power supplies. Many gross defects such as those illustrated in
Figures 1.5-1.8 result in a !ow-impedance path from one of the power supplies to ground.
Supply currents are often tested near the beginging of a test program to scresn out completely
defective deviees quickly and cost effectively.

Of course, the main reason to messure power supply current is to guarantee limited power
consumption in the customer's end application. Supply current is an important electrical
parameter for the customer who needs to design a systern that consumes as liale power as
possible. Low power consumption is especially important o manufacturers of battery operated
equipment like cellular telephones. Even devices that draw large amounts of current by design
should draw only as much power as necessary. Therefore, power supply current tests are
performed on most if not all devices.

332 Test Technigues

Most ATE testers are able to measure the current flowing from each voltage source connected to
the DUT. Supply currents are therefore very easy to measure in most cases. The power supply
is simply set to the desired voltage and the cumrent from i3 outpuat is measured using one of the
tester’s ammeters,
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When measuring supply cwrrenis, the only difficulties arise out of ambiguities in the data
sheet. For example, are the analog outputs loaded or unloaded during the supply current test? 1s
digital bleck XYZ operating in mode A, mode B, or idle mode? In penerzl, it 15 safe o assume
that the supply currents are to be tested under worst-cass conditions.

The test engineer should work with the design engineers to attempt to specify the test
conditions that are likely to result m wiwst-case test conditions.  These test conditions should be
spelled out clearly in the test plan so that everyone understands the exact conditions used during
production testing. Often the actual warst-case conditions ars not known until the device bas
been thoroughly characterized. In these cases, the test program and test plan have to be updated
o reflect the charactenzed worst-case conditions.

Supply currents are often specified under several test conditions, such as power-down moede,
standby mode, and normal operational mode.  In addition, the digital supply currents are
specified separately from the apalog supply currents. Jpp (CMOS) and foc (bipolar) are
commonly used designations for supply current. fppy, Joop, foca, and Joep are the terms used
when analeg and digital supplies are measured separately.

Many devices have multiple power supply pins that are connected to a common power supply
in noemal operation.  Design engineers often need to know how much current is flowing into
each individual power supply pie. Sometmes the test enginesr can accommodate this
requirstnent by connecting each power supply pin to its own supply. ‘Other times there are too
many DUT supply pins to provide each with its own separate power supply. In these cases,
relays can be used to temporarily connect a dedicated power supply to the pin under test.

Another preblem that can plague power supply current tests is settling time. The supply
current flowing into a DUT must settle to a stable value befors it can be measured. The tester
and DIB circuits must also settle to a stable valwe. This normally takes 510 ms in normal
mxdes of DUT operation. But in power-down modes, the specified supply current is often less
than 1) pA. Since the DIB usually includes bypass capacitors for the DUT, each capacitor
must be allowed to charge until the average current into or out of the capacitor is stable.

The chargitg process can tzke hundreds of milliseconds if the cument must stabilize within
microamps. Some types of bypass capacitors may even exhibit leakage current greater than the
current to be measured. A typicai solution to this problem is to connect only a small bypass
capacitor (say 0.1 WFY directly to the DUT and then connect a larger capacitor {say 18 pF)
through a relay as shown in Figure 3.7. The large bypass capacitor can be disconnected
ternporarily while the power-down cument is measured

3.4 DC REFERENCES a¥p REGULATORS

311 Voltage Regulators

A voltage regulator is one of the most basic analog circuits. The function of a voltage regelator
15 1o previde a well-specified and constant oatput voltage level from a poorly specified and
sometimes fuctuating input voltage. The output of the voltage regulator would then be used as
the supply voltage For other circuits in the system. Figure 3.8 illusirates the conversion of a §- o
12-¥ ranging power supply 0 a fixed 3-V outpun level.
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Figure 3.7. Amanging different-sized bypass capacitors to minknize power supply cument settling behavior,

Voltage regulators can be tested using a fairly small number of DC tests. Some af the
important parameters for a regulator are output no-load voltage, output voltage or load
regulaton, input or line reguiation, input or ripple rejection, and dropout voltage.

(hatput no-load voltage is measured by simply connecting a veltmeter to the regulator output
with no load current and measuring the canput voltage Fp.

Load regulation measures the ability of the regulator to maintain the specified ontput voltage
Vo under differsnt load current conditions f;- As the output voltage changes with increasing load
current, one defines the output voltage regulation as the percentage change in the ourput veltage
(relative to the ideal output voltape, Foxow) for a specified change in the load current. Load
regulation is measured under minirmam inpuk voltage condibions

V,
load regulation = §00% x abo
v {3.1)
G-%0u | max {Al; ], mmiroum ¥

The largest load current change, max {Afy), is created by varying the load cumrent from the
minirutn rated load current (typically 0 mA) to the maximum rated load current.

Load regulation is sometimes specified as the absolute change in voltage, AV, rather thar as
3 percentage change in ¥o. The test defimition will be ebvious from the specification units (i.e.
volts or percentage). -

Line reguiation or input regulation measures 1he ablity of the regulater to maintaim a steady
output voltage aver a range of input voltages. Line regulation is specified as the percentage
change in the output voltage as the nput line vollage changes over its largest allowable range.
Like the lead regulation test, line regulation is sometimes specified as an absolute voltage change
rather than a percentage. Line regulation is measured under maximum load conditions

line regularion = 1002 x—

(3.2}

f | max Al - maximum £,
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Figure 3.8. 5-V DC voltage requlator.

For the regulator shown in Figure 3.8, with the appropriate load connected to the reguiator
output, the line regulation would be computed by first setting the input voltage to 6 ¥V, measuring
the output voltage, then teadjusting the input voltage to 12 V, and again meashring the output
voltage to calculate AVp. The line regulation would then be computed using Eq. (3.2).

Input rejection or ripple rejection is ibe ratio of the maximum input voltage variation to the
output voltage swing, measured at a particular frequency (commonly 120 Hz) or a range of
frequencies. It is a measure of the circuit’s ability to reject periodic fluctuations of rectified AC
voltage signals applied to the imput of the regulator. Input rejecton can also be measured at DC
using the input voltage range and output vollage swing measured during the line regulation test.

Dropout voitage is the lowest voitage that can be applied between the input and output pins
without causing the output to drop below its specified minimum output voltzge level. Dropout
voltage is tested under maximum current loadimg conditions. It is possible to search for the exact
dropout voltage by adjusting the inpet voltage umtil the output reaches its minimum acceptable
voltage, but this is a time-consuming test method. In production testing, the input can simply be
set to the specified dropeut voltage plus the minimum acceptable output voltage. The output i3
then measured to guarantee that it is equal 1o or above the minimum acceptable output voltage.

Exercises

31. The output of 2 5-V voltage regulator varies from 5.10 ¥V undar no-load cendition to
4,85V under a 5 mA maximum cated load current What is its load regulation?

Ans. 250 mV or 5%.

3.2. The output of a 5-V voltage regulator varies from 5.05 to 4.95 V when the input voltage
is changed from 14 to 6 V under a maximuom load condition of 10 mA. What is its line
reguiation?

Ans. 100 mV or 2%,

3.3. A 9-V voltage regulator is rated 10 have a load regulation of 3% for a maximum load
current of 15 mA. Assuming a no-load output voltage of 9 V, what is the worst-case output
voltage at the maximnum 1oad current?

Ans, 573V
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342 Valtage References

Voltage tegulators are commonly used to supply a steady voltage while also supplying a
relatively large amount of curtent. However, many of the DC voltages used in a mixed-signal
device do not draw 4 large amount of current. For exampie, a -V DAC reference does not need
to supply 500 wA of current.  For this reason, low-pwer voltage references are often
incorporated into mixed-signal devices rather than high-power voltage regulators.

The output of on-chip voltage references may or may not be accessible from the external pins
of a DUT. It is common for the test engineer to request a set of test modes so that reference
voltages can be measured during production testing. This allows the test programm to ¢valuate the
quality of the DC references even if they have no explicit specifications in the data sheet. The
design and test engineers can then deterrmwne whether failures in the more complicated AC tests
mmay be due o a simple DC voltage error in the reference circuits. DC reference test modes also
allow the test program to trim the internal DC references for more precise device operation.

343 Trimmable References

Many high-performance mixed-signal devices require reference voltages that are trimmed to
very exact levels by the ATE tester. DC voltage trimming can be accomplished in a variety of
ways. The most common way Is to use a programmable refersnce circuit that can be
permanently adjusted to the desired level. One such arrangement is shown in Figure 39, The
desired level is programmed using fuses, or 8 nonvolatile digital control mechanism such as
EEPROM or flash memory bits. Fuses sre blown by forcing a controlled current across ¢ach
fuse that canses it to vaparize. Fuses can be constructed from either metai or polysilicon. If
EEPROM or flash memary is added 10 a mixed-signal device, then this technology may offer a
supertor alternative io blown fuses, as EEPROM bits can be rewritten if NECEssary.

There are various algorithms for finding the digital value that minimizes reference voltage
error. In the more advanced trimming architectures such as the one in Figure 3.9, the reference
can be experimentally adjusted using a bypass trim value rather than permanently blowing the

Fuse blowing
data and contral Momnal mode
\ tim value
7= Fuses - .
M Trimmable Reference

Control i ] V-:Jltage | mﬂagg

registars Bypass mode trim value X reference
+ Bypass mode control

ATE digitat

interface

Figure 3.9. Trimmable reference circuit,
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fuses. In this example, the bypass inm value 1s erabled using a special test mode control signal,
bypass mode control. Once the best tim value has been determined by experimental trials, the
fuses are permanently blown 1o set the desired rim value. Then, during normal operation, the
bypass rim value is disabled and the programmed Fases are used to control the voltage reference.

Trimming can alsc be accomplished using a laser trimming technique. In this technique, a
luser is used to cut through a portion of an on-chip resistor 1o increase its resistance to the desired
value. The resistance value in trm adjusts the DC level of the voltage reference. The laser
trimming technique can also be used 1o trim garns and offsets of analog circuits. Laser timming
is more complex than wimming with fuses or nenvolatile memory. It requires special production
equipment linked to the ATE tester.

Laser mimming must be performed while the silicon wafer 15 still exposed to open air during
the probing process. Since metal fuses can produce a conductive sputter when they vaporize,
they too are usually trimmed during the wafer probing process. By contrast, polysilicon fuses and
EEPROM bits can be blown either before or afier the device is packaged.

There is an important advantage to mimming DC levels after the device has been packaged.
When plastic 5 injected around the siticon die, it can place slight mechanical forces on the die.
This in turn inkroduces DC offsets. Becauwse of these DO shifits, a device that was correctly
tnmmed during the wafer probing process may not remain correctly trimmed after it has been
encapsulated in plastic. Another potential DC shift problem relates to the photoetectric effect.
since light shining on a bare die mtroduces photoelectric DC offsets, a bare die must be mmmed
in total darkmess. Of course, wafer probers are designed with this requirement in mind. They
include a black hood or other mechanism to shield bare die from light sources.

3.5 IMPEDANCE MEASUREMENTS

351 Input lmpedance

lnput impedance (Z;}, also referred ta as input resistance, is a common specification for analog
inputs. In general, impedance refers io the behavior of both resistive and reactive (capacitive or
inductive) componernts in the circuit. As the discussion in this chapter is resmicted to DC,
inductors and capacitors have zera reactance, and as such, make no contribution to impedance.
Hence, impedance and resistance refer to the same quantity at DC.

Input impedance is a fairly simple measuement to make. If the input voltage is a linear
function of the input current fi.e., if it behaves according to Ohrm’s law), then one simply forees a

i i
Aj
0 i AV
i — ""’/#[l >
1S ¥
(@} (b}

Figure 3.10. Input i-v characteristic curves for ja) Inear impedance and (b} nonlinear impedance.
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voltage I and measures a current £, ot vice versa, and computes the input tmpedance according
to

z,, =1;. (3.3)

Figure 3.10¢a) illustrates the wmput i-v relationship of a device satlsfym,g, Ohtry’s law. Here we see
that the i-v characteristic 15 a straight line passing through the onigin with 2 slope egual to I
In many instances, the /v characteristic of an input pin is a straight line but does not pass
through the origin as shown in Figure 3.10(b). Such sitations typically arise from bizsing
considerations where the input terminal of 2 device is biased by a constant current source such as
that shown in Figure 3.11 or the input impedance is terminated with an unknowi veltage source
other than ground.

In cases such as these, one cannot use Eq. (3.3} to compute the input impedance, as it will not
lead correcily to the slope of the i-v characteristic. Instead, one measures the change in the imput
current (AJ) that results from 2 change in the input voltage {AF) end computes the input
impedance using

-4
Al

{3.4)
If the input impedance is so low that it would cause excessive currents to flow into the pin,
another approach is needed. The alternative method is to force two controlled currents and
measure the resulting voltage difference. This is often referred 1o a5 a force-current/measure-
voltage method. Input impedance is again calculated using Eq. (3.4},

Example 3.1

In the input impedance test setup shown in Figure 3.11, voltage source SRC1 is set to 2 V and
current flowing into the pin is measured at 0.055 mA. Then SRC! is set te 1 V and the input
current is measurad again at 0,021 meA. What is the input impedance?

Voo
Tostar e
e | DUT 5
= put ||
SRCA i 2 [ circuit |}
V. ' i BIAS :
T k 1

Figure 3.11. Inputimpedance test setup.
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Solution:

Input impedance, Zp, which is a combination of & and the input impedance of the block
tabeled “DUT Circuit,” is calculated using Eq. {3.4) as follows

_ 2V-1V
0,055 mA ~0.021 mA

Note that the impedance could also have been measured by forcing 0.050 and 0.020 mA and
measuring the voltage difference. However, the unpredictable value of fazes could cause the
input voltage to swing beyond the DUT’s supply rails. For this reason, the forced-current
measurement technique is reserved for low values of resistance.

=29.41 kL2

ZIN

In Example 3.1, the values of the excitation consisting of 2 and 1 V are somewhat irrelevant.
We could just as easily have used 2.25 and 1.75 V. However, the larger the difference in
voltage, the easier it is to make an accurate reasurement of current change. This is true
throughout many types of tests. Large changes in voltages and currents are easier to measure
than small ones. The test engineer should bewars of saturating the input of the device with
excessive voltages, though, Saturation could lead to extra input current resulting in an inaccurate
impedince measurement. The device daia sheet should list the acceptable range of input
valtages,

351 Output Impedance

Cutput impedance (Zpyr) 15 measured in the same way as input impedance. 1t is typically mmuch
lewer than input impedance; so it is usually measured using a force-current/measure-voltage
technique. However, in cases where the output impedance is very high, it may be measured
using the force-voltage/measure-current method instead.

Txample 3.2

In the cutput impedance test setup shown in Figure 3.12, current source SRCI is set to 10 maA
and the voltage at the pin is measured, yielding [.61 V. Then SRCI is set to —10 mA and the
output voltage is measured at 1.42 V. What is the total output impedance (Rgrr plus the
amplifier’s output impedance)?

________________________________

. DUT

i :|> Rour E Tester

: AN {1

: + T

: {Set to fixed i SRCT +

' DC output) : I Vi

Figure 3.12. Output impedance test setup.
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Salution:
Using Eq. {3.4) with Z,x replaced by Zour, we write

IR EI R B
10 A —(—10 ma)

——

3.53 Differential Impedance Measurements

~ouT

Differential impedance is measured by forcing two differential voltages and measuring the
differential current change. Example 3.3 illustrates this approach. Differential input impedance
would be measured in a similar manner.

Example 3.3

In the differential output impedance test setup shown in Figure 3.13 current source SRC1 is set
to 13 mA, SRC?2 is set to ~10 mA and the differential voltage at the ping is measured at 201 mV.
Then SRCI is set to ~10 mA, SRC2 is set to 10 mA, and the output voltage is measured at
—-199 m¥. What is the differential output impedance?

i DUT Rour1 | Tester
] AN
1 SE to DIFF y SRCH
' convertar E 7 +
! {Setto fixed | w1 v
; DC output) | e
: Rour |
: Ay {1 .
: : SRC2
e mmmrmmAR A mm————d
Imz

Figure 3,13, Differential output impedance test setup.

Solution:
The owtput impedance is found using Eqg. (3.4) to be

gﬂl my —{—199 mVh
W mA - {20 ma)

e rarra— —

=108

T T
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3.6 DC OrrseT MEASUREMENTS

3.6.1 Faypand Analog Ground

Many analog and mixed-signal integrated circuits are designed to operate on a single power
supply voltage (Fpp and ground) rather than a more familiar bipolar supply (VFop, Vss, and
ground). Often these single-supply circuits generate their own low-impedance voltage between
Vpp and ground that serves as a reference voltage for the analog circuits. This reference voltage,
which we will refer to a3 Fyyp, may be placed halfway between Fpp and ground or it may be
placed ot some other fixed voltage such as 1.35 V. In some cases, Viyp may be generated off-
chip and supplied as an input voltage to the DUT.

To simplify the task of circuit analysis, we can define any circuit node to be 0 V and measure
all other voltages relative to this node. Therefore, in a single-supply ciicuit having a Fppof 3 'V,
a Ve connected to ground, and an internally generated ¥agp of 1.5 V, we can redefine all
voltages relative to the Vigp node. Using this definition of 0 V, we can tanslate our single-
supply cirenit into a more familiar bipolar configuration with ¥pp~ +1.5 V, Fgp =0V, and
Vss =—1.5 V (Figure 3.14).

+30V +H.5V

ViIN VOUT VI

-1.5V

Flgure 3.14. Redefining ¥age as 0V to simplify circuit analysis.

Several integrated circuit design textbooks refer to this type of Fuup reference voltage as
analog ground, since it serves as the ground reference in single-supply analog circuits. This is an
unfortunate choice of terminology from a test engineering standpoint. Analog greund is a term
used in the test and measurement industry to refer to a high-quality ground that is separated from
the noisy ground connected to the DUT’s digital circuits, In fact, the term “ground” has a definite
meaning when working with measurement equipment sinee it is actually tied to earth ground for
safety reasons. In this textbook, we will use the termn analog ground to refer to a quiet ¢ V
voltage for use by analog circuits and the term Fagp to refer to an analog reference voltage
(typically generated on-chip) that serves as the IC's analog “ground.™

3.6.2 DC Transfer Characteristics (Gain and Oifset)

The input-output DC transfer characreristic for an ideal amplifier is shown in Figure 3.15. The
input-putput variables of interest are voltage, but they could just as easily be replaced by current
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Figure 3.15. Amplifier input-cutput transfer characteristics in its linear raglon.

signals., As the real world is rarely accommodating to 1C and system design engineers, the scmal
transfer characteristic for the amplifier would deviate somewhat from the ideal or expected
curve. To illustrate the point, we superimpose another curve on the plot in Figure 3.15 and label
it “Typical.”

In order to maintain correct system operation, design engineers require some assurance that
the amplifier transfer characteristic is within acceptable tolerance limits. Of particular interest to
the test engineer are the gain and offset voltages shown io the figure. In this section we shall
describe the method to measure offset voltages {which is equally applicable to current signals as
well) and the next section will describe several methods used to obtain amplifier gai.

163 Qutput Offset Voltage (Fp)

The output offset {F5) of a circuit is simply the difference between its ideal DC output and its
actual DC ocutput when the input is set to some fixed reference value, normally snalog ground or
Fap. Dutput offset is depicted in Figure 3.15 for an input reference value of 0V, Aslong as the
output is not noisy and thete are no AC signal components riding on the DC level, output offzet
is @ trivial test. If the signal is excessively noisy, the noise component amst be removed from the
DC level in one of rwo ways. First, the DC signal can be filtered using a low-pass fiiter. The
output of the filter is measured using a DC volimeter. ATE testers usually bave a low-pass filter
built into their DC meter for such applications. The low-pass filter can be bypassed during less
demanding measurements in order to minimize the oversll settling time. The second method of
reducing the effects of noise is to collect multiple readings from the DC meter and then
mathematically average the results. This is equivalent to a software low-pass filter.

Sometimes sensitive DUT outputs can be affected by the ATE tester’s parasitic loading,
Some op amps will become unstable and break into oscillations if their outputs are loaded with
the stray capacitance of the tester’s meter and its connections to the DUT. An ATE meter may
add as much as 200 pF of loading an the output of the DUT depending or the connection scheme
chosen by the test enpineer. The design cugineer and test engineer should vvaluate the possible
effects of the tester’s stray capacitance on each DUT puput. It may be necessary to add a buffer
amplifier to the DIB to provide isolation between the DUT output and the tester’s instuments.
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Figure 3.16. Meter impadance loading.

The input impedance of the tester can also shift DC levels when very high-impedance circuit
nodes are tested.  Consider the circuit in Figure 3.16 where the DUT is assumed to have an
output impedance Bgprof 100 k2. The DC meter in this example has an input impedance Rpv of
1 MLl According to the voltage divider principle with hwo resistors in series, the voltage that
appears across the meter Fuyges with respect 1o the output Fp of the DUT is

v o Ry o, 1MQ
NS R F Ry O IMQ+100kO °
= 0.909%,

[t is readily apparent that a relative error of

Vy—Veas _ (1-0.908)
F,

a

=0.081

relative emor =

or 9.1% is introduced into this measurement. A unity gain buffer amplifier may be necessary 1o
provide better isolation between the DUT and tester instrument.

3.6.4 Single-Ended, Differential, and Common-Mode Offsets

Single-ended output offsets are measured relative to some ideal or expected voltage level when
the input is set to some specified reference level, Usually these two quantities are the same and
are specified on the data sheet. Differential offset is the difference between two outputs of a
differential circuit when the input is set to a stated reference level. For simplicity sake, we shall
use Fys to detiote the output offset for both the single-ended and differential case. It should be
clear from the context which offset is being referred to. The output common-rode voltage Mo
o s defined as the average voltage level at the two cutpurs of a differential cirewit. Common-
mode offset Fory is the difference between the sutput common-mode voltage and the ideal
value under specified input conditions.

m___

cample 3.4

Consider the single-ended to differential converter shown in Figure 3,17, The two outputs of the
clreutt are labeled OUTP and OUTN, A 1.5-V reference voltage Vigp is applied to the input of
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Flgure 3.17, Differential cutput offset test satup.

the circuit and ideally, the outputs should both produce Fugp. The voltages at QUTP and OUTN
deaoted ¥p and Py, respectively, are measured with a meter, producing the following two
readings.

Fe=13507V and Py=1497V

With an expected output reference level of Fugn =150V, compute the differential and common-
mode offsets,

Solurion:
OUTP single-ended offset voltage, Vo = Vp—~ Vigp=+7mV
OUTN single-ended offset voltage, Vo= Fy = Fup = -3 mV
differential offzet, Fop= Fp— Fy=+10mV¥
Output common-mode voltage, Fawo={Fe+ 31/ 2=1.502 V¥
Common-mode offset, Porwr= Foyo— Vage = 2 mY
. = —

In the preceding example, Figp is provided to the device from a highly accurate external
voltage source. But what happens when the Fugp reference is generated from an on-chip
reference circuit which itself has a DC offset? Typically there is a separate specification for the
Vi voltage in sueh cases; the input of the DUT should be connected to the Figp voltage, if it is
possible to do so and the output offsets are then specified relative to the Fagn voltage rather than
the ideal value.

Thus the inputs and outputs are treated as if Fuyp was exactly comect. Any erors in the Fagp
viltage are evaluated wsing a separate Vi DC voltage test. In this manner, DC offset errors
caused by the single-ended to differential converter can be distinguished from errers in the Fup
reference voltage. This extra infurmation nmay prove to be very useful (o design engineers who
inust decide what needs to be comrected in the design.
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365 Input Offset Voltage (Fos)

Input offset voltage { Vas) refers to the negative of the voltage that must be applied to the input of
a circuit in order to restore the output voltage to a desired reference level, that is, analog ground
or ¥aup. If an amplifier requires a +10 mV input to be applied to its input to force the cutput
fevel to analog ground, then Fas = -10 mV. It is common in the literature to find Fos defined as
the output offset Vo divided by the measured gain & of the circuit

Yo
G

Vo (3.5)

If an amplifier has a gain of 10 V/V and its output has an cutput offset of 100 mV, then 1ts input
offset vollage is 10 mV. This will always be true provide the values used in Eq. (3.5} are derived
from the circuit in its linear region of operation. In high-gain circuits, such &s an open-loop op
amp, it is not uncommon to find the amplifer in & saturated state when measuring the output
offset voltage. As such, Eq. (3.5) is not applicable.

