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ABSTRACT
Thispaperdevelopsnew techniquesfor detectingbothstuck-open
faults and resistiveopenfaults, which result in increaseddelays
alongsomepaths. Theimproveddetectionof CMOSopendefects
is madepossibleby a new delayfault modelwhich combinesthe
advantagesof the gatedelayfault modeland the path delayfault
model. We develop a test generation methodology for this fault
modelwhich enablesgeneration of testvectors that testa percent-
ageof thelongestsensitizablepathsin thedesignandalsotesteach
net for spotdefectsthroughtheir longestsensitizablepaths. Real
delayvaluesareusedto determinethetruecritical pathsin thecir-
cuit. Thehigh degreeof effectivenessof this fault modelunderre-
alistic assumptionsfor processcharacteristicsis first enumerated,
andexperimentalresultsdemonstrate the improvedcoverage pos-
siblewith theproposedapproach.

Categoriesand SubjectDescriptors
B.8.1[Hardware]: Reliability, TestingandFault-Tolerance

Keywords
delaytesting,resistive opens,defectdetection

1. INTRODUCTION
Thespeedandcomplexity of thecurrentgenerationmicroproces-

sorshave increasedrapidly over the last few years.This hasbeen
accompaniedby a drasticincreasein thecomplexity of testgener-
ation for thesemicroprocessors.Eventestgenerationfor classical
fault modelslike thestuck-atfault modelhasbecomemuchmore
complex. Further, the reductionin theprocesslengths,which has
contributed to increasesin clock speeds,hasbroughtinto promi-
nencenew typesof defectsnot effectively modeledby thestuck-at
faultmodel[1, 2]. Hence,thereis anincreasedneedto evolve fault
modelsandtestgenerationmethodologiesto facilitatethedetection
of thesedefects.�
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Thenew typesof defectsthatarebecomingmoreprominentin-
cludeopens,bridgesandcrosstalk. Although bridging faultsare
the mostlikely to occuramongthesedefects,openscomprisethe
bulk of thedefectsthatescapethetestphaseof themanufacturing
flow [3]. This high rateof testescapesrevealsan inadequacy in
the fault modelsusedto generatetest vectorsfor this defect[4].
Further, interconnectbreaksoccurwith high probability in copper
interconnects.One of the main reasonsfor this is the difficulty
of depositingcopperwithout voidsandcracksin high aspectratio
trenchesandvias[5].

CMOSopensmanifestthemselvesby introducinga memorybe-
havior atthelocationof thefault[6] orbyanincreasein thedelayof
thepathsthroughthefault site[7]. Thememorybehavior is caused
by anopendefectwith a very high resistance,andthis is modeled
by the stuck-openandthe stuck-onfault models. An opendefect
with amoderateresistancecausesanincreasein signalpropagation
delayof thecircuit.

Detectingthememoryeffect of CMOSopensrequiresinitializ-
ing the faulty nodeto a particularvalueand thenusinga second
vectorto drive a transitionon thenodeandpropagateit to thepri-
mary outputs.The transitionfault model[8] works well to detect
this behavior. Reorderingstuck-attestsetshasalsobeenproposed
asameansof obtainingtestvectorshaving goodstuckopencover-
age.Theincreasesin delaydueto resistiveopensrequiresat-speed
or delayteststo maximizedetection.However, thedelayfaultmod-
elsthatareusedcommonly(gatedelay[9, 10] andpathdelay[11]
fault models)have certaindrawbacksthat renderthemunsuitable
for testgenerationfor spotdefectslike resistive opens. The gate
delaymodelhasthedisadvantagethat it doesnot detectthesmall-
estpossibleadditionaldelaysizesasit doesnotpropagatethefaults
throughthelongestpathsin thecircuits.Thepathdelayfaultmodel
hasthe disadvantageof a large numberof pathsto target andthe
fact that consideringjust the longestpathsdoesnot cover all the
netsin thecircuit.

It hasbeenshown in [12] that thepathsthatcanbe targetedby
relaxingthe robustnessconstraintaremuchlonger thanthe paths
targetedusingtherobustnessconstraint.Many of thesenon-robust
testshave very low likelihoodof failing, thusenablingus to have
goodconfidencein theteststhataregenerated.

