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ABSTRACT

This paperdevelopsnew techniquesfor detectingboth studk-open
faults and resistiveopenfaults, which resultin increaseddelays
along somepaths. Theimproveddetectionof CMOSopendefects
is madepossibleby a new delay fault modelwhich combinesthe
advantaes of the gate delayfault modeland the path delayfault
model. We develop a test geneation methodolgy for this fault
modelwhich enablesgeneation of testvectos that testa percent-
age of thelongestsensitizablgoathsin thedesignandalsotesteadc
netfor spotdefectsthroughtheir longestsensitizablepaths. Real
delayvaluesare usedto determinethetrue critical pathsin thecir-
cuit. Thehigh degree of effectivenessf this fault modelunderre-
alistic assumptiongor processcharacteristicsis first enumeated,
and experimentalresultsdemonstate the improved coverage pos-
siblewith the proposedappoad.

Categoriesand Subject Descriptors
B.8.1[Hardware]: Reliability, TestingandFault-Tolerance
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1. INTRODUCTION

Thespeedindcomplity of thecurrentgeneratiormicroproces-
sorshave increasedapidly over the lastfew years. This hasbeen
accompaniedby a drasticincreasen the compleity of testgener
ationfor thesemicroprocessorsEventestgeneratiorfor classical
fault modelslik e the stuck-atfault modelhasbecomemuchmore
comple. Further thereductionin the procesdengths,which has
contributedto increasesn clock speedshasbroughtinto promi-
nencenew typesof defectsnot effectively modeledby the stuck-at
faultmodel[1, 2]. Hence thereis anincreasedeedto evolve fault
modelsandtestgeneratiomethodologieso facilitatethedetection
of thesedefects.
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The new typesof defectsthatarebecomingmoreprominentin-
clude opens,bridgesand crosstalk. Although bridging faults are
the mostlikely to occuramongthesedefects,openscomprisethe
bulk of the defectsthatescapehe testphaseof the manufcturing
flow [3]. This high rate of testescapesevealsaninadequag in
the fault modelsusedto generatetest vectorsfor this defect[4].
Further interconnecbreaksoccurwith high probabilityin copper
interconnects.One of the main reasondor this is the difficulty
of depositingcopperwithout voids andcracksin high aspectatio
trenchesandvias[5].

CMOS opensmanifesthemselesby introducinga memorybe-
havior atthelocationof thefault[6] or by anincreasén thedelayof
the pathsthroughthefaultsite[7]. Thememorybehaior is caused
by anopendefectwith a very high resistanceandthis is modeled
by the stuck-operandthe stuck-onfault models. An opendefect
with amoderateesistanceausesnincreasen signalpropagation
delayof thecircuit.

Detectingthe memoryeffect of CMOS opensrequiresinitializ-
ing the faulty nodeto a particularvalue andthenusinga second
vectorto drive a transitionon the nodeandpropagatet to the pri-
mary outputs. The transitionfault model [8] works well to detect
this behaior. Reorderingstuck-attestsetshasalsobeenproposed
asameanf obtainingtestvectorshaving goodstuckopencover-
age.Theincreasesn delaydueto resistve opensrequiresat-speed
or delayteststo maximizedetection However, thedelayfaultmod-
elsthatareusedcommonly(gatedelay[9, 10] andpathdelay[11]
fault models)have certaindravbacksthat renderthemunsuitable
for testgeneratiorfor spotdefectslike resistve opens. The gate
delaymodelhasthe disadantagethatit doesnot detectthe small-
estpossibleadditionaldelaysizesasit doesnotpropagatehefaults
throughthelongestpathsin thecircuits. Thepathdelayfaultmodel
hasthe disadwantageof a large numberof pathsto target andthe
fact that consideringjust the longestpathsdoesnot cover all the
netsin thecircuit.

It hasbeenshawvn in [12] thatthe pathsthatcanbe targetedby
relaxingthe robustnessconstraintare muchlongerthanthe paths
targetedusingthe robustnesonstraint.Many of thesenon-rotust
testshave very low likelihood of failing, thusenablingus to have
goodconfidencen theteststhataregenerated.

