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Abstract
We presenta new methodof built-in-self-test(BIST)for sequentialcir-

cuitsandsystem-on-a-chip (SOC)usingcharacteristicfaultsandcircuit-
specificspectral informationin the form of oneor more Hadamard coef-
ficients.TheHadamard coefficientsare extractedfromthetestsequences
for a small setof characteristicfaults of the circuit. By extractinga few
characteristicfaultsfromthecircuit, weshowthatdetectionof thesechar-
acteristicfaults is sufficient in detectinga vastmajority of theremaining
faultsin thecircuit. Thesmallnumberof characteristicfaultsallowsusto
reducethe coefficientsnecessaryfor BIST. Staterelaxationis performed
onthecompactedtestsequencesto reducethespectral noisefurther. Since
weare targetingonly a verysmallnumberof characteristicfaults,theex-
ecutiontimesfor computingthespectra are greatlyreduced.Our experi-
mentalresultsshowthatour new methodcanachievehighBISTcoverage
with both lower computationalefforts andstorage, with veryfew charac-
teristic faults.

1 Introduction
Built-in-self-test(BIST) is playinganincreasinglyimportantrole in VLSI
testing. As theoperatingspeedin modernVLSI technologyincreases,it
becomesmoredifficult for testequipmentsto keeppacewith thegrowing
speed.Furthermore,BIST is a promisingsolutionfor testingembedded
coresin theSOCenvironment,whosetestabilitiesaregreatlyreduceddue
to limited accessibility.

Many BIST schemeshavebeenproposedin literature.Pseudo-random
testpatterngenerator(TPG)in theform of a linear-feedback-shift-register
(LFSR)hasbeenwidely used.WeightedpseudorandomTPG[3, 4] takes
into considerationthe subsetof random-pattern-resistantfaults to yield
betterresultsthanrandommethods[3, 4, 5, 6]. Thebasicideafor weighted
pseudorandomis to biastheprobabilityat eachinput basedon theinfor-
mation gatheredon the circuit. The weightscan be obtainedby using
counter-basedschemes[7], performingbit-fixing [8], or employing LFSR
with goodstartingseedandfeedbackpolynomial[9, 10, 11]. Many hard-
warepatterngenerators[6] often round-off optimal weights,hencepro-
ducingpatternsthat aresub-optimalfor certaincircuits at a muchlower
computationalcost.

While (weighted)pseudo-randomBIST architecturemaynotprovidea
satisfactoryfault coveragein reasonablepatternlength(especiallyfor se-
quentialcircuit), deterministicBIST techniquesattemptto solvethisprob-
lemby storingdeterministically-generatedtestpatterns.However, thecost
associatedwith thestorageof thepre-calculatedtestpatternsmaybehigh
if thereis a largenumberof patterns.

An embeddedcontrolleror processoron anSOCmakesit possiblefor
theprocessingunit to generatepatternsto testtherestof thechip [12, 13,
14, 15, 16]. Thisalleviatestheneedfor additionalhardwaresuchasLFSRs
to testthe otherembeddedcores/peripherals,andby employing efficient
algorithms,it is alsopossibleto reducestorage.

In [17], temporalcorrelationwasfoundto existwithin testsets,andthis
informationallowsfor theapplicationof spectraltechniquestoATPG[18].
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In [16], spectrum-basedBIST techniquewasproposedfor SOCswith em-
beddedprocessor. It generatesvectorsby usingthespectralcharacteristic
of eachembeddedcore. To do this, it views eachcoreasa digital system
that is describedby input-outputsystem,describedasfunctionsof time.
Any suchfunctioncanberepresentedandreproducedin thetime-domain,
usingits frequency-domainspectrum.TheapproachusesHadamardtrans-
form to computethespectralinformationof digital circuits.As noise-free
signalsaredesiredto capturethespectralcharacteristicof thesignal,static
testsetcompactionis employed to remove any unnecessaryvectorsand
thusfilter someof theunwantednoise.As a result,a testsequencecanbe
describedby thecorrespondingspectralcoefficients,andit preservesthe
fault detectioncriterion. At this point, self-testingbecomesthe problem
of determiningthespectrumof thecircuit undertest(CUT).

