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Abstract

We presenta new methodof built-in-self-test(BIST)for sequentiatir-
cuitsand system-on-atip (SOC)usingcharacteristicfaults and circuit-
specificspectal informationin the form of oneor more Hadamad coef-
ficients. TheHadamad coeficientsare extractedfromthetestsequences
for a small setof characteristicfaults of the circuit. By extractinga few
characteristicfaultsfromthecircuit, we showthat detectionof thesechar-
acteristicfaultsis suficientin detectinga vastmajority of the remaining
faultsin thecircuit. Thesmallnumberof characteristicfaultsallowsusto
reducethe coeficientsnecessaryor BIST Staterelaxationis performed
onthecompactedestsequencet reducethespectal noisefurther Since
weare targeting only a very smallnumberof characteristicfaults, the ex-
ecutiontimesfor computingthe specte are greatly reduced.Our experi-
mentalresultsshowthat our nev methodcanachieve high BIST coverage
with bothlower computationakfforts and storage, with veryfew charac-
teristic faults.

1 Introduction

Built-in-self-test(BIST) is playinganincreasinglyimportantrolein VLSI
testing. As the operatingspeedn modernVLSI technologyincreasesit
becomesnoredifficult for testequipments$o keeppacewith the growing
speed. FurthermoreBIST is a promisingsolutionfor testingembedded
coresin the SOCervironment,whosetestabilitiesaregreatlyreduceddue
to limited accessibility

Mary BIST schemesave beenproposedn literature.Pseudo-random
testpatterngeneratof{TPG)in theform of alinearfeedback-shift-rgister
(LFSR)hasbeenwidely used.WeightedpseudaandomTPG[3, 4] takes
into consideratiorthe subsetof random-pattern-resistafiaults to yield
betteresultshanrandommethoddg3, 4, 5, 6]. Thebasicideafor weighted
pseudaandomis to biasthe probability at eachinput basedon the infor-
mation gatheredon the circuit. The weightscan be obtainedby using
counterbasedscheme$7], performingbit-fixing [8], or emplo/ing LFSR
with goodstartingseedandfeedbackpolynomial[9, 10, 11]. Many hard-
ware patterngeneratorg6] often round-of optimal weights,hencepro-
ducing patternsthat are sub-optimalfor certaincircuits at a muchlower
computationatost.

While (weighted)pseudo-randorBIST architecturenaynotprovide a
satishctoryfault coveragein reasonablgatternlength (especiallyfor se-
guentialcircuit), deterministidBIST techniquesttemptto solve this prob-
lemby storingdeterministically-generatedstpatterns However, thecost
associateavith the storageof the pre-calculatedestpatternamay be high
if thereis alargenumberof patterns.

An embeddedontrolleror processobn an SOCmalesit possiblefor
the processinginit to generateatterngo testtherestof thechip[12, 13,
14, 15, 16]. Thisalleviatestheneedfor additionalhardwaresuchasLFSRs
to testthe otherembeddedtores/peripheraland by employing efficient
algorithmsiit is alsopossibleto reducestorage.

In[17], temporakorrelationwasfoundto exist within testsets andthis
informationallowsfor theapplicationof spectratechniqueso ATPG[18].
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In [16], spectrum-baseBIST techniquevasproposedor SOCswith em-
beddedprocessorlt generatesectorsby usingthe spectrakcharacteristic
of eachembeddedore. To do this, it views eachcoreasa digital system
thatis describedby input-outputsystem,describedas functionsof time.
Any suchfunctioncanberepresentedndreproducedn thetime-domain,
usingits frequeng-domainspectrum TheapproaclusesHadamardrans-
form to computethe spectrainformationof digital circuits. As noise-free
signalsaredesiredo capturethe spectratharacteristiof thesignal,static
testsetcompactionis emplgyed to remove ary unnecessaryectorsand
thusfilter someof the unwantednoise.As aresult,atestsequenceanbe
describedby the correspondingpectralcoeficients,andit preseresthe
fault detectioncriterion. At this point, self-testingbecomeghe problem
of determiningthe spectrunmof the circuit undertest(CUT).