It is thusveryimportantto at-leastidentifyall thelongesttestable
pathsin thedesignevenif someof thepathscanonly betestednon-
robustly. In this paper, we presentan improved delayfault model
which testsfor delayfaultson all netsfor both rising andfalling
transitionsthroughthelongestsensitizablepathpassingthroughthe
particularnetwhile alsoensuringthata percentageof the longest
sensitizablepathsarealsotestedunderthegiventestset.Thesen-
sitizability canbedeterminedby usinga techniquecalledvigorous
sensitizationproposedin [13], wherethe longestpathsare iden-



tified without enumeratingall the paths. To identify the longest
possibletestablepaths,we usethenon-robust criterion. Our fault
model is derived from the Unified Delay Fault model proposed
in [14]. This paperfirst demonstratestheeffectivenessof this fault
modelunderrealisticassumptionsfor the processcharacteristics,
proposesaneffective testgenerationapproachfor the fault model
andprovidesexperimentalresultsto demonstrateits effectiveness
for resistive opens.

2. CIRCUIT REPRESENTATION

DEFINITION 1. Thecircuit underconsiderationcanbeconsid-
eredto bea four tuple(V, E, ��� , ��� ) asin [15] where

a) V = thesetof gates.

b) E = thesetof nets.

c) � � for a givengateg is a functionthat hasthe domainV and
the range as �
	���
	 where ��	 is the set of positivereal
numbers and � � = ������������� where ��� is thedelayfor a rising
transitionand ��� is the delayfor a falling transition. We use� � ��������� � ��� �!� to refer to delay for rising (falling) transition
respectively.

d) �"� for a givengateg is a functionthatdeterminestheinversion
parity of thegate, it assumesa valueT if thesignal is inverted
throughthegateandassumesa valueF if thesignal is not in-
vertedthroughthegate. ThisfunctionhasV asit’ sdomainand�
T, F � asit’ s range.

Wedealwith synchronoussequentialcircuitsandthegeneration
of two vector testsetsfor detectionof delayfaults. The first test
vectoris appliedandthecircuit allowed to settleto a stablestate;
thesecondvector(thevectorenablingthetransitionon thepath)is
thenappliedat timet, thefinal valueis latchedontheoutputlatches
attimet+L whereL isdeterminedby theperiodof theclockdriving
thedesign.

We canconsidera sensitizablesub-pathP asa setof gateswith
a linear orderingspecifiedby the relation #%$'& for gatesi and
j which specifiesthe existenceof a sensitizablesub path from i
to j. Thus for any successive gates( (�) , (�* ) presentin the setP,+-, (.)��/(0*�13254 . In this paper,

, (.)6�7(0*613298 implies that the edge, ( ) �!( * 1 lies on thepathP.
Given a pathP given by

�;: ) , ... ,
:�< � where

: ) , : * ..., :�<
correspondto thegateson thepath,thedelayof thepathis given
by theEquation1. Here, = > which takesa valuefrom theset

�
r, f �

correspondsto thetransitionpropagatingthroughthegate
: > .

��?A@CB�D-�E8F�HGJI>CKL)!M M M < �ON-PQ��= >�� (1)

Let R > correspondto the controlling value of the gate # , andS RT> correspondto the non-controllingvalue of the gate i. SetRVU > ( S RVU > ) correspondsto thesetof theinputsof thegate# which
settleto acontrolling(non-controlling)value.

3. CMOS OPEN DEFECTS
CMOS opensare a result of various failure mechanismsdur-

ing fabrication,resultingin actualbreaksin theinterconnectwires
(dueto randomparticleeffects),missingvias,partialviasandhigh-
resistancevias[16]. Whentheseresistanceshaveahighvalue,they
resultin stuck-openswhich causea memorybehavior of thenode;
moderateresistancescanbemodeledasdelaydefects.