Exercises

3.4, For a x10 amplifier characterized by Four = 10V + 5, what are its input and output
offzet voltages?

Ans. +0.5 V {input), 5 V {output}.

3.5, For a x10 amplifier characterized by Vour = 10Vpy— ¥ + 5 over a 10-V range, what is
its impuat and output offset voltages?

Ans. +0.477 V (input), 3 V (ouatput).

3.6. A voltmeter with an input impedance of 100 k<) is to measure the DC output of an
amplifier with an output impedance of 500 kL. What is the expected relative error made by
this measurement?

Ans. 16.6%.

3.7. A differential amplifier has o output CUTP of 3.3 V and an cutput OUTN of 2.8 V with
its input set to a Fpgp reference level of 3 V. What are the single-ended and differential
affsets? The common-mode offset?

Amns. 0.3V and 0.2V (SE), 0.5 V (DIFF), 30 mV (CM).

3.8. A pertectly linear amplifier has a measwred gain of 5.1 ¥/V and an output offset of
-32 V. What is the input offsel voltage?

Ans. 0.62T Y.
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3.7 DC Gaw MEASUREMENTS

3.7.1 Closed-Leop Gain

Closed-loop DC gain is one of the simplest measurements to make, as the input-cutput signals
are roughly comparable in level. Closed-loop gain, denoted G, is defined as the slope of the
amplifier inpat-ouiput transfer characteristie, as illastrated in Figure 3.15. We refer to this gain
as closed-loop as it typically contrived from 2 set of electronic devices configured in a negative
feedback loop. It is computed by simply dividing the change in output level of the amplifier or
circuit by the change in its input

G = ii} (3.8)
r

DC gain is measured using two DC input levels that fall inside the hnear region of the amplifier.
This latter point is particularly important, as false gain values are often obtained when the
amplifier is unknowingly driven into saturstion by poorly chosen input levels. The range of
linear operation should be included in the test plan.

Gain can also be expressed in decibels (dB). The conversion from volt-per-volt to decibels is
simply

G(dB) = 20log, |G{V/ V)] (3.7)
The logarithm function in Eq.(3.7) is & base-10 log as opposed to a natural log.

‘S —
Exumple 1.5

An amplifier with an expected gain of -10 ¥/V is shown in Figure 3.18. Both the input and
output levels are referenced to an internally generated voltage Figp of 1.5 V, SRCI is set to
1.4 ¥ and an output voltage of 2.51 V is measured with a voltmeter. Then SRC} 15 setto 1.6 V
and an output voltage of 0.47 V is measured. What is the DC gain of this amplifier in V/V?
What is the gzin in decibels?

Solution:
The gain of the amplifier is computed using Eq. (3.5) as

Sl V-1
:w:_m_z ViV
l4v-16Y
or, m terms of decihels

G =20log,,|-10.2|=20.172 dB

E
_—  ————————————  ————
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»10 amplifier
{V.p generated on-chip)

Figure 3.18. A x10 amplifier gain test setup.

Gain may also be specified for circnits with differential inputs and/or outputs. The
measurement is basically the same.

e ——————— e ————— e EEEE——

Example 3.6

A fully differential amplifier with an expected gain of +10 V/V is shown in Figure 3.19. SRCl is
get to 1.6 V and SRC2 18 set to 1.4 V. This results in a differential input of 200 m¥. An output
voltage of 2.53 V is measured at OUTP and an output voltage of 0.48 V is measured at OUTHN.
This results in a differential output of 2.05 V. Then SRC! is set to 1.4 V and SRC2 is set to
1.6 V. This resultts in a differential input level of =200 mV. An output voltage of 0.49 V is
measured at QUTP and an output voltage of 2.52 ¥ is measured at QUTN. The differential
output voltage is thus -2.03 V. Using the measured data provided, compute the differential gain
of this circuit.

Figure 3.19. Differatial >10 amplifler gain test setup.
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Solution:
The differential gain is found using Eq. (3.5) to be

205V 203V

= =+10.2 V}V
200 mV —(—200 mV)

Y ]

Differential measurements can be made by measuning each of the two output voltages
individually and then computing the difference mathematically. Altematively, a differential
voltmeter can be used to directly measure differential voltages. Obviously the differential
voltmeter approach will work faster than making two separate measurements. Therefore, the use
of & differential voltmeter is the preferred technique in production test programs. Sometimes the
differential voltage is very small compared to the DU offset of the two DUT outputs. A
differential voltmeter can often give more accurate readings in these cases.

In cases requiring exireme accuracy, it may be necessary to measure the input voltages as well
as the output voltages. The DC voliage sources in most ATE testers are well calibrated and
stable enough to provide a voltage error no greater than 1 mV in most cases. [f this level of error
is unacceptable, then it may be necessary to use the tester’s high-accuracy voltmeter to measure
the exact input voltage levels rather than trusting the sources to produce the desired values. The
gain equation in the previous example would then be

_205V-2.03V

G
M=

where Fj and ¥; are the actual input voltages measured using a differential voltmeter.

Ezxercises

3.9. Voltages of 0.8 and 4.1 V appear at the output of a single-ended amplifier when an input
of 1.4 and 1.6 V is applied, respectively. What is the gain of the amplifier in V/¥? What is
the gain in decibels?

Ans. =165 V/V, 2435 dB.

3.10. An amplifier is characterized by Vopr= 2.5 Viy+ 1 over an ontput voltage range of 0 to
10 V. What is the amplifier output for a 2-V input? Similarly for a 3-V input? What is the
cortesponding gain of this amplifier in V/V over the 1-V swing? What is the gain in decibels?

Ans. 6V, RAV,+2.5V/V, 796 dB.

311, An amplifier is characterized by Foor= 2.5 ¥ + 0,25 Fpd +1 over an output voltage
range of 0 1o 12 V. What is the amplitier output for a 2-V input? Similarly for a 3-V input?
What is the corresponding gain of this amplifier in V/V over the 1-V swing? What is the gain
in decibels? Would 2 4-V input represent a valid test point?

Ans. 7V, 1075 V, +3.75 ViV, 11 48 dR, No — the output would exceed 12V,
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The astute teader may have noticed that the gain and impedance measurements are fairky
sirnilat, in that they both involve calewlating a slope from a DO transfer characteristic pertaining
to the DUT. Moreover, they do not depend on any value for the offsets, only that the appropriate
slope is obtained from the linear region of the transfer characteristic.

3.7.2 Open-Loop Gain

Open-loop gain (abbreviated G,)) is 2 basic parameter of op amps. It is defined as the gain of the
amplifier with no feedback path from output to input. Since many op amps bave Go-values of
10,000 V/V or more, it is difficult to measure open-loop gain with the straighiforward techriques
of the previous examples. It is difficuit to apply a voltage directly to the input of an open loop
op amp without causing it to saturate, forcing the output to one power supply il or the other.
For example, if the maximum output level from an op amp is £5 V and its open-loop gain is
equal to 10,000 V/V, then an input-referred offset of only 500 pV will cause the amplifier output
to saturate. Since many op amps have input-referred offsets ranging over several millivolts, we
cannot predict what input voltage range wiil result in unsaturated output levels.

We can overcome this problem using a second op amp cormected in a feedback path as shown
in Figure 3.20. The second amplifier is known as a nulling amplifier. The nulling amplifier
forces its differential input voltage to zero through a negative feedback loop formed by resistor
string R; and Ry, together with the DUT op amp. This loop is also known as a servo lﬂcrpl, By
doing so, the output of the op amp under test can be forced to a desired output level according to

Voour = 2Vyp — VSRC! ':.3-5}

where ¥aup is 2 DC refersnce point (grounded in the case of dual-supply op amps, non-grovnded
for single-supply ap amps) and Ferey is the programmed DC voltage from SRCI. The nuiling
amplifier and its feedback loop compensate for the input-referred offset of the DUT amplifier.
This ensures that the DUT output does not saturate due 10 its own input-referred offset.

The two matched resistors, Ra, are normally chosen to be around 100 k) as a comproimise
between source Joading and op amp bias induced offsets. Since the gain around the loop is
extremely large, feedback capacitor € is necessary to stabilize the loop. A capacitance value of
1 to 10 nF is usually sufficient. Rensp provides the specified load resistance for the G test.

Under steady-state conditions, the signal that is fed back to the input of the DUT amplifier
denoted Fiyv.puris directly related to the nulling amplifier output Fg sy according to

R

I~ 1
R+R,

— + —_— - a—
M-DLT — Vuur VN'T -

oy {39)

[Vn—.vuaa -

where V' porand ¥ porare the positive and negative inputs to the DUT amplifier, respectively.
Subsequently, the open-loop voltage gain of the DUT amplifier is found from Egs. (3.6}, (3.28),
and (3.97 to be given by

G, = Mops __[RFR ] AV {3.10)
AV oy R A,

L= VLT
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Figure 3.20. Open-oop gain test setup using nulling amplifier.

The nulling loop methed allows the test engineer to force two desired outputs and then
ndirectly measure the tiny inputs that cansed those two outputs. In this manner, very large gains
can be measured without measuring tiny voltages. Of course the accuracy of this approach
depends on accurately knowing the values of 8, and R;, and on mat-::hmg the two resistors,
labeled as Ra.

In order to maximize the signal handling capability of the test setup shown in Figure 3.20, and

avoid saturating the nulling amplifer, it is 2 good idea to set the voltage divider ratio to a value
approximately equal to the inverse of the expecied open-loop gain of the DUT op amp

G, (3.11)

from which we can write R, = G, R,.

m
"--——._—_._'___—-—__

Example 1.7

For the nulling amplifier setup shown in Figure 320 with B,=100 Q, R=100 ki and
Ry=100 kL2, together with Figp set to 2 value midway bebween the bwo power supply levels (its
actual value is not important as all signals will be referenced to it), SRC1 is set to Fign+ 1 V and
a voltage of Fiygp + 2.005 V is measured at the nulling amplifier cutput.  SRCI is set to
Vagp — 1 ¥V and a voltage of Fupp b 4.020 V is measured at the nulling amplitier output. What is
the open-leop gain of the amplifier?

Solttion:

Open laep gain is caleulated using the following procedure. First the change or swing in the
aulling amplifier nutput AVooxey; is computed

AV e 2005 V4020 V= -2.015 V
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then, using Eq. (3.5 the voltage swing at the input of the DUT amplifier, AV per, 1§ calculated

&

AV _pur = R+R AV v
=&{—2.{}15 W)
100+ 1004
==2.013 mV¥

Making use of the fact that A¥szer is 2 ¥, which forces AVoprr = -2V, the open-loep gain of
the amplifier is found o be
_ AVopeg 2V

G, = = 993.5 V/V
AV o -2.013mV

If the op amp in the preceding example had an open-loop gain closer to 100 V/V instead of
1000 V1V, then the output of the nulling amplifier would have produced a voltage swing of 20 V
instzad of 2 ¥. The nulling amplifier would have been dangerously close to clipping against its
oucput voliage rails {assuming +15-¥ power supplies). In fact, if a 5-V op amp were used as the
aulling amplifier, it would obvionsly not be able to produce the 20-V swing.

In the example, the nulling amplifier should have produced two voltages centered around
Vurs. Instead, it bad an average or common-mode offset level of approximately 3 V from this
value. A detaited circuit analysis teveals that this offset is caused exclusively by the input-
referred offset of the DUT. Hence, the offset that appears at the output of the nulling amplifier,
denoted Fonirgmen can be used to comupute the input-referred offset of the DUT, Fospor

Exercises

3.12. For the nulling amplifier setup shown in Figure 3.20 with =100 £, 7100 kf2, and
R:=100 k£, an SRC1 voltage swing of 1 V results im a 2.3-V swing at the output of the
malling amplifier. What is the open-loop gain in V/V of the DUT amplifier? What is the gain
in decibels?

Amns. 4352 V/V, 52,77 dB.

3.13. For the nulling amplifier setup shown in Figurs 3.20 with 8=1 k£, R;=100 kL2, and
R3=100 k£, an offset of 2.173 V + Vyyp appears ai the output of the nulling op amp when the
SRCI voltage is set to Fugp. What is the input offset of the DUT amplifier?

Ans. 21 5mV.

3.14. For the mntling amplifier setup shown in Figure 3.20 with Bi=100 €2, R;=500 k2 and
R£,=100 kL2, and the DUT op amp having an open-loop gain of 4,000 VA, what 15 the output
swing of the nulling amphifier when the SRC1 voltage swimgs by 1 V7

Ans. |25V
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Input-referred offsct would then be calculated using

R
V.;:.,g-..m-'r = ';!‘El_'_l—R? 4 - WUEL—OWE et {3.1 2}

As this method mvolves the same measured data used to compute the open-loop gain, it is a
commenly used method to determine the op amp input-referred offset. For the parameters and
measurement values described in Example 3.7, the input-referred offset voltage for the DUT is

o5 =BT = 10+ 100k 2
=30 m¥

100 [4.{]2{} V42005 v]

3.8 DC Power SvrrLy RerecTion RaTio

338.1 DC Power Supply Sensitivity

Power supply sensitivity (PS5} is a measure of the circuit’s dependence on a constant supply
voliage. Mormally it is specified separately with respect to the positive or negative power supply
voltages and denoted PSS” and PSS". PSS is defined as the change in the output over the change
int either power supply voltage with the input held constant

PSS*ELI:;L’ and PSS‘E%‘ (3.13)
a £57 |¥y, constane A FE |V, constant

In effect, P85S is a type of gain test in which the input is one of the power supply levels.

Example 3.8

The input of the x10 amplifier in Figure 3.21 is connected to its own Fugp source forcing 1.5 V.
The power supply is set to 3.1 V and a voltage of 1.5011 V is measured at the output of ths
amplifier. The power supply voltage is then changed to 2.9 ¥ and the output measurernent
changes to 1.4993 V. What is the PSS of the amplifier in ¥/V? What is the PSS in decibels?

Solition:

Az the positive power supply (Fpp) 15 being changed by SRC1, the positive power supply
sensitevity 15

AV, 15011 V-14993 V
AV...  31V20V

SR

‘-‘-'-‘—\——-_'_.___._ .S e e e
m

P35 = = & mV/V=-4092dB
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Flgure 3.21. Power supply sensitivity test setup.

3.8.2 DC Power Supply Rejection Ratio

Power supply tejection ratio {PSRR) is defined as the power supply sensitivity of a circuit
divided by the magnitude of the closed-loop gain of the circuit in its normal mode of operation.
Normally it is specified separately with respect to each power supply voltage. Mathematically,
We Write

PSRR® =023  and PSRR™ mone (3.14)

6] Gl

In Example 3.8, we found PSS'=0.00% V/V. In Example 3.5, the DC gain of this same cireuit
was found to be —=10.2 V/V. Hence the PSRR" would be

PSS™ _ 0.009 V/V

PSRR* = =
G| w2V

=882 uV/v
Power supply rejection ratio is often converted into decibel units

PSRR|,, =20log,, (882 1V/V)=-6109 dB

3.9 DC Common-MabpE REJECTION RATIO

39.1 CMRER of Op Amps

Commen-mode rejection ratio (CMRR) is a measurernent of a differential circuit’s ability 1o
teject a common-mode signal Fey at its inputs. 1 is defined as the magnitude of the common-
mode gain Gy divided by the differential gain Gp, given by
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GE‘.W

i1

CMRR = (3.15)

This expression can be further simplifiecd by substimting for the common-mode gain
Ue = AV, fAV,, |, together with the definition for mput-referred offset voltage defined in
Eq. (3.5), as follows

aifu/ aVa/
CMRE =L Fa | G| | A0 {3.16)
G, Al 1 lav,,

The nightmost eipression suggests the simplest procedure to measure CMRR; cne simply
measures AFgy subject to a change in the input common-mode level AFcar. Ome van megsure
AVps directly or indirectly, as the following two examples iliustrate.

Exam pfe';. 9

Figure 3.22 shows a simple CMRR. test fixture for an op amp. The test circuit is basically a
ditference-amplifier configuration with the two inputs tied together. ¥y issetto 1.5 V and an
mput common-mode voltage of 2.5 V is applied using SRC1. An output voltage of 1.50] V is
measured at the gutput of the op amp. Then SRC1 js changed to 0.5 V and the output changes to
1498 ¥V, What is the CMRR of the op amp?

Solution:

As the measurernent was made at the output of the circuit, we need to infer from these results the
AVpg for the op amp. This requires a few steps: The first is to find the influence of the op amp
mput-referred offset voltage Va5 on the test eircuit Qutput. As in Section 3.7.2, detailed circuit

Tea=stor

Tastar

Cp amp {on-chip Fuygp)

Figure 3.22. Op amp CMRR lest setup.
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analysis reveals

+R
VD:RIR il

!

Vos

With all resistors equal and perfectly matched, ¥p = 2 Vpr. Hence, A¥Vp = 2 A¥pg, or when re-
amanged, AFgs= 0.5 AVp. Subsequently, substitating tmeasured valucs A¥p = 1,501 V1498 ¥V
=3 mY, we find AFge= 1.5 mV. This result can now be substinted into Bq. {3.16), together with
AV ear= AFpey = 2.5V — 0.5 ¥V = 2.0V, leading to a CMRR = 750 pV/V or —62.5 dB.

e

There is one major problem with this technique for measuring op amp CMRR: the resistors
must be known precisely and carefully matched. A CMRR value of —100 dB would require
resistor matching to 0.0001%, an impractical value (o achieve in practice. A better test circuit
setup is the nulling amplifier configuration shown in Figure 3.23. This configuration 15 very
sitnilar to the one used previously to measure the open-loop gain and input offsets of Section 3.7.
The basic citeuit arrangement is identical, only the excitation and the position of the voltmeter
are changed. With this test setap, one can vary the common-mode input to the DUT and measure
the differential voltage between the input SRC1 and the nulling amplifier output, which we shall
denote as Foyprz. This in tum can then be vsed to deduce the input-referred offset for the DUT
amplifier according to

Vos-pur = m Va_strs (3.47)

Subsequently, the CMRR. of the op amp is given by

CALRR = RI | aVvl?'\—."uﬁl'.l'l..[. ‘

3.18
R1+Rz| AV e I (3-18)
Tester Vo Toster
K3
-------------------- g C
B ; : 11
ANy 0 ! R3
i AN \
A T : >
SRC1 Ry \ DUT ; O_r
L v Vum

' ;' +
Veger |y TTTTTTTTTTTTTTTTT Nulling amp G@_Vﬁm

Figure 3.23. Op amp CMRR test setup using nulling amplifier.
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Example 3.1t

For nulling amplifier sehup shown in Figure 323 with £,=100 02, B:=100 k £, and £:=100 k €2,
together with Fip set to a value midway between the two power supply levels, SRCI is set to
+2.5 V and a differentia} voltage of 10 mV is measured between SRCI and the output of the
oulling amplifier. Then SRCI is set to 0.5 V and the measured voltage changes to —12 mV.
What is the CMRR of the op amp?

Solution:

Using Eq. (3.17}, we deduce

AV e e =——— L A
fF-DLr R| +R= -ALIE L

100
100+ 100k
=22 4V

[10 mV —{-12 mV}]

for & corresponding AFsger =23V - 0.5V, or 2.0 V. Thus the CMRR iz

CMRR = 222Y _11#Y _ 0017 4B
0V v

e ——— ————— — ————————— ————

3.9.2 CMRR of Differentlal Gain Stages

Integrated circuits often use op amps as part of a larger circuit such as a differential input
amplifier. In these cases, the CMRR of the op amp is not as important as the CMRR of the
circuit a3 3 whole. For example, a differentisl amplifier configuration such as the one in
Figure 3.22 may have terrible CMRR if the resistors are poorly matched, even if the op amp
itsel{ has a CMRR of 100 dB. The differential input amplifier CMRR specifications include not
only the effects of the op amp, but also the effects of on-chip resistor mismatch. As such, we
determine the CMRR. using the original definition given in Eq. (3.15). Qur next example will
illsirate this.

“
e i —

Exampie 3.11

Figure 3.24 illustrates the test setup to measure the CMRR of 2 differential amphfier having =
nominal gain of 10 No assumption about resistor matching is made. Bath inputs are connected
to a4 commeon voltage source SRC! whose output is set to 2.5 V. A voltage of 1.501 ¥ is
megsured at the outpat of the DUT. Then SRCI is set to 0.5 V and a second voltage of 1.498 ¥
is measured at the DUT ourput. Next the differential gain of the DUT circuit is measured using
the technique described in Scction 3.7.1. The gain was found to be 102 ViV, What is the
CMRR?
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v 1 kL2
M NVOUT
>

Taster

Differential x10 amplifier
(¥ generated on-chip}

Figure 3.24. A 10 Bifferential amplifier CMRR test setup.

Solution:

Since AVg= 1.501 V — 1 498 V =3 mV corresponding to a AVeyw= AVsper = 2.0 V, the common-
mode gain Ge is calculated to be equal to 00015 V/V. In addition, we are told that the
differential gain Gp is 10.2 ¥/V; thus we find the CMRR from the following

G, |_|pomsvyv |

CMRR = =0.000147 =—76.65 dB
|G, | | 102v/V B

- ——————

Exercises

3.15. An amplifier has an expected CMRR of -100 dB. For a 1-V change in the input
gomman-mode level, what is the expected change in the input offset voltage of this amplifier?

Ans. 10pv,

3.16. For the nulling amplifier CMER setup in Frgure 3.23 with R=100 £, K:=500 k€, and
B 100 kG, SRCI is set to +3.5 V and a2 differential voltage of 210 mV is measured between
SRCI and the output of the nulling amplifier. Then SRCI is set to 8.5 V and the measured
voltage changes to —120 mV. Whal 15 the CMRR of the op amp m decibels?

Ans. 21990V 9315 4B
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310 Comraratror DC Tesrs

3101 Iaput Offser Voliage

[nput oftset voltage for a comparator is defined as the differential input vedtage that causes the
comparator o switch from one puiput logic state to the other. The differential input voltage can
be ramped from one voltage to another to find the point at which the comparator chunges state.
This switching paint is, however, dependent on the input common-mode level, One usually tests
for the mput offset vollage under worst-case conditions as outlined in the device test plan.

'[ Example 3.1

The comparator in Figure 3.25 has a worst-case input offset voltage of +50 mV and a midsupply
voltage of 1.5V, Describe a test setup and procedure with which te obtain its ioput offset
voltage,

Tester !

Tester

SRC1

Flgure 3.25. Comparator Input offset voltage test setup.

Solution;

The comparator in Figure 3.25 is connectad to two voltage sources, SRCI and SRC2, SRCZ is
set to 1.5 V and SRC! is ramped upward from 1.45 to 1.55 V, as the switching point is expected
to lie within this range. When the output changes trom logic LO to logic HI, the ditferential
input voltape Fpy 18 neasured, resulting in an input offsat voltape reading of +3 mV. The Vi
vollage could he deduced by simply subtracting 1.3 WV from the SRCI voltape, assuming the DC
sources foree voltages to an accurzey of a few hundred microvelts.  This 15 usually a
guestionable assumption, though. It is best to measure small voltages using a voltmeter rather
than assume the tester’s DO sources are set to exact voltages.

‘-‘-‘-‘-'_‘—-_——_-uu-n_u_u._-—u__u-u_—— —
m
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Tester

SRG1

Yin- Ve

Figure 3.26. Slicer threshold voltage test setup.

2.10.2 Threshold Voltage

Sometimes a fixed reference voltage is supplied to one input of a comparator, forming 2 circuit
known as a sficer. The input offset voltage specification is typically replaced by a single-ended
specification, called threshold voltuge.

The slicer in Figure 3.26 is tested in a similar manner as the comparator circuit in the previous
example. Assuming the threshold voltage is expecied to fall between 1.45 and 1.55 V, the input
voltage from SRC1 is ramped upward from 1.45to 1.55 V. The output switches states when the
imput 15 equal to the slicer's thresheld voltage.

