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Abstract
We proposean autonomous,deterministicscan-BISTarchi-
tecture that allowscompact,precomputedtestsetswith com-
plete fault coverage to be usedfor field testing. Theuseof
suchshorttestsequencesis desirablein safety-criticalsystems
sinceit reducestheerror latency. It alsoreducestestingtime
and therefore allows periodic field testingto be carried out
with low systemdowntime. We synthesizethe BISTlogic for
several ISCAS89 benchmarksand industrial circuit modules
andshowthat theBISToverheadis low in all cases.Thepro-
poseddesigncan alsobeefficientlyusedwith a mixed-mode
BISTstrategy.

1 Introduction
On-line andperiodicfield testingareessentialto ensurethe
reliableoperationof computer-controlledsystems.Protection
againstfield failures is especiallyimportant for the control
of critical automotive functions, railway control, satellites,
avionics, telecommunicationsand medicalelectronics. The
stringentsafetyandavailability requirementsof suchapplica-
tionsposea significantchallengefor designersandtestengi-
neers.

Built-in self test(BIST) is beingincreasinglyusedfor pro-
ductiontestingof VLSI circuits [1]. In BIST, extra logic is
includedon-chipto generatetestpatternsandcompacttestre-
sponses.BIST structuresfor off-line productiontestinghave
usuallybeendifferentfrom thoseusedfor on-line testing. A
typicaloff-line BIST schemeusesaSTUMPSarchitecture,in
which a linear feedbackshift register(LFSR) feedsthe scan
chainsandthetestresponsesarecompressedusinga multiple
input signatureregister(MISR); seeFigure1 [2]. If thescan
chainsaredirectly fed by theLFSR,they cancontainhighly
correlatedpatterns,whichin turncanadverselyaffectthefault
coverage.Therefore,aphaseshifterconsistingof exclusive-or
gatesis oftenemployed;thephaseshifterreducesthecorrela-
tion betweenthetestpatternsfeedingthedifferentscanchains
[3]. In contrastto off-line BIST, on-lineBIST structurestyp-
ically includereplicatedhardware,comparatorsandcheckers
sincethey arebasedonspace,timeor informationredundancy
[4].

For anoff-line BIST schemeto beusefulfor periodictest-
ing, it shouldguaranteevery high fault coverage. In addi-
�
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tion, it shouldrequiresmall testingtime so that the testcan
be completedwithin the short idle intervals during field op-
eration. This is especiallyimportant for systemsthat must
provide high availability. This necessitatesa BIST architec-
turethatappliesa compact,precomputedtestsequenceto the
circuit undertest(CUT). Pseudorandommethods[5] andtest
setembeddingapproaches[6,12]applya largenumberof pat-
ternsto theCUT that facilitatethedetectionof non-modeled
faults;however, they may be unsuitablefor useduring short
idle timedurationsor duringsystemstart-up.

In thispaper, weproposeadeterministictest-per-scanBIST
architecturethatis fully autonomousandsuitablefor field test-
ing. A small setof testpatternsthat providescompletede-
tectablestuck-atfault coverageis appliedto the CUT. Such
shorttestsequencesareveryusefulfor testingsystemsduring
startup,idle statesor shutdown. They alsoensurea low error
detectionlatency, which is highly desirablefor safety-critical
applications.Thisapproachobviatestheneedfor storingmul-
tiple seedsfor BIST sincethe testgenerationlogic is hard-
wiredinto thesystem.Weexploit recentresearchin automatic
testpatterngenerationmethods,which hasled to techniques
and tools that provide compacttest setsfor large combina-
tional andscan-basedcircuits [7]. We synthesizethe BIST
logic for field testingfor several ISCAS 89 benchmarksand
two industrialcircuit modulesandshow that the BIST over-
headis low in all cases.DeterministicBIST hasbeenwidely
assumedto be too expensive; our resultshowever show that
low-cost deterministicBIST can often be usedfor efficient
field testingof high-availability systems.

We also presenta mixed-modeBIST strategy in which
pseudorandompatternsarefed into thescanchainwhenever
longeridle timedurationsareavailablefor field testing.Since
deterministictestingis necessaryonly for therandom-pattern-
resistantfaults,this approachreducesthesizeof theprecom-
putedtestsetandlowerstheoveralloverheadfor BIST.

