
Delay Fault Testing of Core-Based Systems-on-a-Chip

QiangXu andNicola Nicolici
Departmentof ElectricalandComputerEngineering

McMasterUniversity, Hamilton,ON L8S4K1, Canada
Email: xuqiang@grads.ece.mcmaster.ca,nicola@ece.mcmaster.ca

Abstract
Existingapproachesfor modularmanufacturingtestingof
core-basedsystems-on-a-chip (SOCs)do not provide any
explicit mechanismfor high quality two-patterntestsre-
quiredfor performancevalidationthroughdelayfault test-
ing. Thispaperproposesa new approach for broadsidede-
lay fault testingof core-basedSOCs,by adaptingthe ex-
isting solutionsfor automatictest pattern generation and
designfor testsupport,testaccessmechanismdivisionand
testscheduling.

1 Introduction

Oneway to modeldigital integratedcircuits’ (ICs) physi-
cal defectsis to abstractthemasstuck-atfault models[2].
Regardlessof stuck-atfault model’s efficiency for several
decades,alternative models,suchasthedelayfault model,
needto accountfor deepsubmicronmanufacturingprocess
variations. Delay fault model is coveringphysicaldefects
that affect only the timing of the circuit without changing
its logicaloperation.To detectthesetiming-relateddefects,
at leasttwo controlledpatternsin consecutiveclock cycles
arenecessary:thefirst oneinitializesthecircuit’snodesand
the secondonecapturesthe transitionson the sensitizable
paths. Whenapplyingthesetwo consecutive patterns,the
faultypropagationpathswill notbedetectedunlesstheout-
putsaresampledat thehighestoperatingfrequency. There-
fore, sincehigh stuck-attestsconsistof a single applica-
tion pattern,they cannotguaranteethe correctfunctional-
ity at the operationalclock frequency. Hence,to increase
circuit reliability and manufacturing yield through speed
sorting,semiconductormanufacturersareconstrainedto de-
velopdelayfault testsandtheassociatedtestingstrategies.

While functionaltestingcanaddresstiming verification,
its maindrawbackis low coveragefor complex digital ICs,
wheretransistorto pin ratio is continuingto increase.Struc-
tural testingusing gate-level fault modelsanddesign-for-
test (DFT) techniques,suchas scan,is the remainingal-
ternative which providesa well-structuredway of validat-
ing high-speeddigital ICs. However, the main disadvan-
tageof the standardscan-basedtest is the needfor a scan

cycle, which loads/unloadstest vectors/responsesserially,
thuspreventingstraightforward consecutive applicationof
two testpatterns.Thereare threemain approachesto ex-
tendscan-basedtestingto handledelay tests[18]: (a) en-
hancedscanwhich requirestwo sequentialelementsin ev-
ery scancell; (b) skewed-loadwhich usesthe last-shifted
patternin the scanchainas the excitation vector; and (c)
broadsidetest basedon functional justification wherethe
sequential(pseudo-input)partof thesecondpatternis gen-
eratedthroughthe combinationalblock. On the onehand,
testapplicationvia enhancedscanandskewed-loaddeliv-
ersteststhat may not be sensitizablein the normalopera-
tion, which cancauseunnecessaryyield loss. On theother
hand,broadsidetestinglimits thespaceof thepossiblecon-
secutive patternsto only thosethataffect the timing in the
normalmode,thuscoveringtheworst-caseoperationalbe-
havior of themanufacturedcircuit [18].

Since there has beenextensive researchon DFT and
automatictest patterngeneration(ATPG) for delay faults
over the last coupleof decades[2], the questionis how
do the existing methodsadaptto core-basedSOCs? This
adaptionis an open issue,since, in addition to the stan-
dard test-qualityproblems,core-basedSOCspresentnew
challenges,in particular in termsof test developmentfor
providersandtestaccessmechanism(TAM) for integrators.
Oneway to deliver at-speedteststo embeddedcoresis to
exploit SOC’s architecture-specificinformationfor provid-
ing sourcesandsinks during testingand to reuseon-chip
functional interconnectfor TAM. Varioussolutions,either
at the core or systemlevel, have beenproposed[4, 6,12,
17]. Regardlessof their potentialbenefitsin the long term,
unlessimplementedautomaticallyusinga reliabletesttool
flow, thesearchitecture-specificDFT methodologiesdo not
provide reusability, flexibility andinter-operability. To ad-
dresstheseproblemsin a well-structuredmodularway, the
practicalstate-of-the-artSOCtestapproaches,suchasthe
emerging IEEE P1500standard[16], useseparatetestand
functionalcommunicationarchitectures.Several represen-
tative solutionsto core wrapperand/orTAM designhave
beenreportedin [3, 7,9–11,14].
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Figure 1. Proposed Appr oach for Delay Fault Testing of Core-Based SOCs.