In thestuck-openfault model,thetransistorsaremodeledasbe-
ing permanentlyopen,causinga memoryeffect in thecircuit. De-
fective circuits thusexhibit a sequentialbehavior. The transition
fault modelcanbeusedeffectively to detectthis behavior because
of therelatively largedelays.This doesnot imposea requirement
onthelengthof thepaththroughwhichthetransitionis propagated.

On theotherhand,resistive openswhich resultin a finite resis-
tancebetweenthe nodesof the openresult in muchlower delays
which aremoredifficult to detect. This imposesthe constraintof
having to propagatethetransitionthroughthelongestpathpossible,
sincetheadditionaldelaymaynotcauseany problemswith shorter
paths.Thegatedelayfault modelandtransitionfault modelfail to
achievethisobjectiverequiredto detectsuchopens.Thepathdelay
fault modelhasthedisadvantagethatwe arerequiredto generatea
largenumberof pathsin orderto cover all possiblefault locations,
especiallywhenthecircuit is notoptimizedfor timing.
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Figure1: 2-input NAND gatewith Breaks

Z

Figure2: Chain of inverters with Break

Considertheexampleshown in Figure1, which shows thetran-
sistormodelof a two-inputNAND gate.Thestuck-openfault im-
pliesany oneof thefour transistorscouldbestuck-open.For exam-
ple,in thecasewheretransistorA isstuckopen,thepull-upthrough
this transistoris affectedas the transistornever switcheson, and
this causesa sequentialbehavior. However, this is not alwaysthe
casewhenoneof theterminalsof thetransistoris floating. In such
caseswheretheopensareresistive opens,theresistancecombines
with the circuit capacitanceto causean increasein the delay of
signalpropagationin thecircuit. Table1 shows delaycausedin a
2-input NAND gatefor defectsat locationsX andY asshown in
Figure1; this alsoshows increasesin delaysfor variousresistance
valuesfor a 0.35micron process.A rising transitioncausedby a
falling transitiononI1 hasagreaterdelaythanin thefault-freecase.
Similarly, defectW in thepull-down pathof thegatecanbetested
by driving a rising transitionon theappropriatetransistor. Thus,a
methodologythatdrivesbothrising andfalling transitionsthrough
thegateandthroughall theinputsof thegateenablestheactivation
of all thedefectsin thegate.In this paper, we show resultson cir-
cuits with primitive gatesAND, OR, NAND, NOR andinverters.
Thesegatesaresimilarstructurallyto theexamplegivenabove and
canbetestedusingsimilar techniques.

Table1 alsoshowstheincreasein delaydueto abreak(or partial
break)in theinterconnectbetweengatesasshown in Figure2. The
phenomenonis illustratedwith a seriesof inverterswith a defect
at locationZ. Detectingthesedefectsrequiresthe propagationof
bothrisingandfalling transitionsthroughthesenets.Further, delay



Table 1: SPICE Results

Fault location Delay(ns)
Fault free 100W 500W 1K W

X 0.17 0.6 2.2 3.2
Y 0.17 0.18 0.19 0.20
W 0.15 0.22 0.88 1.68
Z 0.6 0.77 0.79 0.82

testsarerequiredto enablethe detectionof theseresistive opens.
For example,an increasein resistanceof XQY�Y�W causesthe delay
to increaseby 170 picoseconds.This increasewill only causea
problemif the pathhasa slack lessthan this value. If thereare
multiple pathsincluding this faulty node,propagatinga transition
alongthe longestpossiblepathwill guaranteethedetectionof the
defect, if the increaseddelaywould affect the correctnessof the
result.Theneedto propagatetransitionsalongthelongestpossible
pathformsthebasisof our fault model.

3.1 ProcessParameter Variations
Processparametervariationsresult in distributed delay faults

which causethe circuit to fail with respectto timing. This is a
resultof minor positive variationson all thegatesover an areaof
the chip. Thesevariationson multiple gateson a given path ac-
cumulateto causethe pathdelayof the pathto exceedthe circuit
timing specifications.

