
Extending Design-for-Test Into the
Analog and Mixed-Signal Domains

Philip V. Lopresti Agrowing need exists for the design and testing ofmixed-signal communi­
cation systems. Among the many factors driving thisneed are the current
high interestinpersonal communication devices, and a desire for ever fas­
ter information transmission rates over the existing telecommunication net­
work. Many oftoday's communication systems are designed and tested
using techniques that cannot be characterized as eitherdigital or analog.
The data being processed, and the processing techniques themselves, do
notfall neatly into eitherthe digital or analog categories. Two approaches to
mixed-signal testing, using currently available test-set hardware and soft­
ware, have been developed and are presented inthis paper. The research
being done ona third, experimental, self-test method - and the techniques
for accessing internal test nodes - are also discussed.

Introduction
Twotypes ofmixed-signal systems

currentlyavailable are the integrated services
digital network (ISDN) basic access transceiver
and the so-called digital radio. Each ofthese
systemshas inputand output (I/o) ports with
both digital or analogproperties. The architec­
tures ofthese systems include internal analog­
to-digital (ND) and digital-to-analog (D/A) con­
verters, sandwiched betweennecessaryanalog
and digital signal-processing elements.

In each ofthese cases, the limited
bandwidth medium used to connectthe
sender to the receivermakes it necessaryto
recognize that the signal-transmission path is
analog, and that analog signalprocessing will
be needed for satisfactory communications
over the channel.

For ISDN applications, the intent is to
transmit160 kbits/s ofdata overordinary
twisted-pair cables, which were originally
designedfor limited-bandwidth voice commu­
nications. Although the information streamto
be transmitted beginsas a binary representa­
tionofeither digitized voice or data,in order
to conserve bandwidth, the inputis converted
to analogform. Eachconsecutive bit pair is
encodedas a four-level, analog pulseor
"quat"that is low-pass filtered.

In typical digital radio systems,
encoded digital data is transmitted overa
more-or-less conventional analog radio link.
Encoded symbols are used to modulate an
analog radio-frequency carrier signal, which
is then amplified, fed to an antennasystem,
and radiated. Aremotereceiving systemcap­
tures the desired signal, filters it from a myr­
iad ofother signals and noise, amplifies it, and
then decodesthe transmitted symbols to
recover the desireddigital data.

Mixed-signal systems, with their
combinations ofanalog and digital elements,
create difficult testability problems for their
designersandfor manufacturing engineers
chargedwith developing test strategies.
Although digital testingtechniques havebeen
well developed overthe past decade, analog
testinghas lagged. Test strategiesand test
equipment for mixed-signal systems havethe
additional complication ofthe need to com­
bineanalog and digital test instrumentation
and fixturing on the same platform.

Whencomparing digital andanalog
technology, digital has the advantage. Unlike
analog systems, digital circuits - regardless
ofcomplexity - are based onveryfew logical
building blocks. These building blocks are
combined in evermorecomplex ways to
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Panel 1. Abbreviations, Acronyms, and Terms

ND - analogto digital
D/A - digital to analog
DSP- digital signalprocessing
IEEE- InstituteofElectrical and Electronics

Engineers
I/O - inputand output
ISDN - integratedservicesdigital network
VLSI - verylarge-scale integration

perform desiredfunctions. Testing techniquesand hard­
wareare similar for alldigital systems,withthe possible
exception ofhardwarerequirementsbrought aboutby
circuitoperating speed.

Analog functions are performed usingsuch fun­
damental circuitbuilding blocksas amplifiers, oscilla­
tors, and filters having customparameters. These build­
ingblocksare combined in uniqueways using interface
circuitry, which is tailored to the application at hand.
Test equipment for analog hardwaretends to be applica­
tionspecific. The equipmentused to test the voice­
frequency channelsofa 5ESS® switch, for example, is
useless for testingthe performance of the powerampli­
fier in a cellular telephone base station. Asa conse­
quence, analog test systems, in practice, tend to consist
ofrack-and-stack assemblages ofstand-alone instru­
ments,each performing a specialized test function.
Setup, test sequences,data collection, and decision­
making on these instruments are usually computercon­
trolled. This approach is essentially a straightforward
mechanization ofthe humantest-data collection and anal­
ysis activities that haveevolved overmanyyears.

The Need for Mixed-Signal Testing
The adventofmixed-signal, verylarge scaleinte­

gration (VLS!) devices has enabledengineers to design
and buildextremely sophisticated transmission systems
foruse in mass-production consumerand business appli­
cations. The ability to transmitdata at extremely low
error rates, overa radio channelhaving widely fluctuat­
ingtransmission properties, is the mostchallenging
designgoalfor these systems. Amoderncellular tele­
phone,for example, is a complex assemblage ofinte­
grated circuits executing sophisticated, digital and ana­
log signal-processing algorithms. The integrated circuits
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and algorithms are designed to provide noise-free opera­
tionin demanding environments.

