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Abstract

As IC densitiesareincreasing, clusterbased=PGA architectues are beconing the architectue of chdce for major FPGA
manubcturers.A clusterbasedarchitectue is onein which severd logic blocksaregrouwedtogetter into a coarse-gainedlogic
block. While the high densitylocal intercainectoften found within clusterssenes to improve FPGA utilization, it alsogreatly
complicats the FPGA interconrecttestingproblem. To addressthis issue,we have developeda hierarclical appoachto define
a setof FPGA configuationswhich enableintercomectfault detectiom and diagrosis. This techrique enableshe detectionof
bridgng faultsinvolving intra-clusterintercanectandextra-dusterinterconrect. The hierarclical structue of a clusterbasedile
is exploitedto defineintra-clusterconfiguationsseparatelyrom extra-clusterconfiguations,therebyimproving the efficiengy of
the configurationdefinition process.The cornestoneof this work is the corcise expressionof the detectabity conditiors of each
fault,andthedistingushability conditilnsof eachfaultpair. By guaanteeinghatbothintra-clusterandextra-dusterconfigurations
have severd testtransparecy properties,hierachicalfault detectabilityis ensued.
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|. INTRODUCTION

Over the pastdecadefield programmablegate arrays(FPGAS) have becomeinvaluable componentsn
mary facetsof digital design. As a resultof increasedntegration, FPGA devices are now usedacrossa
wide assortnent of fault tolerantand missioncritical digital platforms. This application-level diversity has
necessitateshcreasednteresin FPGAtestsothatfaulty componergcanbequickly identifiedandrecovered.
Given the large rangeof applicationsand programmableconfigurationseachFPGA device may support,
FPGAtestcanbe substantlly morecomplex thanASIC test,providing motivationfor new, efficienttesting
techniquesinformationregardingdefectlocationis particularlyimportantin today’s testervironmentsince
new techniquegl] have beendevelopedthatcanreconfigureFPGAsto avoid faults. To operateeffectively,
theseapproachesequirethatthe specificlocationof thefault be clearlyidentified.

The reconfigurabilityof FPGAsplaysanimportantrole in reducingon-chiptestinghardware relative to
ASICs. While ASIC DFT approachesgequirethe modificationof circuit functionalty to performtest,FPGA
testhardware canbe swappedout of the device onceverificationis complete.Reconfigurabilitydoesincur
othertestcosts,including increasedestgeneratiorcompleity andincreasedestapplicatian time. Unlike
ASICs,whichrequireasingleconfiguratiorfor fault detection FPGAsrequiremultiple configurationgo test
an assortmenbf switch settings. In general,fault coverageis directly relatedto the numberand scopeof

testconfigurationghatarecreated.Thefault coverageissuehasbeenfurthercomplicatedn recentyearsby



theintroduction of FPGAdevices[2] [3] with millionsof programmableswitch points. This device capacity
growth stronglysuggestshe needfor a a hierarchicalandincrementabpproacto FPGAtestanddiagnoss.
To supportthis need,contemporary-PGAdevicesnow allow for rapid,partialdevice reconfiguratiorj4] [3].

Ourfaulttestanddiagnosisapproachs drivenby recentadvancesaandimprovementsn FPGAarchitecture.
To take advantageof circuit locality, severalFPGAcompanie$3] [5] have recentlyintroducedclusterbased
architectureg6]. Thesearchitectureggroup numerousprimitive logic componentssuchasflip flops and
look-uptables,into coarse-grainetbgic clusters.To simplify device mapping clustersexhibit a high degree
of internal connecwity including the feedbackof clusterlogic outputsto clusterinputs without the need
for re-entryinto sparse global interconnect. The richnessof the internalinterconnectomplicategesting
by providing a large rangeof potental interconnecpatterns.Sincepadareaincreasest a slower ratethan
internallogic, externalaccesgo internaltestpointsbecomesncreasinglydifficult asdevice sizesscale.As
a result,novel testingapproacheare neededo addressandeffectively testdensely-inérconnectealuster
basedarchitectures.

