Partial BIST Insertionto EliminateDataCorrelation

Abstract—

A new partial BIST insertion approach basedon eliminating
data correlation to improve pseudo-random testability is pre-
sented. Data correlation causesthe circuit to be in a subsetof
the statesmore or lessfrequently, which leadsto low fault cover-
agein pseudo-randomtest. One important causeof correlation
is recorvergent fanout. Incorporating BIST testflip-flops into re-
corvergent pathswill breakcorrelation, however, breakingall re-
corvergent fanout is unnecessarysincesomerecorvergent fanout
resultin negligible correlation. We intr oducea metric to deter-
mine the degree of correlation causedby a set of recorvergent
fanout paths. We usethis metric to identify problematic recon-
vergentfanout which must be brokenthr oughpartial BIST inser-
tion. We provide an algorithm to break high correlation recon-
vergent paths. Our algorithm provideshigh fault coveragewhile
selectingfewer BIST flip-flops than required using loop breaking
techniques. Experimental results producedusing our algorithm
rank on average among the top 11.6% of all possiblesolutions
with the samenumber of flip-flops.

|. INTRODUCTION

Pseudo-randomBuilt-In Self-Test(BIST) is an importanttesting
techniquewhich enablesat-speedand on-sitetestingwhile requiring
neitherautomatictest generationnor expensve testequipment. In
general pseudo-randonestpatternsare generatedy an LFSR and
circuit responsesrecompressedy a signatureanalysisregister[1].
Maximumfault coveragecanbe achiered at significantareaandper
formanceoverheadcostby configuringall flip-flops astestregisters.
At the otherextreme,very low overheadcanbe achieved with afault
coveragepenaltyby insertingtestregistersonly at primaryinputsand
outputs.Partial BIST insertionenableexplorationof the tradeof be-
tweenfault coverageand overheadby configuringonly a subsetof
flip-flops asatestregister

The goalof partial BIST insertionis similar to thatof partial scan
insertionwhich hasbeensolved by mary methods. The goal is to
minimizehardwareoverheadvhile improving faultcoverageasmuch
aspossible.Many paperdn partial scanbreaksequentialoopssince
sizeof loopsimpactstestapplicationtime exponentially[2], [3], [4],
[5], [6]. In [7], StroeleandWunderlichpresentanalgorithmto break
all sequentialoopsfor pseudo-randontest with minimal hardware
overheadusinga branch-and-boundlgorithmto selecfflip-flops.

Datacorrelationandits effects on pseudo-randontestability has
beeninvestigatedy severalauthors.Papachristowet al [8] shav that
registeradjaceng cancausebit-level correlationin a circular BIST
architecture. Register adjaceng is a specificcaseof recorvergent
fanoutin RTL circuits. In [9], recovergentfanoutis removed during
high-level synthesigo reducethelevel of pseudo-randordatacorre-
lation andreduceto numberof conflictsencounterediuringthe ATG
process.

In this paper we presenta methodto selectpartial BIST flip-flops
which eliminatescorrelationto improve testquality. We presenta
methodto characterizeecowvergent pathsbasedon theirimpacton
fault coverage. Our algorithmselectsflip-flops to breakonly recon-
vergent pathswhich have significanteffect on correlationand fault
coverage. Our approachreducesareaoverheadcomparedto loop
breakingapproachesy limiting testinsertiononly to importantre-
corvergentpaths.

This paperis organizedasfollowing. Section2 motivatesthe con-
nectionbetweerrecovergentfanoutandpseudo-randorfault cover-
age.Sections3 and4 introducea metricfor correlationalongacircuit
pathanddescribehow thatmetricis usedto directthe BIST insertion
process Sectionsb and6 provide the algorithmandtheresults.Sec-
tion 7 presentzonclusionsandfuturework.

Il. MOTIVATION

In this work, testflip-flop insertionis performedto breakrecon-
vergentfanoutpathsandtherebyreducedatacorrelation. Data cor
relationis targetedbecauset affectsdataentropy which is known to
impactfaultcoverage[10]. A significantsourceof datacorrelationis
matcedrecomvemgentfanout which existswhenseveralrecorvergent
pathshave the samesequentiabepth. Figure 2a shavs mismatted
recorvergentfanoutwhich will not causecorrelationbecausef two
pathsfrom B to Z with lengthof 2 and 3 respectiely. Thereis no
correlationbetweenthe inputs of the recorvergent gatebecausehe
valuesof lines X andY in time framen dependon the valuesof B in
two differenttime frames,n— 1 andn— 2. Figure2b depictsmatched
recorvergentfanoutpathswhich arethe samesequentiatepth.If we
assumethat the value of line B is random,thenlines X andY will
have thevalue’00’ approximately50% of thetime. This correlation
will increaseestapplicationtime for the detectionof faultsin gateZ
which arenotdetectedy a’00’ inputpattern.Thecorrelationcanbe
eliminatedby configuringflip-flop 1 asa CBILBO register asshavn
in Figure2c, sothatthevalueof line X is notdependentn thevalue
of line B.