Although recentresearchadvances[3, 7,9–11,14] and
standardizationefforts for modular SOC manufacturing
testing(e.g.,IEEEP1500[16]) supportstructuralscantests,
no explicit mechanismfor delay fault testingis provided,
which is the purposeof this research.To the bestof au-
thors’knowledge,all thepreviouswork onTAM designand
SOCtestschedulingis basedon one-patterntest,which,as
shown in this paper, is not necessarilyapplicableto high
quality delay fault testing. Therefore,the aim of this pa-
per is to describea new approachfor delayfault testingof
core-basedSOCs, which adaptsthe existing solutionsfor
ATPG,DFT support,TAM division andtestscheduling,to
broadsideapplicationof two-patterntestvectorpairs.

2 Proposed Approach for Delay Fault Testing
The proposedapproachconsiders,asa startingpoint, that
eachcorein theSOCis partof theIEEEP1500architecture
[16], whichconsistsof testcontrollines,testaccessmecha-
nismandcorewrappers.Thetestcontrollinessetthemode
of eachcoreandthetestaccessmechanismtransfersdatato
and from the core-under-test(CUT). The wrapperbound-
ary register (WBR) cells provide a core isolation mecha-
nism usedby the testmodes(e.g., INTEST or EXTEST).
In the INTEST mode,usedfor testingthe core’s internal
logic, the input WBR cells act as primary inputs (PIs) to
the CUT, while the outputWBR cells act asprimary out-
puts(POs). In the EXTEST mode,whenall the coresare
wrapped,thegoal is to testthe interconnectwiresbetween
thecores.ThustheoutputWBR cellsprovide patternsand
the input WBR cells captureresponsesfrom the intercon-
nect,which areblockedin the input WBR cellsanddo not
getpropagatedto thecore’s internallogic.

Sincebroadsidedelaytestvectorpairsrequirefull con-
trol of the input WBR cellsof theCUT in two consecutive
clock cycles(for justificationseeSection3), the proposed
approachusesthe input WBR cells of the CUT to control
thePIsof thefirst testvectorandit exploitstheoutputWBR
cells of the coresconnectedto the CUT to control the PIs

of the secondtest vector. Therefore,eachcore testedin
the currenttestsessionis calleda consumerandthe cores
which provide theprimary inputsfor thesecondexcitation
vectorarenamedproducers. As shown in Figure1, this test
session-level producer-consumerdichotomyleadsto adivi-
sionof theSOC’s TAM into producerTAMs andconsumer
TAMs (for justificationseeSection4).