In this paper we addresghe problemof refining the spectrumof the
CUT, by picking asmallsetof “c haracteristicfaults” from thecircuit and
employing staterelaxation.Unlike [16], wherespectrainformationis ex-
tractedfrom the entirefault set,only a very smallnumberof the faultsis
usedin thiswork. In essencethesetof characteristi¢aultscanbeviewed
asrepresentate faultsof the entirecircuit. In [19], testcubesarecom-
putedfor hardfaultssuchthatmary othereasyfaultscanbe detectedsi-
multaneouslyhowever, only combinationaktircuits areconsidered State
relaxation[20] is performedon the compactedestsequencesf thechar
acteristicfaultsto furtherreducenoise.We presenefficientalgorithmson
selectingcharacteristi¢aults.

Theremainderof the paperis organizedasfollows. Section2 givesan
overview andmotivationfor thenew spectraBIST. Section3 explainsthe
algorithm of computingcharacteristidaults andits applicationto BIST.
Section4 discusseshe detailsof staterelaxation. Section5 reportsthe
experimentakesults,andSection6 concludeghe paper

2 Overview and Motivation

Previously, spectrum-baseBIST [16] hasshavn theimportantrole spec-
tral information canplay. The spectralinformationit usesis extracted
from the compactedestsetfor all detectedaults. Becauseavider spectra
containmore noise, pruningthe spectrato rid the noisewill help. Gen-
erally, sequencethatdetecthardfaultsfrequentlycandetectmary other
faults. Basedon this obsenration, we proposeto focuson obtainingthe
spectrainformationfor only the moredifficult faults.

Ourwork beginswith thetestsetthatdetectsonly the k latestdetected
faults.We performrelaxationonthistestsetto relaxany unnecessarnput
bits to dont-carevalues(X’'s); the relaxed testsetstill ensuregletection
of thek faults. Therelaxed sequencessentiallremoresadditionalnoise
from the original sequenceandthe non-relaxed input bits in the relaxed
sequencdorm the basicspectrumandare suficient to traversethe state
spacesuchthat the & hardfaults are still detected. Surprisingly mary
of the input bits can be relaxed. The statestraversedmay not be fully
specifieddue to the don't caresin the input sequence.Furthermore if
detectionof thesek faults also detectsa vast majority of the remaining
faults,the derived spectrumcanbe viewed asthe representadie spectrum
for theentirecircuit. Following this assumptionour goalis to extractthe
spectrunfrom averysmallfault set andthis spectrumis ableto represent
the characteristiof the circuit. Asin [16], we emplg signalprocessing



techniquego extractthe spectralinformationandgeneratespectralBIST
vectors. In addition,in our schemestaterelaxationis performedon the
compactedestsetfor the k£ faultsto reducenoiseprior to extraction of
spectrainformation.

Theoverallframevork for extractingthe spectratharacteristicss pre-
sentedin [16], hawever, characteristidaultswere not identified. In this
paper by startingwith randomvectors,we first filter the randomtestset
usingstaticcompactiorfor the k latestdetectedaults (not the whole de-
tectedfault set). Then,staterelaxationis appliedto thecompactedestse-
guenceo furtherreduceary additionalembeddedhoise. The spectrako-
efficientsareextractedfrom thisrelaxed,compactedestsequencéhrough
Hadamardransform,wherethe predominanHadamardcomponentsre
identified. New vectorsare addedto the testsetbasedon the extracted
spectrum.This processteratesuntil the stoppingcriterionis reached At
theendof this processpnly the spectralcharacteristic$or the k faultsin
the iterationwherehighestfault coveragewasreachedare collectedand
stored,andthosek faultsarecalledcharacteristicfaults Thefinal spec-
trumis usedto generat@IST vectorsin the SOC.Notethatin ourprocess,
the spectralcoeficientsfrom oneiterationwill be usedby BIST. Thisis
differentfrom [16], wherethe coeficientsfrom aniterationareappended
to thefinal setif thereis anincreasean fault coverage.

