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Abstract

We proposean autonomousgdeterministicscan-BlSTarchi-
tectue that allows compact precomputedestsetswith com-
plete fault coverage to be usedfor field testing The useof
sud shorttestsequenceis desilablein safety-criticalsystems
sinceit reducegheerror latency It alsoreducedestingtime
and therefore allows periodic field testingto be carried out
with low systendowntime We synthesiz¢he BIST logic for
several ISCAS89 bendimarksand industrial circuit modules
andshowthatthe BISToverheads low in all casesThepro-
poseddesigncan also be efficiently usedwith a mixed-mode
BISTstratagy.

1 Introduction

On-line and periodicfield testingare essentiato ensurethe
reliableoperationof computercontrolledsystemsProtection
againstfield failuresis especiallyimportantfor the control
of critical automotve functions, railway control, satellites,
avionics, telecommunicationand medicalelectronics. The
stringentsafetyandavailability requirement®f suchapplica-
tions posea significantchallengefor designerandtestengi-
neers.

Built-in selftest(BIST) is beingincreasinglyusedfor pro-
ductiontestingof VLSI circuits[1]. In BIST, extralogic is
includedon-chipto generatdéestpatternsandcompactestre-
sponsesBIST structuredor off-line productiontestinghave
usuallybeendifferentfrom thoseusedfor on-linetesting. A
typical off-line BIST schemaisesa STUMP Sarchitecturein
which a linear feedbackshift register (LFSR) feedsthe scan
chainsandthetestresponsearecompressedsinga multiple
input signatureregister(MISR); seeFigurel [2]. If thescan
chainsaredirectly fed by the LFSR, they cancontainhighly
correlategatternsyhichin turncanadwerselyaffectthefault
coverage Thereforeaphaseshifterconsistingof exclusive-or
gateds oftenemployed;the phaseshifterreduceghecorrela-
tion betweerthetestpatterndeedingthedifferentscanchains
[3]. In contrasto off-line BIST, on-line BIST structuredyp-
ically includereplicatechardware,comparatorgandcheclers
sincethey arebasedn spacetime orinformationredundang
[4].

For anoff-line BIST schemdo be usefulfor periodictest-
ing, it shouldguaranteevery high fault coverage. In addi-
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tion, it shouldrequiresmall testingtime so that the testcan

be completedwithin the shortidle intenals during field op-

eration. This is especiallyimportantfor systemsthat must

provide high availability. This necessitatea BIST architec-
turethatappliesacompactprecomputedestsequencéo the

circuit undertest(CUT). Pseudorandomethodq5] andtest

setembeddingpproachefs,12] applyalargenumberof pat-

ternsto the CUT thatfacilitatethe detectionof non-modeled
faults; however, they may be unsuitablefor useduring short

idle time durationsor duringsystemstart-up.

In thispaperwe proposeadeterministidest-perscanBIST
architecturehatis fully autonomousndsuitablefor field test-
ing. A small setof testpatternsthat provides completede-
tectablestuck-atfault coverageis appliedto the CUT. Such
shorttestsequencearevery usefulfor testingsystemsluring
startup,idle statesor shutdavn. They alsoensurealow error
detectionateng, which s highly desirablefor safety-critical
applicationsThisapproaclobviatesthe needfor storingmul-
tiple seedsfor BIST sincethe testgenerationogic is hard-
wiredinto thesystem We exploit recentresearclin automatic
testpatterngeneratiormethodswhich hasled to techniques
and tools that provide compacttest setsfor large combina-
tional and scan-basedircuits [7]. We synthesizehe BIST
logic for field testingfor several ISCAS 89 benchmarksand
two industrial circuit modulesand shawv thatthe BIST over-
headis low in all casesDeterministicBIST hasbeenwidely
assumedo be too expensve; our resultshowever show that
low-cost deterministicBIST can often be usedfor efficient
field testingof high-availability systems.