The proposedbroadsidedelay fault testingprocesscan
be explainedas follows. The P1500instructionset is ex-
tendedto supporttwo customDELTEST modes(one for
producercoresand one for consumercores). In the pro-
ducerDELTEST mode,the output WBR cells are loaded
from theproducerTAM lines. In theconsumerDELTEST
mode,theloadingof the initialization vectorinto theinter-
nal scanchainsandtheapplicationof thefirst initialization
vectoraredonevia INTEST controlsusingconsumerTAM
lines. However, sinceDELTEST requirestwo capturecy-
cles,aninternalcontrolmechanismfor applyingthesecond
excitation vectormustbe provided. On the onehand,the
pseudo-inputpart (PSI)of theexcitationpattern(the inter-
nal scanchainpart) is generatedthroughfunctional justi-
fication, i.e., load the pseudo-output(PSO)of the second
vector. On theotherhand,thePI part is providedusingthe
functional inputsby settingthe provider coresin the pro-
ducerDELTEST mode. This canbe seenin Figures1(a)
and1(b), wheretwo testsessionsarerequiredto testa hy-
potheticalSOCfor delayfaults. To guaranteeefficient uti-
lizationof thetester’s resources,theTAM linesusemostof
thechannels,while theSOC’sPIsarecontrolledvia bound-
ary scan. To ensuretwo consecutive controllablePI vec-
tors, the consumer’s WBR multiplexer control signalsare
switchingbetweentheinputWBR cellsof theconsumerfor
initialization andtheoutputWBR cellsof theproducerfor
excitation. It shouldbe notedthat by exploiting the exist-
ing produceroutput WBR cells for storing the PI part of
theexcitationvector, anemulationof theenhanced-scanis
providedonly for thePIsof each core, atnoadditionalcost.
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Figure 2. Wrapper Input Cells and Combinational ATPG Models for Broadside Scan Testing When
Using Three Diff erent Contr ol Mechanisms for Embed ded Core’s Primar y Inputs.

3 DFT Support and Broadside ATPG models
TheadditionalDFT supportis necessaryto switchthewrap-
percell’smultiplexercontrolsignalsin thetwo consecutive
capturecycles,whentheconsumercoreis in theDELTEST
mode. TheassociatedbroadsideATPGmodelsprovide an
efficient way to computetestvectorpairsusingcombina-
tionalATPG,basedonthecontrolmechanismof core’sPIs.
In broadsidedelaytestingthe pseudo-inputpart of the ex-
citationvectoris generatedthroughfunctionaljustification,
however in order to emulatethe functionalcorebehavior,
severaloptionsfor embeddedcore’sPI controlareanalyzed:

� Non-ControlledPrimary Inputs(NC-PI): this testsce-
nario assumesthat PIs are scannedfor fully control-
ling the initialization vector, however they keep the
samevalue(frozen)for theexcitationvector;thecon-
trol of the input WBR cellsandtheassociatedbroad-
sideATPGmodelareshown in Figures2(a)and2(d),
wherelabelson the wscandwci multiplexer controls
show thevaluesduringthefirst/secondcapturecycle;

� Serially-Controlled Primary Inputs(SC-PI): after the
PIs arescannedin for the initialization vector, in or-
der to obtain the excitation vector, they are updated
throughanextrashift (usingTAM dataasinput for the
first WBR cell) duringthefirst capturecycle; thecon-
trol of the input WBR cellsandtheassociatedbroad-
sideATPGmodelareshown in Figures2(b)and2(e);

� Parallelly-Controlled Primary Inputs (PC-PI): this
control mechanismguaranteesthat any primary input
valuecanbejustifiedfor bothinitializationandexcita-
tion vectors,eitherthroughshifting (first clock cycle)
or parallel load from a producercore (secondclock
cycle); thecontrolof the input WBR cellsandtheas-
sociatedbroadsideATPGmodelareshown in Figures
2(c) and 2(f); this PI control mechanismleadsto a
producer � consumermodel,which, in eachtestses-
sion,dividestheactivecoresinto producers(coresthat
providePI valuesfor excitation)andconsumers (cores
testedin thecurrentsessionthroughbroadside).

SinceNC � PI andSC � PI controlmechanismscanbeim-
plementedby theexisting TAM designandtestscheduling
algorithms,anobviousquestionis why doweneedPC � PI
with a producer � consumermodel, which leadsto addi-
tional resourceconflicts? The answerlies in the quality
of delay tests. To prove this, we have implementedthe
threeATPGmodelsfor two-patternbroadsidetestsin ATA-
LANTA [13], andwehavecalculatedthecoveragefor tran-
sition faults. In additionto logic redundancies,andhence
redundantfaults, causedby the connectionof PSOof the
first time frame(PSO1)to thePSIof thesecondtime frame
(PSI2),which is equallyapplicableto all the threeATPG
models,it wasfoundthatNC � PI andSC � PI introduceex-
traredundanttransitionfaultsthatreducethetransitionfault
coverage. While the transitionfault coveragelosscaused
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Figure 3. Advantage of PC � PI Over NC � PI
and SC � PI for Two Simple Transition Faults.