Properoperation ofa cellular systemrequires
that allcomponents, both digital and analog, function
harmoniously. For example, digital signal processing
(DSP) is based on the assumption that critical analog pre­
processing is first performed on the inputwaveform. If
such preprocessing does not remove the noiseand inter­
ference signals that DSPcannoteliminate, or if the analog
preprocessing creates newnoise, the systemwill not
function properly.

Sometimes, it is inconvenient or evenimpossible
to accessand test separately the analog and digital por­
tionsofa system, especially if both analog and digital
functions are performed on a singleVLSI device. Further­
more, traditional stimulus and responsesignals, along
withclassic test specifications, are not suitable formea­
suring the analog performance ofa device in its mixed­
signal application.

The development ofalgorithms, used to process
data in mixed-signal testing, is the one area in which
breakthroughsare needed. In manyapplications, the dig­
italgeneration and collection oftest data is relatively
straightforward. However, the efficient processing and
interpretation oftest results are muchmorecomplicated.
Exploiting the potential ofusing DSP techniques to ana­
lyze test datahas onlyjust begun.

Approaches to Mixed-Signal Testing
Three approaches to adapting electronic test

equipment and algorithms to the requirements ofmixed­
signaldevice and systemtestinghavebeen identified:
- The general-purpose approach, in which a test set can

programits hardware to use each pin, in contactwith
the circuitunder test, as either an analog or digital
source,or as a sense pin;

- The multislot-eard cage approach, in which specialized
analog or digital instruments can be addedto the test
set as needed; and

- The self-test approach, currentlyunder investigation at
the AT&T Bell Laboratories Engineering Research
Center in Princeton, New Jersey, in which a mixed­
signalsystem'sown D/A and AID converters are used
to generate and captureanalog stimulus and response
variables. All test access to a systemis obtained
through existing digital I/O ports.With this approach,
a systemcan be tested on a digital-only test set.All



Figure 1. The typical VXlbus test-set system has
a wide range of applications. It is potentially
lower in cost than other types, because it does

not rely on the capabilities of a master
stimulus/response mechanism. For noncritical
applications, VXlbus test sets can use lower
capability, less expensive plug-In cards.

analog signal handling is performed bythe device
under test.

Development ofthe means to accessanalog cir­
cuitsegmentswithin a systemor device is another
aspectofmixed-signal testingthat is under scrutiny. The
Institute ofElectrical and Electronics Engineers (IEEE) is
currentlydefining a mixed-signal test-bus standard,
which is analogous to the boundary-scan standardused
for digital circuits. The analog test-bus proposal, known
as IEEE standard P1149.4, advocates the use ofdigitally
controlled switching. Suchswitching connectsinternal,
analog I/O test pointsto dedicated, device test pinsover
internal analog buses.

General·Purpose Test·Pin Approach
Advocates oftest sets using this general-purpose,

DSP, pin-electronics approach to mixed-signal testing
take the position that the digitized version ofanalog stim­
ulusand responsewaveforms havethe sameconfigura­
tionas digital test stimulus and responsevectors. Once
the test-setAID converterdigitizes the analog waveforms
from a device under test, the resultingsignals can be
captured in the test set's computermemory and analyzed
by DSP techniques. Similarly, digital representations of
analog stimuli can be generated- or read out ofthe test
set's memory - in real time, by the test-setcomputer.
Then, these numericvalues are fed through a test-set
D/Aconverter, at precisely determined clockrates, in

order to generate analog-stimulus signals withthe
propertiming and shape.

Examples ofthis typeoftest set are the Tera­
dyneA500 series and the Hewlett-Packard 9480 and
949O-series models. (Teradyne is a registeredtrademark
ofTeradyneCorp., and Hewlett-Packard is a registered
trademarkofHewlett-Packard Inc.)

As soonas analog responsevariables are cap­
tured in digital form, anydesiredprocessing and analysis
ofthe responsecan be performed usingthe test-set com­
puter.The equivalent ofanyanalog instrument can be
realized in software: voltages can be computed, fre­
quency responsesperformed, harmonic distortion mea­
sured, and waveforms displayed.

This methodofmixed-signal testingis extremely
powerful and flexible, especially whenthe test set is sup­
plied withan extensive, easy-to-use variety ofsoftware
toolsthat implement osr-based signal generation and
analysis. The test equipment can be used inways that are
limited onlyby the imagination ofthe test designer.
There is no restriction to the built-in processing associ­
atedwithconventional analog instrumentation.