I11. CORRELATION METRICS

Recowergentfanoutis socommonin sequentiatircuitsthatit is
too expensve to breakall suchfanout. Not all recorvergentfanout
needsto be broken sincesomeof recovergentfanouthasnegligible
effecton correlation.We have developeda metricwhich indicateshe
impactof recorvergentfanouton correlation.

A. Serialcorrelation

In orderto evaluatetheeffect of recorvergentfanouton correlation,
we needsomemetricsto measuréiow stronglythe outputdependsn
theinput. We defineserial correlation asthe correlationbetweeran
input andoutputof a singlecombinationablock. The term“serial’
is usedto distinguishfrom correlationbetweenparallelinputs of a
combinationablock.

Giventhetruth table of the combinationablock with n inputs,we
know exactly the distribution of all combinationf eachinputsignal
A andoutputsignalZ, asshawvn in the following table. The value p
indicatesthe total numberof input valuesin which A= 0andZ =0,
andthe g value indicatesthe total numberof input valuesin which
A=1landZ=0.

| OnelnputA | OutputZ | Distribution |
0 0 p/2"
0 1 [ @ -p/&
1 0 g/2"
1 1 [@ T q/7
Serialcorrelationbetweennput A andoutputZ is definedas
com(AZ)= 3 (A—pa)(Z—Hz)Proh(A,2) @)
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Fig. 1. (a)Mismatchedecorvemgentfanout(differentsequentialength).(b) Matchedrecorvergentfanout(samesequentialength). (c) BIST insertionbreakingrecorvergentfanout.

wherepa andpz areexpectedvaluesof A andZ. Prob.(A, Z) is prob-
ability of combinatiorof (A, Z) in truthtable.In termsof p andq, the
correlationbetweerm andZ is

p—q
(2"—p—a)(p+q)

corr(A,Z) = (2

High serialcorrelationbetweeninput A andoutputZ implies that
output Z strongly dependson input A. However, serial correlation
hassomeweaknessn measuringhe dependencef anoutputon an
input. Serial correlationmeasuresiependencéetweentwo dataA
andZ accuratelyonly if Z is not stronglydependenbn otherinputs.
The dependencef Z on otherinputscanobscurethe pairwiseserial
correlationmetric. This effectcanbeseerin thecanof a5-inputAND
gateasshavn in figure 2. Thevalueof input A hasa strongeffect of

- sign in serial represent
A A Z | distribution correlation dependence
B
S 7 00 16/32 + Yes
D 0 1 0/32 - No
E 10 15/32 - No
11 1/32 + Yes

Fig. 2. Distribution of oneinput A andoutputZ in truth table.

thevalueof theoutputbecaus@’0’ valueon Aimpliesa’0’ valueon
Z. Thisis seenasa largedistribution of the (0,0) combinationwhich
contributespositively to serialcorrelation. This positive correlation
is negatedby the large distribution of the (1,0) combinationwhich
is causedby the dependencef Z on the otherinputs of the AND

gate. Serialcorrelationof 5-input AND gateis 0.18 which doesnot
accuratelyreflectthe dependencef Z on thevalueof A.

B. NormalizedCorrelation

We introducenormalizedcorrelation definedas serial correlation
divided by maximumserialcorrelation.

corr(A,Z)

A)= —————
®AZ) cormmax(A,Z)

®)

The maximumserial correlationadjuststhe distortionin representa-
tion of dependencen serialcorrelation.Intuitively, corrmax(A, Z) for
ann inputfunctionis themaximumcorrelationbetweerA andZ over
all possiblen input functionsfor which the total numberof minterms
is constantlf wedefinel to bethenumbermf maxtermsthenl = p+q
andcorrmax A, Z) canbedefinedasfollows:

If 1 < 2" 1 thencorrelationis maximumwhenp =1,q= 0, from
equation(2), get

COMmax(A, Z) = ﬁT,lgzn—l (4)
In sameway; get
Comrmax(A,Z) =4/ ——, |1>2 (5)

| )

Thenthenormalizedcorrelationis, in termsof p andq s,

waz)= O pra<2? (6)
_ b9 n-1

Normalizedcorrelationdiffersfrom serialcorrelationbecausét in-
dicatesthataninput A candirectly control the value of anoutputZz,
independenof thevalueof otherinputs.