Notice that threshold voltage will be affected by the accuracy of the on-chip voltage
reference, Fm. In theory, the threshold voltage should be equal to the sum of the slicer’s
teference voltage ¥y plus the input offset voltage of the comparator. Threshold voliage ertor is
defined as the difference between the actual and ideal threshold voltages.

31.10.3 Hysteresis

in the comparator input offset voltage example, the cutput changed when the input voltage
reached 5 mV. This occurred on a rising input voltage. On a falling input voltage, the threghald
may change to a lower voltage. This characteristic is called Aysteresis, and it may or may not he
an intentional design featurs. Hysteresis is defined as the difference in threshold voltage
between a nising input test condition and a falling input condition.

e —
Example 3.13

The comparator in Figure 3.23 is connected to two voltage sources, SRCI and SRC2. SRCZ is
setto 1.5 ¥ and SRCI is ramyped upward from 145 to 1,535 V in 1-mV steps. When the oulput
changes trom logic LO to logie 1L, the differential input voltage I1s measurad, resulting in an
input offset voltage reading of +3 mV. Then the input is ramped downward from P55t 145V
and the outpul switches when the input voltage reaches -3 mV. What is the hysteresis of this
comparator?
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Solution:
The hysteresis is equal to the difference of the two input offset vollages

SmV -{-3m¥Y)=8mV

It should be noted that input off5er voltage and hysteresis may change with different common-
mode input voltages. Worst-case test conditions should be determined dunng the charactenzation
PrOCEsS.

Excreises

A17. A comparator hus an input offset voltage of 50 mV and its positive terminal is
connected to a 1-Y level, at what voltage on the negative terminal does the comparator
change state?

Ans, 0.950 Y,

3.18. A slicer circuit is connected to & 1 .65 V reference ¥y and has a comparator input offset
voltage of 11 mV. At what voltage level will the slicer change state?

Ans., 1.7a V.

3.19. A comparator has a measured hysteresis of 5 m¥ and switches state on a rising input at
2.100 ¥, At what voltage does the compacator change to a low state on a falling input?

Ans, 2091 V.

311 Vootace SEarCH TECHNIQUES

3.11.1 Binary Searches versus Step Searches

The technique of ramping input voltages until an cutput condition is met is called a ramp search,
Or step search. Step searches are time-consnming and not well snited for production testing. A
more efficient binary search technique may be used to reduce test time while maintaining the
desired search resolttion,

ln a binary search, the input is adjusted vp or down using a successive approximation
algorithm. A binary search cun be applied to the comparatar input offsct voltage test described
in the previous section. Instead of ramping the input voltage from 1.45 w 1.55 ¥, the
compatator iepat 1s s¢tto 1.5 Y and the output is observed. Tt the output is kigh, then the input 15
increaseal by one quarter of the 100-mV search range (235 mV) to try to make the output go low,
It an the other hand. the cutput is tow, then the input 13 reduced by 23 mV to oy to force the
autput high. Then the output 15 observid again, This time, the ioput 15 adjusted by one-esighth of
the scarch ranges (123 mVY.  This process s repeated until the desined input adjustment
resalution is reached.
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The problem with the binary search technique is that it does not work well in the presence of
hysteresis. The binary search algonithm assumes that the input offset voltage is the sume whether
the imput voliage is increased or decreased. [If the comparator exhibits hysteresis, then there are
twe dhifferent threshold voltages to be measured. To get around this problem without reverting to
the nme-vonsuming ramp search technigque, a hybrid approach can be used. A binary search can
be used to find the approximate thresheid voltage quickly. Then a step search can be used with a
much smaller search voltage range.

Anocther solution to the hysteresis problem is to use a modified binary search zlgorithm in
which the output state of the comparator is retumed to a consistent logic state between binary
seurch approximations. The output state is set to a consistent level between approximations by
forcing the input either well above or well below the threshold voltage. In this way, steps are
always taken in one direction, aveiding hysteresis effects, To measore hysteresis, a binary search
i used once with the output state forced high between approximations. Then input offser is
measured again with the cutput state forced low between approximations, The difference in
input offset readings is equal to the hysteresis of the comparator,

3.11.2 Linear Searches

Linear circuits can make use of an even faster search technique called a finear search. A linear
search is similar to the binary search, except that the input approximations are based on a linear
interpolation of input-output relationships. For example, if a 0-mV input to a buffer amplifier
results in a 1Q-mV owtput and 4 1-mY¥ input results in a 20-mY output, then a —1-mV input will
probably result in a 0-mV output. The linear search algorithm keeps refining its guesses using a
simple Fopr = Mx¥w + B alporithm until the desired zccuracy is reached. The following
example will illustrate the method.

. O O O O O O O O O O o
Exurmple 3,14

Using g linear search slgorithm find the input offset voltage Fos for a x10 amplifier.
Solution:

The input to a x10 amplifier is set to 0 ¥ and the output is measured, vielding a reading of
120 m¥Y. The gain M is known to be approximately 10, since this is supposed to be a x10
amplifiecr. The value of offset B can be approximately determined using the Forr = MM + B
linear eguation, that is
120mV=M>x0mV+ 8 =10x0mV+ 5
= 5 =120 mV (first-pass goess)

Since 0 mY is she desired output, the next estimate far ¥og can be calculated using the linear
gqualion again

0 m¥ (desited Vo =M %V, + 8 =10xF,, +120 mV

Rewniting this eguation to solve tor Fuy, we get
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CEE L L

(0 mV-120 mV)
0 =-12 mV

I

Applying the best guess of —12 mV to the input, another output measurement is made, resulting
ir a reachng of B mV. Now we have two equations in two unknowns

120mV =M>x0mV - B
RmV =M (12 mV}+ £
from which a more accurate cstimate of 3 and B can be made. Solving for the two unknowns

_ 120mV-8mV
0 mV-(-12 mV)
B =10 mV-[ M (-12 mV)]=122 mV

=0333 VJV

The next input approximation should be close enongh to the input offset voltage to produce an
ountput of 0 mV, that is

S (0mVv-8) (0 mV-122 mV})

=-13.1 mV
o A 9.333

The input offset voltage of the %10 amplifier is therefore —13.1 mV, assuming the circuit is
linear. In cases where the input-cutput relationship is not linear, the linear search technique will
still work, but will require morte itecations of the above process. During each iteration, the hinear
interpolations are calculated using the most recent two input-output data points until the input
converges to the desired measurement resolution.

Exercises

220, For an amplifier characterized by Fopr= 10Fw — Vit + 5 over & 5 V output voltage
range, determine the input offset voltage using a binary search process. The input offset
voltage is known to fall between 464 and 496 mV. How many search iterations are required
for a maximum error of 1 V7 List the input values and cotresponding outputs.

Ans. A 32-mVY search range with 2-mV resolution is required, requiring four binary
iterations: (13 —480 mV, —30.4 mV; (2) —472 mV, +57 mV; {3) —476 mV, +13.4 mV,
(3 478 mV. -%.5 mV. The final estimate is thus 477 mV (Far = +477 mV; true answer 15
RATT2 mV,

3.21. Repeut Exercise 3.20 using a linear search process starting with two points al Py =
=230 m¥ and --750 mV. How many iteratigns are required tor < 1 my ermor in Fag?

Ans, Twa iterations produce estimates of Fos = 14716 mV and Fog = #4771 mV.

e
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3.12 DC Tests For Dhorral CIRCUITS i

3121 Il

The data sheet for a mixed-signal device usually lists several DC specifications for digital inputs
and outputs. Input leakage currents (Jy and f17) were discussed in Section 3.2.2. Input leakage 15
also specified for digital output pins that can be set to a high-impedance state.

3122 Viu'Vi

The input high voltage (i) and input low voltage (V) specify the threshold voltage for digital ;
inputs. [t is possible to search for these voltages using a binary search or step search, but it 1s -
more common to simply set the tester to force these levels into the device as a go/no-go test. If
the device does not have adequate ¥y and ¥y thresholds, then the test program will fail one of
the digital pattern tests that are used to verify the DUT’s digital functionality. To allow a
distinction between pattern failures caused by Vp/Pp semtings and patterns failing for other
reasons, the test engineer may add a second identical pattern test that uses more forgiving levels
for Vy# V. If the digital pattern test fails with the specified ViV levels and passes with the
less demanding settings, then ¥/ ¥y, thresholds are the likely failure mode.

3123 VotV |

Vi and Ve are the output equivalent of ¥y and ¥. Fou is the minimum guaranteed voltage
for an output when it is in the high state. Vg is the maximum guaranteed voltage when the
cutput is in the low state, These voltages are usually tested in two ways. First, they are
measured at DC with the output pin set to static high/low levels. Sometimes a pin cannot be set
to & static cutput level dve poor design for test considerations, so only a dynamic test can be
performed. Dynamic Fog/Veo, testing is performed by setting the tester to expect high voltages
above. Vom and low voltages below Fpy The tester's digital electronics are able to venfy these °
voltage levels as the cutputs toggle during the digital pattem tests. Dynamic Vou'For testing is
another go/no-go test approach, since the actual ¥opf Vo voltages are verified but not measured.

3124 Ioxfios

Vor and Fog levels are guaranteed while the outputs are loaded with specified load currents, Jox
and f;. The tester must pull current out of the DUT pin when the output is high. This load |
current is called 7oy Likewise, the tester forces the for current into the pin when the pin is low.
These currents are intended to force the digital outputs closer to their Fou/Vor specifications, 1
making the Vo Vo tests more difficult for the DUT to pass. fop and Jop are forced using a
dicde bridge circuit in the tester’s digital pin card electronics. The diode bridge circuit is :
discussed in more detail in Chapter 5, “Tester Hardware.”

3.12.5 [fogr and Jose Short Circuit Current

Dhgital putputs often include a current-limiting featre that protects the output pins from damage 4
during short circuit conditions. 1f the output pin is shorted directly to ground or Lo o power |
supply pin, the proteetion circuits limit the amount of current tlowing into or cur of the pin. -
Short cireuit cutrent is measured by setiing the output to a low state and forcing 2 high voltage -

5
-
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{usually ¥pp) into the pin. The current flowing into the pin (fos) is measured with one of the
tester’s current meters. Then the output is set to a high state and 0 V is forced at the pin. The
current flowing out of the pin {{psy) is again measured with a current meter.

3.13 SuMMARY

This chapter has presented only a few of the many DC tests and techniques the mixed-signal test
engineer will encounter.  Several chapters or perhaps even a whole bock could be devoted to
highly accurate DC lest techniques. However, this book is intended to address mixed-signal
testing. Hopefully, the limited examples given in this chapter will serve as a solid foundation
from which the test engineer can build a more diversified DC measurement skill set.

DC measursments are trivial to define and understand, but they can sometimes be
excruciatingly difficult to implement. A DC offset of 100 mV is very easy to measure if the
required accuracy is £10 mV. On the other hand if 1-pV accuracy is required, the test engineer
may find this to be one of the more daunting test challenges in the entire project. The accuracy
and repeatability requirements of seemingly simple tests like DC offset can present 2 far more
challenging test problem than much more complicated AC tests.

Accuracy and repeatability of measurements is the subject of the next chapter. This topic
pertains to a wide variety of analog and mixed-signal tests. Much of a test engineer’s time is
consumed by accuracy and repeatability problems. These problems can be one of the most
aggravating aspects of mixed-signal testing. The successful reselution of a perplexing accuracy
problem can also be one of the most satisfying parts of the test engineer’s day.

Problems

3.1. The output of a 10-V voltage regulator varies from 9.95 V under no-load condition to
9.34 V under a 10-mA maximum rated load cuient. What is its load regulation?

3.2. The output of a 5-V voltage reguiator varies from 4.86 to 4.32 V when the input voltage
is changed from 14 to 6 V under a maximum load condition of 10 mA. What is its hne
regulation?

3.3. A9-V voltage regulator is rated to have a load regulation of 150 mV for a maximum load
current of 15 mA. Assuming a no-load cutput vollage of 9 ¥, what is the expected output
voltage at the maximuim load current?

3.4. A 6V regulator has an output no-load voltage specification of 575 V (MIN) to 6,23 V
(MAX), a load repulation specification of 150 mV (MAX) and a dropout voltage
specification of 1.5 V (MAX), With a 7.5-V input voltage, what 15 the lowest output
voltage that s passing regulator could produce under maximum loading conditions?

3.5. A voltage of 1.2 V is dropped across an mpat pin when a 100 LA current is forced inte
the pin. Subsequently, a 1.254-V level occurs when the current is increased to 200 uA,
What 15 the mnput impedance?

3.6. The input pin of a device is characterized by the i-v relationship: 7= 0.001 v - 100, What
is the impedance seen tooking into this pin?
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Voltages of 1.2 and 3.3 V appear at the output of an amplfier when currents of 10 and
+10 mA, respectively, are forced into its output. What is the output impedance?

The no-load output voltage of an amplifier is 4 V. When a 600-£2 load is attached to the
gutput, the voltage drops to 3 V., What is the amplifier’s output impedance?

For a x10 amplifier characterized by Vour = 10Fw ~ ¥jy® + 5 over a £15-V range, what
are its input and output offset voltages?

A voltmeter introduces a measurement error of -3% while measuring a 1-V offset from an
amphifier. What is the actual reading captured by the voltmeter?

A voltmeter with an input impedance of 500 k0 is used to measure the DC output of an
amplifier with an output impedance of 500 kQ. What is the expected relative error made
by this measurement?

A differential amnplifier has outputs of 2.4 ¥V (OUTP) and 2.7 V (OUTN) with its input set
to a Fuyp reference level of 2.5 V. What are the single-ended and differential offsets? The
common-mode offzet? (All offsets are to be measured with respect to Mugp.)

A, perfectly linear amplifier has a measured gain of 5.1 V/V and an output offset of
—3.2 V. What is the input offset voltage?

Voltages of 0.8 and 4.1 V appear at the output of 2 single-ended amplifier when inputs of
1.4 and 1.6 V are applied, respectively. What is the gain of the amplifier in ¥/V? What is
the gain in decibels?

An amplifier is characterized by Four= 3.5V + 1 over the input voltage range 0 to 5 V.
What is the amplifier cutput for a 2-V input? Similarly for a 3-V input? What js the
comespending gain of this amplifier in V/Y over the 1-V swing? What is the gain in
decibels?

An araplifier is characterized by Vogr= 1.5V + 033 ¥pd +1 over the input voltage range
0 to 5 V. What iz the amplifier output for a 1-V input? Similarly for a 3-V input? What is
the corresponding gain of this amplifier in V/V over the 1-V swing? What is the gain in
decibels?

For the nuiling amplifier setup shown in Figure 3.20 with Ri=100 Q, R;=200 kQ, and
Rs=50 k0, an SRC! input swing of 1 ¥ results in a 130-mV swing at the output of the
nulling amplifier. What is the open-loop gain of the DUT amplifier in V/¥? What is the
Eain in decibels?

For the nulling amplifier setap shown in Figure 3.20 with Ry=200 Q, R;=10] k&2, and
Ry=100 k2, and a ¥up of 2.5 W, an offset of 3.175 V (relative 1oy ground) appears at the

output of the nulling op amp when the input is set to Fyp. What is the input offset of the
DUT amplifier?

For the nulling amplifier setup shown in Figure 3.20 with 8,=100 £, K;=501 kL2, and
R3=100 k€), and the DUT op atnp having an open-loop gain of 1000 VIV, what is the
output swing of the nuiling amplifier when the input swings by | V7

The input of a =10 amplifier is connected to a voltage source forcing 1.75 V. The power
supply is setto 4.9 ¥ and & voltage of 1. 700V is measured at the output of the amplifier.
The power supply voltage 13 then changed to 5.1 V and the putput measurement changes
to 1.708 V. What is the PSS What is the PSRR if the measured gain is 9.8 Viv7
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For nulling amptifier CMRER setup shown in Figure 3.23 with £,=100 £2, Rz=300 k&2, and
Fa=100 k &, SRCI s set o +3.5 V and a differencial voltage of 130 mV is measured
between SRCI and the output of the nulling amplifier. Then SRCI is setto 1.0 V and the
measured voltage changes to —260 mV. What is the CMRER of the op amyp in decibels?

An amplifier has an expected CMRR of -85 dB. For a 1-V chanpe in the input commmon-
mode level, what is the expectsd change in the input offset voltage of this amplifier?

A comparator bas an input ofiset voltage of 6 mV and its negative terminal is connected
1o a 2.5-V level, at what voltage on the positive terminal does the comparator change
state?

A slicer circuit is comnected to @ 2-V reference and has a threshold voltage ermor of
20 mY¥, at what voltage tevel will the slicer change state?

If a slicer’s 2.5-V reference has an error of +100 mV and the comparator has an input
offzet of —10 mV, what threshold voltage should we expect?

A comparator has a measured hysteresis of 10 mV and switches state on a rising input at
2.5 V. At what voltage does the comparator change to a low state on a falling input?

For an amplifier chatacterized by Fopr= 6V + (L5 a® — 2 over a £1-V input voltage
range, deterrmne the input offset voltage using a lingar search process, starting with two
points at =i V. After how many iterations did the answer change by less than ! mV?
How many iterations would have been required vsing a binary search from —1 to +1 ¥?
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CHAPTER

Measurement Accuracy

4.1 TERMINOLOGY

4.1.1 Accuracy and Precision

In conversational English, the terms aceuracy and precision are virtually identical in meaning.
Roget’s Thesaurus' lists these words as synonyms and Webster's Dictionary” gives almost
identical definitions for them. However, these terms are defined very differently in engineering
textbooks’™. Combining the definitions from these and other scurces gives us an idea of the
accepted technical meaning of the words:

Accuracy — The difference between the average of measurements and a standard sample
for which the “true” value is known. The degree of conformance of a tast inshument to
absolute standards, usually expressed as a percentage of reading or a percentage of
measurement range (Ul scale).

Pracizion — The variation of & measurement system obtained by repeating measurements
on the same sample back-to-back using the same measurement conditions.

According to these definitions, precision refers only to the repeatability of a series of
measuretnents. it does not refer to consistent ercors in the measurements. A series of
measurements can be incorrect by 2 V, but as long as they are consistently wrong by the same
amount, then the measurements are considered to be precise.

This definition of precision 13 somewhat counterintiitive to most people, since the words
precision and accuracy are so often used synonymously, Few of us would be impressed by a
“precision” voltmeter exhibiting a consistent 2-V error! Fortunately, the word repeatabifity is far
maore commonly used in the test engineering field than the word precision. This textbook will
use the term accnracy to refer to the overall cleseness of an averaged measurement to the true
value and repeatability to refer to the consistency with which that measurement can be made.
The word precivion will be avoided.

Unformnately, the definition of accuracy is also somewhat ambiguous, Many sources of ermor
can affect the accuracy of a given measurement. The accuracy of a measurement should
probably refer to all possible sources of error.  However, the accuracy of an instrument {as
distinguished from the accuracy of a measurementy is often specified in the absence of
repeatability Nuctuations and instrument resolution limitations.  Rather than trying to decide
which of the various error sources are included 1o the definition of accuracy, it is probably more
useful o discuss seme of the common crmer components that contribute [0 messuremett

a7
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ingccuracy. 1t is incumbent upon the test engineer to make sure all components of error have
been accounted for in a given specification of accuracy.

4.1.2 Systematic Errors

Systematic erors are those that show up consistently from measurement to measurement. For
example, assume an amplifier’s output exhibits an offset of 100 mV from the ideal value of O V.
Using a digital voltmeter (DVM) we could take multiple readings of the offset over time and
record each measurement. A typical measurement series might lock like this:

10) mV, 103 mV, 102 mV, 101 mV, 102 mV, 103 m¥, 103 mV, 101 mV, 102 mV...

This measurement serics shows an average emor of about 2 mV from the true value of
100 m¥. Errors like this are cansed by consistent errots in the measurement instruments. The
errors can result from a combination of many things, including DC offsets, gain errors, and
nonideal linearity in the DVM’s measurement circuits. Systematic errors can often be reduced
through a process called cafibration. Various types of calibration will be discussed in more
detail in Section 4.2.

4.1.3 Random Errors

Notice in the preceding example that the measurements are not repeatable. The DVM gives
readings from 101 to 103 mV. Such variations do not surprise most engingers because DVMs
are relatively inexpensive. On the other hand, when a two million dollar piece of ATE
equipment cannot produce the same answer twice in a tow, eyebrows may be raised.

inexperienced 15t engineers are sometimes sutprised to leamn that an expensive tester cannot
give perfectly repeatable answers. They may be inclined to believe that the tester software is
defective when it fails to produce the same result every time the program is executed. However,
experienced test engineers recognize that a certain amount of random errer is 1o be expected in
analog and mixed-signal measurements,

Random errots are usually caused by thermnal noise or other noise sources in either the DUT
or the tester hardware, One of the bipgest challenges in mixed-signal testing is determining
whether the random errors are caused by bad DIB design, by bad DUT design, or by the tester
itself. If the source of error is found and cannot be corrected by a design change, then averaging
or filtering of measuretnents may be required. Averaging and filtering are discussed in more
detai] in Section 4.3,

4.1.4 Resolution (Quantization Error)

In the 100-mV measurcment list, notice that the measurements sre always rounded off to the
nearcst millivolt, The measurement may have been rounded off by the person taking the
measurements, or perhaps the DVM was only capable of displaying three digits. ATE
measurement instruments have similar limitations in measurement resolution.  Limited resolution
results fTom the fact that continuous analog signals must first be converted into a digital format
before the ATE computer can evaluate the test results. The tester converts anatog signals into
digital form using analog-to-digital converters (ADCs).
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Figure 4.1. Cutput codes versus input voltages for an ideat 3-hit ADC,

ADCs by nature exhibit a feature called guantization ervor, Qusntization error is a result of
the conversion from an infinitely variable input voltage {or cumrent) to a finite set of possible
digital output results from the ADC. Figure 4.1 shows the relationship between input voltages
and output codes for an ideal 3-bit ADC. Notice that an input voltage of 1.2 V results in the
same ADC output code as an input voltage of 1.3 V. In fact, any voltage from 1.0 to 1.5 V will
produce an output code of 2.

If this ADC were part of a crude DC voltmeter, the meter would produce an cutput reading of
1.25 V any time the input voltage falls between 1.0 and 1.5 V. This inherent error in ADCs and
measurement instruments is caused by quantization error. The resolution of 2 DC meter is often
limited by the quantization error of its ADC ¢ircuits.

If a meter has 12 bits of resolution, that means it can resolve a voltage to one part in 2’1
{one part in 4095}, [f the meter’s fill-scale range is set to £2 V, then a resolution of
approximately | mV can be achieved (4 V / 4095 levels). This does not automatically mean that
the meter is accurate to 1 mV, it simply means the meter cannot resolve variations in input
voltage smaller than 1 mV. An instrurnent’s resolution can far exceed its accuracy. For
examie, a 23-bit voltmeter might be able to produce a measurement with a 1-uV resolution, but
it may have a systematic ervor of 2 mV.

4.1.5 Repeatability

Nomrgpeatable answers are a fact of life for mixed-signal test engineers. A large portion of the
time required to debug 4 mixed-signal test program cun be spent tracking down the various
sources of poor repeatability. Since all electeical circuits generate a certain amount of random
oise, measieements such as those in the 100-my offsat example are faitly common. In fact, if a
st engineer gets the same answer 10 Umes in oo tow, it is time to start looking for a problem.
Mast likely. the tester instrument’s full-scale volisge rnge has been set too high, resulting in a
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measurement resolution problem. For example, if we configured a meter to a range having a
10-m¥ resolution, then ocur measurements from the prior exumple would be very repeatable
(100 m¥, 100 mV, 100 mV, 100 m¥Y, etc.). A novice test engineer might think this is a temfic
result, but the meter is just rounding off the answer to the nearest 10-mV increment due to an
input ranging problem. Unfortunately, a voliage of 104 mV would also have resulted in this
same series of perfectly repeatable, perfectly incorrect measarement resulis. Repeatability is
desirable, bat it does not in itsel guarantee acouracy.