In this paper, we addressthe problemof refining the spectrumof the
CUT, by pickingasmallsetof “c haracteristicfaults” from thecircuit and
employing staterelaxation.Unlike [16], wherespectralinformationis ex-
tractedfrom theentirefault set,only a very smallnumberof the faultsis
usedin thiswork. In essence,thesetof characteristicfaultscanbeviewed
asrepresentative faultsof the entirecircuit. In [19], testcubesarecom-
putedfor hardfaultssuchthatmany othereasyfaultscanbedetectedsi-
multaneously;however, only combinationalcircuitsareconsidered.State
relaxation[20] is performedon thecompactedtestsequencesof thechar-
acteristicfaultsto furtherreducenoise.Wepresentefficientalgorithmson
selectingcharacteristicfaults.

Theremainderof thepaperis organizedasfollows. Section2 givesan
overview andmotivationfor thenew spectralBIST. Section3 explainsthe
algorithmof computingcharacteristicfaultsandits applicationto BIST.
Section4 discussesthe detailsof staterelaxation. Section5 reportsthe
experimentalresults,andSection6 concludesthepaper.

2 Overview and Motivation
Previously, spectrum-basedBIST [16] hasshown theimportantrolespec-
tral information can play. The spectralinformation it usesis extracted
from thecompactedtestsetfor all detectedfaults.Becausewider spectra
containmorenoise,pruningthe spectrato rid the noisewill help. Gen-
erally, sequencesthatdetecthardfaultsfrequentlycandetectmany other
faults. Basedon this observation, we proposeto focuson obtainingthe
spectralinformationfor only themoredifficult faults.

Ourwork beginswith thetestsetthatdetectsonly the � latestdetected
faults.Weperformrelaxationonthistestsetto relaxany unnecessaryinput
bits to don’t-carevalues(X’s); the relaxed testsetstill ensuresdetection
of the � faults.Therelaxedsequenceessentiallyremovesadditionalnoise
from theoriginal sequence,andthenon-relaxed input bits in the relaxed
sequenceform the basicspectrumandaresufficient to traversethe state
spacesuchthat the � hard faults are still detected. Surprisingly, many
of the input bits can be relaxed. The statestraversedmay not be fully
specifieddue to the don’t caresin the input sequence.Furthermore,if
detectionof these� faultsalsodetectsa vastmajority of the remaining
faults,thederivedspectrumcanbeviewedastherepresentative spectrum
for theentirecircuit. Following this assumption,our goalis to extractthe
spectrumfrom averysmallfault set, andthisspectrumis ableto represent
thecharacteristicof thecircuit. As in [16], we employ signalprocessing
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techniquesto extract thespectralinformationandgeneratespectralBIST
vectors. In addition,in our scheme,staterelaxationis performedon the
compactedtestset for the � faults to reducenoiseprior to extractionof
spectralinformation.

Theoverall framework for extractingthespectralcharacteristicsis pre-
sentedin [16], however, characteristicfaultswerenot identified. In this
paper, by startingwith randomvectors,we first filter the randomtestset
usingstaticcompactionfor the � latestdetectedfaults(not thewholede-
tectedfault set).Then,staterelaxationis appliedto thecompactedtestse-
quenceto furtherreduceany additionalembeddednoise.Thespectralco-
efficientsareextractedfrom thisrelaxed,compactedtestsequencethrough
Hadamardtransform,wherethe predominantHadamardcomponentsare
identified. New vectorsareaddedto the testsetbasedon the extracted
spectrum.This processiteratesuntil thestoppingcriterion is reached.At
theendof this process,only thespectralcharacteristicsfor the � faultsin
the iterationwherehighestfault coveragewasreachedarecollectedand
stored,andthose� faultsarecalledcharacteristicfaults. Thefinal spec-
trumis usedto generateBIST vectorsin theSOC.Notethatin ourprocess,
thespectralcoefficientsfrom oneiterationwill be usedby BIST. This is
differentfrom [16], wherethecoefficientsfrom aniterationareappended
to thefinal setif thereis anincreasein fault coverage.

