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Abstract—

Fault diagnosis has particular importance in the context of
field programmable gate arrays (FPGASs) becausefaults can be
avoided by reconfiguration at almost no real cost. Cluster-based
FPGA architectures, in which several logic blocks are grouped
togetherinto a coarse-grainedlogic block, are rapidly becoming
the architecture of choicefor major FPGA manufacturers. The
high density interconnectfound within clusters greatly compli-
catesthe problem of FPGA diagnosis. We proposea technique
for the testingand diagnosisof cluster-basedFPGA architectures.
We presenta hierarchical approachto definea setof FPGA con-
figurations in which eachfault is detectable,and eachfault pair
is differ entiable. The cornerstone of this work is the conciseex-
pressionof the distinguishing conditions of eachfault pair. Ex-
perimental resultsdemonstratethat nearly 100% fault coverage
and diagnosticresolutionare achieved with a low number of test
configurations.

I. INTRODUCTION

Overthepastdecaddield programmablgatearrays(FPGAs)have
becomeinvaluablecomponentsn mary facetsof digital design. In-
formation regarding defectlocation is particularly importantin to-
day’s test ervironmentsince new techniqueq8] have beendevel-
opedthat canreconfigureFPGAsto avoid faults. To operateeffec-
tively, theseapproachesequirethatthe specificlocationof the fault
be clearly identified. The reconfigurabilityof FPGAsplaysanim-
portantrole in reducingon-chiptestinghardwarerelative to ASICs.
While ASIC DFT approacheeequirethemodificationof circuit func-
tionality to performtest, FPGAtesthardware canbe swappedout of
thedevice onceverificationis complete Reconfigurabilitydoesincur
othertestcosts,including increasedest generationcompleity and
increasedestapplicationtime. Unlike ASICs, FPGAsrequiremulti-
ple configurationgo testanassortmenof switchsettings.In general,
fault coverageis directly relatedto the numberandscopeof testcon-
figurationsthatarecreated.

While previousresearcherbave investigatedhe testof FPGA ar-
chitectureq10], [13], [11], [9], [3], our fault diagnosisapproachs

driven by recentadvancesandimprovementsin FPGA architecture.

To take adwantageof circuit locality, several FPGA companieq1]
[6] have recentlyintroducedclusterbasedarchitecture§4]. These
architectureggroup numerousprimitive logic componentssuchas
flip flops andlook-up tables,into coarse-grainedbgic clusters. To
simplify device mapping, clustersexhibit a high degree of internal
connectiity includingthefeedbaclof clusterlogic outputsto cluster

inputswithout the needfor re-entryinto sparseglobalinterconnect.

Therichnessof theinternalinterconnectomplicategestingby pro-
viding alargerangeof potentialinterconnecpatterns Sincepadarea
increasesat a slower rate thaninternallogic, external accesdo in-
ternaltestpointsbecomesncreasinglydifficult asdevice sizesscale.
As aresult,novel testingapproacheareneededo addresandeffec-

tively testdensely-interconnectedusterbasedarchitectures.

In this paper an FPGA fault diagnosisapproachs describedhat
performsbuilt-in self teston a clusterbasedFPGA device. During
the testingprocessa portion of the FPGA is configuredastestgen-
erationandresponseircuitry for a clusterundertest. As individual
logic clustersandsurroundingoutingresourceareverified,they sub-
sequentlymay be usedto performdiagnosison remaining,untested
clusters.To demonstrat¢heapproachwe presenttechniqueto gen-
erateFPGAtestconfigurationdo detectanddiagnoseairwisebridg-
ing interconnecfaults. By restrictingthe programmingpf thelookup
tablesin the FPGA,weformulatethetestinganddiagnosiconditions
asasetof straightforvardfunctionsof theinputsof eachtile. Thetest-
ing anddiagnosisconditionsfor eachfault andfault pair areusedto
directthe configurationprocess By exploring the hierarchyinherent
in the structureof clusterbaseddevices, our approactpartitionsthe
testconfigurationdefinition procesdo greatlyimprove the efficiency
of theprocessSincetestconfigurationsn ourapproactarereplicated
acrosghe clusterarray the procesof definingtestconfigurationss
independenof the sizeof the FPGAarray