3 Computation of Characteristic Faults
Insteadof targetingthe entirefault list to extractspectrainformation,we
wantto find “characteristic’faultswithin thefaultset. Characteristiaults
should have the propertythat a test setwhich detectsthemis also able
to detectmary otherfaultsin the circuit. For this reasonthe spectrum
correspondingo the characteristidault setis a representatie spectrum
for all thefaults.
Becausesequencethatdetecthardfaultsgenerallydetectsamary other
faultsaswell, our aimis onidentifying the setof hardfaultssuchthatde-
tectingthemwill maximizedetectionof therestof thefaultsin thecircuit.
To do so, we modify the spectralATPG procesg16] in which the cor
respondingarget faultsin eachiteration are associatedavith the derived
spectrum. For instance,when the spectrumis extractedfor the k last-
detectedaultsin iterationi, thenew vectorsto begenerate@resimulated
andthe setof faults, S; detectedby thesenew vectorsarerecorded.The
setS; indicateghesetof faultsthathave similar spectratharacteristicas
the k representatk faults. In the next iteration,we would likewise com-
pute S;+1. Thek faultsin the jth iteration correspondingo the largest
faultsetS; is choserto bethecharacteristi¢ault set.
Thecharacteristicdult extractionalgorithmis outlinedbelow:

T, = randomtestvectors;
1 = done = Spae = 0;
while (notdone) and(i <max.iteration)
faultsimulateT;;
K; = k last-detectediaults;
C; = T; filteredfor K;;
R; = C; relaed;
performHadamardlransformon R;
to obtainspectrakoeficients H;;
E; = new vectorsgeneratedisingcoef. H;;
S; =faultsdetectedby E;;
if S; > Smas
characteristidault set= K;;
Sman: = Ji;
i++;
if noimprovementsn 3 consecutie iterations
done=1;

The abore algorithmis simpleto follow andwe will shav in exper
imentsthat it is also efficient in getting the characteristidault setthat
achiezeshigh fault coverages.

4 State Relaxation
4.1 Review of Support Sets

A testvectoris fully specifiedf all inputsarespecifiedto O or 1 (i.e., no
input assumes valueof X). TestvectorsthatcontainX’s aresaidto be
partially specified A supportset(SS)for a primaryoutputZ is ary setof
signals(includingprimaryinputs)thatsatisfyall thefollowing conditions:

1. All signalsin thesetassume logic valueO or 1.
2. TheprimaryoutputZ is amemberof the set.

3. The logic value on ary signal (except PIs) in the supportsetis
uniquelydeterminedy valuesof othersignalsin the SS.

In the caseof multiple primary outputs,condition2 is modifiedto require
thateachof the POsbeincludedin the supportset. Lik ewise,supportsets
canalsobecomputedor sequentiatircuits,wherecondition2 is modified
to includeary next statevariablewv thatsatisfieshe following condition:

e Next statevariablev thatis atalogic valueO or 1.

Thesupportsignalsfor agatearethesmallestsubsebdf requiredsignal
thatuniquelydeterminethe currentlogic valueof the gate. For example,
consideran AND gatea thathastwo inputsb andc. Supposer=1, then
both b, ¢ mustbe 1 andbe supportsignalsfor a. If a=0, b=1, andc¢ =0,
thensupportsignalis simply b sincethevalueona is uniquelydetermined
by signalb. In casethata=0, b=0, ¢=0, b, ¢ are at level v(b) andv(c)
respectrely, andv(b)>v(c), we will usethefollowing criteria:

o If oneof the possiblesupportsignalsof the gatehasalreadybeen
includedin the supportsetof the circuit, thenthis signalis selected
asthesupportsignalof thegate;

e Otherwisewe choosea supportsignalatthelowestlevel,

In this case,|f b is alreadyin the supportsetof the circuit, thenb will be
the only supportsignalfor a; otherwise ¢ will bethe supportsignalof a
because is atalower level.

A supportsetis irredundanif no signalin the setcanbe deletedwith-
outviolating conditions2 or 3. A minimumsupportsethastheleastcardi-
nality amongall possiblesupportsets.It is desirableo computea support
setfor PIswith small cardinalityasthis leadsto a cleanersignalfor later
processingHowever, attemptingto computethe minimumsupportsetfor
eachinputvectoris computationallyexpensve.

By computingthe supportsetfor eachtime-frameof sequentiatircuit,
boththeintermediatestateandinput sequenceango from fully specified
to partially specified. The procedurebelav [20] efficiently computesan
irredundansupportset,andtakesalist of gatesL with known logic values.