It isthusveryimportantto at-leastidentify all thelongestestable
pathsin thedesignevenif someof thepathscanonly betestedhon-
robustly. In this paper we presentanimproved delayfault model
which testsfor delayfaultson all netsfor both rising andfalling
transitionghroughthelongestsensitizablgpathpassinghroughthe
particularnetwhile alsoensuringthata percentagef the longest
sensitizablgathsarealsotestedunderthe giventestset. The sen-
sitizability canbe determinedy usingatechniquecalledvigorous
sensitizationproposedn [13], wherethe longestpathsare iden-



tified without enumeratingall the paths. To identify the longest
possibletestablepaths,we usethe non-rolust criterion. Our fault
model is derived from the Unified Delay Fault model proposed
in [14]. This paperfirst demonstratethe effectivenesf this fault
model underrealisticassumptiongor the processcharacteristics,
proposesan effective testgeneratiorapproachor the fault model
and provides experimentalresultsto demonstratéts effectiveness
for resistize opens.

2. CIRCUIT REPRESENTATION

DEFINITION 1. Thecircuitunderconsideation canbeconsid-
eredto beafour tuple(V, E, wy, pg) asin [15] whee

a) V= thesetof gates.
b) E = thesetof nets.

c) wy for a givengateg is a functionthat hasthe domainV and
therange as R™ x RT whee R™ is the setof positivereal
numbes andwg, = (d,, ds) whee d, is the delayfor a rising
transitionand dy is the delayfor a falling transition. We use
wg (r)(wg(f)) to refer to delay for rising (falling) transition
respectively

d) p, for agivengateg is a functionthat determinesheinversion
parity of the gate it assumes valueT if the signalis inverted
throughthe gateand assumes valueF if the signalis notin-
vertedthroughthe gate ThisfunctionhasV asit’sdomainand
{T, F} asit'srange.

We dealwith synchronousequentiatircuitsandthegeneration
of two vectortestsetsfor detectionof delayfaults. The first test
vectoris appliedandthe circuit allowed to settleto a stablestate;
thesecondvector(thevectorenablingthetransitionon the path)is
thenappliedattimet, thefinal valueis latchedontheoutputlatches
attimet+L whereL is determinedy theperiodof theclockdriving
thedesign.

We canconsidera sensitizablesub-pathP asa setof gateswith
a linear orderingspecifiedby the relationi — j for gatesi and
j which specifiesthe existenceof a sensitizablesub path from i
to j. Thusfor ary successie gates(g:, g2) presentin the setP,
(g1, g92) € E. In this paper (g1, g2) € P impliesthatthe edge
{91, g2) liesonthepathP.

Givena pathP givenby {G4, ... , G} whereGy, Gs..., G,
correspondo the gateson the path,the delay of the pathis given
by the Equationl. Here,z; which takesavaluefrom theset{r, f}
correspondso thetransitionpropagatinghroughthe gateG;.

delay(P) = Z wa; (2:) (1)
i=1...n
Let C; correspondo the controlling value of the gates, and
NC; correspondo the non-controllingvalue of the gatei. Set
CI;(NCI;) correspondso thesetof theinputsof the gatei which
settleto acontrolling (non-controlling)value.

3. CMOS OPEN DEFECTS

CMOS opensare a result of variousfailure mechanismslur-
ing fabrication resultingin actualbreaksin theinterconnectires
(dueto randomparticleeffects),missingvias,partialviasandhigh-
resistanceias[16]. Whentheseresistancebave ahighvalue,they
resultin stuck-opensvhich causea memorybehaior of the node;
moderatgesistancesanbemodeledasdelaydefects.

In the stuck-operfault model,thetransistorsaremodeledasbe-
ing permanentlyopen,causinga memoryeffectin thecircuit. De-
fective circuits thus exhibit a sequentiabehaior. The transition
fault modelcanbe usedeffectively to detectthis behaior because
of therelatively large delays. This doesnot imposea requirement
onthelengthof thepaththroughwhichthetransitionis propagated.