3 Computation of Characteristic Faults
Insteadof targetingtheentirefault list to extractspectralinformation,we
wantto find “characteristic”faultswithin thefaultset.Characteristicfaults
shouldhave the propertythat a test setwhich detectsthem is alsoable
to detectmany other faults in the circuit. For this reason,the spectrum
correspondingto the characteristicfault set is a representative spectrum
for all thefaults.

Becausesequencesthatdetecthardfaultsgenerallydetectsmany other
faultsaswell, ouraim is on identifying thesetof hardfaultssuchthatde-
tectingthemwill maximizedetectionof therestof thefaultsin thecircuit.
To do so, we modify the spectralATPG process[16] in which the cor-
respondingtarget faults in eachiterationareassociatedwith the derived
spectrum. For instance,when the spectrumis extractedfor the � last-
detectedfaultsin iterationi, thenew vectorsto begeneratedaresimulated
andthesetof faults, ��� detectedby thesenew vectorsarerecorded.The
set � � indicatesthesetof faultsthathavesimilarspectralcharacteristicsas
the � representative faults. In thenext iteration,we would likewisecom-
pute �����
	 . The � faults in the � th iterationcorrespondingto the largest
fault set �
� is chosento bethecharacteristicfault set.

Thecharacteristic-fault extractionalgorithmis outlinedbelow:

�����
randomtestvectors;� ����������� ����� � �"!

;
while (not

�������
) and(i # max iteration)

fault simulate
� � ;$ � = � last-detectedfaults;% � �&� � filteredfor

$ � ;' � =
% � relaxed;

performHadamardTransformon
' �

to obtainspectralcoefficients ( � ;) � = new vectorsgeneratedusingcoeff. ( � ;��� = faultsdetectedby
) � ;

if � �+* ����� �
characteristicfault set=

$ � ;����� � � � � ;
i++;
if no improvementsin 3 consecutive iterations

done= 1;

The above algorithmis simple to follow andwe will show in exper-
iments that it is also efficient in getting the characteristicfault set that
achieveshigh fault coverages.

4 State Relaxation
4.1 Review of Support Sets
A testvectoris fully specifiedif all inputsarespecifiedto 0 or 1 (i.e., no
input assumesa valueof , ). Testvectorsthatcontain , ’s aresaidto be
partially specified. A supportset(SS)for a primaryoutput - is any setof
signals(includingprimaryinputs)thatsatisfyall thefollowing conditions:

1. All signalsin thesetassumea logic value0 or 1.

2. Theprimaryoutput - is a memberof theset.

3. The logic value on any signal (except PIs) in the supportset is
uniquelydeterminedby valuesof othersignalsin theSS.

In thecaseof multiple primaryoutputs,condition2 is modifiedto require
thateachof thePOsbeincludedin thesupportset.Likewise,supportsets
canalsobecomputedfor sequentialcircuits,wherecondition2 is modified
to includeany next statevariable . thatsatisfiesthefollowing condition:/ Next statevariable. thatis at a logic value0 or 1.