ProcedureCOMPUTE SUPPOR _SET(L )
supportsetS = L;
while (3 unsupporte@jatesin L)
g = unsupportedjatein L with maximallevel;
ss = minimal supportsignalsfor g;
addsupportsignalsss to S;
for all unsupportedjatesi in ss
addz to L;
markg supported;
returnsupportsetsS;

In the above procedurewe assumehatthe circuit is levelizedandthe
input vectorshave beensimulatedto determinethe value of eachgatein



thecircuit. Thesupportsetsare,then,computedbasednthelogic values
for eachcorrespondingector

4.2 Relaxation in Sequential Circuit

For sequentiakircuits, we perform staterelaxationin a reversedorder
thatis, startingfrom the last pattern. Let's considerbenchmarkcircuit
s27[1] with gate10 stuckat 0. The original compactedestsetS1 for
detectingthis faultis {1011,1001,0101,0111,0011,011G, wherethe
faultis detectedby thelastvector
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Gatevaluesfor both good and faulty circuits are shavn in Figuresl
and2 respectrely for vectors5 and4. Thevaluesareshavn in theform
of [good/faulty]. Startingfrom patterns, theconstraintist L containsonly
thePOwhichdifferentiategjoodcircuit andfaulty circuit; sincepattern#6
(time frameb5) is thelastvector no next stateFF is includedin L. In this
particularcase the fault is detectedby pattern5 on outputgate18, with
goodcircuit of logic 0 andfaulty circuit of logic 1. Thus, L for this vec-
toris simply {18}. Calling procedureCOMPUTE.SUPPOR _SET()with
this constraintlist L, we obtainthe supportsetfor goodandfaulty circuit
respectiely, listedbelow in thelevelizedfashion.Thevalue’12[1/0]” in-
dicatesthatgate# 12 = logic 1 is includedas part of supportsetfor the
fault-freecircuit, while gate12 with logic 0 is includedin the supportset
of thefaulty circuit.

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]
4 140/ 1]

5 15[ 1/0]

6 16[0/1]

7

18[ 0/ 1]

We combinethe supportsetsfor goodandfaulty circuitsatlevel 0 and
split thatinto two lists L1 and L2 by gatetype. L1 consistsonly Plsand

L2 containsonly FFs. PlsandFFswhich arenot containedn either L1
or L2 canbesetto X. By doingthis, we have relaxed theinput andstate
for thecurrenttime frame.In thisexample,L1 is {14 2} andL2 is {5 6}.
L2 will beusedto form the constraintist for the precedingpattern. We
move onto relaxpatternd the sameway by calling the procedureandthis
time, constraintist L will bethelist of L2, whichis {5 6}. Computingthe
supportsetthe sameway andwe getthefollowing supportsetsof pattern
4 for goodandfaulty circuit respectrely:
Support Set for Good and Faulty Circuits, vec #4
5[0/0] 4[1/1] 7[0/0] 2[0/0]
9[ 1/ 1]
12[1/1] 13[1/1]
14[ 0/ 0]
15[ 1/ 1]
17[ 0/ 0]

A WNEFEO

The abore procedures repeateduntil we've reachedhe first vector in
reversedorder Shavn belav arethe relaxedinputs(from input 1 to 4 in
order)andintermediatestates(fronfF 5 to 7 in order)for our s27 exam-
ple:

Vec Orig Relaved Relaved
# Input  Input State

0 1011 XXXX XXX

1 1001  XXXX XXX

2 0101 XXXX XXX

3 0111 OX1X XXX

4 0011 XOX1 0X0

5 0110 01X0 010

5 Experimental Results

We conductedexperimentsof our approachon both ISCAS89[1] and
ITC99 [2] benchmarkeircuits. After computingthe characteristidaults
for eachcircuit, we allowed for a maximumof 70,000vectorsfrom the
spectrainformationextractedfor the characteristi¢aultsafterstaterelax-
ation. Whenperformingthe Hadamardransform,a relaxed’ X' doesnot
contrikute to the spectrumextraction. Recallthatin [16], the final coef-
ficient setstoredinto the SOCis a concatenatiomf coeficient setsfrom
differentiterations. Oncea new fault is detectedn theiteration, the co-
efficient extractedfrom the whole compactedestsetof thatiterationwill
beincludedinto thefinal coeficient set. Thatmayresultin largerstorage
requirementWe will shav laterin Table3 how thetwo schemedgliffer in
both computationakffort and storagerequirements.For all circuits, the
numberof iterationsis setto 20.