On the otherhand,resistize openswhich resultin a finite resis-
tancebetweenthe nodesof the openresultin muchlower delays
which are moredifficult to detect. This imposesthe constraintof
having to propagat¢hetransitionthroughthelongestpathpossible,
sincetheadditionaldelaymaynot causeary problemswith shorter
paths.The gatedelayfault modelandtransitionfault modelfail to
achieve this objectie requiredto detectsuchopens.Thepathdelay
fault modelhasthedisadwantagethatwe arerequiredto generatea
large numberof pathsin orderto cover all possiblefault locations,
especiallywhenthecircuit is not optimizedfor timing.

Figure 1: 2-input NAND gatewith Breaks
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Figure 2: Chain of inverters with Break

Considerthe exampleshavn in Figure 1, which shawvs thetran-
sistormodelof atwo-inputNAND gate. The stuck-operfaultim-
pliesary oneof thefour transistorgouldbe stuck-openFor exam-
ple,in thecasewheretransistorA is stuckopen thepull-upthrough
this transistoris affectedasthe transistornever switcheson, and
this causesa sequentiabehaior. However, this is not alwaysthe
casewhenoneof theterminalsof the transistoris floating. In such
casesvherethe opensareresistve openstheresistance&ombines
with the circuit capacitancdo causean increasein the delay of
signalpropagatiorin the circuit. Table1 shawvs delaycausedn a
2-input NAND gatefor defectsat locationsX andY asshavn in
Figure1; this alsoshavs increasesn delaysfor variousresistance
valuesfor a 0.35micron process.A rising transitioncausecby a
fallingtransitionon|1 hasagreatedelaythanin thefault-freecase.
Similarly, defectW in the pull-down pathof the gatecanbetested
by driving arising transitionon the appropriateransistor Thus,a
methodologythatdrivesbothrising andfalling transitionsthrough
thegateandthroughall theinputsof thegateenablegheactivation
of all the defectsin the gate.In this paperwe shaw resultson cir-
cuits with primitive gatesAND, OR, NAND, NOR andinverters.
Thesegatesaresimilar structurallyto theexamplegivenabore and
canbetestedusingsimilar technigques.

Tablel alsoshavstheincreasen delaydueto abreak(or partial
break)in theinterconnecbetweergatesasshavn in Figure2. The
phenomenoris illustratedwith a seriesof inverterswith a defect
at location Z. Detectingthesedefectsrequiresthe propagatiorof
bothrising andfalling transitionghroughthesenets.Further delay



Table 1: SPICE Results

Faultlocation Delay(ns)

Faultfree | 1002 | 5002 | 1KQ
0.17 0.6 2.2 3.2
0.17 0.18 | 0.19 | 0.20
0.15 0.22 | 0.88 | 1.68

0.6 0.77 | 0.79 | 0.82

NS < X

testsarerequiredto enablethe detectionof theseresistve opens.
For example,an increasein resistanceof 1002 causeghe delay
to increaseby 170 picoseconds.This increasewill only causea
problemif the pathhasa slacklessthanthis value. If thereare
multiple pathsincluding this faulty node,propagatinga transition
alongthe longestpossiblepathwill guaranteghe detectionof the
defect,if the increaseddelay would affect the correctnes®f the
result. Theneedto propagatdransitionsalongthelongestpossible
pathformsthebasisof our fault model.

3.1 Procesfarameter Variations

Processparametewariationsresultin distributed delay faults
which causethe circuit to fail with respectto timing. This is a
resultof minor positive variationson all the gatesover an areaof
the chip. Thesevariationson multiple gateson a given path ac-
cumulateto causethe pathdelay of the pathto exceedthe circuit
timing specifications.

This kind of defectis differentfrom the contaminatiorrelated
defectdlik e theresistive opens.Theinter-die parametewrariations
acton the entirechip or functionalblock suchthat eachdevice on
onechip or block shavs uniform processrariation. Theseparam-
etervariationsare causedoy systematieffectslik e procesgradi-
entsover thewafer Errorsin which the processvariationsarenot
uniform over the entiredie arecalledintra-dievariations.