We also presenta mixed-modeBIST stratgy in which
pseudorandorpatternsarefed into the scanchainwheneer
longeridle time durationsareavailablefor field testing.Since
deterministidestingis necessargnly for therandom-pattern-
resistanfaults,this approactreduceghe sizeof the precom-
putedtestsetandlowersthe overall overheador BIST.

The paperis organizedasfollows. Section2 discusseshe
proposedestarchitectureandsomeof its variants.Section3
present&xperimentakesultsfor somerepresentatie circuits.
Finally, we presenbur conclusionsn Sectior4.

2 BIST Architecture

As discussedh sectionl, acorventionalscan-BlSTarchitec-
ture usesan LFSR to generatgpseudo-randonpatternsthat
are serially loadedinto eachscanchainof the circuit under
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Figurel: A typical BIST architecturdasedn pseudorandom
patterns.
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Figure2: Proposedieterministicscan-BlSTarchitecture.

test(Figurel). Thetestresponsearetransferredo the scan
chain,andthe scanout processs overlappedvith the scan-in
of thenext testpattern.A scan-BlSTarchitectureequiredow
hardwareoverheadandis usefulfor circuitsthatarerandom-
patterntestable. However, mostrealisticcircuitshave a large
numberof random-pattern-resistafaults;long sequencesf
pseudorandonpatternsare requiredfor thesecircuitsin or-
derto achieve acceptabldault coverage. The applicationof
longtestsequencetakesalargeamountof time, whichlimits
the use of pseudorandonscan-BISTmethodsfor field test-
ing. While phaseshiftersand test points [3] increasefault
coveragethetestingtimeis still too high for high-availability
systemghatmustbetestedduringvery shortidle periods.
We proposea deterministic scan-BIST architecturein
which a small setTp of precomputedieterministicpatterns
that provides completefault coverageis appliedto the CUT
duringfield testing. The overall testarchitecturdor a single
scanchainis shavnin Figure2. ( Thedesigncanbeeasilyex-
tendedo multiple scanchains.)Thebitsof T, arefedintothe
scanchainusinga specialbit generatiorlogic (BGL) block.
In additionto the BGL block, two binary countersare used
for patternapplication. Thesecountersare of size [log, m/|
and[log, n] bits, respectrely, whereTp containsn patterns
andthe scanchainis of lengthn. Note thatthe [log, n]-bit
counter which we referto asthe positioncounter is part of
theBIST controllerfor ary autonomougIST schemd8]. In

n cycles
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Figure3: Statetransitiondiagramof the finite-statemachine
usedfor deliveringtestpatterngduringfield testing.

thefollowing discussionyve referto the [log, m]-bit counter
asthe patterncounter A similar schemebasedon the useof

the BIST controllogic was presentedn [12]; however, it is

applicableonly to the embeddingpf deterministicpatternsin

long pseudorandoreequencegeneratedby anLFSR.

While the logical separatiorbetweenthe patterncounter
andthe BGL block is usefulfor understandinghe BIST ar
chitecturejt is morecornvenientto meigethe patterncounter
with the BGL block andview the combinedfinite-statema-
chine (FSM) as the vehiclefor patterndelivery. This FSM
canbeeasilysynthesizedisingCAD tools. We useSynopsys
DesignCompiler[9] for synthesisn ourwork.

Figure3 illustratesthe statediagramof the FSM for pattern
generation. This Mealy-type FSM hasm states,eachstate
correspondingo atestpatternin 7. It is fed by the [log, n]
outputsfrom the modulo+ positioncounter We assumehat
the positioncounter whichis usedfor BIST control,behaes
as a binary counterwhosestatesappearin a normal binary
sequenceSincethe patternsn Tp canbereorderedvithout
affecting fault coverage,the statesS;, Ss, Ss, ..., Sy, Of the
FSM canbe specifiedsymbolically Thus,eventhougha test
patternt; e Tp is mappedto stateS;, 1 < i < m, theac-
tual orderof applicationof the patternds determinedoy the
synthesigool.

TheFSM of Figure3 operatessfollows:

1. Itisinitially in thestateS; correspondingo thefirst test
patternt; in Tp. Then bitsof ¢; areseriallyloadedinto
thescanchainin n scancycles.