In this paper an FPGA fault testand diagnoss approachs describedhat performsbuilt-in self teston
a clusterbasedFPGA device. During the testingprocessa portion of the FPGA is configuredastestgen-
erationandresponseircuitry for a clusterundertest. As individualllogic clustersand surroundingrouting
resourcesreverified, they subsequenglmaybe usedto performtestingon remaining,untesteclusters.To
demonstratéheapproachye presentitechniqueo generaté&-PGAtestconfigurationgo detectanddiagnose
pairwisebridginginterconnectaults. By restrictingthe programmingof thelookuptablesin the FPGA,we
formulatethetestinganddiagnoss conditiors asa setof straightforwardfunctionsof theinputsof eachtile.
Thetestinganddiagnosisonditiors for eachfaultandfault pair areusedto directthe configurationprocess.
By exploring the hierarchyinherentin the structureof clusterbasedlevices,our approactpartitionsthetest
configurationdefinition procesdo greatlyimprove the efficiency of the process Sincetestconfigurationsn
ourapproactarereplicatedacrosghe clusterarray the procesof definingtestconfigurationss independent
of thesizeof theFPGAarray

The paperis organizedasfollows: Sectionlll is a descriptio of the clusterbasedarchitecturewhose
testingwe aretargeting. SectionlV presentghe BIST approach.The diagnoss conditionsfor the targeted
interconnecfaultsare presentedn SectionV. The algorithmsfor configurationdefinition are presentedn

SectionVI. Experimentatesultsarepresentedn SectionVIl, andconclusimsarepresentedn SectionVIll.

1. PREVIOUS WORK

Researchn FPGA testirg hasinvestgateda wide rangeof testarchitectureandtechniques.The FPGA

testproblemhasbeendividedby severalresearchermto theinterconnectestproblem[7], [8], [9], [10], and



the FPGA logic testproblem[11], [12]. The limited numberof 1/0 padsgreatly reducedestaccessrom
off-chip. The padlimit hasbeenovercomeby sereral researcherby usinga numberof BIST techniques
[13], [14], [10], [15] to reducethe needfor pads. Someportion of the FPGA hardware is configuredas
testgeneratiorandresponse&nalysiscircuitry which is usedto testthe remainderof the FPGA. In orderto
testall of the FPGA logic, sereral configurationsare requiredby thesetechniquego ensurethatall FPGA
logic is testedin someconfiguration. Several approacheso on-line fault detectionhave beenintroduced
which implementBIST by exploiting unutilizedFPGA logic androutingto implementmodular redundang
[16], [15]. Previouswork in testanddiagnosisof the ORCA architecturg10], [15] is notablebecausehis
architecturecanbe classifiedasclusterbased.

Testingfor delayfaultsin FPGAarchitecturefiasbeeninvesticgatedin previouswork [17], [18], [19], [20].
SometechniquesargetdelayfaultsintheentireFPGAstructurg19], [20], while othertechniquespecifically
targetdelayonly delayfaultswhich impacta particularapplication[17], [18].

The needfor externalcontrollabilty and obsenability hasalsobeenreducedby usingan iterative logic
array (ILA) testarchitecturg11], [13], [14]. An ILA architecturecomposedf an array of identical cells
allowsthecontrollabilty andobsenrability of eachcell to beeffectively accomplishedhroughits neighbaing
cells. We have addressethe problemof defininga setof testconfigurationdor clusterbasedarchitectures

previously in [21], andthe diagnoss problemin [22].

[11. CLUSTER-BASED FPGAS

We assumean island-stye FPGA architectureg[23] which is composedf an array of identicaltiles as
shovn in Figurela. Eachtile is composedf a cluster[24] andsurroundingnterconnect.The interconnect
structureof eachtile is a setof lineswhich canbe connectedy a setof programmableinterconnectpoints
(PIP)which actasswitches.A typical tile interconnecstructureis shavn in Figure 1b. The switch matrix
shavn in Figurelcis acommonlyusedstructurein FPGAarchitecturesvhich is composef a setof lines
enteringeachside. A PIP connectseachline to oneline on eachsideof the matrix. EachPIPin the switch
matrix is seemasa dashedine in Figurelc.

For the purpose®f testing,it is necessaryo distinguishthetile 1/0 from the clusterl/O. Clusterl/O are
theinputandoutputpinsof the cluster while tile I/O pinsreferto the points atwhich atile cancommunicate
with a neighboringtile. Thetile I/O pinsinclude the endpoins of wire segmentswhich canconnectto a
neighboringile viaaPIR

We assumehat eachclusteris compogd of a setof basiclogic elementgBLE) [24], eachof which is
composedf a setof programmabldookuptables(LUT), multiplexers, andflip-flops. The mostgeneral

assumpbn is thateachBLE input canconnecto the outputof arny otherBLE andto ary clusterinput. The
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outputof eachBLE is assumedo be connectedlirectly to a clusteroutput.
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V. FPGA TESTING METHODOLOGY

We proposeheuseof abuilt-in self-test(BIST) stratgyy for thetestingof an FPGA structure BIST tech-
niquesin generalreassociateavith high performanceindareaoverheadncurredby on-chiptesthardware.
BIST overheads notanissuefor FPGABIST becausdhetesthardwareis easilyinsertedandremoved by
reconfigurationBy embeddix testlogic insidethe FPGA, BIST enablegestaccesdo internalcomponers.
This is particularlyimportantfor the testingof clusterbased=PGA structuresvhich have higherlocalized
interconnectlensitythanotherFPGAs.