The paperis organizedasfollows: Sectionll is a summaryof the
overall testingapproachwhich was originally presentedn [7]. The
diagnosisonditionsfor thetargetedinterconnecfaultsarepresented
in Sectionlll. SectionlV presentshehierarchicakonfigurationdefi-
nition approachanddescribesow diagnosisconditionsaresatisfied
for fault pairs. Experimentakesultsare presentedn SectionV, and
conclusionsarepresentedn SectionVI.

Il. CLUSTER-BASED FPGA TEST METHODOLOGY

We assumean island-styleFPGA architectureg[5] which is com-
posedof anarrayof identicaltiles. Eachtile is composedf a clus-
ter [4] and surroundinginterconnect. The interconnectstructureof
eachtile is a setof wire sggmentswhich canbe connectedy a set
of switchesreferredto asprogrammableinterconnectpoints (PIPs).
A typicaltile interconnecstructureemploys a switch matrix whichis
composedf a setof lines enteringeachside. A PIP connectseach
line to oneline on eachsideof the matrix. For thepurpose®f testing,
it is necessaryo distinguishthetile 1/0 from theclusterl/O. Cluster
1/0 aretheinputandoutputpinsof the cluster while tile 1/0 pinsre-
fer to the pointsat which a tile cancommunicatewith a neighboring
tile. Thetile /0 pinsincludethe endpointsof wire segmentswhich
canconnecto aneighboringile via a PIP

Thegeneramodelof acluster aspresentedh [4], is shavn in Fig-
urel. We assumehateachclusteris composeaf a setof basiclogic
element¢BLE), eachof whichis composeaf asetof programmable
lookuptables(LUT), multiplexers,andflip-flops. The mostgeneral
assumptioris that eachBLE input canconnectto the outputof ary
otherBLE andto ary clusterinput. The outputof eachBLE is as-
sumedto be connectedlirectly to a clusteroutput.
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A. FPGATestingMethodolagy

We proposethe useof a built-in self-test(BIST) stratey for the
testingof an FPGA structure. BIST techniquesn generalare asso-
ciatedwith high performanceandareaoverheadncurredby on-chip
testhardware.BIST overheads notanissuefor FPGABIST because
the testhardwareis easilyinsertedand removed by reconfiguration.
By embeddingestlogic insidethe FPGA, BIST enabledestaccess
to internalcomponentsThis is particularlyimportantfor the testing
of clusterbased=PGA structureswvhich have higherlocalizedinter-
connectdensitythanotherFPGAs.

In eachconfiguration FPGAcircuitry dedicatedasBIST logic will
performtestgeneratiorandresponsanalysigo testnon-BISTFPGA
circuitry. To accomplishBIST, we usethe test structurepresented
in [11] in which the FPGA is configuredas mary independenBIS-
TERsstructuresEachBISTERis composedf a testpatterngenera-
tor (TPG),anoutputresponsenalyzefORA), andtwo blocksunder
test(BUTs). This BIST stratgy decomposethe testingproblemof
theentireFPGAinto mary identicalproblemsof a sizewhichis fixed
by thetestrequirementgor asingletile. Sincethesizeof thesmaller
problemis fixed,the BIST approachs easilyscalabldo FPGAarrays
of ary size.

1. INTERCONNECT FAULT DETECTION AND DIAGNOSIS

Detectionof interconnectiorfaults in clusterbasedarchitectures
is a difficult problembecausehe high densityof internalclusterin-
terconnecimalestestaccesdlifficult. We proposea formulation of
the problemwhich includesthe testingof intra-clusterinterconnect
which is internalto the cluster aswell asextra-clusterinterconnect
which surroundsachcluster All pairsof linesareclassifiedaseither
connectabléf thereis a PIP betweenthem, andnon-connectabléf
thereis nointerveningPIP. We assumeahe possibility of two typesof
defects,a short defectwhich causegwo lines to be crossedandan
opendefectwhich causes singleline to be broken, or causes con-
nectabldine pair to be unconnectableGiventhetwo classef line
pairsandthe two defecttypes,we assumet fault classeswvhich are
previously presentedhn [10]. Theinterconnecfaultswhich we tamget
aresubset®f bridgingfaultswhosedetectiorrequirementtiave been
outlinedin previouswork [12], [2]. We summarizeghe4 faultclasses
here.