by PSO1andPSI2connectionmustbe ignored(thesere-
dundantfaultswill neverbeactivatedduringfunctionalop-
eration,which is thekey advantageof broadsideoverskew-
load andenhanced-scan[18]), the coveragelossdueto PI
sharingbetweenthe two time frames(seeboth NC � PI
and SC � PI in Figures2(d) and 2(e) respectively) is in-
tolerable.The limitation of theNC � PI andSC � PI con-
trol mechanismscanalsobeillustratedby testingtheb and
b
�

inputsof the OR andAND gatesfor falling andrising
transitionsrespectively (seeFigure3). For example,if OR
input b precedesinput a in the wrapperboundaryregis-
ter, then the falling transitionon input b is untestableby
NC � PI and SC � PI, sinceeither freezing(NC � PI) or
shifting(SC � PI) thePI value,b � 1 requiredfor initializa-
tion will conflict with a � b � 0 necessaryfor excitationin
the following secondcapturecycle. Onemight arguethat
thisproblemcanbesolvedby structuralmodifications(i.e.,
wrappercell reordering),however, this may be prohibited
dueto routingconstraints.Furthermore,two-patterntestset
compactionfor NC � PI andSC � PI control mechanisms
will introduceadditional constraints(causedby freezing
andshifting),whicharedifficult to satisfywhenthecare-bit
densityin eachvectoris increasing(i.e., whentestsetsize
decreases).Moreover, an additionaladvantageof PC � PI
is theability to easilyextendbroadsidescantestingto three-
patterntests[5], which mayberequiredfor timing verifica-
tion of high-performancedeepsubmicroncircuits.An orig-
inal extensionof thetwo-patternATPGmodelproposedin
[8] to a new three-patternATPGmodelis shown in Figure
4. WhenextendingNC � PI andSC � PI to three-pattern
tests,thenumberof unsatisfiablePI valueswill further in-
crease,however, the proposedextensionof PC � PI, sup-
portedby the producer-consumermodel,will look for the
bestpossibleoption when to load or shift the PIs in the
secondand third capturecycles(seeBS/SL signal in Fig-
ure 4). It shouldalsobe notedthat by injecting different
necessaryassignmentsin the first two time framesandby
usingvariousATPGsearchengines,theproposedcombina-
tional ATPG modelfor three-patternbroadsidetestingcan
be adaptedto generatehigh quality functionally justifiable
delaytestsfor a large classof timing-relateddefects(e.g.,
highly robusttestsfor pathdelayfaults[5]).

To assessthe impactof theDELTESTinstructionon the
wrapperarea,a processorcorewassynthesizedto 0.18mi-
cronTSMCtechnology[19]. Whencomparedto astandard
IEEE P1500implementation(i.e., INTEST, EXTEST and
BYPASS) the additionaloverheaddueto the DFT support
for DELTESTdecodingis under1%.
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4 TAM Division and Delay Test Scheduling
Having introducedthe producer � consumermodel sup-
portedbyanew DELTESTinstruction,theDFT supportand
thebroadsidedelayfault ATPGmodelrequiredon thecore
provider’s side, this sectionsummarizessomeof the con-
siderationsnecessaryto adapttheexistingTAM designand
testschedulingalgorithmsfor broadsidedelayfault testing,
which arenecessaryon thesystemintegrator’sside:

� TAM Division Into Producer/ConsumerGroups: pro-
ducersandconsumersshouldbe fed from two sepa-
rate TAM groups. It is known that in the INTEST
mode,embeddedcorescanbe testedconcurrentlyas
long asthey usedifferentTAM lines, however this is
not the casefor the DELTEST mode. For example,
considerCore1 andCore2 connectedto separateTAM
lines,howeverCore1 sharesits TAM lineswith Core3,
which is a producerto Core2. In theDELTESTmode,
to testCore2, weneedto loadtheoutputof Core3. This
impliesthat loadinga patternin Core1 is prohibitedat
thistime,althoughit usesseparateTAM linestoCore2.
Hence,if weassumethatproducersandconsumersare
loadedfrom thesameTAM lines,this indirectresource
conflict may prohibit test concurrency. A neatsolu-
tion to thisproblem,whichis essentialin particularfor
complex SOCswith a largenumberof cores,is to di-
vide theTAM linesinto two groups:Gprod for loading
the excitation patternsin the producers’outputsand
Gconsfor loadingtheinitializationpatternsandunload-
ing thetestresponsesfrom theconsumers.Note,to ad-
dressthis we needto useadditionalmultiplexers(one
per eachTAM line for every core) to facilitateparal-
lel outputWBR loadingfrom theproducerTAM lines,
whentheproduceris in theDELTESTmode.