In eachconfiguration FPGA circuitry dedicatedasBIST logic will performtestgeneratiorandresponse
analysigo testnon-BISTFPGA circuitry. To accomplistBIST, we usetheteststructurepresenteadn [10] in
whichthe FPGAIis configuredasmary independenBISTERsstructuresshavn in Figure3.

EachBISTERIis composemf atestpatterngenerato(TPG),anoutputresponsanalyzefORA), andtwo
blocksundertest (BUTs). The TPG s simply a counterwhich appliesan exhausive testsequenceo the

BUTs. EachBUT is asingletile in the FPGAwhich s beingtested. The ORA is a comparatomwhich sets
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the Pass/Ril flip-flop to '1’ if the outputsof both BUTs do not agree.EachBISTER will beimplemented
asarectangulablock of tiles,andmary BISTERs will beimplemenédonthe FPGAto coverthetile array

Thenumberof tilesin aBISTERwill dependonthe numberof tiles neededo implementhe TPGandORA

logic.
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Fig. 4. Shifting BISTERsAcrossFPGAArray, (a) BISTERIn lowerleft, (b) BISTER shiftedright

It is importantto noticethatthe tiles which arededicatedo the TPG and ORA logic arenot completely
tested.In orderto guaranteeaestingof all tiles, the FPGAwill bereconfiguredo shift the BISTERs across
theentirearrayasshownn in Figure4. Over the courseof several reconfigurationsall tiles will be testedby
actingasaBUT in a BISTER. Sincethetiles adjacento a BUT mustimplementeitherTPG or ORA logic,
the perimetertiles cannotbe testedby simdy shifting the BISTERS. In orderto ensurethat perimetertiles
aretestedthelayoutof the BISTER mustbe modified to usethel/O padsto accesshetilesontheperiphery

Therequiremenbf shifting the BISTER layoutsover several reconfigurationgausegshe total testappli-
cationtime to berelatedto the areaof the TPG/ORAIlogic. Sinceeachblock of TPG/ORAIlogic is usedto
test2 tiles, eachtestconfigurationmustbe shifted 1+ [A;/2], whereA; is the numberof tiles requiredto
implementhe TPG/ORAIlogic.

In addition to providing goodtestaccessthe useof thisBIST stratgy hasseveralsignificanteffectsonthe
testconfiguratiordefinitionandtestsequenceéefinitionproblems.TheBIST stratgyy decomposethetesting
problemof the entire FPGA into mary identicalproblemsof a sizewhich is fixed by the testrequirements

for asingletile. Sincethesizeof thesmallerproblemis fixed,the BIST approachs easilyscalableéo FPGA



arraysof ary size.

V. INTERCONNECT FAULT DETECTION AND DIAGNOSIS

Detectionof interconnectiorfaultsin clusterbasedarchitecturess a difficult problembecausehe high
densityof internalclusterinterconnectmakestestaccesdlifficult. We proposea formulationof the problem
whichincludesthetestirg of intra-clusterinterconnectwhichis internalto thecluster aswell asextra-cluster
interconnectwhich surroundseachcluster All pairsof linesareclassifiedaseitherconnectablef thereis a
PIPbetweerthem,andnon-connectablé thereis nointervening PIP We assumehe possilility of two types
of defectsa shortdefectwhich causeswo linesto be crossedandanopendefectwhich causes singleline
to be broken, or causes connectablédine pair to be unconnectableGiventhe two classef line pairsand
thetwo defecttypes,we assumel fault classesvhich arepreviously presentedh [7]. Theinterconnectaults
which we taigetaresubset®f bridgingfaults. The detectiorrequirement®f bridgingfaultsin anon-FPGA
context have beenoutlinedin previous work [25], [26]. We summarizehe 4 fault classesandthe detection
requirementsor eachclassin termsof the controllability andobsenability of eachline involved.

« Permanent Connection (PC) - A shorton ary pair of lines. Both affectedlines mustbe separatelycon-
trollableandatleastoneaffectedline mustbeobsenable.Also, ary PIP betweerthetwo affectedlinesmust
be configuredo beoff.

« Permanent Disconnection(PD) - An openon ary pair of connectabldines. Both affectedlines mustbe
controllableandobsenable. Also, the PIP betweerthetwo affectedlinesmustbe configuredto be on.