Thesupportsignalsfor agatearethesmallestsubsetof requiredsignal
thatuniquelydeterminethecurrentlogic valueof thegate.For example,
consideran AND gate 0 thathastwo inputs 1 and 2 . Suppose0 =1, then
both 1 , 2 mustbe 1 andbe supportsignalsfor 0 . If 0 =0, 1 =1, and 2 =0,
thensupportsignalis simply 1 sincethevalueon 0 is uniquelydetermined
by signal 1 . In casethat 0 =0, 1 =0, 2 =0, 1 , 2 are at level v( 1 ) and v( 2 )
respectively, andv( 1 ) * v( 2 ), we will usethefollowing criteria:/ If oneof the possiblesupportsignalsof the gatehasalreadybeen

includedin thesupportsetof thecircuit, thenthis signalis selected
asthesupportsignalof thegate;/ Otherwise,we choosea supportsignalat thelowestlevel;

In this case,if 1 is alreadyin thesupportsetof thecircuit, then 1 will be
theonly supportsignalfor 0 ; otherwise,2 will be thesupportsignalof 0
because2 is ata lower level.

A supportsetis irredundantif nosignalin thesetcanbedeletedwith-
outviolatingconditions2 or 3. A minimumsupportsethastheleastcardi-
nality amongall possiblesupportsets.It is desirableto computeasupport
setfor PIswith smallcardinalityasthis leadsto a cleanersignalfor later
processing.However, attemptingto computetheminimumsupportsetfor
eachinputvectoris computationallyexpensive.

By computingthesupportsetfor eachtime-frameof sequentialcircuit,
boththeintermediatestateandinputsequencecango from fully specified
to partially specified.The procedurebelow [20] efficiently computesan
irredundantsupportset,andtakesalist of gates3 with known logicvalues.

ProcedureCOMPUTESUPPORT SET( 3 )
supportset � � 3 ;
while ( 4 unsupportedgatesin 3 )5 = unsupportedgatein 3 with maximallevel;676 = minimalsupportsignalsfor 5 ;

addsupportsignals676 to � ;
for all unsupportedgates

�
in 676

add
�

to 3 ;
mark 5 supported;

returnsupportsetS;

In theabove procedure,we assumethatthecircuit is levelizedandthe
input vectorshave beensimulatedto determinethevalueof eachgatein



thecircuit. Thesupportsetsare,then,computedbasedon thelogic values
for eachcorrespondingvector.

4.2 Relaxation in Sequential Circuit
For sequentialcircuits, we perform staterelaxationin a reversedorder,
that is, startingfrom the last pattern. Let’s considerbenchmarkcircuit
s27[1] with gate10 stuckat 0. The original compactedtestset ��8 for
detectingthis fault is 9 1011,1001,0101,0111,0011,0110: , wherethe
fault is detectedby thelastvector.
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Figure1: Good/FaultyCircuit ValuesatTimeFrame5
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Figure2: Good/FaultyCircuit ValuesatTimeFrame4
Gatevaluesfor both goodandfaulty circuits areshown in Figures1

and2 respectively for vectors5 and4. Thevaluesareshown in the form
of [good/faulty]. Startingfrom pattern5, theconstraintlist 3 containsonly
thePOwhichdifferentiatesgoodcircuit andfaultycircuit; sincepattern#6
(time frame5) is thelastvector, no next stateFF is includedin 3 . In this
particularcase,the fault is detectedby pattern5 on outputgate18, with
goodcircuit of logic 0 andfaulty circuit of logic 1. Thus, 3 for this vec-
tor is simply 9 18: . CallingprocedureCOMPUTESUPPORT SET()with
this constraintlist 3 , we obtainthesupportsetfor goodandfaulty circuit
respectively, listedbelow in thelevelizedfashion.Thevalue”12[1/0]” in-
dicatesthat gate# 12 = logic 1 is includedaspart of supportsetfor the
fault-freecircuit, while gate12 with logic 0 is includedin thesupportset
of thefaultycircuit.