2. After n cycles,thetestresponsesare capturedisingthe
functionalclock,andthe FSM goesto the stateS, corre-
spondingto the secondestpatternt, in Tp. Then bits
of t, arethenseriallyloadedinto the scanchain,while
thetestresponsédor ¢; is scanneabut.

3. This processcontinuesuntil all the test patternshave
beenscannedn andthe testresponsegapturedin the
scanchain.

A limitation of the propose®BIST architecturds thatit is
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inefficient (hardwareoverheads high) if Tp containsalarge
numberof patterns.In thesecaseswe partition Tp anduse
the modifiedBIST architectureasshowvn in Figure4. In this
approachTp is partitionedinto & smallergroupsof m /k pat-
terns. Therefore therearek BIST circuits correspondingo
the k groups. This architecturaequiresa k-to-1 multiplexer
to switchbetweernthe BIST circuits. However, the areaof a
k-to-1 multiplexer is a very small fraction of the BIST logic
areaand hencedoesnot increasethe areaoverheadsignifi-
cantly We thenobtainthe overall BIST logic areaby adding
theareaof theindividual BIST subcircuits.

In orderto furtherreduceheBIST overheadamixed-mode
schemecan be usedfor testpatternapplicationin situations
whenlongeridle time durationsareavailablefor field testing.
Wefirstapplyalargenumber(typically 1M) of pseudorandom
patternssothatrandom-pattern-testalfiaultsandmary non-
modeledfaults are detected. The deterministictest patterns
for hardfaultsis thenobtainedby usinga fault-orientedau-
tomatictestpatterngeneratiorprogramandthe BIST logic is
synthesizedisingthetestsetfor thehardfaults. The BIST ar
chitecturehatwe employ for mixed-modeoperatioris shovn
in Figure5. The proposedIST patterngeneratohardware
canbecombinedwith ary responsenonitorcircuit, e.g,asuf-
ficiently large LFSR, that generates fault signaturewith a
very low aliasingprobability.

3 Experimental Results

In this sectionwe presenexperimentaresultsonthe synthe-
sisof BIST logic for full-scanversionsof severallargeISCAS
89 benchmarlcircuitsandtwo industrialcircuit modules We
usedcompactedestsetsobtainedrom theMintestATPGpro-
gramdevelopedatthe Universityof lllinois [7] for our experi-
mentswith the ISCASbenchmarksFor theindustrialcircuits
CKT1 andCKT?2, thetestsetsweregeneratedisingthe Men-
tor Graphicgrastscartool. We carriedout our experimenton
a SunUltra-10workstationwith 128 MB of DRAM.

We carriedouttwo setsof BIST synthesisxperiments{a)

A fully deterministicapproachwithout pseudorandonpat-

ternsand (b) A mixed-modeapproachwith the application
of upto 2 million pseudorandorpatterngo the CUT. There-

sultson BIST synthesidor the fully deterministicapproach
areshavn in Table1. We obtainedthe dataon circuit areaby

mappingthe CUT andtheBIST logic to the Synopsydsi_10K

library [9]. Weincludebothgateandinterconnectreain our

overheadcalculation. The BIST logic arearefersto the area
of the FSM of the Figure3, which includesthe bit generation
logic memgedwith the patterncounter The gateareafigures
areobtainedrom thecell areasn thelsi_10K library, andthe

interconnectareafiguresareobtainedby usingrealisticwire-

loadmodels.