« Stuck-At 0 (SAO0) - A shortbetweera line andground(specialcaseof a PCfault). The affectedline must
be controllableandobserable.

« Stuck-At 1 (SA1)- A shortbetweera line andpower (specialcaseof a PCfault). The affectedline must

becontrollableandobsenrable.

A. DetectionandDiagnosisRequiements

In orderto defineFPGA configurationgor testinganddiagnosisa cleardefinitionof thetestabiliy anddi-
agnosigequirementsf eachfaultandfaultpairis neededBecauseheconfiguratiordefinegheconnectvity
betweensggments the testand diagnoss requirementsnustbe expressedn termsof connectity aswell.
We presentequirementsor thetestabiity of eachsinglefaultandthedifferentiabilty of eachfault pair. De-
tectabilityanddifferentiabilty indicatethatsometestpatternmustexist to detecteachfault anddifferentiate
eachfault pair. Detectabiliy anddifferentiabilityrequirementsreindependentf a specifictestpattern,and
they areusedto defineBUT testconfigurationdeforetestpatterngeneratiorhasbeenperformed.

In the expressiongresentedn this section,we definethe control setC(s) of a segments to be the setof

tile I/0 whosesignalvaluesdeterminethe value of the segment. Becauseur approactconfiguresall LUTs
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as4 input XOR gatesthe control setof a segmentdetermineghe functioncomputedat segments. We will
definethe observesetO(s) of a sggmentto bethe setof tile 1/0 to which a fault effect on segments will be
propagated.The obsenre setof a segmentis the setof all tile 1/O which arereachabldrom segmentsin a

configurationandareactingastile outputs(arenot beingdriven directly).

A.1 FaultDetectionConditions

In thetestingapproactproposedere,eachsggmentvalueis restrictedto betheexclusive-orof a subsedf
tile inputs Thisis accomplishedby configuringall LUTSs to actasexclusive-orgates.Usingthis restriction,
we canexpressthe detectabilityof eachfault asa function of the thetile 1/0O which arereachabldrom the
fault.

1. 51 SAv-

C(s1) # 0(O(s1) # 0

This equationstateghatthe faulty line segements; mustbe both controllableby at leastonetile input and
obsenableby atleastonetile output.
2. PC(s1, &) -

C(s1) #C(s2) NC(s1) #ONC(s2) # 0N
(O(s1) #0UO(s2) # 0)

This equationstatesthat the faulty pair of sggmentsmustboth be controliable (C(s) # 0), they mustbe
separatelyontrollabk (C(s1) # C(s2)), andthey mustbothbe obserable(O(s1) # 0U O(sp) # 0). ThePIP
betweernthe segmentsmustbe switchedoff.
3. PD(s1, &) -

C(s1) #0NO(sz) # 0
Assumirg that s, is the floating segment, this equationstatesthat the non-floatingsegment mustbe con-
trollable (C(s1) # 0) andthat the floating sgmentmustbe obsenable (O(sy) # 0). The PIP betweenthe
sggmentsmustbe switchedon. Switchingthe PIPonimpliesthatC(s;) = C(sp).

A.2 InterconnecFault Equivalence

The equivalenceof faultslimits the maximum achievable diagnostt resolutionbecausequivalent faults
cannotbe differentiated.Fault equivalencein an FPGA s determineddy the FPGA configuration sofaults
which are equvalentin one configurationmay not be equivalentin another In orderto achievze maximum

diagnostt resoluton, every pair of faultsmustbe non-equvalentin atleastoneconfiguration.
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We will definefault equivalencein termsof the connectvity betweenseggmentsandtile I/O. Sincethe
FPGA configurationdeterminesonnectity, the processf configurationdefinitioncanensurehatall fault
pairsaredistingushable.Two faultsaresaidto be equwvalentif their correspondindaulty machinegproduce
the sameoutputwith all possibletestpatternsat all outputsof the circuit. Sinceall LUTs actasexclusive-
or gatesin our approachall fault effects are propagatedo all outputsin the obsere setof a faulty line.
This impliesthatin orderfor two faultsto be equivalent the two segmentsat the fault locationmusthave
identicalobsene sets.Theseggmens atthefaultlocationmusthave identicalcontrolsetsaswell becauséault
effectsmustbe generatedy the sametestpatterns.We will referto two sggmentsasbeingtestequivalent
in a configurationif the segmentshave identicalcontrol sets,andidenticalobsere sets.Two testequivalent
seggmentsareindistinguishableduring testingbecausehey have the samevalueunderall input stimul, and
a fault effect on either segmentwill be obsened at the sametile outputs. The equivalenceof a fault pair
dependn the testequivalenceof the associatedegmens. We definethe criteriafor equivalencebetween
all pairsof fault classesvhich maybeequwalent.