Table 1 compareshe resultsamongSTRATEGATE [21], weighted
randomBIST, spectralmethod[16] and our technique. Note that only
one characteristidault is usedfor our technique. In this table, the to-
tal numberof faultsis first listed for eachcircuit, followed by the cov-
erageachieved by STRATEGATE. Next, BIST coveragesare reported
for ideal weightedrandom,rounded-df weightedrandom,[16], and fi-
nally our approachhasedon characteristidaults. For instancejn circuit
s5378,STRATEGATE generated testsetthatdetected3639faults,ideal
weightedrandomBIST detected3127 faults, rounded-df weightedran-
dom BIST detected3083 faults, 3596 faults were detectedby [16], and
we detected3611 faultswith spectrumfor only one characteristidault!
Likewise, in circuit b12, our techniquedetected1648 faults with spec-
tral informationusingonly onecharacteristi¢ault, while STRATEGATE,
ideal, rounded-df weightedrandomBIST, and[16] detectedl 488,663,
636and1621faults,respectiely.



Tablel: Comparisorof Fault Coverages

Ckt | Total || # FaultsDetected # FaultsDetectedby Non-ScarBIST
Faults || by STRATEGATE Weighted-RandorRatterns SpectralPatterns
[21] IdealWeights | Rounded-of 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
b1l | 1089 1003 937 898 1004 1004
b12 | 3102 1488 663 636 1621 | 1648

Only one characteristidaultis usedunder’Ours” column

Fromthis table,we canseethatwith only onecharacteristidault, our
faultcoveragesrevery closeto thoseobtainedby state-of-the-arsequen-
tial ATPG for mostcircuits. In all circuits exceptfor s1196ands1238,
theresultsof our techniqueesithersurpas®r equalthe resultsobtainedfor
theidealweightedrandomtechnique.For somehard-to-testircuits such
assb5378andb12,our techniques ableto detectsignificantlymorefaults
thanthe weightedrandomBIST approachandalsooutperformg16], in-
dicatingthat the spectraextractedby our nev schemeare moreefficient.
The reasonour approachdid not performaswell in s1196and s1238is
thatthesetwo circuitsarerandomlytestableandthusthe size of the com-
pactedtestsetfor a singlecharacteristidault is too small, typically only
5 vectors. Due to this reason spectralinformationfor the entire circuit
cannotbefully capturedoy thesefew vectors.

To increasdault coverage theimmediatething to do is to increasehe
numberof characteristi¢aults. For thosecircuitswhich saw alossin fault
coveragewith respecto [16], we increasedhe sizeof characteristidault
set, k, graduallyuntil the fault coveragereacheghat of STRATEGATE.
The resultsare reportedfor increasingnumberof characteristidaultsin
Table2. Oncethe fault coveragereacheda desiredlevel, we discontinue
increasinghenumberof characteristiaults,anda”/” is placedunderthat
column.In circuitss1196ands1238 bothof whicharerandomlytestable,
by increasinghe numberof characteristidaults, the fault coveragesm-
proved significantlyas expected. For mary othercircuits, increasingthe
numberof characteristi¢aultsdid notimprove theresults sincethesingle
characteristidault alreadyachiezed very high fault coverages.

Table 3 reportsthe speedupand storagereductionbetweenour tech-
niqgueand[16]. Thetime reportedis in secondsandthe storagereported
is the sizeof thefinal spectrakoeficient set. Take s382for example.The
executiontime for [16] andoursare261secondsind212secondsespec-
tively. The speedups dueto thefactthatwe arefiltering/compactingor
the characteristidaultsonly. The numberof spectralcoeficientsin our
approachs 58, while the size by [16] would require567. For this small
circuit, nearly1 orderof magnitudereductionin storageis achieved. Re-
sultsfor s5378shaved that more than 2 ordersof magnitudereduction
in storageis achieved, with only 24 spectralcoeficients neededor the
circuit.

6 Conclusion

We have presente@dneffective approacHor logic BIST usingcharacteris-
tic faultsandspectruninformation. We demonstratethat mary faultsin
acircuit sharesimilar spectralkcharacteristicsyhich canbe capturedby a
smallnumberof characteristi¢aults. By intelligently selectinga smallset
of characteristidaults, we areableto spectrallycharacterizehe circuit,
andthis informationis sufficientin aiding BIST to obtainextremelyhigh
fault coverages.Our techniqueachieves the sameor higherfault cover
agethanpreviously propose®IST approachesyhile the computational
effort andstorageneedecaremuchlesssinceour targetchangegrom the
total detectedault setto only a few targetfaults. Futurework will further
thecharacterizatioof the circuit andevaluationof differentcharacteristic
faultsets.
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