Support Set for Good and Faulty Circuits, vec #5
0 5[0/0] 6[1/1] 1[0/0] 4[X/0] 2[X/1]
1 8[1/1] 9[X/0]
2 10[1/1]
3 12[1/0] 13[1/0]
4 14[0/1]
5 15[1/0]
6 16[0/1]
7 18[0/1]

Wecombinethesupportsetsfor goodandfaultycircuitsat level 0 and
split that into two lists 3;8 and 3�< by gatetype. 3;8 consistsonly PIsand

3�< containsonly FFs. PIsandFFswhich arenot containedin either 3=8
or 3>< canbesetto , . By doingthis,we have relaxedtheinput andstate
for thecurrenttimeframe.In thisexample,3;8 is 9 1 4 2: and 3>< is 9 5 6: .3�< will beusedto form the constraintlist for theprecedingpattern.We
moveonto relaxpattern4 thesamewayby calling theprocedure,andthis
time,constraintlist 3 will bethelist of 3>< , whichis 9 5 6: . Computingthe
supportsetthesameway andwe getthefollowing supportsetsof pattern
4 for goodandfaultycircuit respectively:

Support Set for Good and Faulty Circuits, vec #4
0 5[0/0] 4[1/1] 7[0/0] 2[0/0]
1 9[1/1]
2 12[1/1] 13[1/1]
3 14[0/0]
4 15[1/1]
5 17[0/0]

The above procedureis repeateduntil we’ve reachedthe first vector. in
reversedorder. Shown below arethe relaxed inputs(from input 1 to 4 in
order)andintermediatestates(fromFF 5 to 7 in order)for our s27exam-
ple:

Vec Orig Relaxed Relaxed
# Input Input State
0 1011 XXXX XXX
1 1001 XXXX XXX
2 0101 XXXX XXX
3 0111 0X1X XXX
4 0011 X0X1 0X0
5 0110 01X0 010

5 Experimental Results

We conductedexperimentsof our approachon both ISCAS89 [1] and
ITC99 [2] benchmarkcircuits. After computingthe characteristicfaults
for eachcircuit, we allowed for a maximumof 70,000vectorsfrom the
spectralinformationextractedfor thecharacteristicfaultsafterstaterelax-
ation. WhenperformingtheHadamardtransform,a relaxed ’X’ doesnot
contribute to the spectrumextraction. Recall that in [16], the final coef-
ficient setstoredinto theSOCis a concatenationof coefficient setsfrom
different iterations. Oncea new fault is detectedin the iteration,the co-
efficient extractedfrom thewholecompactedtestsetof that iterationwill
beincludedinto thefinal coefficient set.Thatmayresultin largerstorage
requirement.We will show later in Table3 how thetwo schemesdiffer in
both computationaleffort andstoragerequirements.For all circuits, the
numberof iterationsis setto 20.

Table 1 comparesthe resultsamongSTRATEGATE [21], weighted
randomBIST, spectralmethod[16] and our technique. Note that only
one characteristicfault is usedfor our technique. In this table, the to-
tal numberof faults is first listed for eachcircuit, followed by the cov-
erageachieved by STRATEGATE. Next, BIST coveragesare reported
for ideal weightedrandom,rounded-off weightedrandom,[16], and fi-
nally our approachbasedon characteristicfaults. For instance,in circuit
s5378,STRATEGATE generateda testsetthatdetected3639faults,ideal
weightedrandomBIST detected3127faults, rounded-off weightedran-
dom BIST detected3083 faults,3596faultsweredetectedby [16], and
we detected3611faultswith spectrumfor only one characteristicfault!
Likewise, in circuit b12, our techniquedetected1648 faults with spec-
tral informationusingonly onecharacteristicfault,while STRATEGATE,
ideal, rounded-off weightedrandomBIST, and[16] detected1488,663,
636and1621faults,respectively.