4. ANIMPROVED UNIFIED FAULT MODEL

Thedelayfault modeltestseachnetin thecircuit for bothrising
andfalling transitionthroughthe longestpaththroughthe netand
alsothesetof all pathsthatarelongerthana giventhreshold.This
combinegheadwantage®f the pathdelayfaultmodelandthegate
delayfaultmodel.

4.1 DefectCoverage
Testgeneratiorfor our fault modelhastwo phases.

e Phasel tamgetsthepathswhosedelaysexceedagiventhresh-
old.

e Phase2 tamgetsthenetsthatarenotcoveredin Phasel through
theirrespectre longestsensitizablgaths.

The testvectorsthat are generatedn Phasel also enableus to
target the effects of processvariationsthat occur acrossthe chip
apartfrom targeting point defectson individual nets. In current
device technologiesthe intra-die processparametewariation has
a very low probability of occurrence.Thusfor a given chip there
is very high probability that in the caseof variation, the process
parametersary uniformly. Thisis especiallyrelevantasindividual
blocks consideredare usually combinationalblocks within latch
boundariesn the caseof synchronousequentiatircuits. Thuswe
canassumean increasein the delay of all the gatesforming the
combinationablock.

Thus testingthe top few pathsundertheseconditionsensures
the detectionof moderateprocesgarametewariationsevenif the

orderingof thelong pathsin thedesigncannotbeguaranteedT his

is becausapathreorderinghatcouldcausegheseeststo fail must
elevate a path underthe thresholdto a high enoughvaluein the

presencef procesparametevariationsandthiswouldbedetected
by the processnonitors.

Further the combinationof vectorsthataregenerateaver both
the phasedrive both rising andfalling transitionsthroughall the
netsin thecircuit alongtheirrespectie longestpaths.This enables
us to detectthe effect of point defects. The netscoveredby the
vectorsgeneratedn Phasel neednot be tamgetedin Phase2 as
shavn in Theoreml.

THEOREM 1. All netscoveredin Phasel are covered through
their longestsensitizablgath.
Proof: Phasel targetsthe top few longestpathsin the designfor
testgeneation. Considera netn covered in the Phasel of the
testgenertion methodolgy. Letthesetof all pathscoveredbythe
Phasel of the methodolgy be givenby I. Let path P € I and
n € P. Becausef the definitionof the targetedpathsof Phasel,
if there is anotherpath P; thathasmore delaythanP thenP; € I.
Thusall thenetscovered by pathsidentifiedin Phasel are covered
by their longestpaths.

Point defectssuchasresistive opensresultin increasesn de-
lay of a particularnet/gate. Whenwe deal with primitive gates,
enablingbothrising andfalling transitionson all the inputsof the
gatesenablesietectiorof all resistive opensn the gateashasbeen
outlinedin Section4.1. Our fault modeldrivestransitionsthrough
eachof the gateinputsasshavn in Theorem2.

THEOREM 2. Covering both transitionson all the netsin the
circuitsensuesbothtransitionson all inputsof all thegatesin the
circuit.

Proof In our fault modelthesetof netsincludesPl, PO andtheset
of outputsof ead gatein the circuit. Further, if ther is a fanout
in anyoneof thenets,all the fanoutstemsare targetedduring test
genertion. Thesetof inputsof all gatesis completelycontainedn
thissetandit followsthatall theinputsof all the gatesare covered.

Further propagatingall the teststhroughthe longestpath pos-
sible throughthe netfor the particulartransitionminimizesthe in-
creasen delaydueto the delayfaultsthatcanbedetected.

Therearetwo majorcaseghatwe needto considewhengener
atingteststo detecteffectsof resistize opensn the CMOScircuits.
Thefirst caseis whenwe assumehatthereis a maximumof one
resistize opendefectin the circuit underconsideration.The more
generalcaseconcernsthe possiblepresenceof multiple resistve
opendefectdn thecircuit.