1. s1 SAV/ 5 SAv - Thesggmentsaretestequivalent

C(s1) =C(s2) N O(s1) = O(s2)

This equationstateghatthe two segmens are controlledby the samesetof tile inputsandobsened by the
samesetof tile outpus.
2. PD(s1, $)/PD(s3, &4) - s1 andss referto the driver segmentsands, ands, referto thefloatingsegments.

C(s2) =C(s1) NO(s2) = O(s4)

This equationstateshat eachsegmentin a faulty segmentpair mustbe testequialentto a segmentin the
otherfaulty segmentpair.

3. 51 SAVIPD(s, s3) - This pairof faultsmaybe equialentif asegmentwhichis notdrivenby a signalfloats
to av value.In this casethetwo faultsareequivaentif thefloatingsegmentof the PD faultis testequivalent

to the sggmentassociatedvith the stuck-atv fault.

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

This equationstateghatthe segmentwith the stuck-atfaultandthefloatingsegmentinvolvedin the PD fault
mustbe controlledby the samesetof tile inputsandobsenedby the samesetof tile outputs
4. PC(s1, $2)/PC(s3, s4) - Thepairof segmentsnvolvedin onefaultaretestequivalentto the pair of segments

involvedin theotherfault.



(C(s1) =C(s3) NO(s1) = O(s3) NC(s2) =C(s4)N O(s2) = O(4))
U
(C(s1) =C(s4)NO(s1) = O(s4) NC(x2) = C(s3)N  O(s2) = O(3))

This equationstateghateachsegmentin afaulty segmentpair (s1, Sp) mustbetestequivaentto a segmentin

the otherfaulty segmentpair (s, S).

VI. TEST CONFIGURATION DEFINITION

The goal of testconfigurationdefinitionis to identify a setof configurationdor thetiles actingasBUTs
in a BISTER. The setof configurationamusthave the propertythat the fault detectionrequirementstated
in SectionV mustbe satisfiedfor all faultsin at leastone configuration. The size of the setof testconfig-
urationsshouldbe minimized to reducetestapplicationtime. The testconfigurationdefinition processs
hierarchical,definingthe intra-clusterconfigurationsseparatelyfrom the extra-clusterconfigurations.Test
transparengconstraintareplacedontheintra-clusterandextra-clusterconfigurationgo ensurehierarchical

controllabilty andobsenability.

A. Intra-Cluger Configuiations

Theintra-clusterconfigurationaredefinedto ensurehatall intra-clustelinterconnecfaultsaredetectable
in at leastone configuration,andto facilitate the testingof the extra-clusterinterconnect.The clusterwill
be containedn the controlandobsene pathsof mary extra-clusterinterconnectines. The clustermustbe
configuredto betransgarentfrom a controllabilty andobsenrability perspectie. The clusteroutpus arenot
identicalto the clusterinputs, but the clusteroutputsmusthave the following transpareng propertieswith
respecto theclusterinputs
1. A fault effect on a clusterinput mustpropagateo at leastone clusteroutput. This conditionensureghe

propagatiorof fault effectson extra-clustemwhich feedthe clusterinputs.
2. Theclusteroutputsmustbeseparatelgontroliable. This conditionensureshe controllablity of theextra-

clusterinterconnectvhichis drivenby the clusteroutputs

A.1 BLE Configurations

The obsenability of the clusterinputsand BLE outputbranchesnustbe achiered by propagatng fault
effectsthroughthe BLES to reachthe clusteroutputs Also, the controllabilty of the BLE outpus mustbe
achievedthroughthe BLEs. Theconfigurationof the BLEs is centralto ensuringnaximalcontrollability and

obsenability insidethe cluster The configurationsof componerg insidethe BLESs areimportantto enable
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controllabilty of the BLE outputlines,aswell asobsenability of the clusterinputslinesandthe BLE output
branches.

EachBLE is composedf a LUT anda multiplexer, both of which mustbe configured.To maximizethe
controllabilty andobsenability througha BLE, we have chosento configureeachLUT to actasa 4-input
XOR gate.The XOR operationprovidesgoodcontrollability becausehe outputvaluemaybe determinedy
controllingary singleinput. The XOR alsoprovidesgoodobsenability because fault effect on ary single
input is guaranteedo propagatdo its output To simdify theinterconnectestingprocessthe majority of
testconfigurationsdypasgsheflip-flop to drive the BLE outputwith the LUT outputdirectly. Thiseliminates
sequentiabehaior andensureghatthe applicationof anexhaustve testpatternsetis sufficientto detectall
faultswhich are non-redundanin eachconfiguration. In orderto testthe interconnectassociatedvith the
flip-flops, asingleconfigurationis addedn which all BLEs undertestareconfiguredsothattheir outputsare
drivenby theflip-flops. In this configuratiorall interconnectissociatedvith flip-flops aremadecontrollable

andobsenable,andtherforetestable.