Exercises

4.1, A 5-mV signal is measured with a meter ten times resulting in the following sequence of
readings: 5 mV, 6 mV, 9 mVy, 8 mV, 4 mV, 7 mV, 5 mV, 7 mV, 8 m¥, 11 mV. What is the
average measured value? What is the systematic error?

Ans. Tm¥,2mV.

4.2. A meter is rated at 8-bits and has a full-scale range of +5 V. What is the measurement
nncertainty of this meter, assuming only quantization errors from an ideal meter ADC?

Ansg. 195 mV.

4.3, A signal is to be measured with a maximum vncertainty of £0.5 pv. How many bits of
resolution are required by an ideal meter having a +1 V full-scale range?

Ans. 21 bits,

4.1.6 Seability

A measurement instrument’s performance may drift with time, temperature, and humidity. The
degree to which a series of supposedly identical measuremnents remains constant over time,
temperature, humidity, and all other titne-varying factors is referred to as stabifiry. Stability is an
essential requirsment for accurate instrumentation.

Shifts in the electrical performance of measursment circuits can lead to errors in the tested
results.  Most shifts in performance are caused by temperature variations. Testers are usually
equipped with tetnperature sensors that can automatically detenmine when a temperature shift has
oceurred. The tester must be recalibrated anytime the ambient temperature has shifted by a few
degrees. The calibration process brings the tester instruments back into alignment with known
electrical standards so that measurement accuracy can be maintained at all times.

After the tester 15 pawered up, the tester’s circuits must be allowed to stebilize to a constant
temperature before calibrations can pceur. Otherwise, the measurements will drift over time as
the tester heats up. When the tester chassis is opened for maintenance or when the test head is
opened up or powered down for an extended peried, the temperature of the measurement
electronics will typically drop. Calibrations then have to he rerun once the tester recovers to a
stable temperature.

Shifts in perfommanee coan also be caused by aging electrical compenents. These changes are
typicnlly much slower than shitts due to temperature. The same calibration processes used to
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account for temperature shifis can casily accommedate shifts of components cansed by aging.
Shifts cansed by bumidity are less common, but can also be compensated for by periedic
calibrations.

4.1.7 Correlation

Correlation is another activity that consumes a grear deal of mixed-signal test program debug
time. Correlation is the ability to get the same answer using different pieces of hardwate or
software. It can be extremely frustrating to try to get the same answer on two different pieces of
equipment using two different test programs. It can be even more frustrating when two
supposedly identical pieces of test equipment running the same program give two different
ANSWETS.

Of course correlation is seldom perfect, but how good is good enovgh? In general, it is a
good idea to make sure the correlation errors are less than one-tenth of the full range between the
minimum test limit and the maxirmm test limit, However, this is just a rule of thumb. The exact
requirements will differ from one test to the next. Whatever correlation errors exist, they must
be considered part of the measurement uncertainty, along with nonrepeatability and systematic
eITOHS,

The test engineer must consider several categories of correlation. Test results from & mixed-
signal test program cannot be fully trusted until the various types of comelation have been
verified. The more common types of correlation include tester-io-bench, tester-to-tester,
program-to-program, DIB-10-DIB, and day-to-day correlation.

Tester-to-Bench Correlation

Often, a customer will construct a test fixture using bench instruments to evaluate the quality of
the device under test. Bench equipment such as oscilloscopes and spectrum analyzers can help
validate the accuracy of the ATE tester’s measurements, Bench correlation is & good idea, since
ATE testers and test programs often produce incorrect results in the early stages of debug. In
addition, IC design engineers often build their own svaluation test setups to allow quick debug of
device problems. Each of these test setups must comrelate to the answers given by the ATE
tester. Often the tester is correct and the bench is not. Other times, test program problems are
uncovered when the ATE results do not agree with a bench semp. The test engineer will often
need to help debug the bench setup to get to the bottom of correlation errors between the tester
atud the bench.

Tester-to-Tester Corvelation

Sormetimes a test program will work on one tester, but not on another presumably identical tester.
The differences between testers may be catastrophically different, or they may be very subtle.
The test engineer should compare all the test results on one tester to the test results obtained
using other testers. Qunly after all the tosters agree on all tests is the test program and test
hardware debugged and ready for production.

Simitar correlation problems arise when an existing test program is ported from one fester
rype to another. Often, the testers are neither software vompatible nor hardware compatible with
one anothaer. In tact, the two testers may not even be manufactured by the same ATE vendor. A
myriad of correlation problems cun anise because of the vast differences in [MB layout and tester
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software between different tester types. To some extent, the architecture of each tester will
determine the best test methodology for a particular measurement. A given test may have to be
executed in a very different manner on one tesier versus another. Any difference in the way a
measurement is taken can affect the results. For this reason, correlation between two different
test approaches can be very difficult to achieve, Conversion of a test program from cne type of
tester to another can be one of the most daunting tasks a mixed-signal test engineer faces.

Frogram-to-Program Correlation

When a test program is streamlined to reduce test time, the faster program must be correlated to
the original program to make sure no significant shifts in measurement results have ocourrad.
Often, the test teduction technigues cause measurement errors because of reduced DUT settling
time and other timing-related issues. These correlation errors must be resolved before the faster
ptogram ¢an be released into production.

DHE-te-DE Correlation

No twp DIBs are identical, and sometimes the differences cause correlation errors. The test
engineer should always check to make sure that the answers obtained on multiple DIB hoards
agree. DB correlation errors can often be corrected by focused calibration software written by
the test engineer (this will be discussed further in Section 4.2 and in Chapter 10, “Focnsed
Calibrations™).

Day-to-Deay Correlation

Corrslation of the same DIB and tester over a period of time is alse important. If the tester and
DIB have been properly calibrated, there should be no drift in the answers from one day to the
next. Subtle errors in software and hardware often remain hidden until day-to-day correlation is
performed. The usual solution to this type of comrelation problem is to improve the focused
calibration process.

4.1.8 Reproeducibility

The term reproducibility is often used interchangeably with repeatability, but this is not a correct
usage of the term. The difference between reproducibility and repeatability relates to the effects
of correlation and stability on a series of supposedly identical messurements. Repeatability is
most often used to describe the ability of a single tester and DIB board to get the same answer
multiple times as the test program is repetitively executed.

Reproducibility, by contrast, is the ability to achieve the same measurement result on a given
DUT using any combination of equipment and personnel at any given time. It is defined as the
statistical deviation of a series of supposedly identical measurements taken over a period of time.
These measurements are taken using various combinations of test conditions that ideally should
not change the measurement result, For example, the choice of equipment operator, tester, DIB
baard, etc., should not affect any measurement resuli.

Consider the case in which a measurement is highly repeatable, but not reproducible. [n such
a case, the lest program may consistently pass & patrticular DUT on a given day, and yit
consistently fail the same DUT on another day or on anofher tester. Clearly, measurements must
be both repeatable and repraducible to be production-werthy.
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4.2 CALIBRATIONS AND CHECKERS

4.2,1 Traceability to Standards

Every tester and bench instrurnent must ultimately correlate to standards maintained by a central
authority, such as the Mational Institute of Standards and Technology (NIST) In the Lnited
States, this povernment agency is responsible for maintaining the standards tor pounds, gallons,
inches, and electrical units such as volts, amperes, and ohms. The cham of correlation between
the WIST and the tester's measurements involves & series of calibration steps that transfers the
“golden” standards of the NIST to the tester’s measurement instnuments.

Many testers have a centralized standards reference, which is a thermally stabilized
instroment in the tester mainframe. The standards reference is peniedically replaced by a freshly
calibrated reference source. The old one is sent back to a certified calibration laboratory, which
recalibrates the reference so that it agrees with NIST standards, Similarly, bench instruments are
periodically recalibrated sc that they too are traceable to the NIST standards. By periodically
refreshing the tester’s traceability link to the NIST, all testers and bench instruments can be made
o agree with one ancther.

42,2 Hardware Calibration

Hardware calibration is & process of physical “knob tweaking” that brings a piece of
measurement instrumentation back inte agreement with calibration standards.  For instance,
oscilloscope probes often include 2 small screw that can be used to nullify the overshoot in
rapidly rising digital edges. This is one common example of hardware calibration.

One major problem with hardware calibration is that it is not a convenient process. It
generally requires a manual adjustment of a screw or knob. Robotic screwdrivers might be
employed to allow partial antomation of the hardware calibration process. However, the use of
robotics is an elaborate solution to the calibration problem. Full automation can be achieved
using a simpler procedure known as sofiware cafibration.

4.2.3 Software Calibration

Using software calibration, ATE testers are able to correct hardware errors without adjusting any
physical knobs. The basic idea behind software calibration is to separate the instrument’s ideal
operation fiom its nonidealities. Then a model of the instrument’s nonideal operation can be
constructed, followed by a correction of the nonideal behavior using a mathematical routine
wtitten in software. Figure 4.2 illustrates this idea for a voltmeter.

In part {2) a “real” voltmeter is modeled as a cascade of two parts: (1} an ideal voltmeter, and
{2) a black box that refates the voliage across its imput terminals vpor to the voltage that is

measured by the ideal voltmeter, Vapuwes This relationship can be expressed in more
mathemarical terms as

Yowasad = »'Ir- |: Voir :'I {4'1}

where f-} indicates the functional relationship between Ve 210 vooT.
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The true funchonai behavior /) is seldom known; 50 one assumes a particular behavior or
model, such as a first-order model given by

¥,opaned = Voo +offset {4.2)

where (¢ and offSer are the gain and offset of the voltmeter, respectively. These values must be
determined from measured data. Subsequently, a mathematical procedure is wriften in software
that performs the inverse mathematical operation

4.3)

vmr.iamn' = f_l {vmld' }

WHETE Veaubrams TEPlAcES vorr as an estimate of the true voltags that appesars across the terininals
of the volimeter as depicted in Figure 4.2(b}. If f{-} is known precisely, then vansmes = vour

In order 1o establish an accurate mode! of an instrument, precise reference levels are
necessary. The number of reference levels required to characterize the medel fully will depend
on its order, that i3, the number of perameters used to describe the model. For the linear or first-
order model described, it has twa parameters, ¢ and offset. Hence, two reference levels will be
required.

To avoid conflict with the meter’s normal operation, relays are used to switch in these
reference levels during the calibration phase. For example, the voltmeter in Figure 4.3 includes a
pait of calibration relays, which can connect the input to two separate reference levels, ¥z and
Frorz. During a system level calibration, the tester closes ong relay and connects the voltmeter to

vour vour deal
-+ — / + meter
Actual Veeasured - Vin = f{VDL’T) ' Virga pured
metar -

(2)

Vriaasured = f(“'DL'?'}

T

E |
~ 5 N
YALT O W i ! Foalthrated SVOUT
+ [ o—>—
Ideal  Vineamid ,: i
meter ! Software routing ’

Figure 42. {a) Modeling 3 voltmeter with an ideat voltmater and a nonideal companent in cascade.
{b) Calibrating the nanideal effects using a software routine.



Chapler 4 » Measurement Accuracy a5

Vo1 and measures the voltage, which we shall denote as Vagueress. Subsequently, this process 15
repeated for the second reference level Fpz and the volometer provides & second readimg,

Vimsazired?:

Based on the assumed linear model for the voltmeter, we can write two equations int terms ot
two unknowns

Viassoraat = OV r + aff5e1

: =GV o, +offser 44)

¥V

e

Using linear algebra {Gauss-Jordan elimination method), the two model parameters can then be
solved to be

7= ¥ eamred 1~ Yemured [4_5]
Vu,fz - I':-.;fl.
and
ﬂﬁ:ﬁ'&t = vmwnd"lyrd"! - vmmsu.rad'qu_'f] {4.5}
Frerz = Voert

The parameters of the model, & and offset, are also known as calibration factors, or cal factors
for short.

When subsequent DC measurements are performed, they are corrected using the stored
calibration factors according to

AP /A (47

Veatibrated = G

This expression is found by isolsting vper on one side of the expression in Eq. (4.2) and

replacing it by Vealibrazed:
+
¥eer Yuerer
Vrt_.l?

Figure 4.3. DG voitmeter gain and offsat calibration paths.

Meter
input
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Of course, this example 15 only for purposes of illustration. Most testers use much more
elaborate calibration schemes to account for linearity errors and other nonideal behavior in the
meter's ADC and associated circuits..  Also, the meter’s input stage can be configored many
ways, and each of these possible configurations needs a separate set of calibranan factors. For
example, it the input stage has ten different input ranges, then each range setting requires a
separate set of calibration factors. Fortunately for the test engineer, most instrument calibrations
happen behind the scenes. The calibration factors are measured and stored automatically duering
the tester’s periodic system calibration and checker process.

Exercises

4.4. A meter reads 0.5 mV and 1.1 V when connected to two precision reference levels of
0 and | V, respectively. What are the offset and gain of this meter? Write the calibration
equation for this meter,

Ans. 0.5 m"u", 10995 VN, Veailhraed = (mem~ 8.5 m\f}fl.DQ’QS_

4.5, A meter is assumed characterized by a second-order equation of the form:
Veaswred = 0508 + Gy o+ G2 How many precision DC reference levels are
required to obtain the parameters of this second-order expression?

Ans, Three.

4.6. A meter is assumed characterized by a second-order equation of the form:
Voeenred = Off5€L + G 0 + Gyl . Write the calibration equation for this meter in
terms of the imknown calibration factors.

—G, +,JG +AGy -G, —JGﬁ GV

OF ¥ iibrated =

EG}_ = 203,

ﬁ]'.l 5. ll"Ir:r!'lbt.l'm'.lad' =

depending on the data conditions.

4.2.4 System Calibrations and Checkers

Testers arg calibrated on a regular basis to maintain traceability of each instrument to the tester’s
calibration reference source. In addition to calibrations, software is also executed o venfy the
functionality of hardware and make suwre it is production worthy. This software is called a
checker program, of checker for short. Often calibrations and checkers are executed n the same
program. i a checker fails, the repair and maintenanée (R&M) staff replaces the failing tester
medule with a good one. After replacement, the new module must be completely recatibrated.

There are several types of calibrations and checkers. These include calibration reference
source replacement, performance verifiation {PV), perodic system calibrutions amd chackers,
instriment calibratons at load time, and focused calibrations. Calibrution refetence source
replacement and reculibration was discussed m Section 4.2.1. A common replacement cyele
fitne tor ¢alibration sources is once every six months.
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To verify that the tester is in compliance with all its published specifications, a more
extensive process called perfurmance verification may be performed. Although full performance
verification is eypically performed at the tester vendor’s production floor, it is seldom performed
on the production floor. By contrast, periodic system calibrations and checkers are performed on
a repular basis in a production environment. These software calibration and checker programs
verify that all the system hardware is production worthy,

Since tester instrumentation may drift slightly between system calibrations, the tester may
also perform a series of fine-tuning calibrations each tirme a new test program is loaded. The
extra calibrations can be limited to the subset of instruments used in & particular test program.
This helps to minimize program load time. To maintain accuracy throughout the day, these
calibrations may be repeated on a pericdic basis after the program has been leaded. They may
also be executed automatically if the testar temperature dritts by more than a few degrees.

Finally, focused calibrations are often required to achieve maximmum accuracy and to
compensate for nonidealities of DIB beard components such as buffer amplifiers and filters,
Unlike the ATE tester’s built-in system calibrations, focused calibration and checker software is
the responsibility of the test engineer. Focused calibrations fall into two categories: {i) focused
instrument calibrations and (2) focused DIB calibrations and checkers.

4.2.5 Focused Instrument Callbrations

Testers typically contain a combination of slow, accurate instruments and fast instruments that
may be less accurate. The accuracy of the faster instruments can be improved by periodically
referencing them back to the slower more accurate instruments through a process called focused
calibration. Focused calibration is not elways necessary. However, it may be required if the test
: engineer needs higher accuracy than the instrument is able to provide using the built-in
calibrations of the tester’s operating system.

A simple example of focused instrument calibration is a DC source calibration. The DC
sources in a tester are generally quite accurate, but occasionally they need to be set with minimal
DL level error. A calibration rourine that determines the error in a DC source's output level can
be added to the first run of the test program. A high-accuracy DC valtmeter ¢an be used to
measure the actual output of the DO source. If the source is in ermor by 1 mV, for instance, then
the requested voltage 1s reduced by 1 mV and the cutput is retested. It may take several
iterations to achieve the desired valoe with an acceptable level of accuracy.

A similar approach can be extended to the generation of a sinusoidal signal requiring an
accurate RMS wvalue from an arbitcary waveform generator (AWG). A high-aceuracy AC
voltmeler 15 uscd to measure the RMS value Fom the AWG. The discrepancy between the
measured value and the desired value is then used to adjust the programmed AWG signal level.
The AWG output level will thus converge toward the desired RMS level as each iteration 13
Executed,

_
'---_-_-__ ey
Erampie 4.1

A 2EM0-Y signal s reguired from a DC sowrce as shown in Flgure 4.4, Disertbe a calibration
procedure that can be wserl to ensure that 22300 ¥V £ 500 1V oes indeed appeur st the vutput ot
the 12 source.
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Figure 4.4. DG source focused calibration.

olution:

The source i set to 2.500 V and a high-accuracy voltmeter is connected to the output of the
source using a calibration path internal to the tester. Calibration path connections are made
through one or more relays suck as the ones in Figure 4.3. Assume the high-accuracy voltmeter
reads 2.510 V from the source. The source is then reprogrammed to 2.500 V - 10 mV and the
output is remeasured. If the second meter reading is 2.499 V, then the source is reprogrammed
to 2.500 V - 10 mV + 1 mV and measured again. This process is repeated until the meter reads
2.500 V (plus or minus 500 p¥). Once the exact programmed level is established, it is stored as
a calibration factor (e.g., calibration factor = 2.500 V - 10 mV + 1 mV = 2.491 V}. When the
2.500-V DC level is required during subsequent program executions, the 2.491-V calibration
factor is used as the programmed level rather than 2.500 V. Test time is not wasted searching for
the ideal level after the first calibration is performed. However, calibration factors may need to
be regenerated every few hours to account for slow drifts in the DC source. This recalibration
interval is dependent on the type of tester used.

P

Another application of focused instrument calibration is spectral leveling of the output of an
AWG. An important application of AWGs is to provide a composite signal consisting of & sine
waves or fones all having equal amplitude at various frequencies and arbitrary phese. Such
waveforms are in a ¢lass of signals commonly referred 10 as multitone signals. Mathetnatically
a multitone signal y{t) can be writen as

Wy = A+ 4 sin(2nfr+@ )+ -+ A, sin( 2T + 6y )

:Aﬂ+lz‘~|:;,{|L sin (27 /¢ +8, )

kal
where 4z, £, and @ denotes the amplitude, frequency. and phase, respectively, of the Ath tone. A
multitone signat can be viewed in either the time domain or in the frequency domain. Time-
domain views are analogous to oscilloscope traces, while frequency-domain views are analogous
Lo spretrum analyzer plots. The frequency-dumain graph of a multitone signal contains a scries
of ventical lines corresponding to each tone frequency and whose length” represents the ot

[4.8)

T Aperin’t desty pluts ame commenly detined mncnginecring jexthooks with the length of the specrral line
representing arc-hndf the moplitade of 4 taoe. [ most test engineering worh, acludii spectrum analyzer displeys,
17 bz connmen o sl s lengeh detimed 1z an R3S quanury.
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mean-square (RMS) amplitude of the corresponding tene. Each line is referred to as 2 specrraf
fine. Figure 4.5 illustrates the time and frequency plots of a composite signal consisting of three
tones of frequencies 1, 2.5 and 4.1 kHz, ali having an RMS amplitude of 2 V. Of course, the

peak amplitude of each sinusoid in the multitone is simpty V2x2 or2.82 V, 50 we could just as
easily plot these values as pesk amplitudes rather than RMS. This book will comsistently display
frequency-domain plots using RMS amplitudes.

Vl 4

\[\ [\/\f\ A AL 2\!--1;'422-?"!2 4I-(?Hz h
b

Flgure 4.5. Time-domain and frequency-domain views of a three-tone multitons.

5V 4

The AWG produces its output signal by passing the output of a DAC through a low-pass anti-
imaging filter. Due to its frequency behavier, the filter will not have a perfectly flat magnitude
response. The DAC may also introduce frequency-dependent errers. Thus the amplitudes of the
individual tones may be offset from their desired levels. We can therefore model this AWG
multitone situation as illustrated in Figure 4.6. The model consists of an ideal source connected
In cascade with a linear block whose gain or magnitude response is described by G}, whete fis
the frequency expressed in Hz. To correct for the gain change with frequency, the amplitude of
each tone from the AWG is measured individually using a high-accuracy AC voltmeter. The
tatio between the actual output and the requested output corresponds to G¢f) at that frequency.
This gain can then be stored as 2 calibration factor that can subsequently be retrieved to correct
the amplitade error at that frequency. The calibration process is repeated for each tone in the
multitone signal. The composite signal can then be genersted with comrected amplitudes by
dividing the previous requested amplimde at each frequency by the corresponding AWG gain
calibration factor. Because the calibration process equalizes the amplitudes of each tone, the
process is called multitone leveling.

As testers contimue to evolve and improve, it may become increasingly unnecessary for the
test engineer to perform focused calibrations of the tester insttuments. Focused calibrations were
once necessary on almost all tests in 2 test program. Today, they can sometimes be omitted with
little degradation in accuracy. Nevertheless, the test engineer must evaluate the need for focused

(1)
VioLRCE VEOHAACE

Actual — {deal
AW - AWE

Figure 4.6. Moasling an AWG as a cascaded combination of an ideal source and frequency-depenaent!
9ain block.
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calibrations on each test. Even if calibrations become unnecessary in the future, the 1es1 engineer
should still understand the methodology so that test programs on older eguipment can be
comprehendad.

Calibration of circuits on the DIB, on the other hand, will probably always be required. The
tester vendor has no way to predict what kind of buffer amplifiers and other circuits will be
placed on the DIB board. The tester operating systetn will never be able to provide automatic
calibration of these circuits. The test engimeer is fully responsible for understanding the
calibration requirements of all DIBE circuits.

e — e, = — e —

Example 4.2

A multitone sipnal consisting of three tones at 1.0, 2.5, and 4.1 kHz is desired from an AWG.
Each tone should have exact RMS amplitude of 2.0 V, comresponding to a peak amphtude
ofv2x2.0 V. This multitone should have ¢ DC offset. Using Eq. (4.8), a three-tone signal is
mathematically created with perameters dg= 0, Ay = A2 = A;= JEXE,}} = 1 kHz, /2= 2.5 kHz,
Ji=4.1 kHz and 15 writien as

¥(ry= 242 sin (27 x1 kHzx?)+ 242 sin{ 2% 2.5 kHzx1) + 242 sin (27 x 4.1 kHzx¢)

Sequentially, beginning with the lowest-frequency tone and progressing up in frequency, each
tone is loaded into the AWG and the sine wave is passed from the AWG into a high-accuracy
AC RMS volimeter. For each tone, the voltmeter reads: 1.980, 2.023 and 1.950 V. Compute the
calibration factors and provide a formula that deseribes the modified three-tone signal.

Yolution:

Three calibration factors are calculated as the ratio of the measured signal to the desired signal

cal, =G kHzy = 2220 Y _g.g9 vpv
20V
cal, =G5 HH =222V _) 12 i
20V
cal, = G(a.1kHz) =120V _ o975 vyv
: 2.0V

As long as the AWG is linear, it should be possible to get exactly 2.0V at each tone by asking
for 2.0 V divided by the appropriate calibration factor. The throe-tone signal is thus created
using the eguation

2V2 242 242
sin (2021 Kliaxs)= sinf2xx2.5 kHzxt}+
verl el Tl

¥y = sin{2mx4. kHzxr)

This waveforn is loaded into the AWE and the three-tone signal s prinduced with equal levels of
20 EMS per wone.
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4.2.6 Focused DIB Circuit Calibrations

Often circuits are added to a DIB boeard to improve the accuracy of a particular test or o buffer
the weak output of a device before sending it to the tester clectronics. As the signat-conditioning
DIB clircuitey is added in cascade with the test instrument, a model of the test setup is identical to
that given in Figure 4.2(a). The only difference is that functional block v, ... = S {veer

mclades both the meter and the DIB's behavior. As a result, the focused instrument calibrations
of Section 4.2.3 can be used with no modifications. Conversely, the meter may already have
been calibrated so that the functional block f-) covers the DIB circuitry only. One must keep
track of the extent of the calibration t0 avord any double counting,

- . & T
Example 4.3

The op amp in Figure 4.7 has been added to a DIB board 1o buffer an output of a DUT. The
buffer will be used to condition the DC signal from the DUT before sending it to a calibrated DC
voltmeter resident in the tester. If the output is not buffered, then we may find that the DUT
breaks into oscillations as a result of the stray capacitance ansing along the lengthy signal path
leading from the DUT to the tester. The buffer prevents these oscillations by substantially
reducing stray capacitance at the DUT output. In order to perform an accurate measurement, the
behavicr of the buffer must be sccounted for. Outline the steps to perform & focused DC
calibration on the op amp buffer stage.