Thefactthatwe generatevectorsto drive bothrising andfalling
transitionsthrougheachnetin the circuit and propagatet through
the longesttestablepathin the circuit, enableghe detectionof all
possiblesingle resistive opendefectsthat canoccurin the given
combinationalblock. In the presenceof multiple resistive open
faults,eachresistive openfault canbe consideredndependentlyf
the otherresistive openfaultsin the circuit. Thustheteststhatare
generatedhrestill effective. The defectoccurrencenot targetedis
the occurrenceof multiple resistve opens,mary of which should
beincludedin a givenpathto be detectedlnvalidationof testscan
alsooccurdueto thepresenc®f delayonthesideinputwhich has
aC; — NC; whentheon-pathinputhasa NC; — C; transition.

Thismodeldiffersfrom theline delayfaultmodelproposedn [17]
in the fact that we target pathsand generateestsunderthe non-
robustnesgriterionto enableanimprovementn thedetectiorprob-
ability, andalsodueto thefactthatwe targetthelongestpathsex-
ceedingagiventhresholdvhich givesusawayto targetcumulatve
effectsof delaysalonga path.



5. TEST GENERATION METHODOLOGY

Testgeneratiorfor the fault modelis derived from the vigorous
sensitizatiorprocedureoutlinedin [13].

5.1 Implicit ldentification of Critical Paths

Considera combinationablock C, consistingof gatesof types
AND, OR, NAND, NOR, NOT. The methodologyincrementally
identifiessub-pathghat are sensitizabl€rom the primary inputs.
Oncethe sub-pathsareidentified,all the sensitizablgpathsassoci-
atedwith ary currentlyidentifiedsub-pathareevaluatedo identify
thelongestpaththroughthe currentsubpath This providesthe ad-
vantageof not having to repeatediydeterminehe sensitizabilityof
a givensub-pathasthey might occurin multiple pathsin the com-
binationalblock. The proceduraisesa five valuedlogic consisting
of {0,1, X, R, F}; R(F) referto rising(falling) transitions.

Theprogressie identificationof thelongestpathin thecombina-
tionalblockis guidedby thesinkdelayof thecandidategatesvhich
arechosernfrom the setof fanoutsof the gateunderconsideration
(Gi).

DEFINITION 2. SinkDelay of a gatein a givencombinational
blodk is the delay of the longest path from the gate to one of the
primary outputs.

Thegateidentifiedasa candidategateto follow the currentgate
in a pathis calledthe successogate The conditionsthatneedto
be satisfiedfor afanoutto be classifiedasa successoare

a) the gatehas(Cq; — NCg;) transitionwith a settling time
beforethe on-pathtransitionor a NCg,; or an X valueat the
off-pathinput, and

b) the gatehasthe maximumsink delayamongall the gatessatis-
fying theabove condition.

B Sink Delay : 2.0ns

T

A Sink Delay : 1.5ns
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Figure 3: SuccessoSelection

Figure 3 givesan examplegatewith a fanoutof 3. Thereis an
optionof propagatinghetransitioneitherthroughgateX or gatey.
If thetransitionon line B stabilizesbeforethetransitiononline A,
gateX is chosenbecausét haslargersink delay If the transition
online B stabilizesafterA, gateY is chosen.

Thusatransitioninitiatedataparticulamprimaryinputis progres-
sively propagatedhroughsubsequerguccessogatedill aprimary
outputis reached.The sideinput of the successogatesare justi-
fied andimplicationis performedsuchthatthe transitionis propa-
gatedthroughthe successogate. Whenwe exhaustevaluatingall
thecandidateyatesbacktrackings performedwherearecentlyas-
signedprimaryinputis invertedandtheimplicationis performed.

For the off-path gatesin the circuit which have a transitionat
the inputs, the following conditionsareimposed. Let us consider
gate G; which doesnot lie on the path beingtestedby the two-
vectordelaytest. Let N (N > 1) representhe numberof inputs
of G;. Let STyez(Ca; = NCg;) andSTpin(Ca; — NCq;)

represenmaximumand minimum stabilizationtime for Cq; —
NCg, transitionsontheinputof thegate.STmq- (NCq; = Cg;)

andST,,in(NCg;, — Cg;) representhesameor NCq, — Cg;

transitions. The conditionsthat mark the stabilizationtimes for
the off-path gateswith transitionsin the caseof thetwo-vectortest
includethefollowing.