Thepaperis organizedasfollows. Section2 discussesthe
proposedtestarchitectureandsomeof its variants.Section3
presentsexperimentalresultsfor somerepresentativecircuits.
Finally, wepresentourconclusionsin Section4.

2 BIST Architecture
As discussedin section1, aconventionalscan-BISTarchitec-
ture usesan LFSR to generatepseudo-randompatternsthat
areserially loadedinto eachscanchainof the circuit under
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Figure1: A typicalBIST architecturebasedonpseudorandom
patterns.
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Figure2: Proposeddeterministicscan-BISTarchitecture.

test(Figure1). The testresponsesaretransferredto thescan
chain,andthescanoutprocessis overlappedwith thescan-in
of thenext testpattern.A scan-BISTarchitecturerequireslow
hardwareoverheadandis usefulfor circuitsthatarerandom-
patterntestable.However, mostrealisticcircuitshave a large
numberof random-pattern-resistantfaults;long sequencesof
pseudorandompatternsare requiredfor thesecircuits in or-
der to achieve acceptablefault coverage.The applicationof
longtestsequencestakesa largeamountof time,whichlimits
the useof pseudorandomscan-BISTmethodsfor field test-
ing. While phaseshiftersand test points [3] increasefault
coverage,thetestingtimeis still toohigh for high-availability
systemsthatmustbetestedduringveryshortidle periods.

We propose a deterministic scan-BIST architecturein
which a small set ��� of precomputeddeterministicpatterns
that providescompletefault coverageis appliedto the CUT
duringfield testing. Theoverall testarchitecturefor a single
scanchainis shown in Figure2. ( Thedesigncanbeeasilyex-
tendedtomultiplescanchains.)Thebitsof ��� arefedinto the
scanchainusinga specialbit generationlogic (BGL) block.
In addition to the BGL block, two binary countersareused
for patternapplication. Thesecountersareof size �	��

�������
and ����
�� ��� � bits,respectively, where� � contains� patterns
andthe scanchainis of length � . Note that the ����
���� � � -bit
counter, which we refer to asthe positioncounter, is part of
theBIST controllerfor any autonomousBIST scheme[8]. In
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Figure3: Statetransitiondiagramof thefinite-statemachine
usedfor deliveringtestpatternsduringfield testing.

thefollowing discussion,wereferto the ����
�� � ��� -bit counter
asthepatterncounter. A similar schemebasedon theuseof
the BIST control logic waspresentedin [12]; however, it is
applicableonly to theembeddingof deterministicpatternsin
longpseudorandomsequencesgeneratedby anLFSR.

While the logical separationbetweenthe patterncounter
andthe BGL block is usefulfor understandingthe BIST ar-
chitecture,it is moreconvenientto mergethepatterncounter
with the BGL block andview the combinedfinite-statema-
chine (FSM) as the vehicle for patterndelivery. This FSM
canbeeasilysynthesizedusingCAD tools.We useSynopsys
DesignCompiler[9] for synthesisin ourwork.

Figure3 illustratesthestatediagramof theFSMfor pattern
generation. This Mealy-typeFSM has � states,eachstate
correspondingto a testpatternin ��� . It is fedby the �	��

� � � �
outputsfrom themodulo-� positioncounter. We assumethat
thepositioncounter, which is usedfor BIST control,behaves
as a binary counterwhosestatesappearin a normalbinary
sequence.Sincethepatternsin � � canbereorderedwithout
affecting fault coverage,the states������� � �����
�����������! of the
FSM canbespecifiedsymbolically. Thus,eventhougha test
pattern "$#!%&� � is mappedto state ��# , ')(+*,(-� , the ac-
tual orderof applicationof thepatternsis determinedby the
synthesistool.

TheFSMof Figure3 operatesasfollows:

1. It is initially in thestate� � correspondingto thefirst test
pattern" � in �.� . The � bitsof " � areseriallyloadedinto
thescanchainin � scancycles.

2. After � cycles,the testresponsesarecapturedusingthe
functionalclock,andtheFSMgoesto thestate� � corre-
spondingto thesecondtestpattern" � in ��� . The � bits
of " � arethenserially loadedinto the scanchain,while
thetestresponsefor " � is scannedout.