« Permanent Connection (PC) - A shorton ary pair of lines. Both
affectedlinesmustbeseparatelgontrollableandatleastoneaffected
line mustbeobserable.Also, ary PIPbetweerthetwo affectedlines
mustbe configuredto be off.

« Permanent Disconnection (PD) - An openon ary pair of con-
nectablelines. Both affectedlines mustbe controllableand observ-
able.Also, the PIP betweerthetwo affectedlinesmustbe configured
to beon.

« Stuck-At 0 (SAO0)- A shortbetweeraline andground(speciakase
of aPCfault). Theaffectedline mustbe controllableandobsenrable.

« Stuck-At 1 (SA1)- A shortbetweeraline andpower (specialcase
of aPCfault). Theaffectedline mustbe controllableandobsenrable.

A. Fault Diagnosis

In orderto defineFPGA configurationdor testinganddiagnosisa
cleardefinitionof diagnosigequirementsf eachfault pairis needed.
Becauseheconfiguratiordefinesheconnectiity betweersggments,
thediagnosigequirementsnustbeexpressedn termsof connectiity
aswell. We presentequirementsor thedifferentiability of eachfault
pair. Differentiability indicatesthat sometest patternmust exist to
detecteachfault and differentiateeachfault pair. Differentiability
requirementareindependentf a specifictestpatternandareusedto
defineBUT testconfiguration$eforetestpatterngeneratiorhasbeen
performed.

In the expressiongresentedn this section,we definethe control
setC(s) of asgmentsto bethesetof tile /O whosesignalvaluesde-
terminethevalueof thesegment.Becaus@urapproacttonfiguresll
LUTs as4 input XOR gatesthe control setof a sggmentdetermines
the function computedat sggments. We will definethe observeset
O(s) of a segmentto be the setof tile I/O to which a fault effect on
segmentswill be propagatedTheobsere setof a sggmentis the set
of all tile I/O which arereachabldrom segments in a configuration
andareactingastile outputs(arenot beingdrivendirectly).

A.1 InterconnecFaultEquivalence

The equivalenceof faultslimits the maximumachiezable diagnos-
tic resolutionbecausequialentfaultscannotbedifferentiated Fault
equivalencein anFPGAIs determinedy the FPGAconfigurationso
faultswhichareequialentin oneconfiguratiormaynotbeequialent
in another In orderto achieve maximumdiagnostiaesolution every
pair of faultsmustbe non-equvalentin atleastoneconfiguration.

We will definefault equivalencein termsof the connecwity be-
tweenseggmentsandtile 1/0. Sincethe FPGA configurationdeter
minesconnectvity, the proces®of configurationdefinitioncanensure
thatall fault pairsaredistinguishableTwo faultsaresaidto be equiv-
alentif their correspondindaulty machinegproducethe sameoutput
with all possibletestpatternsat all outputsof the circuit. Sinceall
LUTs actasexclusive-or gatesin our approachall fault effectsare
propagatedo all outputsin the obsere setof afaulty line. Thisim-
pliesthatin orderfor two faultsto be equivalent, the two sggments
at the fault locationmusthave identical obsere sets. The sggments
at the fault locationmusthave identicalcontrol setsaswell because
fault effectsmustbe generatedby the sametestpatterns.We will re-
fer to two segmentsasbeingtestequivalentin a configurationif the
segmentshave identicalcontrol setsandidenticalobsere sets. Two
testequivalentsegmentsareindistinguishablealuring testingbecause
they have the samevalueunderall input stimuli anda fault effect on
eithersegmentwill be obsered at the sametile outputs.The equia-
lenceof afault pair depend®n the testequivalenceof the associated
segments.We definethe criteriafor equivalencebetweenrall pairsof
fault classesvhichmaybeequialent.