Sofution:

To perform g DC calibration of the output baffer amplifier it is necessary to assume a model for
the op amp buffer stage. It is reasonable to assume that the buffer is fairly linear over 3 wids
range of signal levels, so that the following linear mode] can be used

Vossiras = U¥pyp +0ff5EL

Subsequently, following the same procedurs a3 outlined in Section 4.2.3, a pair of known
voltages are applied to the input of the buffer from source SRC1 via the relay connection and the
output of the buffer is measured with a voltmeter. This temporary connection is called a
calibration path. As an example, let SRC1 force 2 ¥V and assume that an cutput voltage of
2.023 ¥ is measured using the voltmeter. Next the input is dropped ta 1 ¥, resulting in an cutput

: DUT i Tester 1 kG

; ; ['\/\/v—‘ Capacitive

E I:I VOUT meter cable

: ™, T

; P > 3.

! : Buffer amp ¥,
lceeeee b ] SRCH Meter \/_

Figure 4.7. B calbration for up amp bufer circuit.
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voltage of 1.002 V. Using Eg. (4.5), we find the buffer has gain given by

. 2023V-1012V
T2y

=1.011 V/V

and the offset s found from Eq. {4.6) to be

1012 V.2V ~-2023 VX1V _
2v-1V

1 mV

offset =

Hence, the DUT output vpor and the voltmeter value Vumeomees are related eccording to

Vs =101 VIV xtug, 40,001V

The goal of the focused DC calibration procedure is to find an expression that relates the DUT
output in terms of the measured value. Hence, by rearmanging the expression and replacing
Veatibraied 10T Yoo, we abtain

¥

o — 0001V
Vb = e
FOLL WY

For example, if the voltmeter reads 1.732 V, the actual voltage appearing at its terminals is
actually
L1732 V-0.001V

o <1712V
Voulitraret 101 V/V

If the original uncalibrated answer had been used, there would have been a 20-mV error! This
example shows why focused DUT calibrations are so important to accurate measurements.

p—_—

When buffer amplifiers are used to assist the measurement of AC signals, a similar calibration
process must be performed on each frequency that is to be measured. Like the AWG calibration
example, the buffer amplifier also has a nonideal frequency response and will affect the reading
of the metet, Its gain variation, together with the meter's frequency response, must be measured
at each frequency used in the test during a calibration run of the test program. Assuming that the
meter has aleeady been calibrated, the frequency response behavior of the DIB circuitry must be
correctly acvounted for. This is achieved by measuring the gain in the DIB's signal path at each
specific test frequency. Once found, it is stored s a calibration factor. If additional circuits such
as filters, ADCs, etc., are added on the DIE board and vsed under multiple configurations, then
each unique signal path must be individually calibrated. Chapter 10, “Focused Calibrations,” will
address these and other issues 0 greater depth,

4,2.7 DIBE Checkers

In addition to focused DIV calibrations, the test program should also include DIB checkers to
verify the hasic operation of ws many DIB circuits and signal paths as possible. TYB failures can
be 1 major source of downtime on a production floor unless thorough checkers are availuble 1
auickly diagnose TP bacdwace failures. The first run of the test program should not only
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calibrate the D3R circuits, but it should also perform a go/no-go test on as many of the DIB board
components and signal paths as s possible. Tris seldom possible to pass signals through every
possible relay and every possible trace on the DIB board.  However, every path and every
component that can be tested with checker code should be venfied.

A good example of a circuit in which a checker is usefu] is a relay path. While the gain
through a relay seldom requires focused calibration, relays can become defective with age. They
can also te welded shut by high currents or they can become stuck in the open state. The DIB
checker code should verify that each accessible relay can be opened and then closed. The easiest
way to do this is to apply a 1 ¥V /-1 V voltage pair at the imput to the relay and look for 2 2-V
swing at it3 oatput while the relay is closed. To verify the relay can be opened, the program
should leok for little or no output swing with the 1 ¥V /-1 V input.

Exercises

47. A DC source is assumed characterized by a third-order equation of the form
Viggisimen = 0.005 + Vppoopimmp - 0003 Fooon er 2nd is required to generate a DC level

of 2.6 V. However, when programmed to produce this level, only 2.552 V is measured. Using
iteration, determine a value of the programmed source voltage thar will establish a measured
voltage of 2.6 ¥V 1o within a £ 1 mV accuracy.

Ans, 2651V,

-1
2
48 An AWG has a gain response described by [ 1+(-%]3) J and i3 to generate three

tones at frequencies of 1, 2, and 3 kHz, What arg the calibration factors?

Ans. 0.707, 0.447, and 0.316.

428 Tester Specifications

The test engineer should exercise diligence when evaluating tester instrument specifications.
It can be difficult to determine whether or not a particular testar instrament is capable of making
a particular measuremient with an acceptable level of accuracy. The tester specifications usually
do not include the effects of uncertainty caused by instrurnent repeatability limitations. All the
specification conditions must be examined carefully. Consider the following DC meter example.

A DC meter consisting of an analog-to-digital converter and a programmahble gain amplifier
{PGA) is shown in Figure 4.5. The programmable gain stape is used to set the range of the meter
so that it can measure small signals a5 well as large ones. Small signals are measured with the
highest gain setting of the PGA, while large signals are measured with the lowest gain setting.
This ranging process effectively changes the resolution of the ADC so that its quantization error
is minimized.

Calibration software in the tester compensates for the different PGA gain settings so that the
digital output of the meter’'s ADC can be converted into an accurate voltage reading. The
calibration software also compensates for linearity errors in the ADC and offsets in the PGA und

o’

Cmmepr L
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FProgrammabile E
gain '
amplifier (PGA) :

VOOT O i ™~ & ADC
! " : Testar

computer

Meter Range control

Figure 4.8. Simpiified OC voltmeter with input ranging amplifier.

ADC. Fortunately, the test engineer does not have to worry about these calibrations because
they happen automatically.

Table 4.1 shows an example of a specification for a fictitious DC meter, the DVM100. This
meter has five different input ranges, which can be programmed in software. The different ranges
allow small voltages to be measured with greater accuracy than large voltages. The accuracy is
specified as a percentage of the measured value, but there is an accuracy limit of 1 mV for the
lower ranges and 2.5 mV for the higher ranges.

This accuracy specification probably assumes that the measurement is made 100 or more
times and averaged. For a single nonaveraged measurement, there may also be a repeatability
error to consider. It is mot clear from the table above what assumptions are made about
averaging. The test engineer should make sure that nll assumptions are understood befors
relying on the accuracy numbers.

Table 4.1, DVMIOQ DC Voltmeter Spacifications

Range Resolution Aceuracy (% of Measurement)
#0.5V 1525 pv +0.05 % or 1 mV (whichever is greater)
ES Y pspy £0.053 % or 1 mV
12V 61.0 pV +0.05 % or 1 mv
Y 152.5 uv +0.10 % or 2.5 mV
£I0V AR5 my 0,10 % or 2.5 mV

Nnte: All specs apply with the measorement fikter enahled.

Exvimple 4.4

A DUT cutput is expected to be 100 mV, Our fictitious T voltmetar, the DVR1O0, 5 set to the
0.5 V ninge to achieve the optimum tesolution and aceuracy. The reading from the meter (with
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t the meter’s input tilter enabled) is 102.3 mV. Calculata the accuracy of this reading (excluding
. possible repeatability cerors). What range of outputs could actually exist at the DUT output with
 this reading”

ation:

The measurement ermor would be equal to £0.05% of 100 mV, or 50 p¥, but the specification
has a lywer limit of 1 mY. The accuracy is therefore £]1 m¥. Based on the single reading of
1023 mY, the actual voltage at the DUT output could be anywhere between 101.3 and
103.3 mV,

—— S I

Exercises

4.9. A voltmeter {5 specified to have an accuracy of +19% of progmmmed tange. Ifa DC
signal 5 measured on & =1 VY rangs, what are the minimum and maximum DO levels that
might have been present at the meter’s input during this measurement?

Ans. 0.5V £10 mV {i.c., the input could lie anywhere between 490 and 510 mV?}.

In addition te the ranging hardware, the meter also has a low-pass filter in series with its
input. The filter can be bypassed or ¢nabled, depending on the measurement requirements.
Repeatability iz enhanced when the low-pass filter is enabled, since the filter reduces electrical
noise in the inpur signal, Without this filter the accuraey would be degraded by nonrepeatability.
The filter undoubtedly adds settling time to the measurement, since all low-pass filters require
time to stabilize to a final B value. The test engineer must often choose between slow,
repeatable measurements and fast measurements with less repeatability.

It may be possible to empically determine through expenimentation that this DC voltmeter
has adequate resclution and accuracy to make a DC offset measurement with less than 100 BV of
error.  Since this level of accuracy is far better than the instrument’s +1 mYV specifications,
though, the instrument should probably not be trusted to make such a measurement in
production.  The accuracy might hold up for 100 days and then drift toward the specification
litnits of 1 mV on day 101,

Another possible scenarnio is thar multiple testers may be used thar do not all have 100-pV
performance. Tester companies are often conservative in their published specifications, meaning
that the instruments are often better than therr specified accuracy limits. This is not a license to
use the instruments to more demanding specifications. It is much safer o use the specifications
35 printed, since the vendor will not take any responsibility for use of insimments beyond ther
ofticial specifivations.

Sometimes the engineer may have to design front-end circuitry such as PGAs and filters onto
the DB board itself. The DIB circuits might be needad if the front-end circuitry of the meter ts
madequate for a high-accuracy measurement. Front-end circuits may also be added if the signal
from the DUT cannot be delivered cleanly through the signal paths to the tester instruments.
Very high-tmpedance DUTT signals might be susceptible 1o externally coupled noise, for
example,  Sueh signabs mesht beactit fraom ocal boffering and amplification before passing to
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the tester instrument. The test engineer must calibrate any such buffering or filtering circuits
using a focused DB calibration.

4.3 DEALING WITH MEASUREMENT ERROR

4,31 Filtering

Analog Flters are often used in tester hardware to remove unwanted signal components before
measvrement. A DC voltmeter may include a low-pass filter as part of its front end. The
purpose of the filter is to remove all but the lowest-frequency components. It acts as a hardware
averaging circuit to improve the repeatability of the measurement. More effective filtering is
achieved using a filter with a low cutoff frequency, since a lower cutoff frequency excludes more
electrical noise. Consequently, a lower frequency cutofl cotresponds to better repeatability in
the final measurement.

Unfortunately, it takes longer to measure a series of DC voltages with a low-pass filier in the
signal path. Since the filter has a settling time that is inversely proportionai to the cutoff
frequency, though, a lower cutoff frequency adds extra test ime while the filter settles to a stable
DC level. Thus, there is an inherent radeoff between repeatability and test time. The following
two examples will quantify this tradeoft for 8 first-order systern

Example 4.5

The simple RC low-pass circuit shown in Figure 4.9 is used to filter the output of a DUT
containing a noisy DC signal. For a particular measurement, the signal component is assumed to
change from O to 1 V, instantaneously. How long does it take the filter to settle to within 1% of
its final value? By what factor does the settling time increase when the filter’s 3-dB bandwidth is
decreased by & factor of 107

Figura 49. RC low-pass filter.

Sofition:

From the theory of Arst-order networks, the step response of the ¢ircuit starting from rest (ie.,
v =0 in Figure 4.9 15

yale) =3[1—¢v"fI T] (4.9}
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where § = | V is the magnitude of the step and 7= RC = 10" 5. Moreover, the 3-dB bandwidth
ay {expressed in rad’s) of a first-order network is 1/RC, so we can rewrite the ahove expression

as
—t, 1)
oll) = 5[1 e ® ) (4.10)
Clearly, the time ¢ = rs the output reaches an arbitrary output level of Fg is then
S—V
In| ——= (4.19)
Ay
! s

Further, we recognize that {S —¥, }‘,-"é. is the settling error £ or the accuracy of the measurament,
80 we can rewrite Eq. (4.11) as

{4.12)

Hence, the time it takes to reach within 136 of 1 ¥V, or 0.9% V, is

__hmgon_, o

}/cr '

Since settling time and 3-dB bandwidth are inversely related accotding to Eq. (4.12), a tenfold
decrease in bandwidth leads to a tenfold increase in settling time. Specifically, the settling time
becomes 46 mas.

-
. e B

Example 4.6

The simple RC low-pass circuit shown in Figure 4.9 is used to filter the output of a DUT
comtaining a noisy DC signal. If the noise voltage hus a constant spectral density of # V/Hz,
what is the RMS noise voltage that appears at the output of the filter? If the filter bandwidth
decreases by a factor of 10, by what factor does the output noise voltage decreass?

Sofiction:

To answer this question we must tely on our knowledge of noise and linear system theorv. We
shall make use of frequency-domain techniques. While periodic signals have power at distinet
frequency locations (see, for example, Figure 4.5), noise signals have their power spread out over
the enuire frequency spectrum. As such, noise signals are characterized by a nowe specteal
density function, which we shall denote as 5(7). It represents the average power over a |-Hz
bandwidth centered ac each frequency, /1 To simplify our discussion, S{f) will have units of
volts-squaredihertz or ¥V Hz. It can also be expressed in terms of atnps-squaredihertz or

wattsthertz. (Data sheets often specify noise using volts per roat-hertz, which is simply the
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square root of the noise spectral density a3 we have defined it here.) The total mean-squared

value of the noise is obtamed by integrating the spectral density over the entire frequency
spectrum. Thus the RMS value of the noise signal can also be obtatned in the frequency domain
using the following relationship

IS{ﬂﬂ‘f (4.13)

Now to get back to the question at hand, the noise that appears at the output of the filter is related
to the input noise voltage according to the following

Spy (7)=Sn, (NG (4.94)

where 5"; (f) and Sn, {#} are the input and output noise voltage spectral densities,
respectively, and G{f) is the system input-output transfer function. Hence, the RMS value of the

autput nodse voltage Vng is
Vo= / 1.15
My = Jlsno (. ydf (4.13)

of, once we substitute Eq. (4.14), we obtain

Vo = J]Sn; e 4 (4.18)
Since we are told
Sy, (F)=7 VE (417)

and that we ¢an calculate the system transfer function for the AC low-pass filter to be

@ 1
e E—D~ = b = .
D= = ey ™ T (4.18)
“p
where oy, = 1/RC. We can then write Eq. (4.16) as
x
" 1

P IR 4.19
Vn, = |1 a7 af [4.19)

14 ;250

o

]
i
:
|
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Integrating and performing the square root, we obtain the RMS cutput noise voltage to be

. _|.
Vi, =540 VY (4,20}

Herc we clearly see that the cutput noise valtage depends on two factors: the level of the input
noise valtage spectrat density and the filter's 3-dB bandwidth expressed in rad/s. 1f the filter’s
bandwidth is decreased by a factor of 10, then a V10 reduction in cutput noise RMS voltage will
occur. We can also conclude that the repeatability will improve.

: Howewver, at this time we can not formally gquantify the improvement until a mathematical
definition for repeatability is given. For now, we will offer without proof that the total variation
in measurement values is proportional to the level of noise. Thus, in the example above, we can
expect the variability of measurements to improve by a factor of J10. We shall offer a formal
analysis of the relationship between noise and repeatability in Chapter 15, “Data Analysis.”

[ e e———— ]

In the preceding example, the concept of a noise spectral density was mtroduced and used ta
characterize the noise at the input of the filter. Subsequently, it was used to determine the RMS
level of the noise at the output of the filtser. Often the test engineer knows only the RMS noise
value from the output of the DUT, rather than the output noise spectral density. Interestingly
enough, using Eq. (4.20) we can work backwards and obtain an estimate of the spectral density

tevel 1 coming from the DUT
(Vour)  V?
n=4 vy, Tz (4.24)

where Fppris the DUT output noise {RMS volts) and oy is the 3-dB bandwidth of the DUT.

Exercises

4.10. What is the 3-dB bandwidth of the RO circuit of Figure 4.9, expressed in Herntz, when
E=1kd}and C=2.2nF?

Ang, 72.314 kHz.

4.11. How long does it take a first-order RC low-pass ciecuit with £ = 1 k€2 and €= 2.2 nF to
settle to 5% of its final value?

Ans,, 6.6 ps.

412 A noise signal having a spectral density of 107" V¥Hz is applied to the RC circuit of
Figure 4.9 with £ = 1 k{2 and € = 2.2 oF. What is the RM5-level of the noise voltage that
appears at the cutput™

Ans, L7 my RMS,
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Frovided @y << @pey, it is reasonable to assume that the noise has a constant spectral density
over the frequencies of interest given by Eq. {4.213, Substivting Eq. (4.21) back into Eq. (4.20),
WE Can write
a
¥, =F b YV
ﬂﬂ xlirs mﬂm {4.22}

This expression clearly illustrates the noise reduction gaimed by filtening the cutput. The smaller
the ratio oy /@pyy, the greater the noise reduction. Other types of filtering circuits can be placed
on the DB board when needed. For example, a very narrow bandpass filter may be placed o
the DIB board to ¢lesn up noise components in a sine wave generated by the tester. The filter
allows 2 rouch more ideal sine wave to the input of the DUT than the tester would otherwise b
able to produce.

Exercises

4.13. By what factor should the bandwidth of an AC low-pass filier be decreased in arder to
reduce the vanation in a DC measurement from 250 WV-RMS to 106 uWV-RMS. By what
factor does the settling time increase. '

Ans. The bandwidth should be decreased by 6.25 (=2.5°). Settling time increases by 2.5

4.14. The variation in the output signal of a DUT is | mV RMS. Assume that the DUT’s
output follows a first-order frequency response and has a 3-dB bandwidth of 100 Hz
Estimate the cutput noise voltage spectral density.

Ans. 6.37x 10° viHz

4,15, The variation in the output EMS zignal of 3 DUT is 1 mV, but it needs to be reduced to
a level closer to 500 V. What filter bandwidth is required to achieve this level of |
repeatability? Assume that the DUT’: output follows a first-order frequency response and has
a 3B bandwidth of 1000 Hz

Ans.. 250Hz,

4.16. A DUT output consisting of & noise component having a spectral density of 10°* ViHz
i to be measured 100 times and the results averaged. What is RMS value of the noise
component in the final resyle?

Ans. 100 pv RMS.

4.17. The curput of a DUT has an uncertainity of 10 mY. How many samples should be
cambined in arder to reduce the uncettainity to 100 pV'?

Ans, 10,004,
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432 Averaging

Averaging is a form of discrete-time filtering. Averaging can be used to improve the
repeatability of a measurement. For example, we can average the following series of nine
voltage measurements

101 m¥, 103 mV, 102 mV, 101 mV, 102 mV, 103 mV, 103 mV, 101 mV, 102 mV

and obtain an average of 102 mV. There is a good chance that a second series of nine unique
measurements will again result in something close to 102 mV. If the length of the series is
increased, the answer will become more repeatable and reliable. But there is a point of
diminishing returns. To reduce the effect of noise on the voltage measurement by a factor of
two, one has to take four times 25 many readings and average them. At some point, it becomes
prohibitively expensive (i.¢., from the point of view of test tme) to improve repeatability.

To better understand the above statement, consider representing a sequence of numbers as
x{ri}, where n indicates the order at which the samples appear in the sequence. Futther, let x(n)
consist of both signal and noise. Now, consider x(n) as input to a discrete-time system whose
output is the sverage value of x(n) snd the -1 previous input samples. Mathematically, we can
write the input-output relationship as

y{m} =%{x(n]+x(n—l}+w+x[n— N+1)

%ix{n-;m) (429)
bl

This system is called an N-point running averager and it can easily be shown that it has a
frequency response” for —4 < £ <% givenby

%][%s(Zﬂf{f‘“-l]fz)‘f““{z’rf (v-1/2)]

G(f)= {
(4.24}

Nsin{271/2)

Technically, we are really only interested in the output after N samples; that is, the output 15
downsampled or decimated by ¥

 paln) = p(al) (4.25}

To intraduce its effect on the system’s frequency response will only add more complication to an
ofherwise sophisticated explanation. Nonetheless, regardless of when the output is obtained, one

—_—

’ The Frequency response is obtained by first cvaluating the s-wansform of Fg. (4.23) and then substituking
I S

2=



112 Ar Introduction (o Mived-Signal IC Test and Measurement

would not expect the behavior of the noise to be influenced by the ohservation window. 50 we
shall work with the runining average result only as the conclusions are the same.

If the noise component in the input signal has a constant spectral density of m VviHz, the
output noise spectral density will then be given by Eq. (4.13). The RMS voltage that appears in
the output discrete-time signal is found from an expression very similar to the continuous-time
case given in Eq. (4.16). However, in this case the integration is performed from —% 0 2 to
account for the periodicity of Gf) and because the sampling period is

Ve, =J f S (NNl ar (4.26)

=111

Substituting the appropriate relationships, we obtain

2

o ™ Nsin{2x1/2)

-1

Finally, solving the integration and taking the square root, we obtain

n
Yy = J; v (4.28)

If we denote the noise from the DUT before averaging as Fogr, it is easy w0 show that Vnﬂ = .J'E )

This can be seen directly from Eq. (4.28) when & = 1. However, with no averaging taking place,
V"o =V, - Hence, we can write the fina] expression as

¥
Vi = HE V (428)

Herz we see the output noise voltage reduces the input noise before averaging by the factor

JN . Hence, to reduce the noise RMS voltage by a factor of two requires an increase in the
sequence length, ¥, by a factor of four.

AC measurements can also be averaged o improve repeatability. A series of sine wave signal
level measurements can be averaged to achieve better repeatability. However, one should not try |
1o average readings in decibels. If a series of measurements is expressed in decibels, they should
first be converted to linear form wsing the equation ¥ = 1079%° before applying averaging.
Mormally, the voltage or gain measurements are available before they are converted to decibels
in the first place; so the conversion from dB to linear units or ratios is not necessary. Onee the
average voltage level is caleulated, it can be converted to dewibels using the equatioa
dB=20log (V). To understand why we shoutd not perform averaging on decibels, consider
the sequence 0, -20, -40 dBY. The average of these values is —20 dBY. However, the actal

voltages are 1 ¥, 100 mY¥, and 10 mV. Thut the correct average value s {1 V ~ D1 Y
+ 040 Y303 - 37 mY, or -B.64 dBY,
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4.3.3 Guardbanding

Guardbanding i5 an important technique for dealing with the uncertainty of each measurement.
If 2 particular measurement 15 known to be accurate and repeatable with a worst-case uncertainty
of £, then the final test limits should be tightened from the data sheet specification limits by £1to
make sure oo bad devices are shipped to the customer. In other words

guardbanded upper test limit = upper specification limit - £ (4.30)

guardbanded lower test limit = lower specification limit +£

Sn, for example, if the data sheet limit for the offset on a buffer output is —100 mV ninimom,
100 mV maximum, and an uncertainty of £10 mV exists in the measurement, the test program
limits should be set o —90 mV minimum and 90 mV maximum. This way, if the device cutput i3
10] eV and the error it its measurament is —10 mV, the resulting reading of 91 mV will canse 2
failure as required. Of course, a reading of 91 mV may also represent a device with an 81-mV
output and a +10 m’Y measurement ereor.