3. This processcontinuesuntil all the test patternshave
beenscannedin and the test responsescapturedin the
scanchain.

A limitation of theproposedBIST architectureis that it is
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inefficient (hardwareoverheadis high) if ��� containsa large
numberof patterns.In thesecases,we partition ��� anduse
themodifiedBIST architectureasshown in Figure4. In this
approach,��� is partitionedinto / smallergroupsof �102/ pat-
terns. Therefore,thereare / BIST circuits correspondingto
the / groups.This architecturerequiresa / -to-1 multiplexer
to switchbetweenthe BIST circuits. However, theareaof a
/ -to-1 multiplexer is a very small fractionof theBIST logic
areaand hencedoesnot increasethe areaoverheadsignifi-
cantly. We thenobtaintheoverallBIST logic areaby adding
theareasof theindividualBIST subcircuits.

In orderto furtherreducetheBISToverhead,amixed-mode
schemecanbe usedfor testpatternapplicationin situations
whenlongeridle timedurationsareavailablefor field testing.
Wefirst applyalargenumber(typically1M) of pseudorandom
patterns,sothatrandom-pattern-testablefaultsandmany non-
modeledfaultsaredetected.The deterministictest patterns
for hardfaults is thenobtainedby usinga fault-orientedau-
tomatictestpatterngenerationprogramandtheBIST logic is
synthesizedusingthetestsetfor thehardfaults.TheBIST ar-
chitecturethatweemploy for mixed-modeoperationis shown
in Figure5. The proposedBIST patterngeneratorhardware
canbecombinedwith any responsemonitorcircuit, e.g,asuf-
ficiently large LFSR, that generatesa fault signaturewith a
very low aliasingprobability.

3 Experimental Results
In thissection,wepresentexperimentalresultson thesynthe-
sisof BIST logic for full-scanversionsof severallargeISCAS
89benchmarkcircuitsandtwo industrialcircuit modules.We
usedcompactedtestsetsobtainedfromtheMintestATPGpro-
gramdevelopedat theUniversityof Illinois [7] for ourexperi-
mentswith theISCASbenchmarks.For theindustrialcircuits
CKT1 andCKT2, thetestsetsweregeneratedusingtheMen-
tor GraphicsFastscantool. Wecarriedoutourexperimentson
a SunUltra-10workstationwith 128MB of DRAM.

We carriedout two setsof BIST synthesisexperiments:(a)

A fully deterministicapproachwithout pseudorandompat-
ternsand (b) A mixed-modeapproachwith the application
of upto2 million pseudorandompatternsto theCUT. There-
sultson BIST synthesisfor the fully deterministicapproach
areshown in Table1. We obtainedthedataon circuit areaby
mappingtheCUT andtheBIST logic to theSynopsyslsi 10K
library [9]. We includebothgateandinterconnectareain our
overheadcalculation.TheBIST logic arearefersto the area
of theFSM of theFigure3, which includesthebit generation
logic mergedwith the patterncounter. The gateareafigures
areobtainedfrom thecell areasin the lsi 10K library, andthe
interconnectareafiguresareobtainedby usingrealisticwire-
loadmodels.

We compareour resultswith a recentpseudorandomscan-
BIST architecture[10], which usesmultiple testsessionsand
avaryingnumberof capturecyclesaftereachscan-in.Thelat-
ter increasestestingtime considerablyandis thereforeinher-
ently unsuitablefor field testingof high-availabilty systems.
As shown in Table2, we achieve higherfault coveragethan
that reportedin [10] and[12] with a shortertest length. Al-
thoughthehardwareoverheadvaluesreportedin [10] include
the cost of the output datacompactor, BIST controller and
multiplexers,andaregenerallylowerthanin ourmethod,they
do not includethe routingandinterconnectarea,which may
beahighpercentageof thetotaloverhead.Themethodin [10]
requiresDFT techniquessuchastest-pointinsertionin order
to achieve high fault coverage.No suchintrusive DFT tech-
niqueis requiredfor ourproposedscan-BISTmethod.We do
not compareour hardwareoverheadwith that of [12] since
thelatteronly reportsBIST areain mm

�
unitsandit doesnot

presentany overheaddata.We alsodo not presenttheresults
for theISCAS85benchmarkcircuitsin Table1 sincethey do
nothave internalscan.