a) WhenN - 1 inputsof G; have NCg, with oneinput having
aCg; — NCg; oraNCqg, — Cg; with a stabilization
time ST, the stabilizationtime at the outputof the gateis (ST
twa; (mGi ))

b) Whenthe numberof Cq; — NCg; is greaterthan1 with no
NCg; — Cg, transitiongthe stabilizationtimesof the outputs
canbegivenby (STmaz(Ca; — NCg;) + wg, (za;))

c) Whenthe numberof NCg, — Cg; is greaterthanl1 with no
Cq; = NCg, transitionsthestabilizationtimesof the outputs
canbespecifieddy (STmin (NCq; — Ca;) + wa;(zg;))

d) Whenthenumberof NCq, — Cg, transitionsandthenumber
of Cq; = NCg; transitionsare greaterthan zero, the stabi-
lizationtime atthe outputis givenby (STmin(NCq; — Cag;)
*twg; (xGi ))

z@,; correspondgo the transition propagatingthrough the gate.
This procedureusesan ATPG enginebasedon the PODEM algo-
rithm.

Theidentificationof pathsthroughindividual netsis achiezed by
addinga biasingparametep € R™ to therising/falling delaysof
the gate. This affectsthe sink delay seenby all the gateson all
pathspassinghroughthe gateandthat appeateforethe gateun-
der considerationn the paths.The biasingparameteis appliedto
therising andfalling transitiondelayseparatelyo drive particular
transitionsthroughthe nets. The sizeof p canbe determinedo be
avaluegreaterthanthedelayof thelongestsensitizablgoathin the
combinationablock underconsideration.

Whenidentifyingthelongestpath,in orderto identify all thecrit-
ical pathsthatareabove a giventhresholdall thefanoutpointsare
identified. Oncethe pathsareidentified, the fanoutstemsat these
fanoutpoints which have the requireddelay characteristicgsink
delaybeingabore thechoserthreshold)aretargetedby addingbi-
asingparameterso these'interesting”fanoutpoints.

In the first phaseall the critical pathsabove a given threshold
areidentified. Thetwo-patterrtestvectorsthatsensitizethecritical
pathsarealsogeneratedThe netsthatarenot coveredby thefirst
phaseof the processarethenidentified. The biasingparameteis
addedcorrespondingo the target netsandto therising or falling
transitionbasednthetransitionrequiredatthe particulamet. This
biasesthe vigoroussensitizatiorapproacho generatehe longest
sensitizablgaththroughthetargetnet.

5.2 Determining the Real Delay Values

In ourmethodologyatechniqueo estimateherealdelayvalues
of the individual gatesis usedto enablethe identificationof the
true critical pathsin the design. This eliminatesthe needto use
unitdelayvaluesfor eachgatewhich doesnotyield thetruecritical
pathsin thedesign[18].

We incorporateactualdelayvaluesin our modelby lumpingthe
delaysof gatesinto delaybufferswhich areaddedat the inputsof
thegates.This lumpingof the delaysatthe gateinputsallows usto
accounfor theinput-outputpathdelaysthatareassociateavith the
actualdelayvalues.The Standardelay Format(SDF)description
of thecircuit is usedto identify theseactualdelayvalues.



5.3 Effectivenesf Non-robust tests

We deal with synchronoussequentialdesigns. The timing in
thesedesigngs fixed by determiningthe longestsensitizablepath
in the design. A given two-vectortestdetectsa delay fault on a
pathif the effect of the point/distrituted delay defecton the path
exceedsthe slackof the path. Consideringthe longestpathsthat
passthrougha net detectsthe defectson the lines with maximum
probability.

With an aim to try and determinethe smallestpossibledelay
defectsin the circuits, we identify the sensitizabilityof the paths
basedon the non-rolust sensitizabilitycriterion. Variousinvali-
dationconditionshave beenoutlinedfor delayfaultsin [19]. We
outline the conditionsto overcometheseinvalidationmechanisms
in the contet of our faultmodels.