In such cases, guardbanding has the wnfortunate effect of disqualifying good devices. 1deally,
we would like al! guardbands to be set to 0 so that no good devices will be discarded. To
minimize the guardbands we must improve the repeatability and aceuracy of each test, but this
typically requires longer test times. There is a balance to be struck between repeatability and the
mumber of good devices rejected. At some point, the added test time cost of a more tepeatable
measurement ourweighs the cost of discarding a few good devices.

]
Example 4.7

Table 4.2 lists a set of output values from a DUT together with their measured values. It is
assumed that the upper test limit 15 100 mV and the measurement uncertainty is +6 mV. How
many gond devices are rejected because of the measurement error? How many good devices are
rejected if the measurement uncertainty is mereased to £10 mV'?

Table 4.2. DUT Qutput and Measursd Values

DUT Output Measnred Valuoe
105 mV 101 mV {
101 mV 107 mV
58 mV 102 mV
96 mV 95 mV
e
2 mv ? 78 mV )
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feettomn.

From the DUT output column on the left, four devices are below the upper test limit of 100 mV
and should be acceptad. The other twa shoubd be rejected. Now with a measurement uncettainty
of +6 mV, according to Eq. (4.30) the guardbanded upper test limit is 94 mV. With the revised
test limil, only two devices are acceptable. The others are all r¢jected. Hence, two otherwise
good devices are disqualified.

If the measurement uncertainty increases to +10 mV, then the guardbanded upper test limit
becomes 90 mV.  Five devices are rejected and only one is accepted. Consequently, three
otherwise good devices are disqualifted.

Exercises

4.18. A device is expected to exhibit a worst-case offset voltage of £50 mV and is to be
measured using a voltmeter having an accuracy of enly +5 mV. Where should the
guardbanded test limits be set?

Ans. &5 mV,

4.19, The guardband of a particular measurement is 10 mV and the test limit is set to
+25 mY¥. What are the orginal device specification limits?

Ans. £35S mV.

4.20. The following lists 8 set of output voltage values from a group of DUTs together with
their measured values: {(2.3, 2.13, (2.1, 1.8), (2.2, 2.1}, (1.9, 1.6, (1.8, 1.7}, (1.7, 2.1},
(1.5, 2.0%:. I the upper test limit is 2.0 V and the measurement uncertainty is £0.5 V, how
many good devices are rejected due to the measurement emror?

Ans. Four devices {all good devices are rejected by the 1.5-V guardbanded upper test limit),

4.4 Basic [PaTa ANALYSIS

4.4.1 Datalogs

A datalog is a concise listing of the test results generated by a test program. Datalogs are the
primary means by which test engineers evaluate the quality of a device as it is tested. The format
ol 2 dataloy typically includes a test category, test description, upper and lower test limits, and a
muasured result. The exnct format of datalogs vafes from one tester type to ancther, bat they all
convey similar information.

A shore datalog from o Teradyne AS80 tester is listed in Figure 4,100 Each line of the datalog
contains 4 shorthand description of the test, For exomple, “DAC Gain Creor™ is the nume given
te tost number 3000, The gein crror s part of the § VDAC 5NE test zroup and s executed
during a test routine calted T VDAC SN The upper and lower limits for the fost are also
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listed. Using test number 5000 as an example, the lower limit of DAL Ga Eror 15 —1.00 dB,
the upper limit is +1.00 dB, and the measured value for this DUT is—0.13 dB.

The datalog lists an easily recognizable fail flag for values that fall outside the specified test
limits, Test 7004 shows a test failure in which the measurement reads 1.23 L5Bs (least
significant bits). The upper it is 0.9 LSBs, so this test fails. Because the device is not a good
one, it is categorized into Bin 1€ in this example. Bin 1 usnally represents a good device, while
other bins usually represent vanous categories of failure,

Sometimes multiple good bins are defined, allowing devices to be graded into several passing
categories. For instance, a microprocessor may fail full speed digital pattern testing at 750 MiHz,
but may operate perfectly well at 500 MHz. In such a case, the 500-MHz processor might be
graded inte Bin 2 and sold at a lower price while higher-grade 750-MHz processors are graded
tnto Bin 1 and sold at a premiurm.

Sacuencer: 5 contlouity
1000 Neg PRMU Cont Falling bing: 4
Sequencer: 3 VDAC SNR
5000 DAY Galn Error T VDAC 5HR =-1.90 4B = =2.13 dB « 1.00 dB
S00L DAC &/2nd T_¥DAT SME  £0.9 B <= 3.4 4B
So02 DAC 3/3rd T_VDAC SHR £f.4 dB == 63.6 B
5003 DAT S/THD T _VDAC_SHR 64.00 4B == €0.48 dB
Sp04 TRT 5/ T_VDAC SNR. 55.0 dB <= 70.8 4B
5305 DAS 3/N+THED T_VDAC SNR 55.0 dB == 60.1 dB
Sequencar: S _UDAC SHR
60049 DAC Galn Error T_UDAC_ENR -1.99 4B « -4.14 dB < 1.00 dB
6001 DAC 2/2nd T UDAC SME 60.0 dB <= £5.2 dB
6002 DAC 9 3rd T _UDAC SHR €0.0 4B <= £31.5 &8
E003 DAC 5/THD T_UDAC_SHR 60.00 4B == £3.43 4B
6004 DAT &/H T _UDAe SWR  55.0 4B «= £1.3% 4B
005 DAC 8/N+THD T_UDAC _SHR E5.0 dB <= £3.2 4B
Sequencar: §_UDAC _Linearity
To0 LOAC POS ERR T UDAC Lin -1d0.0 m¥ « 7.2 m¥ < lo0.0 mv
700k DAC NEG ERR T UDAC Lin =100.0 m¥ < 3.4 mv « 100.4 m¥
7002 DAC POS INL T_UDAC Lin -9.90 lsh < 1.84 1sb < 0,50 lab
7003 DAC WNES INL T UDAC Lin =4.50 1lsb = =-0.84 lak = 0.90 lak
Too04 DAC POS DHL T_UpAC_Lin -9.30 leb = 1.22 lsh (F] < 0.30 Ilab
TO0S DAs NEG DL T _UDAL _Lin -4.99 Jsb <« -4.8% 1sb < 0.9%0 lalb
7006 DAD LSB S5IZE T UDAC Lin 0.00 m¥ <« 1.55 mv « 100.040 my
TOO7? DAC Cffset ¥ T_UDAC_Lin -I00.0 m¥ < 0.0 my < 1004 my
7008 Max Code Wideh T UDAZ Lin a4.00 1sb = 1.23 1lab < 1.50 lobk
BiTﬂDB Min Code wWiden T UDAC_Lin Q.00 lab = 9.17 lsab <« 1l.50 1eb
n: 14

Figure 4,10, Example datalog from a Teradyne AS80 tester.

4.4.2 Histograms

When a test program is executed multiple times on a single DUT, it is comumon to get multiple
answers due to imperfect repeatability. If we repeatedly execute the test program corresponding
to Figure 4,10 and display only the results from test 5000, the DAC Gain Error test may show
slight repeatability errors:

?EUH DAC Gain Errar T VDAZ_SNR -l.000 dB <« -9.1Z7 4B « 1.c80 dE
3030 DRC Gain Error T_Y2hi_swk -1.cCC dB < -0..29 4B « 1.000 dB
?Eﬂa DAC Gain Errar T VvoAZ SHE -l1.CCC 4B = -0.125 dB = 1.0 4E
aCUT DAC Gairm Hrrar T VDAD_SWE  -1.00C dB o« -0.131 4B < 1.6833 dE
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3000 DAC Sain Brror T _VDREC_SWE  -1.202 4B o« -9.129 a3 < 1.000 d32
3000 AT Gain Error T_VDAC_EMR -1.031 gB ¢ 0,178 4h - 1.2490 43
5000 DAL Galn Error T_whal SNE 1.262 dB - -3.132 dE « 1,100 22
000 QAT Fain Exror T WDAC_SNR O -l.cod 4B < -2.13C 4B < 1.0621 <3
5000 DAC Eain Errar T YWDAC 5¥R -lL.0cd dE o= 29,134 dB < 1.C00 41

B = -1.131 dE < 1.coa  dB

5030 DAC Galn Zrror T_WDAC_EXR -1.GCG 4B

Notice that the resolution of the datalog cutput has been increased to three digits afler the
decimal point in this second example. The printout resolution is specified in the test program,
The extra resolution in this second example allows the variations in the results to be more easily
seen. Otherwise, all the results above would have been rounded off to —0.13 dB. 1t is important
to note that there may be a difference between datalog output resolution and the reselution of the
value as it is compared against test limits. Testers generally use the full resolution of the
measurement when comparing DUT performance against the specification limits. Only the
datalog output values are rounded, not the aciual measured values.

We can view the repeatability of a group of readings using a tool called a histogram. A
histogram for the repeatability example above is shown in Figure 4.11. It shows both numerical
results and 2 plot of the disttibution of measured valves. The disribution plot is a convenient
praphical way to understand the repeatability of the measurement. Ideally, the distribution
should be closely packed, as the example in Figure 4.11 shows. However, if the measurement
repeatability is poor the histogram spreads out into a larger range of values.

This histogram output also displays a number of useful values. The population size is listed
next 1o the heading “Total Results =". It indicates how many times the measurement was
repeated on the same device. Histograms are also used to look at distributions of measurements
over marty DUTSs to determine bow much variability there is from one device to another. In the
case of multiple DUTS, the total results would be the number of DUTSs tested.

The larger the population of results, the more trustworthy a histogram becomes. A histogram
with less than 50 results is statistically questionable because of the hmited sample size. Ideally
a histogram should contain results from at least 100 devices {or 100 test executions on a single
device in the case of repeatability studies).

Amnother useful item in the histogram is the population statistics. The mean # and standard
deviation & are the most important of these. The mean, or avetage, represents the most probable
value of a measured variabie. The best approximation will be made when the number of
readings & of the same quantity is very large. The mean value ts defined as

= ,1, *(n) (4:31)

For the DAC Gain Error example shown in Figuee 4.11, the mean value from 110 measurements
is -0.1300 dB. The standard deviation is a measure of the dispersion or uncertainty of the
measured quantity about the mean value, 4. If the values tend to be concentrated near the mean,
the standard deviation is small. while if the values tend to be distributed far frum the mean, the
standard deviation is large, Standurd deviation is defined as

R

g:u%;[x{m—;x]z 432
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Test Ko Test Furction Mame Test Label nits

3000 T_VDAC_SHR DAC Gain Error dB
lower Test Limit= =1dE  Upper Tast Limitw= 106

— DISTRIBUTION STATISTICES -
Lower Pop Limit= -Infinity Upper Pap Line t= +Infinity
Total Results= 110 Results Accephed= 110
Underflows= 0 Qverflows= o
Mean= —-0.13003d8  Std Deviation= 0.00292933
Mean — 3 Sigme= —0.13832dE  #ean + 3 S1gma= —0.121254de
Minimum Yalue= —5.135%4dE Mamimum Value= —0.12473dE
= PLOT STATISTICS -

Lawer Pl1at Limitm -§.14d8  Upper Piot Limit= —0.12dB
Cells= 15 {ell wWidth= 0.0043333dE
Full Scala Parcantm 16.38% Full Scale Count= 18

16,384 -
14.727 -
13,091 -

P11.455

% 9.818 4

¢ 8,182 4
8 £.545 o
! 4.909 -
3,273 -
1.536
u.nnn-l

I I I
—0.140 —0.137 —0.135 —0.132 -0.123 —0.12¢ -0.124 .11
—0.133 —0.136 —0.133 —£. 13 ~-0.128 0,125 =(.123 -{1.120
de

Figura 4,11, Histogram of the DAG gain error test,

Standard deviation and mean are expressed in identical vnits. In our DAC example, the standard
deviation was found to be 0.0029 dB. Notice that we have broken the previously stated rule that
we should not caleutate averages {and standard deviations for that matter) using logarithmic units
such as the decibel. However, we are often able to take this statistical shortcut when all the
values are very near one another. The reason for this is that logarithmic curves are
approximately linear over a limited span of values. It would not be advisable 1o take such a
shortcut if the range of values covered a 20-dB span. We can still view histograms of
logarithmic values to get a general idea of the mean and standard deviation. but we should
remember that these values are not entitely accurate. To be perfectly cormect we would need to
convert the lpgarithmic values into linear units such as VYV before reading the mean and
standard deviation from a bistogram,

The Wistogram in Figure 411 exhibits o commoen feare for anslog and mixed-signal

meusurements, The distnbution of vulues has a shape similar to a bell, The bell curve {also
called a normol distribution or Ganssion dispitngion) is g common one in the sidy of statistics.
Acconding to the contral limit theorem.” any sarumation of a large oumber (& = 30 of

stti=bically independent random viriables converges woward o Cuussian distributaom. The
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Gaussian —_
fnormal}

distribution a
curn/e 7 —\

-0.145 -0.140 -0135 -0.130 -0.125 -0.120 -0.115
Figure 4,12, Conlinuous normal {Gaussian) distribution for the DAC gain example.

variations i a typical mixed-signal measurement are caused by a summation of many different
sources of noise and crosstalk in both the device and the tester instuments. As a result, many
mixed-signal measurements exhibit the familiar Ganssian distribution.

For the DAC Gain Emor example, Figure 4.12 illustrates the results using a smooth curve
through all the measured points. As is evident, the graph has a bell shape, quite similar to a
Gaussian distribution, In theory, 8 Gaussian distribution extends to infinity. In other words, if
you are willing to wait billions of years you should eventually see an answer of +200 dB in the
DAC gain example. In reality, measurements are only near-Gaussian. As a result, the answer in
the example will probably never stray more than 2 few tenths of 2 dB away from —{.13 dB.

Although the real world only approximates the ideal Gaussian distribution, the comparisen is
close enough to allow some general statements. First, the standard deviation of a Gaussian
distribution is roughly equal to one sixth of the total variation from the minimmum value 10 the
maximum value. In the distribution of Figure 4.12 the standard deviation iz 0.0029 dB; so we
would expect to see values ranging from —0.139 to —0.121 dB. These values are displayed in the
sample histogram beside the labels “Mean —3 sigma” and *Mean +3 sigma.” The actual
minimum and maximum values are not as extreme, which indicates that this is pot troly a
Gaussian distribution.

It is quite commen to obtain distributions that are not Gaussian, though the distributions
should be more or less bell-shaped. Common deviations from the familiar bell shape are
himodat distributions (Figure 4.13) and outliers (Figure 4.14). When looking for measurement
repeatability on a single DUT, these distributions are a waming sign that something is not
sufficiently repeatable. When looking for distributions of a parameter across tnany DUTs, non-
Gaussian plots may indicate a poor design or a fabrication process that needs to be fixed. They
may also indicate a test program that is yielding incomect answers.

4.4.3 MNoise, Test Time, and Yield

The yield of g given 1ot of material is defined as the ratio of the total good devices divided by the
total devices tested:
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total good devices

yield = -
. total devices tested

% 100% (4.33)
[f 10,000 parts are tested and only 7,000 devices pass all tests, then the vield on that lor of 10,000

devices is 70%. As explained in Section 4.3.3, there are inherent tradeoffs between repeatability,
test time, and production yield.

If a device is well designed and a pantjcular measuremnent is sufficiently repeatable, then there
will be few failures on that measurement. But if the distibution of readings on a production lot
of devices is skewed so that it 13 close to one of the test limits, then production vields are likely
to fall. In other words, more good devices will fall beyond the puardband regiom and be
disqualified. Obvicusly, 4 measurement with poor accuracy or poor repeatability will just
exacerbate the problem.
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P 3.400 -

% 7.200 -
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9 4.400 -

2 3.600
2.400

-0.148 —. 145 —r. 142 —0.13% -0.135 —0.132 -1.129 -0.126
—0.147 —0.144 =0.140 =0.137 -0.134 =0.13 -0.127? -.124
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Figurs 4,13, Bimodal distrioution.
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Figure 4.14. Statistical aulligrs.
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In Section 4.3.1 it was shown that averaging or filtering & measurement can make it more
repeatable, with the unfortunate cotsequence of longer test time. On the other hand, centermg
the design between test fimuts and making the design insensitive to process variations might
make it unnecessary to achieve such aceuracy and repeatability. Test costs can be dramatically
reduced with well-centered designs with plenty of margin. Unfortunately, well-centered designs
with good margin are often power hungry or silicon ares intensive. The test engineer and design
engineer should work together to achieve an optimum balance between low silicon overhead
with minimal power consumption and low test ¢cost with minimam averaging. Only by working
as a team can these two engineering disciplines produce a cost-effective product that will
succeed in the marketplace.

4.5 SumMmMaRY

[nn this chapter we have introduced the concept of accuracy and repeatability and shown how
these concepts affect device guality and production test economics. We have examined many
conttibuting factors Jeading to inaccuracy and nonrepeatzbility. Using software calibrations, we
can eliminate or at least reduce many of the effects leading to measurement inaccuracy.
Measurement repeatability can be enhanced through averaging and filtering, at the expense of
added test time. The constant balancing act between adequate repeatability and minimum test
time represents a large portion of the test engineer’s workload. One of fundamental skills that
separates good test engineers from average test engineers is the ability to quickly idenhty and
correct problems with measurement accuracy and repeatability. Doing so while maintaining low
test times and high yields is the mark of a great test engineer.

In the next chapter, we will take a brief vacation from mathematical equations to examine the
measurement instrumentation and other architectural featurss common to many mixed-signal
ATE testers, We will study the various types of instruments such as waveform digitizers,
arbitrary weveform generators, digital pattern generators, and other mixed-signal ATE
instrurments. It might sezm that this fundamenta! topic should have been presented in an earlier
chapter. The subject has been delayed until Chapter 5 because many of the architectural features
of mixed-signal testers are easier to understand in the context of accuracy, repeatability, and their
combined effects ont test time and production yield.

Exercises

4,21, A 5-mV signal is measured with a meter ten times, resulting in the following sequence
of readings: 7 mV, 6 m¥, 9 mV, 3 mV, 4 mV, 7TmV, S mV, 7 mV, § mV, }1 mV. What is
the mean value? What is the standard deviation?

Ans. 7.2 mV, 1.BE7 mVv.

.22, 1f 15,000 devices are tested with a yield of 63%, how many devives passed the test?

Ans. 0450 deviees,
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Problems

4.1.

4.2,

4.3.

4.4.

4.3.

4.4.

4.7

4.8,

4.9,

A 55-mV signal is measured with a meter ten times resulting n the following sequence of
readings: 57 mV, 60 mV, 4% mV, 38 mV, 34 mV¥, 57 mY, 53 mY, 57 mV, 48 mV,
&1 mV. What is the average measured value? What is the systematic error?

A DC voltmeter is rated at 14 bits of resolution and has a full-scale input range of +5 V.
Assuming the meter’s ADC is ideal, what is the maximum quantization error that we can
expect from the meter? What is the error as a percentage of the meter’s full-scale range?

A 100 mV signal is to measured with a worst-case error of 10 uV. A DC voltmeter is
set to a full-seale range of #1 V. Assuming that quantization error is the only source of
jnaccuracy in this meter, how many bits of resolution would this meter need to have to
make the required measurement? If the meter in our tester only has 14 bits of resclution
but has binary-weighted range settings (i.e., £1 ¥, 500 mV, £250 mV, etc.) how would
we make this measurement?

A voltmeter is specified to have an accuracy emmor of £0.1% of full-scale range on 2 £]-V
scale. If the meter produces a reading of 0323 'V DC, what is the minipum and
maximum DC levels that might have been present at the meter’s input during this
measurement?

A meter reads ~1.039 mV and 1.121 V when connected to two highly accurate reference
levels of 1 V and 1 V, respectively. What is the offset and gain of this meter? Write the
calibration equation for this meter.

A DC source is nssumed characterized by a third-order equation of the form:

YVieasuaen = 0004+ Fppogn 00 +0.001 Veroorusso. —0-007 Vogoseuanen and is Tequired

to generate a DC level of 1.25 V. However, when programmed to produce this level, only
1.242 V is measured. Using iteration, dstermine a value of the programmed Source
voltage that will establish a measured voltage of 1.25 V to within 2 £ 0.5 mV accuracy.

]

2
1+ [—-‘f—J
4000

three tones at frequencies of 1, 2, and 3 kHz. What are the gain calibration factors? What
voltage levels would we request if we wanted an output level of 500 mV RMS at each

frequency?

Several DC measurements are made on a signal path that contains a filter and a buffer
amplifier. At input levels of 1 and 3 V, the output was found to be 1.02 and 333 V,
respectively. Assuming linear behavior, what is the gain and offset of this filter-buffer
stage?

An AWG has a gain tesponse deseribed by G(f}= and is to generate

Using the setup and results of Problem 4.8, what 15 the calibrated level when 2 2,13 WV
level is measured at the filtar-buffer output? What is the size of the uncalibrated error?

. A simple RC low-pass circuit is constructed using a 1-kE2 resistor and a 10-pT capacitar.

This RC circuit is wsed to filier the output of » DUT containing a noisy DC signal. 1f the
DUT's noise voltage has a constant spectral density of 100 nY fHz . what 15 the RMS
notse voltage that upoears at the output ot the RC filter? If the we decrease the capacitor
value to 2.2 1F, what is the RMS noise voltage at the RC filter output?
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4.11. Assume that we want to allow the RC filter in Problem 4.10 to settle to within 0.2% of its

fimal value before making a DC measurement. How much settling time does the first RC
filter in Problem 4.10 require? Is the sentling time of the second RC filter greater or less
than that of the first filter?

4.12. A DC meter collects a series of repeated offset measurements at the output of 2 DUT. A

first-order low-pass filter such as the one in Problem 4.10 is connected herween the DUT
output and the meter input. A histogram is produced from the repeated measurements.
The histogram shows a Gaussian distribution with a 50-mV difference betwesn the
maximum value and minimum valve, It can be shown that the standard deviation, o, of
the histogram of a repeated series of identical DC measurements o one DUT is
proporticnal to the RMS noise at the meter’s input. Assume the difference between the
maximum and minimum measured values is roughly equal to 600 How much would we
need to reduce the cuteff frequency of the low-pass filter to reduce the nonrepeatability of
the measurements from 50 t0 10 m¥Y? What would this do to our test time, assuming the
test time is dominated by the sentling time of the low-pags filter?

4.13. The DUT in Problem 4.12 can be sold for $1.25, assuming it passes all tests. If it does

not pass all tests, it cannot be sold st all. Assume that the more repeatable DC offset
measurement in Problem 4.12 results in a narrower guardband requirsment, causing the
production yield to rise from 92% to 98%. Also assume that the cost of testing is known
to be 3.5 cents per second and that the more repeatable measurement adds 250 ms to the
test time. Does the extra yield obtained with the lower filter cutoff frequency justify the
extra cost of testing resulting from the filter’s longer settling time?
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CHAPTER

Tester Hardware

5.1 MixeDp-SiGeal TESTER OVERVIEW

5.1.1 General-Purpose Testers versus Focused Bench Equipment

General-purpose mixed-signal testers must be capable of testing a variety of dissimilar devices.
On any given day, the same mixed-signal tester may be expected to test video palettes, cellular
telephone devices, data transceivers, and general-purpose ADCs and DACs.  The test
requirements for these various devices are very different from one another. For example, the
cellular telephone base-band interface shown in Figure 1.2 may require a phase trajectory error
test ot an error vector magnitude test. Dedicated bench instruments can be purchased that are
specifically designed to measure these application-zpecific parameters. It would be possible to
install one of these stand-alone boxes into the tester and communicate with it through an [EEE-
458 GPIB bus. However, if every type of DUT required two or three specialized pieces of bolt-
on hardware, the tester would soon resemble Frankenstein's monster and would be prohibitively
eXPENSIVE.

The mixed-signal production tester cannot be focused toward a specific type of device if it is
to handle a variety of DUTs. Instead of implementing tests like phase trajectory etror and emor
vector magnitude using a dedicated bench instrument, the tester must emulate this type of
equipment using a few general-purpose instruments. The instruments are combined with
software routines to simulate the operation of the dedicated bench instruments.