A.2 BLE InputMultiplexer Configurations

The configurationsof the BLE input multiplexers (IMUX) affect both the controllabiity andobsenabil-
ity of the clusterinterconnect.The IMUXes determinecontroliability of BLE outpus by determiningthe
function which definesthe outputof eachBLE n. Becauseall LUTs are configuredas XOR gates,each
outputBLE functionis an XOR of a subsetof clusterinputsasseenin Figure5a. In Figure 5a, the input
sourcedeterminedby the multiplexer configurationsare labelledand showvn in bold. Basedon the multi-
plexer configurationsthe BLE outputfunctionsareexpressedisfollows: BLE1 = IN1® IN2® IN3& N4,
BLE1=IN1®IN2®IN3®IN4®INS5®IN6@ IN7. Noticethatthe mostgeneraklusterbasedarchitecture
allows a multiplexer to be configuredto createa loop asshowvn in Figure5b, which would eithercreatese-
guentialactwvity (if the BLE outputis clocked) or anasynchronouactiity. Both of thesepossbilities would
greatlycomplicateesting,sowe do notallow multiplexersto beconfiguredo createaloop. Thisassumptn
matcheghe implementationof Xilinx Virtex [3] partwhich is a clusterbasedarchitecturewhich doesnot
containinterconnecto implementself-loopsinsidea cluster

We have developedanalgorithmto definethe configurationof eachIMUX in eachoverall FPGA configu-
ration. We have identifiedthefollowing IMUX configurationgoalswhich mustbe satisfiedby thealgorithm
Thesepropertiesarerequiredto make all intra-clusterfaultsdetectablen at leastone configuration,andto
ensurehetransparengof the clusterfor thetestingof extra-clusterfaults.

« All BLE outputs are separatelycontrollable from eachother, and from all cluster inputs - This prop-

erty ensureghateachintra-clusterfault canbe activated in eachconfigurationandenableghe activaton of
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Fig. 5. Input Multiplexer Configuations,(a) BLE output functiondeternined by input mux configurations,(b) lllegd input mux
configurationcreatinga self-loop

extra-clusterffaultsassociateavith extra-clustedinesdrivenby clusteroutputs.Guaranteeinghis propertyis

accomplishedby defininginput multiplexer configurationsothateachBLE outputfunctionis different,and

is notdependenon a singleclusterinput.

« Eachinput multiplexer is configured to selectdata from eachof its inputs in at leastoneconfiguration

- This propertyensureshatall clusterinputbranchesandBLE outputbranchesreobsenablein atleastone

configuration.

« There is a sensitizedpath from each cluster input stemto a cluster output in every configuration

- This propertyensureghe transparenpropagationof extra-clusterfault effectsthroughthe cluster This

propertyis accomplishedby configuringatleastoneinput multiplexer to receve datafrom eachclusterinput

in eachconfiguration.Every clusterinput stemcanbe associatedavith at leastoneBLE outputwhosevalue

is dependenbn thatclusterinput stem.

Algorithm 1 Intra-ClusterConfigurationAlgorithm
labelall intra-clusterfaultsasundetected
repeat

repeat
selecta BLE whichis notconfiguredp
initialize IMUX configurationf b
repeat
enumerataext IMUX configuration
computeBLE outputfunction
until BLE functionis unique
until all BLEs areconfigured
identify detectabldaults
until all faultsaredetectablen someconfiguration

The algorithmfor intra-clustertestconfigurationdefinitionis shaovn in Algorithm 1. The algorithmcon-
tains 3 mainloops Theinnerloop, definesthe configurationof a single BLE by enumeratinghe config-
urationson all 4 of its input multiplexersuntil a satisactory configurationis found. A setof BLE IMUX

configurationss consideredatisactoryif theresultirg BLE outpu functionis uniquefrom the functionsof
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all otherBLEs, andis uniquefrom all single clusterinputs. Themiddle loop invokestheinnerloop with each
BLE until all BLEs are configuredto producea completeclusterconfiguration.The outerloop invokesthe
middleloop to definea single configurationandthenevaluatesthe detectionof intra-clusterbridging faults.
The outerloop continuesto invoke the middle loop until all intra-clusterfaultsare detectedn at leastone

configuration.