We compareour resultswith a recentpseudorandoracan-
BIST architecturg10], which usesmultiple testsessionsand
avaryingnumberof capturecyclesaftereachscan-in.Thelat-
terincreasesestingtime considerablyandis thereforeinher
ently unsuitablefor field testingof high-availabilty systems.
As shawvn in Table 2, we achieve higherfault coveragethan
thatreportedin [10] and[12] with a shortertestlength. Al-
thoughthe hardwareoverheadsaluesreportedn [10] include
the costof the output datacompactor BIST controllerand
multiplexers,andaregenerallylowerthanin ourmethodthey
do not includethe routing andinterconnecarea,which may
beahighpercentagef thetotal overhead Themethodn [10]
requiresDFT techniquesuchastest-pointinsertionin order
to achieve high fault coverage.No suchintrusive DFT tech-
niqueis requiredfor our proposedscan-BISTmethod.We do
not compareour hardware overheadwith that of [12] since
thelatteronly reportsBIST areain mm? unitsandit doesnot
presentary overheaddata. We alsodo not presentheresults
for theISCAS 85 benchmarlcircuitsin Tablel sincethey do
nothaveinternalscan.

As discussedn Section2, we usethe partitioned BIST
schemdor circuitswhosetestsetscontaina large numberof
testpatterns. In thesecasesjf partitioningis not used,the
BIST synthesigproblemexceedshe capacityof the Synopsys
DesignCompiler For example,the BIST logic for theindus-
trial circuit CKT2 wassynthesizedby partitioningthetestset
into 25 subsetsThis requiresa multiplexerto switchbetween
several BIST sub-blockshowever its areais negligible com-
paredotheothercomponentsf theBIST logic. Synthesizing
suchanFSM takesseveralhoursof CPUtime; however, it is
only a one-timedesign,and represent& modestinvestment
overthelifetime of the product.

For themixed-modepproachwe usedthe FSIM faultsim-
ulator[11] for detectingrandom-pattern-testabfaultsusing
pseudorandorpatterns. Fault-orientedATPG wasthen per
formed using the Atalanta ATPG program[11] to obtaina
smallsetof deterministiqatterndor thehard-to-detedtaults.
Table3 presentgheresultson BIST synthesidor the mixed-
modeapproach.We neglectthe areaof the LFSRin the cal-
culationof the hardwareoverhead.



Tablel: Resultson BIST synthesidor thefully deterministicapproach.

Numberof Areaof Hardware Hardware
Lengthof Numberof gatesn Circuitarea BIST logic Overhead Overhead
Circuit | scanchainn | patterngn | thecircuit | (Isi_10Kunits) | (Isi_10Kunits) | (percent) | in[10] (percent)
515850 611 94 3448 15839.0 1306.2 8.0 6.3
s$35932 1763 12 12204 33345.0 286.7 0.9 2.4
$38417 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: Comparisorof fault coveragebetweerthe proposednethodand[10].
Faultcoverage | Faultcoverage
of proposed | (notestpoints) | Faultcoverage | Testlength Testlength
Circuit method(%) in [10] (%) in [12] (%) (cycles) in [10] (cycles)
515850 100 87.19 97.25 57528 254337
s$35932 100 89.02 N/A 21168 2850
$38417 100 91.82 93.62 113220 204400
s38584 100 93.51 98.93 161150 167187
Table3: Resultson BIST synthesigor the mixedmodeapproach.
Numberof Numberof Areaof Hardware
Lengthof pseudorandont deterministic| Circuitarea BIST logic Overhead
Circuit | scanchain(n) patterns patterns (Isi_10K units) | (Isi_10K units) | ( percent)
513207 700 64K 17 13973.0 169.0 1.0
s15850 611 Y 65 15839.0 1120.1 7.1
$38417 1664 2M 26 38011.0 706.2 1.9
s38584 1464 64K 50 37372.0 2250.3 6.0

4 Conclusions

We have presentedh new deterministicscan-BlSTarchitec-
ture which allows a compact,precomputedestset, guaran-
teedto provide completefault coverage to be appliedto the

CUT during field testing. The proposedapproachreduces
bothfaultanderrorlateng, andis especiallysuitablefor high-

availability systemsawith low downtimes.

Thetestpatternsn the precomputedestsetaregenerated
using a dedicatedinite-statemachine. We have synthesized
the BIST logic for severalISCAS 89 benchmarksindtwo in-
dustrial circuit modules. Sincethe BIST logic is hardwired
into the systemthereareno storagerequirementgor thetest
patterns. It hasbeenshowvn that the hardware overheadre-
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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