8,1.2 Generic Tester Architecture

Mixed-signal testers come in a vagety of “flavors” from a variety of vendors. Unlike the
ubtquitous PC, testers are not at all standardized in architecture. Each ATE vendor adds special
features that they fee] will give them a competitive advantage in the marketplace. Consequently,
mixed-signal testers from different vendors do not use 2 common software platform.
Furthermore, a test routine implemented on one type of tester is often difficult to translate to
another tester type because of subtle differences in the hardware tradeoffs designed into cach
tester. MNevertheless, most mixed-signal testers share many common features. In this chapter, we
will ¢xamine these common features without delving too deeply into specific details for any
particular brand of tester,

Figure 3.1 shows a generic mixcd-signal tester architecture, 1t includes system computers, o

suurees, DO meters, relay control Vines, relay maerix lines, time measuremnent hardware, arbitrary
wavefbrn generators, wavetorm digitizers, clocking and synchronization scurces, amd a digital

123
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subsystern for generating and evalvating digital patterns and signals. This chapter will briefly
examine the operation of each of these tester subsystems.

- Digital vector sequencer
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r 5
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Sowce Ll vater [ Cortee
memory
Waveform data l l l l Waveform data
fromn tester computar Timing to tester computer or
and array processor
User formatting
computer ] |
&
¥
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! ik
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i ,
Time
DC sources »| measurement
t;
Relay matrix system
. and
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AWG  >———n _._@
! [ ]
Clocks and
synchronization

Figure 5.1, Genenc mixed-signal tester architecture,
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5.2 DC REsSOURCES

5.2.1 General-Porpose Multimeters

Most testers incorporate a high-accuracy multimeter that is capable of making fast DC
measurements. A tester may alse provide a slower, very high-accuracy voltmeter for more
demandding measurements such as those necded in focused calibrations. However, this slower
instrument may not be usable for production tests because of the longer measurement time. The
fast, general-purpose multimeter is used for most of the production tests requinng a nomnal
level of aceuracy.

A very simple DC voltmeter block diagram was presented in Figure 4.8. A more detailed DC
multimeter structure is shown in Figure 5.2, This meter can bandle either single-ended ot
differential inputs. Its architecture includes a high-impedance differential to single-ended
converter {instrumentation amplifier), a low-pass filter, a programmable gain amplifier {PGA)
for input ranging, a high-lmearity ADC, integration hardware, and a sample-and-difference
stage. [t also includes an input multiplexer stage to select one of several input signals for
measurement.

The instrumemtation amplifier provides a high-impedance differential inpwt. The high
impedance avoids potential DC offset errors cansed by bias curzent leaking inte the meter. For
single-ended meagurements, the low end of the meter may be connected to ground through relays
in the input selection multiplexsr. The multimeter can also be connected to any of the tester’s
general-purpose DC voltage sources to measure their output voltage. The meter can also
tmeasure current flowing from any of the DO sources. This capability is very useful for
measuring power supply curmrents, impedances, leakage currents, and other common DC
parametric values. A PGA placed before the meter's ADC allows proper ranging of the
instrument to minimize the effects of the AD(C's guantization error {see Sections 4.1.4 and
4.2.8).

Input selection
multiplexer Sample and Low-pass
\ differenca filter
Momal -+
pat PGA
Voltage/ | ~ | : >—/: . — .
current ]
+
Saurces | || Differential to Range control
/ single-ended 7
converter
{instrumentation
ampilifier)
Integrator
A . ADC Meter
result

Figure 5.2. General-purpose DC multimeter,
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The meter may also inciude a low-pass filter in its input path, The low-pass filter removes
high-frequency noise from the signal under test, improving the repeatability of DO
measurerments.  This filter can be enabled or bypassed using software commands. 1t may also
huve a programmable cutoff frequency so that the test engineer can make tradectfs between
measurement tepeatability and test time (see Section 4.3.1). In addition, spme meters may
include sn integration stage, which acts as a form of hardware averaging circuit to improve
measurement repeatability.

Finally, 2 sample-and-difference stage is included in the (ront end of many ATE multimeters.
The sample-and-difference stage allows highly accurate measurements of small differences
between two large DC voltages. During the first phase of the measurement, a hardware sample-
and-hold circuit samples a voltage. This first reference voltage is then subtracted from a second
valtage (near the first voltage) using an amplifier-based subtractor. The difference between the
two voltages is then amplified and measured by the meter’s ADC, resulting m a high-resolution
measurement of the difference voltage. This process reduces the quantization error that would
otherwise rasult from a direct measurement of the large voltages using the meter’s higher voltage
ranges.

P, —————————————— T o ]
vample 3.1

A single-ended DC voltmeter bas a resolution of 12 bits. [t also features a sample-and-difference
front-end circuit. We wish to use this meter to measure the differential offset voltage of a DUT’s
output buffer. Each of the two outputs is specified to be within a range of 1.35 ¥V £ 10 mV, and
the differential offset is specified ta be 25 mV. The meter input can be set to any of the
following ranges: £10 V, £1 V, +100 mV, 10 mV, and ] mV. Assuming all components in
the rneter are perfectly linear (with the exception of the meter’s quantization error), compare the
accuracy achieved using two simple DC measurements with the accuracy achieved using the
sample-and-difference ctrenit.

Hurion:

The simplest way to measure offset using a single-ended DT voltmeter 1s to connect the meter to
the OUTP output, measure its voltage, connect the meter to the OUTN output, measure its
voltage, and subtract the second voltage from the first (see Example 3.4). Using this approach,
we have to set the meter’s input range to £10 V to accommodate the 1.35 V DUT output signals.

- 1 v
Thus each measurement may have & quantization error of as much as ta(;—?-—ﬂ =+2 44 mV,

Therefore, our total error might be as high as £4.88 mV, assuming the quantization crror from
the first measurement is positive, while the quantization error from the second measurement is
negative. Since we have a specification limit of #5 mV, this will be an unacceptable test
method,

Using (he sumple-and-diftergnee circuitry, we could range the meter inpat to the worst-case
difterence herween the twa autputs, which is 3 mV, assuming a good device. The lowest meter
runge that will accommadate a 5-mY signal is 210 mY, Howeower, we also need o be able ta
collegt readings from bad devices for purposes of characterization. Theretore. we will choose a
range ol £ 100 mV, giving us 2 compromise between accuracy unid characterization Mexibility.
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During the Grst phase of the sample-and-difference measurement, the voltage at the OUTN pinis
sampled onto 4 hoelding capacitor internal to the meter. Then the meter is connecied to the OUTE
pin and the second phase of the measurement amplifies the difference between the OUTP voltage
and the sampted OUTN voltage. Since the meter is set to a range of £100 mV, a 100-mV
difference between OUTP and OUTN will produce a full-scale 10 V input to the meter's ADC.
This serves t¢ reduce the effects of the meter’s quantization emar. The maxitmum error is given
1 [ 100 mVv
A |

which is well within the requirements of our measurement.

): +12.2 V. Again, our worst-case error is twice this amount, or £24.4 uV,

5.2.2 General-Purpose ¥oltagefCurrent Sources

Most testers include general-purpose DC voltage/current sources, commonly referred to as M4
sources ot DO sources. These progmmimable power supplies are used to provide the DC
voltages and cumrents necessary to power up the DUT and stimutate its DC inputs. Many
general-purpose supplies can force either voltage or cument, depending on the testing
requirements. On most testers, these supplies can be switched to multiple poitts on the DIB
board using the tester’s DO matrix (see Section 5.2 5). As mentioned in the previous section, the
system’s general-purpose meter can be connected to any DC source to measure its output voltage
or its output current.

Figure 5.3 shows a conceptual block diagram of a DC source having a differential Kelvin
connection. A differential Kelvin conmection consists of four lines (high force, low force, high
sense, and low sense) for forcing highly accurate T voltages. The Kelvin connection forms a
feedback loop that allows the DC source to force an accurate differential voltage through the
resistive wires between the source and DUT. Without the Kelvin connection, the small resistance
in the force line interconnections (Rrgices and Rrpacer) would cause a small JR voltage diop.
The voltage drop would be proportional to the current through the DUT load (Regan). The small

Deslrad '\I’GHB.QE
Interconnect cabling, DiB,

I VRIS : and DUT

E | High force Rrrace.s

E DAC 1 T A

\ High sense

i i Low sense § Ruono
. DG soures : Low force

E . St

1 | Rimacss

Figurs 5.3, General-purpose DG source with Kelvin cornections {conceptual diagram}.
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IR voltage drop would result in etrors in the voltage across the DUT load. The sense lines of a
Kelvin connection carry no current. Therefore, they are immune to errors caused by /R voltage
drops. '

A sense line is provided on the high side of the DC source and also on the low side of the
source. The low-side sense line counteracts the parasitic vesistance in the current return path.
Since tnost instruments are referenced to ground, the low sense lines for all the DC instruments
in @ tester are often lomped into a single ground sense signal called DZ (device zero), DGS
{(device ground sense), or some other vendor-specific nomenclatare. This is one of the most
important signals in a mixed-signal tester, since it connects the DUT’s ground voltage back to
the tester’s instruments for use as the entire test system’s 0 V “golden zero reference.” If any °
voltage emors are introduced into this ground reference signal relative to the DUT's ground, all
the instruments will produce DC voltage offsets.

5.2.3 Precision Voltage References and User Supplies

Mixed-signal testers sometimes include high-accuracy, low-noise voltage references. These
voltage sources can be used in place of the general-purpose DC sources when the noise and
accuracy characteristics of the standard DC source are inadequate. One common example of a
precision voltage reference application is the voltage reference for a high-resolution ADC or
DAC. Any noise and DC error on the DC reference of an ADC or DAC translates directly into
gain error end increased noise, respectively, in the output of the converter. A precision voltage
reference is sometimes used to solve this problem.

Testers may also include nooprogrammable user power supplies with high output current
capability. These fixed supplies provide common power supply voltages (£5 V, £15 V, etc.) for
DIB circuits such as op amps and relay coils. This allows DIB circuits to operate from
inexpensive fixed power supplies having high current capability instead of tying up the tester’s
inore expensive programmable DC sources.

£.2.4 (alibration Source

The mixed-signal tester’s calibration source was discussed in detail in Section 4.2. The purpose
of a calibration source is to provide traceability of standards back to a central agency such as the
National Institute of Standards and Technology (NIST). The calibration source must be
recalibrated on a periodic basis (six months is a common period). Often, the source is removed
from the tester and sent to a certified standards lab for recalibration. The old calibration source
is replaced by a freshly calibrated one so that the tester can continue 1@ be used in production.
On somc testers, the high-accuracy multimeter serves as the calibration source.  Also, some
testers may have muliiple instruments that serve as the calibration sources for various parameters
such as voltage or frequency. Clearly, this is a highly tester-specific topic. Calibration and
standards traceubility is discussed in more detail in Chapter 10, “Focused Calibrations.™

5.2.5 Relay Matrices

A relay matrix is a bank of eleetromechanical relays that provides flexible interconnections
between many difterent tester instruments and the DUT. There may be several rypes of relay
matrix i a tester, ot they all perform a similar task. At different points in a g5t program, a
pacticular [T mpu may requite @ DC veltage, an AC waveform, or o connection to o
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Figure 5.4. Instrument relay matnx,

voltmeter. A relay matrix allows each insttument to be connected to a DUT pin at the
appropriate tirme.

A general-purpose 4 % 4 relay matrix is shown in Figure 5.4. General-purpose relay matrices
are used to connect and disconnect vatious circwit nodes on the DIB board. They have no
hardwired connections to tester instruments. Therefore, the purpose and functionality of a
general-purpose relay matrix depends on the test engineer’'s DIB design. A more instrument-
specific matrix is shown in Figure 5.5. It zllows flexible interconnections between specific tester
instruments and pins of the DUT through connections on the DIB board.

In addition to relay matrices, many other relays and signal paths are distributed throughout &
mixed-signal tester to allow flexibility in interconnections without adding unnecessary relays to
the DIP board. The exact architecture of relays, matrices, and signal paths varies widely from
one ATE vendor’s tester to the next.

DIB connections
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Figure 5.5. General-purpase relay matic.
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5.2.6 Relay Control Lines

Despite the high depree of interconnection flexibility provided by the general-purpose relay
matrix and other instrument interconnect hardware, there are always cases where a local DIB
relay (placed near the DUT) is imperative. Usually the need for a local DIB relay 1s driven by
performance of the DUT. For example, there is no better way to get a low-noise ground signal to
the input of a DUT than to provide a local relay placed on the DIB directly between the DUT
input and the DUT’s local ground plane.

Certainly it is possible to feed the local ground through a DIB trace, through a remote relay
matnx, aud back through another DIB trace, but this connection scheme invariably leads (o poor
analog performance. The DIB wraces are, after all, radio antennae. Many noise problems can be
traced to poor layout of ground connections between the DUT and its ground plane. Local DIB
relays minimize the radio antenng effect. Local DIB relays are also used to connect device
outputs to various passive loads and other DB circuits.

The test program controls the local DIB relays, opening and closing them at the appropriate
time during each test. The relay coils are driven by the tester’s relay control lines. A relay
control line driver is shown in Figure 5.6, Oun some testers, the control line is capable of reading
back the state of the voltage on the control line through a readback comparator. The readback
comparator allows a low-cost method for determining the state of a digital signal.

o TEmmmmmmmaEEREEEEER e 1 _é_‘;f_ --------------- i RE|EF +1 2 v
: | \  onDIB

:. Relay driver card Buili-in : o )

! flyback ’ : !
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E control signal |) ; -

; k% DIB

i i flyback

; Readback data ] i dicde

: g0 Vrmrassoro i

: ! DIB

Readback comparatar

Figure 5.6. Relay coil driver with flyback protection dicdes.

Relay coils produce an inductive kickback when the current is suddenly changed between the
on and oft states. The inductive kickback, or flyback as it is known, is induced according to the
inductance formula W) — £ &f /dr. Sinee high kickback voltages could potentially damage the
autput circuils of the relay driver, its output circuits contain fiyback protection diedes to shant
the excess voltage to a DC source or to ground. Many test engineers also add flyback diodes
across the coils of the relay. as shown in Figure 5.6. The extra diode is probably redundant.
However, many engincers consider it good practice to add extra flyback diodes even though they
ake up quite 2 bit of LB board space. To eliminate the board space issue, the test engineer catl
chovse slightly more expensive relaya with built-in flyvback dusdes.
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5.3 INGITAL SUBSYSTEM

5.3.1 Digital Veciors

A mixed-signal tester must test digital circuits as well as mixed-signal and analog circuits. The
mixed-sipnal and digital-only sections of the DUT are exercised using the tester’s digital
subsystem. The digital subsystem can present high, low, and high-impedance (HIZ) logic levels
to the DUT. It can alse compare the outputs from the DUT apainst expected responses to
determine whether the digital lopic of the DUT has been manufactured without defects. The
tester applies a sequence of drive data to the device and simultaneously compares cutputs against
expected results, Each drive/compare cycle is called a digital vector. A series of digital vectors
is called a digital partern. An example digital pattemn for testing a simple 3-bit counter s shown
in Figure 5.7. The vectors of a digital pattern are usvally sourced at a constant frequency,
although some testers allow the period of each vector to be set independently. The ability to
change digital tirning on 2 vector-by-vector basis is commonly called fiming on the fiy.

RC

EL

L]

ECQan

TK2110H
VECTOR LABEL COMMAND TSET & 5 § 5 5 COMMENT
0000000 TEST_COUNTER: 1 CDXNXX
QoooGco1 1 01X X X Reset Counter
Qooooo2 1 00LLL Chack Fer all 0°s
0000003 1 01TLLL
nooooo4 1 1 0L L L PRelsasa Reset
00Q00as 1 1 1L LH Test far 001
0o0aones 1 10X XX
AgaanG? 1 11 L HL Test far 010
Gonoage 1 10XKXX
QOBRO03 1 11 1L HH Tast for M
0ooo01g 1 10XKXX
0ooogtt 1 1 1KLL Tast for 100
Qooon1 2 1 106X XX
2000013 1 14 B LHTast for 101
oaa0o14 1 10X XX
0Go0015 1 11 HHL Tast for 110
oooao16 1 10X XX
oooa017? 1 11 HHH Test far 111
ooo0048 1 1o XX
aoo0o19 1 11 L L L Test for wrap
0ooooza HALT 1 1o XK

Figure 5.7. Digital pattern for 3-bit binary counter.

5.3.2 Dlgital Signals

In addition to the sirnple pass/fail digital pattern tests, the tester must also be capable of sourcing
and capturing digital signals. Digital signals are digitized representations of contimuous
waveforms such as sine waves and multitones. Digital signals are distinet from digital vectors in
that they typically carmry analog signal information rather than purely digital information.
Usually, the samples of a digital signal must be applied to 2 DUT along with a repetitive digital
pattern that keeps the device active and initiates DAC andfor ADC conversiens. Each cycle of
the repeating digital pattern is called a frame.
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During & mixed-signal test, the repeating frame vectors must be combined with the
nonrepeating digital signal sample information to form a repetitive sampling loop. Combining
the digital frame vectors with digital signal data, a long sequence of waveform samples can be
sent to or capiured from the DUT with a very short digital frame pattern. In effect, the sampling
frame results in a type of data compression that minimizes the amount of vector memory needed
for the tester’s digital subsystem.

Looping frames are commonly used when testing DACs and ADCs. A sequence of samples
must be loaded into a DAC 1o produce a continuous sequence of voltages at the DAC’s output,
In the case of ADC testing, digital signals must be captored and stored into a bank of memory as
the looping frame initiates each ADC conversion.

533 Source Memory

When testing DACs, the digital signal samples tepresenting the desired DAC analog waveform
are typically computed in the tester’s main test program code. The digital signal samnples are
stored into a digital subsystern memory block called source memory (o1 send memory n some
testers). The digital frame data, on the other hand, are stored m vector memory. To generate a
repeating frame with a new sample for each loop, the contents of the vector memory and source
memory are spliced together in real tme as the digital pattern is executed.

An example digital pattern for a DAC sine wave test is shown in Figure 5.8, This pattern
shows a combination of 2 looping frame of ones and zeros combined with digital signal
placeholders (W symbels in this example). Ws are placed wherever analog wavefor sample
data is to he supplied by source memory. Each W may be either high or low duting each loop of
the frame, depending on the contents of source memory. The address pointer for source memory
is incremented by one sample each time through the frame loop so that a series of different
samples can be sent to the DAC,

Because its data are generated slgorithmically by the main test program, a digital signal can
be modified quickly without changing the frame loop pattern. The ability to quickly modify the
digital signal data is especially vseful during the DUT debug and characterization phase. For
example, a DAC may nonmally be tested using a 1-kHz sine wave digital signal. During the DAC
characterization phase, however, the frequency might be swept from 100 Hz to 10 kHz to look
for problem areas in the DAC’s design. This would be impossibly cumbersome if the digital
pattern had to be generated using an expanded, nonlooping sequence of ones and zeros. In fact,
some tester architectures atternpt to substitute deep, nonlooping vector memory in place of
source memory. This may reduce the cost of tester hardware, but it invariably results in
frustrated users. One of the main differences between a mixed-signal tester and a digital tester
with belt-on snalog instruments is the presence of soutce and capture memories in the digital
subsystem. Cther differences will be pointed out throughout this chapter.

534 Capmre Memory

Devices such as ADCs produce a series of digitized waveform samples that must be captured and
stored into a bank of memory called capture memory (or receive memory). Capture memory
serves the opposite function of source memory. Each time the sampling frame is repeated, the
digital output from the device is stored into the capture memory. The capture memory address
pointer is incremented each time a digital sample is captured. Cnce a complete set of samples
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have been collected, they are transferred to an array processor or to the tester computer for
analysis. A simple ADC sine wave test pattern 15 shown in Figure 5.9,
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Figure 5.8. DAL data sourcing test pattem.
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Figura 5.9. ADC data capture test pattern.

5.3.5 Pin Card Electronics

The pin card electronics for each digital charmel are Jocated inside the test head on most mixed-
signal testers, A pin card electronics board may actually contain multiple channels of identicel
circuitry,  Bach channel’s circuits consist of a programmable driver, a programmable
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Flgure 5.10. Digltal pin card circults.

comparator, various relays, dynamic current load circuits, and other circuits necessary to dive
and receive signals to and from the DUT. A generic digital pin card is shown in Figure 5.10.

The driver circuitry consists of a fixed impedance driver {typicaily 50 L) with two
programmable logic levels, Fiy and ¥;. These levels are controtled by a pair of driver level
DACs whose voltages are controlled by the test program. The driver can also switch into a high-
impedance state (HIZ) at any point in the digits] pattern to allow data to come from the DUT into
the pin card’s comparator. The drover circuits may also include programmable rise and fall
times, though fixed rise and fall times are more common. Normally the fixed rise and fall times
ate designed to be as fast as the ATE vendor can make them. Rise and fall tirnes between 1 and
3 ns are typical in today’s testers.

The comparator alsc has two programmable logic levels, ¥Fpy and Fpp. These are alse
controlled by anogther pair of DACs whose voltages are contyolled by the test program. The pin
card comparator is actaally a pair of comparators, one for the Foy level and one for Fop. If the
DUT signal is below For, then the signal is considered a logic low. If the DUT is sbove Pag,
then it is considersd & logic high. If the DUT output is between these thresholds, then the output
state is considered a midpoint voltage. 1f it is outside these threshelds, then it is considered a
valid logic level. Comparator results can also be 1gnored using a mask. Thus there ars typically
three drive states {HI, LO, and H1Z) and five compare states (HI, LO, and MIL}, VALID, and
MASK).

The usefulness of the valid comparison is not immediately obvious. If we want to test for
valid Foyr and For voltages from the output of a nondeterministic circuit such as an ADC, we
cannot set the tester to expect Hl or LO. This is becavse elecirical noise in the ADC and tester
will produce somewhat unpredictable results at the ADC owput. However, we can st the tester
o expect valid logic levels dunmg the apprupriate digital vestors without specifying whether the
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ADC should produce a HI or a LO. 'While the pin card tests for valid logic levels, the samples
from the ADC are collzcted into the digital capture memory for later analysis.

In addition to the drive and compare circuits, digital pin cards may also include dynamic load
circuits. A dynamic load is a pair of current sources connected to the DUT output with a diode
bridge circuit as shown in Figure 5.10. The diode bridge forces a programmable current into the
DUT outpat whenever its voltage is below a programmable theeshold voltage, Fry It forces
current out of the DUT ocutput whenever its voltage is above Fry. The sink and source curment
settings cotrespond to the DUT's Loy and {op specifications (see Section 3.12.4).

Another extremely umportant function that a digital pin card provides is its per-pin
measurement capability. The per-pin measursment circuits of a pin card form a low-reselution,
low-carrent DC voltage/current source for each digital pin. The per-pin circuits also include a
relatively low-resolution voltage/current meter.  The low-resolution and low-current capabilities
are nsually adequate for performing certain DC tests like continuity and leakage testing. Thess
DC source and measure circuits can also be wsed for other types of simple DC tasks like input or
cutput impedancs testing.

Some testers may also include overshoot suppression circuits that serve to dampen the
overshoot and undershoot characteristics in rapidly rising or falling digital signals. The
overshoot and undershoot characteristics are the result of a low impedance DUT output driving
into the DIB traces and goaxial cables leading to the digital pin card electronics. The ringing is
minimized as the signal overshoot is shunted to a C level throngh a diede.

Digital pin cards also include relays connected to other tester resources such as calibration
standards and system DC meters and sources. These connections can be used for a variety of
purpases, including calibration of the pin card electronics during the tester’s system calibration
process. The exact details of these comnections vary widely from one tester type 10 apother.

5.3.6 Timing and Fnrmtﬁng Electronles

When looking at a digital pattern for the first time, it is easy to interpret the ones and zeros very
literally, as if they represent ali the information needed to create the digitsl waveforms.
However, most ATE t=sters apply timing and formatting to the ones and zeros to create mors
complicated digital waveforms while minimizing the number of ones and zeros that nmst be
stored in pattern memory.