As discussedin Section2, we use the partitionedBIST
schemefor circuitswhosetestsetscontaina largenumberof
testpatterns. In thesecases,if partitioning is not used,the
BIST synthesisproblemexceedsthecapacityof theSynopsys
DesignCompiler. For example,theBIST logic for theindus-
trial circuit CKT2 wassynthesizedby partitioningthetestset
into 25subsets.Thisrequiresamultiplexerto switchbetween
severalBIST sub-blocks;however its areais negligible com-
paredto theothercomponentsof theBIST logic. Synthesizing
suchanFSM takesseveralhoursof CPUtime; however, it is
only a one-timedesign,andrepresentsa modestinvestment
over thelifetime of theproduct.

For themixed-modeapproach,weusedtheFSIM faultsim-
ulator [11] for detectingrandom-pattern-testablefaultsusing
pseudorandompatterns.Fault-orientedATPG wasthenper-
formed using the AtalantaATPG program[11] to obtain a
smallsetof deterministicpatternsfor thehard-to-detectfaults.
Table3 presentstheresultson BIST synthesisfor themixed-
modeapproach.We neglect theareaof theLFSRin thecal-
culationof thehardwareoverhead.
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Table1: ResultsonBIST synthesisfor thefully deterministicapproach.
Numberof Areaof Hardware Hardware

Lengthof Numberof gatesin Circuit area BIST logic Overhead Overhead
Circuit scanchain 3 patterns4 thecircuit (lsi 10Kunits) (lsi 10Kunits) (percent) in [10] (percent)
s15850 611 94 3448 15839.0 1306.2 8.0 6.3
s35932 1763 12 12204 33345.0 286.7 0.9 2.4
s38417 1664 68 8709 38011.0 1141.9 3.0 2.0
s38584 1464 110 11448 37372.0 4570.1 12.2 1.9
CKT1 282 45 2176 7454.0 592.0 7.9 N/A
CKT2 862 371 25973 66000.0 5358.1 8.1 N/A

Table2: Comparisonof fault coveragebetweentheproposedmethodand[10].
Fault coverage Fault coverage
of proposed (no testpoints) Fault coverage Testlength Testlength

Circuit method(%) in [10] (%) in [12] (%) (cycles) in [10] (cycles)
s15850 100 87.19 97.25 57528 254337
s35932 100 89.02 N/A 21168 2850
s38417 100 91.82 93.62 113220 204400
s38584 100 93.51 98.93 161150 167187

Table3: ResultsonBIST synthesisfor themixedmodeapproach.
Numberof Numberof Areaof Hardware

Lengthof pseudorandom deterministic Circuit area BIST logic Overhead
Circuit scanchain( 3 ) patterns patterns (lsi 10K units) (lsi 10K units) ( percent)
s13207 700 64K 17 13973.0 169.0 1.0
s15850 611 1 M 65 15839.0 1120.1 7.1
s38417 1664 2 M 26 38011.0 706.2 1.9
s38584 1464 64K 50 37372.0 2250.3 6.0

4 Conclusions
We have presenteda new deterministicscan-BISTarchitec-
ture which allows a compact,precomputedtestset,guaran-
teedto provide completefault coverage,to beappliedto the
CUT during field testing. The proposedapproachreduces
bothfaultanderrorlatency, andis especiallysuitablefor high-
availability systemswith low downtimes.

The testpatternsin theprecomputedtestsetaregenerated
usinga dedicatedfinite-statemachine.We have synthesized
theBIST logic for severalISCAS89benchmarksandtwo in-
dustrialcircuit modules. Sincethe BIST logic is hardwired
into thesystem,thereareno storagerequirementsfor thetest
patterns. It hasbeenshown that the hardwareoverheadre-
quiredfor the BIST logic is low in all cases.We have com-
paredour resultsto thoseobtainedin [10]. Although the
methodin [10] requireslower overhead(ignoring intercon-
nectarea),the fault coverageof our methodis higher. Also,
no modificationsare requiredin the CUT in the proposed
method.
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