This kind of defectis different from the contaminationrelated
defectslike theresistive opens.Theinter-die parametervariations
acton theentirechip or functionalblock suchthateachdevice on
onechip or block shows uniform processvariation. Theseparam-
etervariationsarecausedby systematiceffectslike processgradi-
entsover thewafer. Errorsin which theprocessvariationsarenot
uniform over theentirediearecalledintra-dievariations.

4. AN IMPR OVED UNIFIED FAULT MODEL
Thedelayfault modeltestseachnetin thecircuit for bothrising

andfalling transitionthroughthe longestpaththroughthenetand
alsothesetof all pathsthatarelongerthana giventhreshold.This
combinestheadvantagesof thepathdelayfaultmodelandthegate
delayfault model.

4.1 DefectCoverage
Testgenerationfor our fault modelhastwo phases.

Z Phase1 targetsthepathswhosedelaysexceedagiventhresh-
old.

Z Phase2 targetsthenetsthatarenotcoveredin Phase1 through
their respective longestsensitizablepaths.

The test vectorsthat are generatedin Phase1 also enableus to
target the effectsof processvariationsthat occuracrossthe chip
apart from targeting point defectson individual nets. In current
device technologies,the intra-dieprocessparametervariationhas
a very low probability of occurrence.Thusfor a given chip there
is very high probability that in the caseof variation, the process
parametersvaryuniformly. This is especiallyrelevantasindividual
blocks consideredare usually combinationalblocks within latch
boundariesin thecaseof synchronoussequentialcircuits.Thuswe
can assumean increasein the delayof all the gatesforming the
combinationalblock.

Thus testingthe top few pathsundertheseconditionsensures
thedetectionof moderateprocessparametervariationseven if the

orderingof thelongpathsin thedesigncannotbeguaranteed.This
is becauseapathreorderingthatcouldcausetheseteststo fail must
elevate a path underthe thresholdto a high enoughvalue in the
presenceof processparametervariationsandthiswouldbedetected
by theprocessmonitors.

Further, thecombinationof vectorsthataregeneratedover both
the phasesdrive both rising andfalling transitionsthroughall the
netsin thecircuit alongtheir respective longestpaths.Thisenables
us to detectthe effect of point defects. The netscoveredby the
vectorsgeneratedin Phase1 neednot be targetedin Phase2 as
shown in Theorem1.

THEOREM 1. All netscovered in Phase1 are covered through
their longestsensitizablepath.
Proof: Phase1 targetsthe top few longestpathsin thedesignfor
test generation. Considera net n covered in the Phase1 of the
testgeneration methodology. Let thesetof all pathscoveredby the
Phase1 of the methodology be givenby I. Let path 8[2\U and] 2^8 . Becauseof thedefinitionof thetargetedpathsof Phase1,
if there is anotherpath 8_) that hasmore delaythanP then 8_)T2 I.
Thusall thenetscoveredbypathsidentifiedin Phase1 arecovered
by their longestpaths.

Point defectssuchas resistive opensresult in increasesin de-
lay of a particularnet/gate. When we deal with primitive gates,
enablingboth rising andfalling transitionson all the inputsof the
gatesenablesdetectionof all resistiveopensin thegateashasbeen
outlinedin Section4.1. Our fault modeldrivestransitionsthrough
eachof thegateinputsasshown in Theorem2.

THEOREM 2. Covering both transitionson all the netsin the
circuitsensuresbothtransitionsonall inputsof all thegatesin the
circuit.
Proof: In our fault modelthesetof netsincludesPI, POandtheset
of outputsof each gatein the circuit. Further, if there is a fanout
in anyoneof thenets,all thefanoutstemsare targetedduring test
generation. Thesetof inputsof all gatesis completelycontainedin
thissetandit followsthatall theinputsof all thegatesarecovered.

Further, propagatingall the teststhroughthe longestpathpos-
sible throughthenet for theparticulartransitionminimizesthein-
creasein delaydueto thedelayfaultsthatcanbedetected.

Therearetwo majorcasesthatwe needto considerwhengener-
atingteststo detecteffectsof resistiveopensin theCMOScircuits.
Thefirst caseis whenwe assumethat thereis a maximumof one
resistive opendefectin thecircuit underconsideration.Themore
generalcaseconcernsthe possiblepresenceof multiple resistive
opendefectsin thecircuit.