THEOREM 3. The suppessionof transitionson the targeted

pathin the absenceof delayfaults is eliminatedin our testgen-
eration methodolgy.
Proof: The actual delay valuesusedin conjunctionwith the set-
tling time conditionsoutlinedin the Sections.1 enableusto accu-
ratelyspecifythearrival timeof transitionsonthesideinputsof the
on-pathgatesin the absenceof other delayfaults. Theconditions
imposedon the sideinputsof the gatesof candidateon-pathgates
enablethemto settleto NV C; valuesbefore the on-pathinput. Thus
the suppessionof transitionon the pathis eliminated.
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Figure 4: Transition Suppression

We usean exampleprovidedin [19] to illustratethis case.The
examplecircuit alongwith the input vectorsis showvn in Figure4;
the pathundertestis shavn in bold. Theinvalidationfor the test
shavn for the path{A, B, C, D} happensvhenthe Cxanp —
NCnanp onEoccursafterthe NCyanp — Cnvanp transition
on C. Our methodologyavoidsthis casebecausef the conditions
imposedon the selectionof the successogatesoutlinedin Sec-
tion 5.1.

LEMMA 1. Early launchingoftransitionsis alsoavoidedn the
testgeneation methodolgy.
Proof: Gettingan accuate estimateof thesefinal settlingtimesis
achievedby the conditionsimposedo evaluatethe settlingtime of
gatesnot on the path beingtested. Theseconditionswhich were
outlinedin Section5.1 enablesthe last possiblesettling time to
be consideed for the purposeof testgeneation. Therequirement
for thesideinputsto settleto NC; valueseliminatesthe condition
underwhich this early laund of transitionsoccuss.

The other major causefor the invalidation of delaytestsis the
presenceof path delay faults on the side inputs of the gateson
the target path. This is the caseonly whenthe sideinputshave a
C; — NC; transitionwith the on-pathinputshavinga NC; — C;
transition. This delayfault could occurdueto a variety of causes.
Theseincludethe presencef adistributeddelaydefectontheside

inputsof the pathsandthe presencef anadditionalresistie open
onthe pathleadingto the sideinput.

The scenariosuinderwhich a distributed delay defecton a path
leadingto the sideinput leadsto the invalidation of the delaytest
is considerablyeducedecausehetestsetalsotargetsthelongest
pathsin thegiven combinationablock. Only conditionswherethe
defectsdueto thesevariationsdo not affect the longestpathsbut
still causea reorderingof transitionsat the sub-pathlevels could
resultin the delaytestsbeinginvalidated. Oneconditionis a non-
uniformprocesparametevariationacrosghecombinationablock
underconsideratiorwhich asmentionedearlierwe cansafely as-
sumenot to happen.Anothercontrituting conditionis a presence
of very small processparametewariation. The maskingof delay
testsdue to multiple delay faultswith the individual delay faults
remainingundetectedemainsfairly remote.

This delayfaultmodelhasa goodtradeof betweerthetestqual-
ity andthetestapplicationdifficulty. Thetestapplicationdifficulty
cangaugedy the numberof vectorsrequiredto testthe givencir-
cuit, this difficulty is minimizedbecausehe numberof vectorsin
our fault modelis proportionalto the numberof netsin the circuit
ratherthanthe numberof paths.Thetestquality is reflectedin the
sizeof the delaydefectsthat canbe detectedhy thetestsetunlike
the classicalstuck-atfault model,and our fault modeltargetsthis
aspeceffectively.

6. RESULTS

As describedabore, the testgeneratiortool for the fault model
was obtainedby modifying the timing verificationtool, CRITIC.
In orderto enablethe useof real delayvaluesin determiningthe
longestpathsin the circuit, we first generatethe StandardDelay
Format(SDF)file andthenuseit to generatehe delaybuffersin
thefile whichis in a formatsuitablefor the tool thatwe use. The
experimentsaarebasedna0.35micronprocess.

We generatedestsfor someof theISCAS combinationabench-
marks. We first determinedhe structurallylongestpathin thecir-
cuits. Thethresholdor determininghelongestsensitizableritical
pathsin Phasel wasfixed at 95% of the delay of the structurally
longestpath. This yieldedonly very few pathsbecausef the fact
thatthe circuits werenot timing optimized. The timeswere mea-
suredon a SunUltraSpard| with 1 GB of RAM.