1. 5 SAV/ 5, SAv - Theseggmentsaretestequivalent.

C(s1) = C(s2) NO(s1) = O(s2)

2. PNC(s1, $2)/PNC(s3, 1) - S1 andss referto the driver segments,
ands, ands, referto thefloatingsggments.

C(s2) = C(s4) NO(sz) = O(s4)

3. s1 SAVPNC(s,, s3) - This pair of faults may be equialentif a
segmentwhich is not driven by a signalfloatsto a v value. In this



casethetwo faultsareequialentif thefloating segmentof the PNC
fault is testequivalentto the sgmentassociatedvith the stuck-atv
fault.

C(s1) =C(s3) NO(s1) = O(s3)

4. PC(s1, $)/PC(s3, s4) - Thepair of sggmentsinvolvedin onefault
aretestequialentto the pair of segmentsinvolvedin the otherfault.

O(s2) = O(s4))
U
(C(s1) = C(s4)NO(s1) = O(s4) NC(s2) =C(s3) N
O(s2) = O(sg))

IV. BUT TEST CONFIGURATION DEFINITION

The goal of testconfigurationdefinitionis to identify a setof con-
figurationsfor thetiles actingasBUTs in a BISTER. The setof con-
figurationsmusthave the propertythatthe fault detectionanddiffer-
entiationconditionsmustbe satisfiedfor all faultsandfault pairsin
at leastone configuration. The numberof testconfigurationsshould
be minimizedto reducetestapplicationtime. Thetestconfiguration
definition processis hierarchical,defining the intra-clusterconfigu-
rations separatelyfrom the extra-clusterconfigurations. Testtrans-
pareng constraintsare placedon the intra-clusterand extra-cluster
configurationgo ensurehierarchicaktontrollability andobsenrability.

A. Intra-ClusterConfiguations

Theintra-clusterconfigurationsaredefinedto ensurethatall intra-
clusterinterconnecfaultsaredetectablen atleastoneconfiguration,
and to facilitate the testing of the extra-clusterinterconnect. The
clusterwill be containedin the control and obsere pathsof mary
extra-clustetinterconnectines. The clustermustbe configuredto be
transpaentfrom a controllability andobserability perspectie. The
clusteroutputsare not identicalto the clusterinputs, but the cluster
outputsmusthave thefollowing transparenc propertieswith respect
to theclusterinputs.

1. A fault effect on a clusterinput must propagateto at leastone
clusteroutput. This conditionensureshe propagatiorof fault effects
on extra-clustemwhich feedthe clusterinputs.

2. Theclusteroutputsmustbeseparatelgontrollable.Thiscondition
ensureghe controllability of the extra-clusterinterconnectwhich is
drivenby the clusteroutputs.

A.1 BLE Configurations

The obsenrability of the clusterinputs and BLE outputbranches
must be achieved by propagatingfault effectsthroughthe BLES to
reachthe clusteroutputs.Also, the controllability of the BLE outputs
mustbe achiezed throughthe BLEs. The configurationof the BLEs
is centralto ensuringmaximalcontrollability andobserability inside
the cluster The configurationsof componentsnside the BLEs are
importantto enablecontrollability of the BLE outputlines,aswell as
obserability of the clusterinputslinesandthe BLE outputbranches.

EachBLE is composedf aLUT andamultiplexer, bothof which
mustbe configured. To maximizethe controllability andobserabil-
ity througha BLE, we have choserto configureeachLUT to actasa
4-input XOR gate.The XOR operationprovidesgoodcontrollability
becausehe outputvalue may be determinedby controlling ary sin-
gleinput. The XOR alsoprovidesgoodobserability because fault
effect on ary single input is guaranteedo propagateo its output.

To simplify the interconnectestingprocesswe configurethe multi-

plexersinsidethe BLEs to drive the BLE outputwith the LUT output
directly, bypassinghe flip-flop. This eliminatessequentiabehaior

during testingand ensureghat the applicationof an exhaustve test
patternsetis sufficient to detectall faultswhich arenon-redundanin

eachconfiguration.