Unfortunately, these powerful test sets are quite
expensive. This is due primarily to the need forhigh
accuracy, high speed,and an AlD-tO-D/A conversion capa­
bility. The converters' limitations alsopreventdirect
application ofthis methodto many systems. These sys­
tems either operateat frequencies too high for the
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Figure 2. A new approach to mixed-signal testing, poten­
tially applicable to many mixed-signal transmission systems,
Is currently being studied at the AT&T Bell Laboratories
Engineering Research Center. This approach exploits the
fact that signals flowing through these systems change
from analog to digital format, or vice versa, and signal pro­
cessing occurs both before and after A/D or D/A conversion.
This illustration represents a block diagram of an ISDN

basic-access transceiver, a typical example of one of these
systems. The system's signals originate from a digital pro­
cessor. These digital signals are converted to analog signals
for processing and transmission. Then, they are reconverted
at the receiver for further processing. Finally, the digital ver­
sion of the transmitted pulse Is "sliced," and the original
digital information Is recovered.

conversion rate ofthe ND converters, or they require
moreprecision than the converters can deliver.

MultislotoCard cage Approach
The multislot-eard cageapproach is usually

implemented as a VXIbus (VMEbus extented for instru­
mentation) computer-interface system. This approach to
mixed-signal testingis a logical extension ofthe rack-

and-stack technique usedin many currenttest systems.
Instead ofusingstandard benchinstruments with digital
control capabilities, however, the VXIbus tester uses
instruments configured as plug-in cards,shown in Fig­
ure 1,without front panel displays or controls. 1

Eachinstrument is designed to function directly
as an I/O interface to the test-set computer. In principle,
the VXIbus test set has universal applicability. Ifan
instrument existsthat will record a given measurement,
the instrument canbe builtas a VXIbus cardandsubse­
quently incorporated into a test set.

The VXIbus test set has a wider rangeofapplica­
tions than the strict, Dsp-based test set discussed earlier.
It is potentially lower incost, because it doesnot relyon
the capabilities ofa masterstimulus/response mecha­
nism. For noncritical applications not requiring elaborate
features, the VXIbus test set canalso use lower capabil­
ity, less expensive plug-in cards.

Typical VXIbus test sets include the GenRad
GR9000 systemand the Schlumberger S76o-series mod­
els. (GenRad is a registered trademark ofGenRad Corp.,
andSchlumberger is a registered trademark ofSchlum­
berger Inc.) Many manufacturers, including GenRad,
Schlumberger, Hewlett-Packard, andTektronix each
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Figure 3. In the case of an ISDN transceiver, interest pri­
marily focuses on the shape of the transmitted pulse and on
the linearity of the transmit amplifier. The natural slgnal­
generation and capture process described in this paper was
used to reconstruct the band-limited, transmitted ISDN unit
pulse and to extract extremely small, nonlinear amplifier
effects from the received digital data stream. The waveform
shown is a DSP reconstruction of the transmitted ISDN pulse,
based on data captured at the slgma-delta output point.

manufacture VXIbus instruments. (Tektronix is a regis­
tered trademark ofTektronix Inc.)

VXIbus systemsrequirea higher level oftest-set
engineering effort than doesa nsr-based test set,
because each instrument in the systemhas to be individ­
ually configured. The instruments have to be mounted
and interfaced througha relay matrix or scanner. The
test-set software has to be reconfigured to include the
instrument driver. And, a test fixture mustbe builtto
interface the test hardware with the device undertest.
Essentially, the general-purpose DSPtest set has allits
instruments builtin.To customize the setup, only the
fixture needs to be wired.

Software Support Systems
Test-set manufacturers recognize that the time

neededto develop and prove test software is a significant
bottleneck inachieving delivery goalsformany new
products. Theyare also well aware that their market
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Figure 4 plots nonlinear distortion terms in the ISDN

amplifier, extracted using DSP applied to captured loop-back
data. To show these effects In the same scale as the linear
pulse, it was necessary to magnify them from 3,500 to
9,000 times. No external instrumentation or flxturing,
beyond that needed to capture the slgma-delta bit stream,
was used to generate these results.

share dependsmainly on the quality ofthe test-set soft­
ware provided to their customers. Mostcommercial test
sets, including both DSP andVXIbus types, are supported
bya wide variety ofsoftware tools. The latestsystems
use icons in configuring the test sequence.

Code for individual test modules is written and
incrementally compiled, andthen eachmodule is manip­
ulated as a high-level graphical image on a test-flow dia­
gram. Many "canned" test routines are provided bythe
test-set manufacturer. Mostmanufacturers will provide
tum-key test systems, customized fora given application.