Thefactthatwe generatevectorsto drive bothrising andfalling
transitionsthrougheachnet in thecircuit andpropagateit through
the longesttestablepathin thecircuit, enablesthedetectionof all
possiblesingle resistive opendefectsthat can occur in the given
combinationalblock. In the presenceof multiple resistive open
faults,eachresistiveopenfault canbeconsideredindependentlyof
theotherresistive openfaultsin thecircuit. Thustheteststhatare
generatedarestill effective. Thedefectoccurrencenot targetedis
the occurrenceof multiple resistive opens,many of which should
beincludedin a givenpathto bedetected.Invalidationof testscan
alsooccurdueto thepresenceof delayon thesideinputwhichhas
a RT>a` S RT> whentheon-pathinput hasa

S RT>L`bRT> transition.
Thismodeldiffersfrom thelinedelayfaultmodelproposedin [17]

in the fact that we target pathsandgeneratetestsunderthe non-
robustnesscriteriontoenableanimprovementin thedetectionprob-
ability, andalsodueto thefact thatwe targetthelongestpathsex-
ceedingagiventhresholdwhichgivesusawayto targetcumulative
effectsof delaysalonga path.



5. TEST GENERATION METHODOLOGY
Testgenerationfor thefault modelis derivedfrom thevigorous

sensitizationprocedureoutlinedin [13].

5.1 Implicit Identification of Critical Paths
Considera combinationalblock R , consistingof gatesof types

AND, OR, NAND, NOR, NOT. The methodologyincrementally
identifiessub-pathsthat aresensitizablefrom the primary inputs.
Oncethesub-pathsareidentified,all thesensitizablepathsassoci-
atedwith any currentlyidentifiedsub-pathareevaluatedto identify
thelongestpaththroughthecurrentsubpath.This providesthead-
vantageof nothaving to repeatedlydeterminethesensitizabilityof
a givensub-pathasthey might occurin multiple pathsin thecom-
binationalblock. Theprocedureusesa five valuedlogic consisting
of
�
0, 1, X, R, F � ; R(F) referto rising(falling) transitions.

Theprogressive identificationof thelongestpathin thecombina-
tionalblockis guidedby thesinkdelayof thecandidategateswhich
arechosenfrom thesetof fanoutsof thegateunderconsideration
(
: > ).

DEFINITION 2. SinkDelayof a gatein a givencombinational
block is the delayof the longestpath from the gate to oneof the
primary outputs.

Thegateidentifiedasa candidategateto follow thecurrentgate
in a pathis calledthesuccessorgate. Theconditionsthatneedto
besatisfiedfor a fanoutto beclassifiedasa successorare

a) the gatehas( R N-P ` S R NcP ) transitionwith a settling time
beforethe on-pathtransitionor a

S R�N-P or an X valueat the
off-pathinput,and

b) thegatehasthemaximumsink delayamongall thegatessatis-
fying theabove condition.
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Figure3: SuccessorSelection

Figure3 givesanexamplegatewith a fanoutof 3. Thereis an
optionof propagatingthetransitioneitherthroughgateX or gateY.
If thetransitionon line B stabilizesbeforethetransitionon line A,
gateX is chosenbecauseit haslargersink delay. If the transition
on line B stabilizesafterA, gateY is chosen.

Thusatransitioninitiatedataparticularprimaryinputis progres-
sively propagatedthroughsubsequentsuccessorgatestill aprimary
output is reached.Thesideinput of the successorgatesarejusti-
fied andimplication is performedsuchthatthetransitionis propa-
gatedthroughthesuccessorgate.Whenwe exhaustevaluatingall
thecandidategates,backtrackingis performedwherearecentlyas-
signedprimaryinput is invertedandtheimplicationis performed.