� Producer-ConsumerConflict: producers and con-
sumersshouldnot be testedat the sametime. This
is justified by the difficulty to implementpipelined
testing(e.g., test cores1 and 4 concurrentlyin Fig-
ure1(a)). This difficulty arisesfrom thesynchroniza-
tion problemsduring the capturecycles, which need
to occurat thesametime for bothcores,suchthatthey
shouldnotcorrupttheexcitationdatastoredin thepro-
ducer’soutputWBR cells. In addition,theinputWBR
cellsshown in Figure2(c),would needto bemodified
to buffer theoutputof theproducerin theinput wrap-
percellsof theconsumer.

� Shared-ProducerConflict: two coreswhich directly
connectto thesameproducer(s)for theexcitationvec-
tor, cannot betestedat thesametime,andhencethey
shouldnot beloadedconcurrently. Theproducerscan
beconnectedto consumersin two ways:throughfunc-
tional bussesor directly. Whensharingthe functional
bussesthetestapplicationpenaltyis insignificant.This
is becauseall theproducercoresconnectedto a func-
tional busareloadedat thesametime andonly during
the two capturecycles,the functionalbusneedsto be
shared.Therefore,the additionaltestingtime penalty
is determinedby serializedcapturecycles for each
consumertestedthroughthefunctionalbus. However,
whentheproduceris connecteddirectly to consumers,
the testapplicationtime penalty(for eachtestvector)
is givenby theloadingtime of theproducer’soutputs.

� DelayTestScheduling: unliketheINTEST’scaseused
for stuck-atfaults,wherethetestingtimefor eachcore
is solelydependenton theTAM width, for DELTEST
implementationthe testingtime for eachcore is also
affectedby its schedule.This is dueto theserialmech-
anism(e.g., multiplexing or daisy-chainarchitecture
[1]), which is usedfor Gprod TAM’ s assignment.This
mechanismis necessarysincetheproducerlist is con-
stantlychangingfromonetestsessionto another, and
henceit isessentialto achieveefficientGprod TAM line
usage.However, sinceall the producersusedfor the
consumerstestedconcurrentlyneedto be loadedseri-
ally, the loading time for eachtestedcore is variable
(i.e., it dependson the order of loading all the nec-
essaryproducercores). Hence,althoughwe employ
rectanglesfor core test representation,as in [9, 11],
in the proposedDELTEST modethe rectanglescan-
notbeprecomputed.Therefore,for delaytestschedul-
ing we adaptthe TAM scheduleoptimizeralgorithm
from [11] to fit our particularproblems,i.e., account-
ing for the previously describedProducer-Consumer
andShared-Producerconflictsanddynamiccomputa-
tion of thetestingtimecausedby theserialmechanism
for loadingtheproducer’soutputwrappercells.

SOCg1023 SOCp34392 SOCp93791

Wprod T(cc) T(cc) T(cc)

1 222781 2427864 4567646

2 131620 3098148 4932849

3 135856 3391428 5656494

4 89513 3857560 7587866

5 108827 5216777 9650147

6 157214 7614231 14014672

7 311203 14992022 27993969

Table 1. Optimal Producer TAM Width

5 Experimental Results

To investigatethe implicationof theproposedapproachon
testingtime, experimentswerecarriedout for threebench-
markSOCs:g1023,p34392,p93791.ThesethreeSOCsare
originally partof theITC02 SOCtestbenchmarkinginitia-
tive ([15]). However, sincethefunctionalinterconnectsare
notprovidedin thebenchmarkfileswehaverandomlygen-
eratedthemto supporttheproposedapproach,includingthe
directconnectionbetweencoresandfunctionalbusses.We
assumethatall thecoreswith internalscanchainsaretested
using the proposedDELTEST modes,while the remain-
ing non-scancoresweretestedat-speedusingtheINTEST
mode. To comparethe proposedTAM division anddelay
testschedulingresultswith theresultsreportedin [11], we
assumethat the numberof testpatternsis equalto the one
providedin [15]. However, it shouldbenotedthatin reality
thenumberof patternsfor delayfaultsis usuallyhigherthan
whentargetingsinglestuck-atfaults.