A.2 BLE Input Multiplexer Configurations

The configurationsof the BLE input multiplexers (IMUX) affect
both the controllability and obserability of the clusterinterconnect.
The IMUXes determinecontrollability of BLE outputsby determin-
ing the function which definesthe output of eachBLE n. Because
all LUTs are configuredas XOR gates,eachoutput BLE function
is an XOR of a subsetof clusterinputs as seenin Figure 2. In
Figure 2, the input sourcesdeterminedby the multiplexer configu-
rations are labelled and shavn in bold. Basedon the multiplexer
configurationsthe BLE outputfunctions are expressedas follows:
BLE1=IN1&IN2®IN3®IN4,BLEL=IN1®IN2®IN3DIN4D

INS®IN6®DINT.
IN1

IN2
IN3 LUT FF

BLE1

IN6 LUT FF

Fig. 2. BLE outputfunctiondeterminedy input mux configurations.

We have developedanalgorithmto definetheconfigurationof each
IMUX in eachoverall FPGA configuration. The testconfigurations
mustsatisfythe detectioranddifferentiationconditionsfor eachfault
andfault pairin atleastoneconfiguration We have identifiedthefol-
lowing IMUX configuratiorrequirementsvhich ensuraghatdetection
anddiagnosiggoalsareaccomplished.

We proposecriteriafor the setof IMUX configurationsvhich are
satisfiedby our algorithm. Thesecriteriamaximizethe numberof de-
tectedfaults and differentiatedfault pairsin eachconfiguration. To
maximizethe numberof differentiatedault pairs,all CLB segments
testedin a sessiormust have distinct control sets.The fault equiv-
alenceconditionsdescribedn Sectionlll shav thatfaultequivalence
requiresthatlines associatedvith the faultsmusthave identicalcon-
trol sets. By requiring distinct control sets,all detectabléeaults are
alsodifferentiablefrom all otherfaults. Severalothercriteriaareused
to maximizethe detectabilityof interconnecfaultsandto guarantee
thattheintra-clustellogic is transparento the extra-clustertestability
[7]. TheIMUX configurationalgorithmenumeratethe setof IMUX
configurationsn eachCLB until all conditionsaresatisfied.

B. Extra-ClusterConfiguations

The extra-clusterconfigurationdefinescurrentflow pathsthrough
the extra-clusterinterconnect.Thesecurrentflow pathsbetweertile
input andoutputpins areusedto controlandobsere eachintercon-
nectseggmenton the path. We modelthe extra-clusterconfiguration
definition problemasa flow problemthroughaninterconnectgraph
Eachnodein the graphrepresentsn extra-clusterinterconnectsey-
ment, and eachedgerepresentshe existenceof a PIP betweentwo
segments.

Fault equivalencecanoccurin extra-clusterinterconnecbetween
faultsinvolving segmentpairswhich areconnecteclectricallyby an



activatedpath. For example,if two sggmentss; andsz areconnected
by a PIP, and sggmentss, ands; are connectediy a PIP, thenthe
PC(s1,s2) andPC(s3,s4) faultsareequivalent. Our algorithmmin-
imizes fault equivalenceby using heuristicsto define connectiity
pathsfor segmentsto avoid sggmentsassociatedvith faults which
are not differentiated. In the caseof the PC(s,s,) and PC(s3, )
faults,our algorithmwould defineconnectiity pathsfor eachof the
four sgmentswvhicharemutuallyexclusive. In thisway, thefour seg-
mentswill not be electricallyconnectedandwill not have identical
controlandobsere sets.