Timing and formatting is a type of data compression and decompression. The pattern data ars
formatted using the ATE tester's formatter hardware, which is typically located inside the tester
mainframe or on the pin card electronics in the test head. Figure 5.11 shows how the pattern data
ar¢ combined with timing and formaiting information to create more complex waveforms,
Metice that the unformatted data in Figure 5.11 require four times as muach 1/0 information and
faur timmes the bit cell frequency to achieve the same digital waveform as the formatted data,
Another key advantage to formatted waveforms is that the formatting hardware in 2 high-end
mixed-signal tester is capable of placing the rising and falling edges with an accuracy of a few
tens of picoseconds. This gives us better control of edge timing than we could expect 1o achieve
using subgigabertz clocked digital logic.

The programmable drive start and stop times illustrated in Figure 5.11 are generated using
digital delay circuitry inside the formatter circuits of the tester. Drive and compare timing is
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Flgure 5.11. Drive data compression using formats and timing.

refined during a calibration process called deskewing. This allows subnanosecond accutacy n
the placement of driven ¢dges and in the placement of compare times {called strobes and
windows). Strobe comparisons are performed at a particular peint in time, while window
comparisons are performed throughout a period of time. Window timing is typically used when
compating DUT outputs against expected patterns, while strobe timing is typically vsed when
collecting data into capture memory. Again, this depends on the specific tester.

Figure 5.12 shows examples of several different formatting and timing combinations that
create many different waveforms from the same digital data sream. In each case, the drive data
sequence is 110X00, The compare data sequence is HHLXLL. Notice that certain formats such
as Clock High and Clock Low ignore the pattern data altogether. Since digital pin cards can both
drive and expect data, a distinction is made between a driven signal (1 or 0) and an expected
signal (H or L). This notation is used for clarity in this book, though it is not universally used in
the test industy. In fact, some digital pattern standards define H/L as driven data and 1/0 as
expected data.

e —i
b ——— e —————————— e = — —
Example 35,2

Two digital sipnals, $1GA and SIGB, are generated by an ATE tester's pattern generator. The
pattern generator's vector rate (L., its bit cell rawe) 15 set to 4 MHw. 510A Is progranumed to RO
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Figure 5.42. Some common digital formats,

format, while SIGB is programmed to NRZ format. The start time for SIGA is programmed to
50 ns and the stop time is programmmed to 125 ns. Uis initial state is programmed to logic high.
The start time for 54GB is programmed te 25 ns and the stop time is programmed to 175 o5, Iis
initial state is programmed to logic low.

The following digital pattern is executed. Draw a timing diagram for the two signals SIGA and
SIGB produced by this pattern. Show the bit cells in the timing diagram and calculate their
pericd. Assume that we want to produce this same pair of signals using a bank of static random
access memory (SRAM) whose address is incremented at a fixed cate (i.e., nonformated ones and
zeros). What SRAM depth would be required to produce this same pair of signals?

S10a SHGEB
1] ]
4] L]
1 1
i) L
1 0
1 |

Solntion:

Figure 513 shows the digital waveforms resulting from the specified pattern and tming set. The
vector rate is specified to be 4 MHz; so the bit cell petiod is 250 ns. Also notice that NRZ format
does not have a stop time; so the 175-ns stop time setting is irelevant. In this example, all
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Figura 5.13. Formalted data using retutn-to-one and non-retarn-to-zane fannats.

tming edges fall on 25-ns boundaries. If we wanted to generate this same pattern using
nonformatted data from a bank of SRAM clocked at a fixed frequency, we would have to source
a sequence of 6x(250 ns / 25 ns) = 60 bits from SRAM memory at a digital vector tate of
1/(25 ns) = 40 MHz.

5.4 AC SoURCE AND MEASUREMENT

34.1 AC Continuous Wave Source and AC Meter

The simplest way to apply and measure single-tane AC waveforms is to use a continuous wave
source (CWS) and an RMS voltmeter. The CWS is simply set to the desired frequency and
voltage amplitude to stimulate the DUT. The RMS voltmeter is equally simple to wse, It is
connected to the DUT ouwtput and the RMS output is measured with a single test program
command.

But the CWS and RMS voltmeter suffer from a few problems. First, they are ounly able o
measufe a single frequency during each measurement. This would be acceptable for bench
characterization, but in production testing it would lead to unacceptably long test times. As we
will see in Chapters 6 through 9, DSP-based muititone testing is a far more efficient way to test
AC performance because multiple frequencies can be tested simultanegusly.

Another problem that the RMS voltmeter intraduces is that it cannot distinguish the DUT’s
signal from distortion and noise. Using DSP-based testing, these various signal components can
easily be separated from one another. This ability makes DSP-based testing more accurate and
reliable than simple RMS-based testing. TYSP-based testing is made possible with a more
advanced stimulus/ineasurement pair, the arbitrary waveform generator and the waveform
digitizer.

5.4.2 Arbitrary Waveform Generators

A arbitrary waveform generator (AWG) consists of a bank of waveform memory, a DAC that
tonverts the wavelform data into stepped analog veltages, and a programmable low-pass filter



140 An Introduction to Mived-Signal 1C Test and Measuremeny

Smoocthed
AWG signal

AWGE samples e [\] Single-ended 1

A * Low-pass to differential

¥ filter buffer amplifier
Waveform PGA ~, AT
source |——m DAC — . Out-
memory S

Rangfa control

Figure 5.14. Arbitrary waveform generator.

section, which smoothes the stepped signal into a continuous waveform. An AWG usoally
includes an ocutput scaling circuit (POA) to adjust the signal level. It may alse include
differential outputs and DC offset circuits. Figure 5.14 shows a typical AWG and waveforms that
might be seen at each stage in its signal path, {Mathematical signal samples are represented as
dots to distinguish them from reconstructed voltages.)-

An AWG is capable of creating signals with frequency components below the low-pass
filter's cutoff frequency. The frequency components must alsa be less than one-half the AWG's
sampling rate. This so-called Nyquist criterion will be explained in the next chapter, “Sampling
Theory.” An AWG might create the three-tone toultitone illustreted in Figure 4.5, It might also
be used to source a sine wave for distortion testing or 8 triangle wave {up ramp / down rmp) for
ADC linearity testing (see Chapter 12, “ADC Testing™). Flexibility in signal creation is the main
advantage of AWGs compared to simple sine wave or function generators.

5.4.3 Waveform Digitizers

An AWG converts digital sarmmples from 2 waveformm memory inte continuous-time wayveforms.
A digitizer performs the opposite operation, converting continmous-time analog wavefonns into
digitized representations. The digitized samples of the continuous waveform are collected into a
waveform capture memeory. The structure of a typical digitizer is shown in Fipgure 5.15. A
digitizer usually includes a programmable low-pass filter to lirit the bandwidth of the incoming
signal. The purpose of the bandwidth limitation is to reduce noise and prevent signel aliasing,
which we will discuss in Chapter 6, “Sampling Theory.™

Like the DC meter, the digitizer has 2 programmable gain stage at its imput to adjust the signal
level entering the digitizer’s ADC stage. This mmitmizes the noise effects of quantization error
from the digitizec’s ADC. Waveform digitizers may also include a differential 1o single-ended
conversion stage for measuring differential outputs from the DUT. Diigitizers may also include a
sample-and-hold circuit at the front end of the ADC to allow undersampled measurements of
very high-frequency signals. Undersampling is expiained in more detail in Chapter &, “Sampling
Theory.”
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Figure 5.15. Waveform digitizer.

5.4.4 Clocklng and Synchronization

Many of the subsections and instruments in a mixed-signal tester derive their timing from a
central frequency reference. For example, the digital patterns in the frame loops in Figores 3.8
snd 5.9 sre genersted at a specific frequency. This frequency determines the repetition rate of
the sample loop, and therefore sets the frequency of the DAC or ADC sampling rates. The AWG
and digitizer also operate from clock sources that must be synchronized to each other and to the
digital pattern’s frume loop repetition rate.

Figure 5.16 shows a clock distribution scheme that allows synchronized sampling rates
between all the DSP-based measursment instruments. Since the clocking frequency for each
instrument is derived from a common source, frequency synchronization is possible. Without
precise sampling rate synchronization, the accuracy and repeatability of all the DSP-based
measurements in a mixed-signal test program would be degraded.

The reason these clocks must all be synchronized will become more apparent in Chapter 6,
“Sampling Theory,” and Chapter 7, “DSP-Based Testing.” Proper synchronization of sample
rates between the various AWGs, digitizers, and digital pattern generators is another of the key
distinguishing features of a mixed-signal tester. A digital tester with bolt-on analog instratnents
often lacks a good clocking and synchronization architecture.

5.5 TIME MEASUREMENT SYSTEM

55.1 Time Measurements

. Digital and mixed-signal devices often require a variety of time measurements, such as
: frequency, period, duty cycle, nise and fall times, jitter, skew, and propagation delay. These
Parameters can be measured using the ATE tester’s time measurement system (TMS).
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Flgura 5.16. Synchronizalion in a mixed-signal testar.

Figure 5,17 illustrates several of the time measurement capabilities of a typical TMS. Most
TMS instruments are capable of measuring these parameters within an accuracy of a few
nanoseconds, Some of the more advanced TMS instruments can measure parameters such as
jitter to a resolution of less than 1 ps.

Timing parameters that do not change from cycle to cycle (i.e., nse time, fall time, efc.) can
sometimes be measured using a very high-bandwidth undersampling waveform digitizer. An
undersampling digitizer is similar in nature to the averaging mode of a digitizing oscilloscope.
Like digitizing oscilloscopes, undersamnpling digitizers require a stable, repeating waveform.
Thus noenperiodic features such as jitter and random glitches canmot be measured using an
undersampling approach. Unfortunately, undersampling digitizers are often considerably slower
than dedicuted time measurement instriuments.

£.52 Time Measurement Interconneacts

One of the most important questions to consider about a TMS instrument is how its imput and
interconnection paths affect the shape of the waveform to be measured. It does little good to
measure a rise time of | ns if the shape of the signal’s rising edge has been distorted by a 50-Q
¢oaxial connection. [t is cqually futile to try to measure a 100-ps nising edge if the bandwidth of
the TMS input is ouly 300 MHz, Accurate timing measurments require a high-quality signal
path between the DUT output and the TMS time measurement circuits.
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Figure 5.17. Time measurements.

5.6 ComPUTING HARDWARE

5.6.1 User Computer

Mixed-signal testers typically contain several computers and signal processors. The test
engineer is most familiar with the user computer, since this is the one which is attached to the
keyboard. The user computer is responsible for all the editing and compiling processes
necessary to debug a test program. It is also responsible for keeping track of the datalogs and
other data collection information. On low-cost testers, the user cotnputer may alse drive the
measurement electronics as well. On more advanced mainframe testers, the execution of the test
program, including IO functions to the tester’s measurement electronics, may be delegated to
one or more tester computers located inside the tester’s mainframe.
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5.6.2 Tester Computer

The tester computer executes the compiled test program and interfaces to all the tester’s’ °

instruments through a high-speed data backplane. By concentrating most of its processing powet
on the test program itself, the tester computer can execute a test program more efficiently thao
the user cornputer. The tester computer also performs all the mathematical operations on the
data collected during each test. In some cases, the more advanced digital signal processing
(DSF) eperations may be handled by a dedicated array processor to further reduce test time.
However, computer workstations have become fast enough in eecent years that the DSP
aperations are often bandled by the tester computer itself rather than a dedicated array processor.

5.6.3 Array Processors and Distributed Dipital Signal Processors

Many mixed-signal testers include one or more dedicated array processors for performing DSP
operations quickly. This is another difference betwesn a mixed-signal tester and a bolted-
together digital/analog tester. Some mixed-signal instrumments may even include local DSP
processors for computing test results before they are transferred to the tester computer. This type
of tester. architecturs and test methodology is called distributed processing.” Distributed
ptocessing can reduce test time by splitting the DSP computation task among several processors
throughout the tester. Test ime is further reduced by eliminated much of the raw data transfer
that would ctherwise occur between digitizer instruments and a centralized tester computer or
array processor.  Unfortonately, distnbuted processing may heve the disadvantage that the
resulting test code may be harder to understand and debug.

£.6.4 Network Connectivity

The user computer and/or tester computer are typically connected into a network vsing ethernet
or similar networking hardware. This allows data and programs to be quickly transferred to the
test engineer's desk for offline debugging and data analysis. It also allows for large amounts of
production data to be stored and analyzed for characterization purpases.

5.7 SUMMARY

In this chapter weg have examined many of the common building blocks of a generic mixed-
signal tester, Of course, there are many differences between any two ATE vendors™ preferred
tester architecrares. For example, ATE Vendor A may use a sigma-delta-based digitizer and
AWG, while ATE Vendor B may choose to use a2 more conventional sucessive approximation
architecture for its AWG and digitizer. Each architecture has advantages and disadvantages,
which the test engineer must deal with. The test gngineer’s approach to measaring a given
parameter will often be driven by the vendor’s architectura) chonees. In the end, though, each
tester has to test the same variety of mixed-signal parameters regardless of its architzctural
peculiarities. A test engineer’s job often involves testing parameters the tester was simply not
designed to measure. This can b one af the more challenging and interesting parts of a test
cngineer's task.

In the following chapters we will see how digitizers, AWGs, and digital pattern gensrators,
combined with digital signal processing, can provide greater speed and accuracy than
conventional measurement techniques. We will also explain why it is so critical to mixed-signal
testing that we achieve precise synchronization of sampling frequencies bewteen all the tester’s

11
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mstruments.  Although the next two chapters represent some of the maost difficelt material in the
book, they also contain some of the most important material. Most mixed-signat testing involves
DSP-based measurements of one type or another; so the student will need to devote special
attention to these chapters,

Prablems

5.1.
5.2,
5.3,
5.4,

5.5.

5.6.

5.7.
5.5
5.8,

5.10.
51,
5.12.

513,

Name at least six types of subsystems found in & typical mixed-signal tester.
What is the purmpose of the low-pass filter in a DC multimeter’s froot end?
What i3 the purpose of the PGA in a DO multimeter’s front end?

A single-ended DC voltmeter features a sample-and-difference front-end circoit.  'We
wish to use this meter to measure the differential offset voltage of 2 DUT s output buffer.
Each of the two cutputs is specified to be within a range of 3.5 V £ 25 mV, and the
differential offset is specified in the device data sheet to be 15 mV. The meter input can
be set 1o any of the following ranges: +10 Y, £5 ¥V, #2 V, and £1 V. The meter has a
maximum error of 0.1% of its programmed range. The error includes all sources of
inaccuracy (quantization error, lingarity error, gain error, etc.). Compare the accuracy
achieved using two simple DIC measurements with the accuracy achieved using the
sample-and-difference circuit. Assume no ervors due to nonrepeatability.

Why are Kelvin connections used to gonnect high-current DC power supplies to the
DUT? '

Name an instance where a local DIB relay might prove to be a better cheice for
interconnecting signals than a general-purpose relay matrix.

What is the purpose of the diodes in the output stage of the relay driver in Figure 5.6
What is the difference between a digital pattern and a digital signal?

Why are the number of vectors in the frame loop and the frequency of the digital vectors
int a sampling frame important when developing a digital pattern for a mixed-signal test?

What is the purpose of source memory?
What is the purpose of capture memotry?

In Figure 5.8, SDATA is a serial inputfoutput (1’0} interface to a DUT containing a 10~
bit DAC. The drive data for SDATA consists of 2 combination of ones, zeros, and Ws,
The ones and zeros represent digital logic states that select the DAC for writing. The 10-
bit write is broken into two eight-bit write operations. (The first 8-bit write operation
contains only the two most significant bits of DAC data.} The Ws represent digital signal
data. The digital vectors are supplied at 2 constant rate of 6 MHz. This pattern supplies
256 samples to the DAC using a total of 600 vectors (40 + 559 + 1} per frame loop. At
what rate are the digital signal samples written to the DAC? How long does it take Io
supply all 256 samples to the DAC?

In Figure 5.9, the SDATA interface is used to read samples from an ADC located on the
DUT from Problem 5.12. The Xs on SDATA represent the time at which the 10 bits of
each ADC zample are captured into capture memory. The Xs represent a high-impedance
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" drive state, Why might Xs be required at this point in the pattem rather than ones and -

5.14.

5.15.

5.16.

5.17.
5.18.

519,

Zeros?

Why is formatting and timing information combined with one/zero information to |
produce digital waveforms?

A series of digital bits are driven from & digital pin card at a rate of 1 MHz (1-ps petiod}.
The series of bits are 10110X1. The format for this pin is set to retumn-to-zero (REZ)
format. Its initial state is set to logic low. The start time for the drive data 13 set to
500 ns, and the stop time is set to 900 ns. Draw this waveform using the notation in |
Figure 5.12. Draw the waveform timing approximately to scale, Next, draw the
waveform that would result if we set the format to non-return-to-zero (NRZ). To produce
these waveforms using clocked digital logic without timing and formatting circuits, what
clock rate would be required? If we wanted to be able to set the start and stop times to
500 and 901 ns, respectively, at what rate would we have to operate the clocked digital
logic?

MName two reasons that AWGs and digitizers are used in mixed signal testing rather than
CW sources and RMS voltmeters.

What is the purpose of the low-pass filter in the AWG illustrated in Figure 5.14?

Why is a programmable gain amplifier needed in the front end of the waveform digitizer
illustrated in Figurs 5.157

What'is the purpose of distributed digital signal processing hardware?




CHAPTER

Sampling Theory

6.1 Anaboc MeasuremenTts Usmc DSP

6.1.1 Traditional versus DSP-Based Testing of AC Parameters

AC measurements such as gain and frequency response can be measured with relatively simple
analog instrumentation, as mentioned in Section 5.4.1. To measure gain, an AC continious sine
wave generator can be programmed to source a single tone at a desired voltage level, ¥),, and at a
desired frequency. A true RMS voltmeter can then measure the output response from the DUT,
Vow. Then gain can be calculated using a simple forrula: gain=¥, /¥, .

The pure analog approach to AC testing suffers from a few problems, though. First, it is
relatively slow when AC parameters must be tested at multiple frequencies. For example, each
frequency in a frequency response test must be measured separately, leading te a lengthy testing
process. Second, traditiopal analog instnumentation is unable to measure distortion in the
presence of the fundamental tone. Thus the fundamental tone must be retwoved with a notch
filter, adding to test hardware complexity. Third, analog testing measures RMS noise along with
BMS signal, making results mrepeatable unless we apply averaging or band-pass filtering.

In the catly 19805, a new approach to production testing of AC parameters was widely
adopted in the ATE industry. The new approach became known as DSP-based testing.! Digital
signal processing (DSP) 15 a powerful methodology that allows faster, more accurate, more
repeatable megsuretnents than traditional AC measurements using an BMS voltmeter. A mixed-
signal test engineer will never be fully cornpetent without z strong background in signal
processing theory. Unfortunately, a full treatmment of sampling theory and DSP is well beyond
the scgge of this book. Other texts have coverad the subject of signal processing in much more
detail,

The reader is 2ssumed to already have a strong theoretical background in DSP, although this
baok will undoubtedly fall into the bands of the D3P novice as well. We will review the basics
of sampling theory and DSP as they apply to mixed-signal testing, without giving the subject an
in-depth treatment. Hopefully, this introductory coverage will both refresh the experienced
reader’s memory of DSP and allow the novice o vnderstand the fitndamentals of DSP-based
testing.

Before we can discuss [X5P-based testing, we must first understand sampling theary for both
analog-to-digital converters and digital-to-analog converters. In this chapter, we will examine the
basics of sampling theory before proceeding 1o a more detailed study of DSP-based testing in
Chapter 7.
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6.2 SAMPLING AND RECONSTRUCTION

6.2.1 Use of Sampling and Reconstruction in Mixed-Signal Testing

Sampling and reconstruction are the processes by which signals are converted from the
continpons (ie., anatog) signal domain to the discrete (ie, digital) signal domain and back
again. Both sampling and reconstruction are used extensively in mixcd-signal testing. The ATE
tester samples and reconstructs signals to stimulate the DUT and measure its response. The DUT
may also sample and reconstruct signals as part of its normal operation. Both mathematical and
physical sarapling and reconstmction occur as the DUT is tested. Figure 6.1 illustrates the
various types of sampling and teconstruction that occur when the voice-band interface citcuit of
Figure 1.2 is tested.

In a purely mathematical world, a continuous waveform can be sampled and then
reconstructed without loss of signal quality, as long as a few conswraints are met. Unfortunately, &
number of imperfections are introduced in the physical world that make the conversion between
continuous time and discrete time fall short of the mathematical theory. Many of these
imperfections will be discussed in this section.
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Figure §1. Various test signals associated with a voice-band interface circuit.
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6.2.2 Sampling: Continuous-Time and Diserete-Time Hepresentation

Many signals in the physical world around us are continuous (1., analog) in nature.  Familiar
examples of real-world analog sipnals include sound waves, light intensity, temperature, and
pressure. Many modern electronic systems, such as the cellular telephone exampte it Chapter 1,
must convert the continuous signals in the physteal world into discrete digital representations
compatible with digital storage, digital transmission, and mathematical processing. Continuous
signals are often described by mathematical equations, such as

viti= A sin{2xft+¢) {6.4)

where w(f} is a continuous function of time ¢, whose value in this particular case changes i a
sinusoidal manner with amplitude A, frequency f,,, and phase shilt g

Sampling is a process in which a continuous-time signal is converted into a sequence of
discrete samples uniformly spaced at intervals of T, seconds, often wrilten as

virl=v(t),_ .7 {62}

Tt

where v[a] defines the values of w(£} at the sampling instants defined at r=n7;. Such a process is
depicted in Figure 6.2. We refer to T, as the sampling period and its reciprocal F:=1/T;, as the
sampling frequency ot sampling rate, and n as an arbitrary integer. To simplify our notation, it i
common practice to drop the T term in the argurnent of Eq. (6.2) as it is assumed to be constant
for all time. The continuous waveform w(z) is said to exist in continuous timme, while the sampled
waveform vir] is said to exist in discrete time. For example, substituting Eq. (6.1) into (6.2), we
can write

v[r|= 4 sin{27f 0T, +¢1=A4 sin[z;r%n+¢] (6.3)

I

For reasons that will become clear later in this chapter, we often impose the condition that the
ratio £, /F, be a rational fraction, £, /F; =M/W, where M and ¥ are integers, allowing one to write

w[n]: A sin{z.ﬂrﬂn +¢J i6.4)
N
W) ]
’..---.‘\
T e il Sampler e " \‘"“m""
e ! [ S
f 01 2 3 4 5 ©
Continuous-time signal f":;‘f?_ Sampled signal

Figure 6.2. Continunus-time signal and its sampted equivalent.
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Discrete signals such as this can then be stored in computer arrays and processed using DSP
functions.

Up to this point we have defined & sampled weveform in the discrete-time domain as a
sequence of numbers defined by v{n]. We can &lso define & sampled waveform as 8 continuous
function of time. The use of this slternative notation is important in the next section where the
samples are converted back into the original continuous-time signal. To enable such a description
we must make use of the concept of impulse functions. Mathematically, an impulse function,
denoted by &), is defined as haviag zero amplitude everywhere except at =0, where it is
infinitely large in such a way that it contains unit arsa under its curve, as depicted by the
following two rules

at)=0,r=0 {6.5)

and
[5(eyae=1 (68

It is important to realize that no function in the ordinary sense can satisfy these two rules.
Howevet, we can imagine a sequence of pulselike functions that have progressively taller and
thinner peaks, with the area under the curve remaining equal to unity as iHustrated in
Figure 6.3{(a). If we take this argument to the limit, letting the pulse width go to zero while the
pulse height goes to infinity, then we have what we refer to as 2n impulse functon. It should be
obvious from this description that we are going to encounter some difficulty in graphing the
impulse function. Hence, an impulse is graphically represented by an arrow whose height is
equal to the area (voltage « tme} under the itnpulse, as shown in Figure 6.3(h).

An important property of impulse functions is the so-called sifting property, defined by

jvle) 6(r—gae=v{s,) {8.7)
vk 2 iy |
Pulse areas
allequalto wn
unity 1 i 1
A Adrea=vi=1 ) Unit
impulse
- -
Sl YA AR LA ST 0
{a) (b)

Figure B.3. impulse definition.