For the off-path gatesin the circuit which have a transitionat
the inputs,the following conditionsareimposed.Let us consider
gate

: > which doesnot lie on the path being testedby the two-
vectordelay test. Let N (N d 1) representthe numberof inputs
of
: > . Let eafcgihQj.��R NcP ` S R NcP � and eafcg > < ��R N-P ` S R N-P �

representmaximumandminimum stabilizationtime for R�NcPk`S R N P transitionsontheinputof thegate. eafcgihQj"� S R N P_`lR N Pm�
and eaf g > < � S R�N-P_`nR�NcP�� representthesamefor

S R�NcPi`lR�N-P
transitions. The conditionsthat mark the stabilizationtimes for
theoff-pathgateswith transitionsin thecaseof thetwo-vectortest
includethefollowing.

a) When N - 1 inputs of
: > have

S R N P with one input having
a R�N-P5` S R�NcP or a

S R�N-P5`oR�N-P with a stabilization
time ST, the stabilizationtime at the outputof the gateis (ST
+ �ONcP6��= NcPp� ).

b) Whenthe numberof R NcP ` S R N-P is greaterthan1 with noS R�N-PT`nR�N-P transitionsthestabilizationtimesof theoutputs
canbegivenby ( eaf gihQj ��R�N-Pi` S R�N-P�� + �ON-PQ��=-N-P�� ).

c) Whenthe numberof
S R�NcPq`rR�NcP is greaterthan1 with noR�N-Pi` S R�NcP transitions,thestabilizationtimesof theoutputs

canbespecifiedby ( eafcg > < � S R N P_`nR N P�� + � N PQ��= N P�� ).
d) Whenthenumberof

S R�N-Pi`bR�NcP transitionsandthenumber
of R N-P ` S R N-P transitionsaregreaterthanzero, the stabi-
lization time at theoutputis givenby ( eaf g > < � S R�N-P�`nR�N-Pm�
+ � NcP ��= NcP � ).

=-N-P correspondsto the transition propagatingthrough the gate.
This procedureusesanATPGenginebasedon thePODEMalgo-
rithm.

Theidentificationof pathsthroughindividualnetsis achievedby
addinga biasingparameterst2u�
	 to therising/falling delaysof
the gate. This affects the sink delayseenby all the gateson all
pathspassingthroughthegateandthatappearbeforethegateun-
derconsiderationin thepaths.Thebiasingparameteris appliedto
therising andfalling transitiondelayseparatelyto drive particular
transitionsthroughthenets.Thesizeof s canbedeterminedto be
avaluegreaterthanthedelayof thelongestsensitizablepathin the
combinationalblock underconsideration.

Whenidentifyingthelongestpath,in orderto identifyall thecrit-
ical pathsthatareabove a giventhreshold,all thefanoutpointsare
identified. Oncethepathsareidentified,the fanoutstemsat these
fanoutpoints which have the requireddelay characteristics(sink
delaybeingabove thechosenthreshold)aretargetedby addingbi-
asingparametersto these“interesting”fanoutpoints.

In the first phase,all the critical pathsabove a given threshold
areidentified.Thetwo-patterntestvectorsthatsensitizethecritical
pathsarealsogenerated.Thenetsthatarenot coveredby thefirst
phaseof theprocessarethenidentified. Thebiasingparameteris
addedcorrespondingto the target netsandto the rising or falling
transitionbasedonthetransitionrequiredat theparticularnet.This
biasesthe vigoroussensitizationapproachto generatethe longest
sensitizablepaththroughthetargetnet.

5.2 Determining the RealDelay Values
In ourmethodology, atechniqueto estimatetherealdelayvalues

of the individual gatesis usedto enablethe identificationof the
true critical pathsin the design. This eliminatesthe needto use
unit delayvaluesfor eachgatewhichdoesnotyield thetruecritical
pathsin thedesign[18].

We incorporateactualdelayvaluesin ourmodelby lumpingthe
delaysof gatesinto delaybufferswhich areaddedat the inputsof
thegates.This lumpingof thedelaysat thegateinputsallowsusto
accountfor theinput-outputpathdelaysthatareassociatedwith the
actualdelayvalues.TheStandardDelayFormat(SDF)description
of thecircuit is usedto identify theseactualdelayvalues.