Extra-clustertestconfigurationdefinition hastwo goals: 1) create
flow pathsbetweertile 1/0 nodeswhich allow the detectionanddif-
ferentiationcriteria of eachfault andfault pair to be satisfied,2) en-
ablethe detectioranddifferentiationof extra-clusteifaults,the extra-
clusterconfigurationmustenabletransparentontrollability and ob-
senability of the embeddectluster Thesegoalsare accomplished
by our extra-clusterconfigurationalgorithm by creatingflow paths
from tile 1/Os to every clusterinput, andfrom every clusteroutputto
tile 1/0s, in every configuration.Our extra-clusterconfiguratioralgo-
rithm usesamodifiedshortespathalgorithmto identify thenecessary
connectity paths.

V. EXPERIMENTAL RESULTS

We have implementedhe algorithmsfor testconfigurationdefini-
tion andwe have appliedthe algorithmsto definetestconfigurations
for arangeof clusterbasediles of differentsizes.In testresultswe
assumehattheclusterhasthestructureshavn in Figurel [4], with N
BLEsandl clusterinputs. We assumehat clusterinputsandoutputs
are equally distributed aroundthe sidesof the cluster Eachcluster
1/0 onthenorthfacemay connecto all horizontaltracksvia a setof
PIPs,andthe sameis true betweenclusterl/O on the westfaceand
the vertical tracks. The clusterl/O on the eastand southfacesare
assumedo connectirectly to tracksin the neighboringiles.

Theseresultsare summarizedn Tablel. The first two columns
of Tablel arethe Clus. Prmswhich indicatethe size of the cluster
in termsof the numberof clusterinputs, |, andthe numberof BLEs
in a cluster N. The remainderof the columnsin the table are di-
vided into the resultsof Intra-Cluster configurationdefinition, and
Extra-Clusterconfigurationdefinition. The numberof configurations
definedby our algorithmsarepresentedn the Confscolumnfor both
intra-clustermndextra-clusterconfigurationdefinition. A minresultis
providedfor intra-clusteresults,indicatingatheoreticalower bound
on the numberof intra-clusterconfigurationsrequired. This lower
boundis computedasthe faninof theinput multiplexers(l + N), less
1 to accountfor the self-loopmultiplexer input which we do not test.
Thepercenbf extra-clustebridgingfaultsdetectedicrossall config-
urationsis shawvn in columnFCov. The percentof extra-clusterfault
pairswhich aredifferentiatedacrossall configurationsareshovn in
columnDiffCov. Fault coverageanddifferentiationcoverageresults
arenot shavn for intra-clusterfaultsbecausdothresultswere100%
in all cases.

The resultsin Tablel shav thattestingthe intra-clusterintercon-
nectis the bottleneckin the numberof configurationgequired.This
is expectedbecausehe ratio of intra-clusterinterconnectsggments
to clusterl/O pinsis muchhigherthanthe 1:1 ratio betweenextra-
clusterinterconnectindthetile I/O. Notice thatthe fault differentia-
tion percentagés sometimesigherthanthe fault coveragebecause
two faults can be differentiatedwhen one fault is detectedand the
otheris not.

Clus.Prms. || Intra-Cluster Extra-Cluster

NI Confs | min | Confs | FCo/ | DiffCov
4 |8 13 11 9 100.00% || 99.97%
4 | 10 14 13 9 100.00% || 99.97%
6 | 12 19 17 9 99.59% 99.98%
6 | 14 20 19 11 99.10% 99.97%
6 | 16 22 21 11 99.28% 99.97%
8 | 16 28 23 11 99.67% 99.99%
8 | 18 28 25 11 98.95% 99.95%
8 | 20 28 27 13 99.12% 99.97%

TABLE |

EXPERIMENTAL RESULTS WITH A VARIETY OF CLUSTER SIZES

VI. CONCLUSIONS

We have presented hierarchicatechniqueo definetestconfigura-
tionsfor the detectionanddiagnosisof interconnecfaultsin cluster
basedFPGA architectures.We have usedthe conceptof testtrans-
pareng to defineconfigurationsvhich enabletestaccesgo the high-
density logic clusterembeddedwithin eachFPGA tile. We have
demonstratedhat this techniquecan be usedto successfullydefine
asmallsetof testconfigurationsvhich allow the detectionanddiag-
nosisof nearlyall targetedinterconnecfaults.
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