B. Extra-Cluser Configuations

The extra-clusterconfigurationdefinescurrentflow pathsthroughthe extra-clusterinterconnect. These
currentflow pathsbetweentile input and output pins are usedto control and obsere eachinterconnect
seggmenton the path. We modelthe extra-clusterconfigurationdefinition problemasa flow problemthrough
aninterconnectgraph Eachnodein the graphrepresentsn extra-clusterinterconnecsegment,andeach
edgerepresentshe existenceof a PIP betweertwo segmens.

Thegoalof extra-clustertestconfigurationdefinitionis to createflow pathsbetweertile I/O nodeswhich
allow the detectioncriteriaof eachfault to be satisfiedin atleastoneconfiguration.In addition to enabling
thedetectiorof extra-clusterfaults,the extra-clusterconfiguratiormustenabletransparentontrollability and
obsenability of theembeddedluster Thisgoalis accomplishedby creatingflow pathsfromtile I/Osto every
clusterinput,andfrom every clusteroutputto tile 1/0Os, in every configuration An exampleof a configuration
which exhibitsthistypeof testtransparengis shavn in Figure6. Theboldlinesindicatesegmentswvhichare
containedn flow paths,andthe bold PIPsindicatewhich PIPsareswitchedon in the configurationin order
to instantatethe paths.Eachclusterinputandoutputis directly connectedo the edgef thetile via a setof
flow paths.Notice thatflow throughthe clusterdoesnot impactthe testability of extra-clusterinterconnect

becausehe clusteris transparentor controllability andobsenability purposes.

g
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Fig. 6. TranspaentExtraClusterConfiguration

We presentwo differentalgorithis to generatextra-clustetestconfigurationsvhich areusedtogetherto
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ensurahedetectiorof all faults. Thefault independenalgorithmdefinessachconfiguratiorto maximzethe
faultcoverageanddisinguishabilty withouttargetingary faultsspecifically Thefaultindependenalgorithm
enableshigh fault coverageto be achievzed with few configurationsput may fall shortof 100%fault cover-
agefor large examples. To achieve 100%fault coveragein casesvherethe fault independenalgorithmis
insufficient, thefault specificalgorithmis used.The fault specificalgorithmfirst selectsan undetectedault,
andthendefinesa configurationwhich is guaranteedo detectthe chosernfault. By usingthe fault specific

algorithmafterusingthefaultindependenalgorithm 100%fault coverages guaranteed.

Algorithm 2 FaultIndependenExtra-ClusterAlgorithm
createinterconnecgraph
repeat
labelall nodesasuntouded
repeat
selectanuntouchedhoden
identify anuntouchedathfrom n to a clusterl/O
labelall nodeson the pathastouded
identify anuntouchegathfrom n to atile I/O
labelall nodeson the pathastouded
until pathsconnectall clusterl/O to tile I/O
repeat
selectanuntouchecdhoden
identify anuntouchedathfrom n to atile I/O
labelall nodeson the pathastouded
identify anuntouchegathfrom n to atile I/O
labelall nodeson the pathastouded
until noadditionaluntouchedgathscanbe created
identify detectabldaultsanddifferentiablefault pairs
until faultcoverageanddiagnosabity do notimprove

The fault independentlgorithm for extra-clustertest configurationdefinition is outlined in Algorithm
2. Thetwo inner loops definea single test configurationby identifying a setof pathsthroughthe extra-
clusterinterconnectvhich mustbe activated. Thefirst innerloop guaranteethatthe clusterl/O aredirectly
controllableandobsenablefrom thetile I/O. The secondnnerloop senesto increasehe numberof extra-
clusterinterconnectsvhich arecontrollabe andobsenable. Eachpassof the outerloop definesa singletest
configuration. The tasks,selectan untouded noden, identify an untoudied path fromn to a cluster|/O,
andidentify an untouded pathfromn to a tile I/O are performedusingsereral heuristicswhich targetlines
associatedavith faultswhich areundetectedhn the currentconfiguration.

Thefault specificalgorithmfor extra-clustertestconfigurationdefinitionis outlinedin Algorithm 3. Each
loop of this algorithmbeginsby selectingan undetectedault anddefiningpathsthroughthe interconnecto

ensureghattheseletedaultis detectableThesepathsaredefinedto satisfythe detectionconditionsstatedn
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Algorithm 3 Fault SpecificExtra-ClusterAlgorithm
repeat
selectanundetectedault f
createpathsto malke f detectable
completeconfiguration(faultindependenalgorithm)
identify detectabldaultsanddifferentiablefault pairs
until all faultsaredetectablen someconfiguration

SectionV with the shortespossilte paths.Oncethe detectionof the selectedault is ensuredtheremainder
of the configurationis completedusingthe fault independenalgorithmto maximize coverage. The loop
continuesauntil all faultsaredetected.