Table1: Comparisonof FaultCoverages
Ckt Total # FaultsDetected # FaultsDetectedby Non-ScanBIST

Faults by STRATEGATE Weighted-RandomPatterns SpectralPatterns
[21] IdealWeights Rounded-off Weights [16] Ours

s382 399 364 329 116 364 357
s400 428 384 306 106 384 376
s526 555 454 95 94 454 442
s713 581 476 476 476 476 476
s1196 1242 1239 1233 1228 1237 1227
s1238 1355 1282 1276 1270 1282 1266
s1423 1515 1414 1319 1167 1414 1414
s1488 1486 1444 1442 1410 1444 1444
s1494 1506 1453 1451 1418 1453 1453
s5378 4603 3639 3127 3083 3596 3611
b01 135 133 133 133 133 133
b04 1346 1168 1168 1168 1168 1168
b08 489 463 461 438 463 463
b11 1089 1003 937 898 1004 1004
b12 3102 1488 663 636 1621 1648

Only one characteristicfault is usedunder”Ours” column

Fromthis table,we canseethatwith only onecharacteristicfault, our
faultcoveragesareverycloseto thoseobtainedby state-of-the-artsequen-
tial ATPG for mostcircuits. In all circuits except for s1196ands1238,
theresultsof our techniqueeithersurpassor equaltheresultsobtainedfor
the idealweightedrandomtechnique.For somehard-to-testcircuitssuch
ass5378andb12,our techniqueis ableto detectsignificantlymorefaults
thantheweightedrandomBIST approachandalsooutperforms[16], in-
dicatingthat thespectraextractedby our new schemearemoreefficient.
The reasonour approachdid not performaswell in s1196ands1238is
thatthesetwo circuitsarerandomlytestableandthusthesizeof thecom-
pactedtestsetfor a singlecharacteristicfault is too small, typically only
5 vectors. Due to this reason,spectralinformationfor the entirecircuit
cannotbefully capturedby thesefew vectors.

To increasefault coverage,theimmediatething to do is to increasethe
numberof characteristicfaults.For thosecircuitswhichsaw alossin fault
coveragewith respectto [16], we increasedthesizeof characteristicfault
set, � , graduallyuntil the fault coveragereachesthat of STRATEGATE.
The resultsarereportedfor increasingnumberof characteristicfaults in
Table2. Oncethe fault coveragereacheda desiredlevel, we discontinue
increasingthenumberof characteristicfaults,anda”/” isplacedunderthat
column.In circuitss1196ands1238,bothof whicharerandomlytestable,
by increasingthe numberof characteristicfaults,the fault coveragesim-
proved significantlyasexpected.For many othercircuits, increasingthe
numberof characteristicfaultsdid not improve theresults,sincethesingle
characteristicfault alreadyachievedveryhigh fault coverages.

Table3 reportsthe speedupandstoragereductionbetweenour tech-
niqueand[16]. The time reportedis in secondsandthestoragereported
is thesizeof thefinal spectralcoefficient set.Take s382for example.The
executiontime for [16] andoursare261secondsand212secondsrespec-
tively. Thespeedupis dueto thefact thatwe arefiltering/compactingfor
the characteristicfaultsonly. The numberof spectralcoefficients in our
approachis 58, while thesizeby [16] would require567. For this small
circuit, nearly1 orderof magnitudereductionin storageis achieved. Re-
sults for s5378showed that more than2 ordersof magnitudereduction
in storageis achieved, with only 24 spectralcoefficients neededfor the
circuit.

6 Conclusion
Wehavepresentedaneffectiveapproachfor logic BIST usingcharacteris-
tic faultsandspectruminformation.We demonstratedthatmany faultsin
a circuit sharesimilar spectralcharacteristics,which canbecapturedby a
smallnumberof characteristicfaults.By intelligentlyselectingasmallset
of characteristicfaults,we areableto spectrallycharacterizethe circuit,
andthis informationis sufficient in aidingBIST to obtainextremelyhigh
fault coverages.Our techniqueachieves the sameor higher fault cover-
agethanpreviously proposedBIST approaches,while thecomputational
effort andstorageneededaremuchlesssinceour targetchangesfrom the
total detectedfault setto only a few targetfaults.Futurework will further
thecharacterizationof thecircuit andevaluationof differentcharacteristic
fault sets.
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