5.3 Effectivenessof Non-robust tests
We deal with synchronoussequentialdesigns. The timing in

thesedesignsis fixedby determiningthe longestsensitizablepath
in the design. A given two-vector testdetectsa delay fault on a
path if the effect of the point/distributeddelaydefecton the path
exceedsthe slackof the path. Consideringthe longestpathsthat
passthrougha netdetectsthedefectson the lineswith maximum
probability.

With an aim to try and determinethe smallestpossibledelay
defectsin the circuits, we identify the sensitizabilityof the paths
basedon the non-robust sensitizabilitycriterion. Various invali-
dationconditionshave beenoutlinedfor delayfaults in [19]. We
outline theconditionsto overcometheseinvalidationmechanisms
in thecontext of our fault models.

THEOREM 3. The suppressionof transitionson the targeted
path in the absenceof delay faults is eliminatedin our test gen-
eration methodology.
Proof: Theactual delayvaluesusedin conjunctionwith the set-
tling timeconditionsoutlinedin theSection5.1enableusto accu-
ratelyspecifythearrival timeof transitionsonthesideinputsof the
on-pathgatesin theabsenceof otherdelayfaults. Theconditions
imposedon thesideinputsof thegatesof candidateon-pathgates
enablethemto settleto

S RT> valuesbefore theon-pathinput. Thus
thesuppressionof transitionon thepathis eliminated.
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Figure4: Transition Suppression

We useanexampleprovided in [19] to illustratethis case.The
examplecircuit alongwith the input vectorsis shown in Figure4;
the pathundertestis shown in bold. The invalidationfor the test
shown for the path

�
A, B, C, D � happenswhenthe R�v_wcvixy`S R v_wcvix onE occursafterthe

S R v_wcv_x `lR vzwcvix transition
on C. Our methodologyavoidsthis casebecauseof theconditions
imposedon the selectionof the successorgatesoutlined in Sec-
tion 5.1.

LEMMA 1. Early launchingof transitionsis alsoavoidedin the
testgeneration methodology.
Proof: Gettingan accurateestimateof thesefinal settlingtimesis
achievedby theconditionsimposedto evaluatethesettlingtimeof
gatesnot on the path being tested. Theseconditionswhich were
outlined in Section5.1 enablesthe last possiblesettling time to
beconsidered for thepurposeof testgeneration. Therequirement
for thesideinputsto settleto

S R > valueseliminatesthecondition
underwhich this early launch of transitionsoccurs.

The othermajor causefor the invalidationof delaytestsis the
presenceof path delay faults on the side inputs of the gateson
the target path. This is the caseonly whenthe sideinputshave aR > ` S R > transitionwith theon-pathinputshaving a

S R > `lR >
transition.This delayfault couldoccurdueto a varietyof causes.
Theseincludethepresenceof adistributeddelaydefecton theside

inputsof thepathsandthepresenceof anadditionalresistive open
on thepathleadingto thesideinput.

The scenariosunderwhich a distributeddelaydefecton a path
leadingto thesideinput leadsto the invalidationof thedelaytest
is considerablyreducedbecausethetestsetalsotargetsthelongest
pathsin thegivencombinationalblock. Only conditionswherethe
defectsdueto thesevariationsdo not affect the longestpathsbut
still causea reorderingof transitionsat the sub-pathlevels could
resultin thedelaytestsbeinginvalidated.Oneconditionis a non-
uniformprocessparametervariationacrossthecombinationalblock
underconsiderationwhich asmentionedearlierwe cansafelyas-
sumenot to happen.Anothercontributing conditionis a presence
of very small processparametervariation. The maskingof delay
testsdue to multiple delay faultswith the individual delay faults
remainingundetectedremainsfairly remote.

Thisdelayfaultmodelhasagoodtradeoff betweenthetestqual-
ity andthetestapplicationdifficulty. Thetestapplicationdifficulty
cangaugedby thenumberof vectorsrequiredto testthegivencir-
cuit, this difficulty is minimizedbecausethenumberof vectorsin
our fault modelis proportionalto thenumberof netsin thecircuit
ratherthanthenumberof paths.Thetestquality is reflectedin the
sizeof thedelaydefectsthatcanbedetectedby thetestsetunlike
the classicalstuck-atfault model,andour fault modeltargetsthis
aspecteffectively.