Thenetsthatwerenotcoveredin thepathsthatwereidentifiedin
Phasel in our methodologyform the fault setfor Phase2. In this
phase weightsare assignedo the delay buffers accordingto the
netsthathave to be coveredby the appropriatdongestsensitizable
path. The maximumnumberof faultsin this case andthe number
of pathsidentifiedin this phasejs twice the numberof nets,since
we targetboththerising andfalling transitionsfor eachnet.

Table?2 givesthe resultsof the testgeneration.Column2 gives
thenumberof netsin thedesign,Column3 givesthefaultcoverage
which is the percentag®f the netscoveredfor rising andfalling
transitions..The casesvherethe fault coverageis lessthan100%
arearesultof no sensitizablgathsbeingfoundand,in somecases,
thetestgeneratiortool abortingdueto limited backtrack.Column
4 givesthe percentagef the netsfor which thetestgeneratiortool
aborted,Column5 givesthe percentagef netsfor which no sen-
sitizable path could be found and Column 6 givesthe CPU time
takento generatahetestvectors.

Further in all the pathsthat wereidentified, the percentagef
side inputs of the gatesin the paththat madethe testgenerated
non-rolustwerelessthan2% of the total numberof sideinputsin
all gateshaving a NC; — C; transitionat the on-pathinput, only
c1908hada valuehigherthanthis at 7%. This directly pointsto a
verylow probabilityof a pathfailing dueto delayfaults(distributed



Table 2: TestGeneration Results

Circuit | #of Cov | Aborts | Untestable| Time
Nets | (%) (%) (%) (mins)
c880 598 100 0 0 35
c1908 | 603 | 86.23| 8.14 5.63 363.15
c2670 | 1118 | 94.82 0 5.18 263.88
c5315 | 2751 | 98.33 0 1.67 311.85
s1196 | 865 | 99.77 0 0.23 70.25
s1238 | 886 | 95.94 0 4.06 107.56
s1423 | 951 | 96.21| 3.05 0.74 233.45
s5378 | 2165 | 98.57| 0.65 0.78 299.88
s38584| 17936 | 98.28| 0.25 1.47 9256.14

andpoint) atthesideinputs.

As acomparisorwith existing approacheslable3 givestheper
centageof the longestpathsidentified by our fault modelthat are
detectedvy testpatterngamgetingsequencelependentefects.We
shaw the coveragefor four representatie setsof testpatternggen-
eratedusingthefollowing approaches.

A. Singlestuck-at(SSA)testgeneration.

B. Testsgeneratedisingthetransitionfault model.
C. SSApatterngpaddedwith zeros.

D. SSApatterngaddedwith ones.

E. Union of all theabove patterns.

As canbe seen,only a fraction of the longestpathsidentified
are exercisedby thesetestsets. This is the caseeven with atest
setconsistingof theunionof patternggeneratedinderthefirst four
methodologiesThis demonstratetheinadequag of existing tech-

niquesfor detectingdelaysdueto resistive opens,andthe useful-
nessof the proposedapproach.

Table 3: LongestPath Coverage

Path Coverage(%)
Circuits TestGeneratiorMethodology
A B C D E

€880 | 19.13| 25.56| 23.62| 21.52| 31.24
€2670 | 11.80| 22.49| 14.99| 15.59| 29.48
s1196 | 33.44| 45.56| 32.31| 31.01| 68.66
s1238 | 27.32| 48.11| 46.53| 31.41| 59.29
s1423 | 16.87| 23.20| 17.58| 19.29| 27.40
s5378 | 32.52| 51.58| 34.32| 35.77| 61.17

7. CONCLUSION

In this paperwe have presentedan improved delayfault model
suitablefor generatingestsfor resistve CMOS opens,a classof
defectswhich is presentingproblemsfor the nev manufcturing
processesThe modelconsiderdelays,and covers defectson all
netsin the given circuit while alsodetectingthe cumulative effect
of delaysalonga path. This treatmentelpsin achiesing complete
stuck-opercoverage andmaximizesresistive opencoverage.
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