VIlI. EXPERIMENTAL RESULTS

We have implenmentedthe algorithmsfor testconfigurationdefinitionandwe have appliedthe algorithns
to definetestconfigurationdor arangeof clusterbasediles of differentsizes.In testresultswe assumehat
the clusterhasthe structureshovn in Figure2 [6], with N BLEs andl clusterinputs.We assumehatcluster
inputsandoutputsare equallydistributed aroundthe sidesof the cluster Eachclusterl/O on the northface
may connectto all horizontaltracksvia a setof PIPs,andthe sameis true betweenclusterl/O on the west
faceandthe vertical tracks. The clusterl/O on the eastand southfacesare assumedo connectdirectly to
tracksin theneighboringiles.

Theseresultsare sumnarizedin Tablel. The first threecolumnsof Table| arethe clusterparameters
(Clus. Prmg which indicatethe size andtestpropertiesof the cluster The clusterparametersncludethe
size of the clusterin termsof the numberof clusterinputs,l, andthe numberof BLEs in a cluster N. The
third clusterparameteis SHFT = 1+ [A;/2], whereA; is the numberof tiles requiredto implementthe
TPG/ORAlogic in asingleBISTER Thevaluel+ [A;/2] is the numberof timeseachconfigurationmust
be shiftedin orderto cover thetestingof all tiles. Theremaindeiof the columrs in thetablearedividedinto
theresultsof Intra-Cluser configurationdefinition, andtwo setsof extra-clusterconfigurationresults. The
first setof extra-clusterresultslabelledExtra-Cluster(Independentfontainthe resultswhenonly the fault
independenextra-clusteralgorithmis used. The setof resultslabelledExtra-Cluster(Specific)containthe
resultswhenthe fault specificextra-clusteralgorithmis usedto achieze 100%fault coverageafter the fault
independenalgorithm hasreachedts coveragelimit. The C columnscontainthe numberof configurations
defined.The FCov columnscontainthefaultcoverageachieved,andthe DiffCov columnscontainthe percent
of fault pairswhich are differentiatedacrossall configurations. A min resultis provided for intra-cluster
results,indicating a theoreticallower boundon the numberof intra-clusterconfigurationsrequired. This

lower boundis computedasthe fanin of the input multiplexers(l + N), less1 to accountfor the self-loop
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Clus.Prms. Intra-Cluster Extra-ClusteIndependent)| Extra-Clustel(Specific)
N|I |SHFT| C | min| FCo/ DiffCov || C | FCov | DiffCov C [ FCos | DiffCov
418 |2 13|11 | 100.00%| 100.00%| 9 | 100.00%| 99.97% 9 | 100.00%| 99.98%
4 110]|3 14| 13 | 100.00%| 100.00%| 9 | 100.00%| 99.97% 9 |100.00%| 99.98%
6 (122 19|17 | 100.00%| 100.00%| 9 |99.59% | 99.98% 15 | 100.00% | 99.98%
6 (143 20 | 19 | 100.00%| 100.00%| 11 | 99.10% | 99.97% 241 100.00%| 99.98%
6 |16|3 22| 21 | 100.00%| 100.00%| 11 | 99.28% | 99.97% 21 | 100.00%| 99.98%
8 |16|2 28| 23 | 100.00%| 100.00%| 11 | 99.67% | 99.99% 18 | 100.00%| 99.99%
8 118|3 28 | 25 | 100.00%| 100.00%| 11 | 98.95% | 99.95% 34 1 100.00%| 99.98%
8 120|3 28 | 27 | 100.00%| 100.00%| 13 | 99.12% | 99.97% 30 | 100.00%| 99.98%

TABLE |

EXPERIMENTAL RESULTS WITH A VARIETY OF CLUSTER SIZES

multiplexer inputwhich we do nottest.
Theresultsin Tablel shav thathigh fault coverageanddifferentiation coverageareachievedin all cases.
By usingthe fault specificextra-clusterconfigurationalgorithm, 100%fault coveragecanbe guaranteedt

the costof anincreasediumberof configurations.

VIIl. CONCLUSIONS

We have presented hierarchicaltechniqueto definetestconfigurationdor the detectionand diagnoss
of interconnecfaultsin clusterbasedFPGA architectures.We have usedthe conceptof testtranspareng
to define configurationswhich enabletestaccesdo the high-densitylogic clusterembeddedvithin each
FPGAtile. We have demongtatedthatthis techniquecanbe usedto successfullydefinea small setof test

configurationswvhich allow the detectionanddiagnoss of nearlyall targetedinterconnecfaults.
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