6. RESULTS
As describedabove, the testgenerationtool for the fault model

wasobtainedby modifying the timing verification tool, CRITIC.
In orderto enablethe useof real delayvaluesin determiningthe
longestpathsin the circuit, we first generatethe StandardDelay
Format(SDF) file andthenuseit to generatethe delaybuffers in
thefile which is in a formatsuitablefor the tool thatwe use.The
experimentsarebasedona 0.35micronprocess.

Wegeneratedtestsfor someof theISCAScombinationalbench-
marks.We first determinedthestructurallylongestpathin thecir-
cuits.Thethresholdfor determiningthelongestsensitizablecritical
pathsin Phase1 wasfixedat 95% of thedelayof thestructurally
longestpath. This yieldedonly very few pathsbecauseof thefact
that thecircuits werenot timing optimized. The timesweremea-
suredona SunUltraSparcII with 1 GB of RAM.

Thenetsthatwerenotcoveredin thepathsthatwereidentifiedin
Phase1 in our methodologyform the fault setfor Phase2. In this
phase,weightsareassignedto the delaybuffers accordingto the
netsthathave to becoveredby theappropriatelongestsensitizable
path.Themaximumnumberof faultsin this case,andthenumber
of pathsidentifiedin this phase,is twice thenumberof nets,since
we targetboththerising andfalling transitionsfor eachnet.

Table2 givestheresultsof the testgeneration.Column2 gives
thenumberof netsin thedesign,Column3 givesthefaultcoverage
which is the percentageof the netscoveredfor rising andfalling
transitions..Thecaseswherethe fault coverageis lessthan100%
arearesultof nosensitizablepathsbeingfoundand,in somecases,
thetestgenerationtool abortingdueto limited backtrack.Column
4 givesthepercentageof thenetsfor which thetestgenerationtool
aborted,Column5 givesthepercentageof netsfor which no sen-
sitizablepathcould be found andColumn6 gives the CPU time
takento generatethetestvectors.

Further, in all the pathsthat were identified, the percentageof
side inputs of the gatesin the path that madethe test generated
non-robustwerelessthan2% of thetotal numberof sideinputsin
all gateshaving a

S R > `{R > transitionat theon-pathinput, only
c1908hada valuehigherthanthis at 7%. This directly pointsto a
verylow probabilityof apathfailing dueto delayfaults(distributed



Table 2: TestGenerationResults

Circuit # of Cov Aborts Untestable Time
Nets (%) (%) (%) (mins)

c880 598 100 0 0 3.5
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)at thesideinputs.
As acomparisonwith existingapproaches,Table3 givestheper-

centageof the longestpathsidentifiedby our fault modelthat are
detectedby testpatternstargetingsequencedependentdefects.We
show thecoveragefor four representative setsof testpatternsgen-
eratedusingthefollowing approaches.

A. Singlestuck-at(SSA)testgeneration.

B. Testsgeneratedusingthetransitionfault model.

C. SSApatternspaddedwith zeros.

D. SSApatternspaddedwith ones.

E. Union of all theabove patterns.

As can be seen,only a fraction of the longestpathsidentified
areexercisedby thesetestsets. This is the caseeven with a test
setconsistingof theunionof patternsgeneratedunderthefirst four
methodologies.Thisdemonstratestheinadequacy of existing tech-
niquesfor detectingdelaysdueto resistive opens,andtheuseful-
nessof theproposedapproach.

Table 3: LongestPath Coverage

PathCoverage(%)
Circuits TestGenerationMethodology

A B C D E
c880 19.13 25.56 23.62 21.52 31.24
c2670 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 generatingtestsfor resistive CMOS opens,a classof
defectswhich is presentingproblemsfor the new manufacturing
processes.The modelconsidersdelays,andcoversdefectson all
netsin thegivencircuit while alsodetectingthecumulative effect
of delaysalonga path.This treatmenthelpsin achieving complete
stuck-opencoverage,andmaximizesresistiveopencoverage.
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