IV. PARTIAL BIST INSERTION WITH NORMALIZED
CORRELATION

Normalizedcorrelationalonga pathcanbe usedto predicttheim-
pactof recorvergentfanouton correlation.For the purposeof partial
BIST insertion,usethe S-graph4] to modeltheinterconnectionge-
tweenflip-flops. The verticesof the S-graphrepresentlip-flops and
primaryinputsandoutputs andanedgebetweemodesy; andvj rep-
resentsheexistenceof acombinationapathfromv; tovj. Recower
gentfanoutpathsinvolving flip-flops arerepresentetdy recorvergent
pathsin S-graph.The combinationalogic of a sequentiatircuit can
be partitionedinto cones,where eachconeis a 1-outputcombina-
tional logic suchthatits inputs are either primary inputs or outputs
of flip-flops andits outputis either primary outputor input of flip-
flop. Every input andoutputof a conecorrespondso a nodein the
S-graphandevery input-outputpair of a conecorrespond$o anedge
in S-graph.The normalizedcorrelationof eachinput-outputpair of a
coneis labeledon the correspondingedgeof S-graph.If every edge
onall recovergentfanoutpathshashigh normalizedcorrelation then
suchrecovergentfanoutwill have significanteffect onthetestability
of thecircuit. Figure3ashavs recovergentfanoutwhich needso be
broken dueto the high correlationalongeachedgeinvolved. Figure
3b and 3c aretwo examplesof recorvergent fanoutwithout signif-
icantimpacton testquality Dashedline indicatedlow normalized
correlation.



Fig. 3. (a) Recowvementfanoutwhich will impacttestquality. (b) and(c) Two typesof
recorvergentfanoutwith negligible impacton testquality.

Figure 3b shaws low normalizedcorrelationfrom ato b. So, the
value of nodeb will not strongly dependon the valueof a. There-
fore, b andc arerelatively uncorrelatecandthis recorvergentfanout
will noteffecttestability Figure3c shavs low normalizedcorrelation
from b to d. Nodesb andc are correlatedbecauséboth nodesde-
pendonthevalueof nodea in the previoustime frame. This correla-

tionwill decreas¢hetestabilityof thecombinationablockassociated

with d. However, low normalizeccorrelationfrom b to d, impliesthat
b haslittle impacton the detectionof mostfaults. Socorrelationof b
andc only affectsa small numberof faults. Our algorithmdoesnot
considerthe two typesof recorvergentfanoutdepictedin Figures3a
and3b. Sincemary recomvergentfanoutsdo not needto be consid-
ered,our algorithmselectsrelatively few flip-flops, resultingin low
area/performanceverhead.

V. PARTIAL BIST INSERTION ALGORITHM

Our algorithmfirst constructsthe S-graphof a sequentiakircuit
and extractsthe conesboundedby the nodesin S-graph. The nor
malizedcorrelationvaluesassociateavith eachedgein the S-graph
arecalculated This stepis currentlyperformecby exhaustve simula-
tion of eachcombinationatone.The compleity of this stepmay be
reducedby simulationof only a subsetof input values,but we have
choserto performsimulationexhaustvely to improve theaccurag of
this experiment.The normalizedcorrelationdatais usedto prunethe
S-graphby removing edgeswhosecorrelationis belav a threshold
value. Figure4ais the original S-graphof benchmarks298,where
the bold lines are usedto represent group of edgeswith the same
source By usingaminimumcorrelationthresholdof 0.4,the S-graph
is prunedto generatehe S-graphshavn in Figure4b which contains
1/3lessedges.

Algorithm 1 describesthe greedyconstructve approachusedto
selectBIST flip-flops in the reducedS-graph. The algorithm com-
putesthe numberof unbrolen recovergent fanout pathsin which
eachflip-flop vis contained(recnt(v)). Theflip-flop containedn the
largestnumberof recovergentfanoutpathsis selectechsaBIST flip-
flop. After eachiteration,the UpdateRecowergenceCountfunction
is calledto updatethe rec:nt valuesof eachnodein the S-graphto
reflectthe selectionof a new BIST flip-flop. The processs iterated
until all recorvergentfanoutpathsarebroken. In our algorithm,only
recorvergenceof length 2 is considerechecauseshorterpathshave
the strongestmpacton correlation.