Table1 presentstestingtimes,T(cc), for differentwidths
of theproducerTAM (Wprod), whentheoverallTAM width
W is fixed to 8. To give an exact TAM width division the
functionalinterconnectsarefixedin this experiment.It can
be seenthat the testingtime of g1023is minimum when
Wprod is 4, while thetestingtime for p93791andp34392is
minimum whenWprod is 1. This is dueto the relationship
betweenthetotal numberof theproducers’outputsandthe
internalscanflip flops(SFF)in theSOCs.Ontheonehand,
in thecaseof g1023,thenumberof theSFFiscomparableto
thenumberof theproducers’outputs,hencea largeamount
of testingtime is necessaryto loadproducers’outputs,thus
leadingto a highernumberof producerTAM lines. On the
otherhand,for p93791andp34392,theSFFnumberis sig-
nificantly largerthanthenumberof producers’outputs.As
a result,the time necessaryto loadthe internalscanchains
dominatesthe testingtime andhenceonly one TAM line
is necessaryto load the producers’outputs. It shouldalso
be notedthat testingtime variationwith Wprod is a convex
function, i.e., it decreasesuntil it reachesits minimum for
the optimalWprod, after which point if Wprod is further in-
creasedthenthetestingtimewill grow aswell.



SOC p93791
INTEST[11] NEW DELTEST

W T(cc) Tave(cc) Tmax(cc) Tmin(cc) ∆T
�
%�

16 1851135 2289579 2410703 2210286 +23.69

32 975016 1269160 1343325 1156290 +30.17

48 627934 864777 899678 818277 +37.72

64 511286 661803 707815 636578 +29.44

Table 2. Testing Time Comparison for p93791

Table2 presentsresultsfor DELTESTwhenvarying the
totalTAM width W (noteonly resultsfor theoptimalWprod

lines arereported).Sincethe testingtime is dependenton
the functional interconnects,we ran the algorithm for 50
randomlygeneratedinterconnects.We have assumedthat
eachcorehas1 to 3 randomproducersandtheSOChastwo
functional bussesinside. Tave� Tmax � Tmin denotethe aver-
age,maximumandminimumtestingtime. Thepercentage
changein testingtime using the new DELTEST is calcu-
latedusingtheformula∆T

�
%��� Tave	 T

T 
 100,whereT is
theresultreportedin [11]. FromTable2 it canbeseenthat
the averagetesting time increaseson averageabout%30
whencomparedto the resultsin [11]. This increaseis due
to:

�
i � Wprod TAM linesusedto loadtheexcitationvector;�

ii � testresourceconflictsbetweencoresin DELTESTbe-
fore TAM optimization;

�
iii � DELTESTneedstwo capture

cycles,while INTESTneedsonly one.

6 Conclusion
Motivated by the difficulty to deliver high quality two-
patternteststo embeddedcores,this paperhaspresented
anew delayfault testingapproachfor core-basedSOCs.To
the bestof authors’knowledgethis is the first attemptto
provide an explicit mechanismfor modularbroadsidede-
lay fault testingof core-basedSOCS.It was shown how
IEEE P1500canbeextendedusingDELTESTinstructions
for consumerandproducercores,whichensurefull control-
lability for everycore’sprimaryinputs.Solutionsto address
TAM division andsystem-level delaytestschedulinghave
alsobeensummarized.Whencomparedto theexisting ap-
proachesfor stuck-attesting,it wasdemonstratedthat test-
ing timepenaltyis limited at thebenefitof highertestqual-
ity achieved by broadsideapplicationof two-patterntests.
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