Self-Test Approach
Anewapproach to mixed-signal testing, poten­

tially applicable to many mixed-signal transmission sys­
tems,is currently beingstudied at the AT&T Bell labo­
ratories Engineering Research Center." This approach
exploits the fact that signals flowing throughthese sys­
temschangefrom analog to digital format, orvice versa,
andsignal processing occursboth before andafter AID
or D/A conversion. Figure 2 is a diagram ofan ISDN
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Figure 5 shows a proposed switching scheme for access to
internal analog nodes in a mixed-signal circuit. The drawing
represents a conceptualization of how I/O access might be
obtained. Two analog buses, AB1 and AB2, represent I/O
access points to internal circuitry. If it is assumed, for
example, that all switches are open - with the exception of
switches 1, 4, 8, and 9 - input access to the analog block
is obtained over bus AB1, and its analog output is available
on bus AB2. Other possible combinations of switch closings
can be programmed, in order to give the test designer max­
imum access to the various analog modules in the device
under test.

basic-access transceiver, a typical example ofone of
these systems. The system's signalsoriginate froma dig­
italprocessor. These digital signalsare converted to ana­
log signalsfor processingand transmission. Then, they
are reconverted at the receiverfor further processing.
Finally, the digital versionofthe transmittedpulse is
"sliced," and the original digital information is recovered.

This device, designedwithtestability in mind,
provides the option ofcollecting digital data at anyofthe
pointsindicated by the dotted lines in Figure2.

The ISDN systemoperates in full-duplex mode,
whichmeans that transmit and receive signalsexist
simultaneously on ordinarytwisted-pair transmission
cable. The function ofthe echo canceler in Figure 2 is to
remove the local signalfromthe composite waveform,
leaving only the remote receive signalfor further process­
ingand digital detection. Capturing the composite wave­
format the NO conversion pointprovides sufficient infor­
mation tocharacterize the performance ofthe ISDN
transceiver's transmit path,because both local and
remote signalsexist. The analog stimulusfor the system
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originates as a digital signa1. After processing, this ana­
log signalbecomes another digital signa1. Test signals
for the system's analog portion are generated on the digi­
tal transmit side and are recapturedon the digital receive
side.DSPis then used to analyze the analog properties of
the system.

In the case ofthe ISDN transceiver, interest pri­
marily focuseson the shape ofthe transmitted pulseand
on the linearity ofthe transmit amplifier. The natural
signal-generation and captureprocesses described ear­
lier are used to reconstruct the band-limited, transmitted,
ISDN unit pulse and to extract extremely small, nonlinear
amplifier effects fromthe received digital data stream.
Figures 3 and 4 illustrate the capabilities of this capture
and reconstruction process.

Figure3 is a plotofthe actual reconstruction of
the transmit pulse,based on datacapturedat the sigma­
delta output point. Figure 4 plotsextremely small, nonlin­
ear distortion terms introduced intothe pulseby the line
driver. To showthese effects in the same scaleas the lin­
ear pulse, it wasnecessaryto magnify them from3,500 to
9,000 times. Noexternalinstrumentation or fixturing,
beyondthat needed to capturethe sigma-delta bit stream,
wasused to generate these results.

IEEEPl149.4 Mixed-Signal Bus. AnIEEE standards
group is working to establishan analog test-bus standard
that will permittesting internalanalog elementsin a
mixed-signal systemoverdedicated device test pins."
Figure 5 illustrates one conceptualization ofhowI/O
access mightbe obtained. Twoanalog buses,AB1 and
AB2, represent I/O access pointsto internalcircuitry. Ifit
is assumed,for example, that all switches are open­
withthe exception ofswitches1,4,8, and 9 - input
access to the analog blockis obtained overbus AB1, and
its analogoutput is available on bus AB2. Other possible
combinations ofswitch closings can be programmed, in
order to provide maximum access to the various analog
modules in the device under test.

Onceaccess to a mixed-signal systemis estab­
lishedover this bus, analog testing- implementing any
ofthe methods describedearlier- can be used to verify
the correct operation ofthe analog element.

Conclusions
Twocurrent approaches to mixed-signal testing,

usingcurrentlyavailable test-sethardware and software,
havebeen discussed. Research is continuing on the



third, experimental, self-test approach and on feasible
methodsto access internal test nodes.

Presently, it is not clearwhether one methodwill
quickly dominate the mixed-signal test arena,or whether
allwill coexist, witheach methodhaving its own particu­
lar sphere ofutility. Research activity overthe next few
years will be intense as equipment and systemsmanufac­
turers search for undiscovered ways to test newmixed­
signal productsquickly and economically.
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