V1. RESULTS

Table 1 shaws the resultsof applyingour algorithmto several IS-
CAS89 benchmarkcircuits. The experimentswere performedon
a PI1-300 linux computer The fault coverageis obtainedusing
PROOFS|[11] to fault simulatethe circuit with 10,000LFSR gen-
eratedestvectors.

Column5 containsthe fault coveragewithout BIST insertion,ap-
plying pseudo-randomatternsonly attheprimaryinputsandobserv-
ing resultsat primaryoutputs.Column6 containsfault coverageafter

Fig. 4. (a)Original S-graphof s298,(b) PrunedS-graphof s298

Algorithm 1 BIST Flip-Flop Insertion(S-GraphG)

createS-graph

computenormalizedcorrelationfor eachedgein S-graph

pruneall S-graphedgeswith subthresholaorrelation

UpdateRecowergenceCount(G)

repeat
selectthenodew with maximumrec.cnt(v) asBIST cell
deleteall edgesncidentto nodew
UpdateRecowvergenceCount(G)

until reccnt(v) = 0 for eachnodein G

performingBIST insertionusingour approachto selectflip-flops to
actasa CBILBO register We canseea greatimprovementof testa-
bility of mostcircuits after BIST insertion. Column 3 indicatesthe
numberof flip-flops configuredasa CBILBO registerusingthe loop
breakingmethodpresentedh [7]. Ouralgorithmselectdessflip-flops
thanStroeles algorithmin all benchmaricircuitsexcepts1196which
containsnoloops.

Sinceno fault coverageresultarepresentedh [7], we cannotcom-
parethe coverage. In orderto evaluatethe fault coveragequality of
ourresults we simulatefault coverageof all BIST insertionsolutions
with the samenumberof selectedlip-flops. For example,in circuit
s344thereare 1365BIST insertionsolutionsusing4 out of 15 flip-
flops. We simulatefault coverageof all thesecombinationsandrank
thefaultcoverageof oursolutionamongall solutions.Rankingresults
arelistedin column?. Theaveragerankof our solutionsis within the



Benchmark | # of total # of selectedFFs fault coverage rank CPU time
FFs loops [ correlation | w/o BIST [ with BIST (sec.)
s298 14 14 4 0.21 0.840 15.7% 0.06
s344 15 15 4 0.89 0.994 0.1% 0.88
s382 21 15 9 0.12 0.932 4.7% 2.86
s386 6 6 5 0.32 0.989 16.7% 0.95
s510 6 6 4 0.00 0.998 20.0% 94.54
s953 6 6 5 0.08 0.957 16.7% 138.28
s1196 18 0 2 0.91 0.932 7.5% 4486

TABLE |

PARTIAL BIST INSERTION AND FAULT COVERAGE.

Algorithm 2 UpdateRecorergenceCoun(S-GraphG)

for eachnodevin G do
reccrt(v) =0
endfor
for eachpairof nodesu andvin G do
find all pathsfrom u to v with sequentialengthof 2, u - w; - v
if thenumberof paths< 2 then
for eachintermediatenodew; do
reccrt(w;) increasedy 1
end for
endif
end for

top 11.6%. Benchmarkss298and s382have 6 flip-flops connected
to outputsdirectly. Configuringtheseflip-flops asBIST cellswill not
increasehetestabilityof circuits,sothetotal combinationsio notac-
counttheseflip-flops. Figure5 shavs the fault coveragedistribution
of all BIST insertionsolutionsfor s344involving 4 flip-flops. The
arraw in thefigure shawvs the positionof our resultwith respecto all
solutions.
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Fig. 5. Fault coveragedistribution of benchmarls344.

VIl. CONCLUSIONSAND FUTURE WORK

In this paper we presenta nev methodto insertBIST flip-flops
which breaksrecomwvemgent fanoutpathsto reducedatacorrelation.
We have motivatedthe needto eliminatedatacorrelationandour ex-
perimentalkresultshave demonstratethe benefitsof this approachn
termsof reducedverheadandhigh fault coverage Determiningnor-
malizedrecorvergentfanoutis currently a time consumingprocess,
soin thefuture,we will investigateheuseof samplingandstructural
analysisto derive the sameinformation.
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