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Abstract

Thispaperdescribes wayoftestingbothwrappedcores
and TAPed coreswithin a SystenOn a Chip (SoC)with the
sameTest AccesdMecdhanism(TAM). The TAM’s architec-
ture, which is dynamicallyreconfiguable, scalableandflex-
ible, is namedCAS-BJS and havea cential controller. All
thecorescanbetestedthiswayin the samesessiorthrough
a modifiedBoundaryScanTestAccesort.

1 Intr oduction

Testing Systemson a Chip (SoCs)is one of the chal-
lengesof the new century SoCtestfeaturestandardsare
currently under development[1], such as core wrapper
s (P1500wrappers)and core testlanguage(CTL). Given
theincreasingdensityof integrationin the new chips,it be-
comesharderto have accessfor testpurpose;to the core
I/Os becausdhesecoresare deeplyembeddedn the SoC.
Thus defining new Test AccessMechanismgTAMs) for
SoCsbecomesa commonneed. The TAM will not be s-
tandardizedunlike the core wrapperor the testlanguage.
Defining a testaccessmechanisnis thenleft to the SoC
integratordependingon chip constraints.

A P1500 compliant reconfigurableTAM architecture
namedCAS-BUS hasbeenpresentedn [2]. This archi-
tectureis controlledthroughlEEE 1149.1featureq3] and
is both P1500compliant(in its currentstatus)at corelevel
and1149.1compliantat SoClevel.

SomeTAMs, likethe CAS-BUS TAM, areintegratedin
SoCswith wrappedcores,P15000r proprietarywrappers
[4], [5], [6]. Someothersareusedfor testingTAPedcores
[71, [8], [9]- But, to our knowledge,noneof the existing
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TAMs simultaneouslylealswith wrappedcoresandTAPed
coresintegratedin the sameSoC.However, a systeminte-
grator may needto usein a SoC someTAPed coreswith
P1500wrappedcores.TheseTAPedcorescanbe primarily
designedhsstand-alonehips. In orderto keepthetime to
marketof the SoCasshortaspossibletime cannotbespent
onredesighinggachTAPedcoregiving away the boundary
scanfeaturesandreplacingthemwith P1500wrappers.On
the otherhand,a TAPedcorecannotsimply bewrappedon
top of 1149.1featurespecaus®f areaoverheadeasonsas
well asproblemswith the hierarchicalglobal test control,
which canleadto violationsof the IEEE 1149.1standard.

We presentin this papera way of testingSoCsinclud-
ing both wrappedcoresand TAPed coreswith a unique
Test AccessMechanism. The CAS-BUS TAM, enhanced
for TAPedcorestestingneedskeepsits capabilities.lIt re-
mainsreconfigurablescalableflexible andcompliantwith
the P1500and1149.1standards After a brief reminderof
thearchitecturethe CAS-BUS TAM improvementswill be
described. The control of the overall architecturejnclud-
ing a modified boundaryscanstatemachine,will thenbe
presented Before concluding,somebenefitsof this archi-
tecturewill bediscussed.

2 The CAS-BUSTAM
2.1 The CAS-BUSTAM architecture

The CAS-BUS (figure 2) is a TAM which mainfunction
is to provide accesgo embeddedoreswhatever the wrap-
peris. This TAM is madeup of two mainelements:

- abus consistingof N wires,

- a Core AccessSwitch (CAS) (figurel)

EachCAS selectdrom the N wiresof thebus(e;) the P
onesthatwill be appliedto the corewrapperinputs(o;). It
alsoconnectghe P outputsof thewrapper(i;) to the CAS
outputs(s;). Unselectednputs(e;) arebypassedo the out-
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Figure 1. CAS architecture

puts(s;). The CASis composeaf a Switchanda CAS In-
structionRegister(CIR). It is controlledby severalsignals.
Signalcy canconnectthe CIR to the WrapperInstruction
Register(WIR). Signalse; controlthe Switch.

Controlledby the CIR, the Switchis in chage of rout-
ing the teststimuli andthe testresponseso/from the core
wrapper Two kindsof Switchimplementatiorarepossible:
the Switch canbe madeup of N decodergone per input
wire) andsomelogic gatesput it canalsobeimplemented
with only one decoderand somelogic gates. The Switch
areaandthelengthof the word controlaredifferentfor the
two implementations.

The decodercontrolsthe multiplexing of the N/P 1/Os.
By selectingP wires amongthe N onesexisting at the
Switch inputs, the decodemustbe able to addressall the
possibleN/P combinations.

Thenumberof combinationsaswell asthe Switcharea,
obviously dependon N and P valuesand on the chosen
implementation Resultsobtainedfor differentvaluesof N
andP canbefoundin [3] andarepresentedhn tablel.

This CAS-BUS TAM architectureis independenfrom
ary industrialproprietarySoCarchitecture.lt canbe used
with ary kind of wrappersandthusgivesthe SoCintegrator
more freedomfor designinga SoC testarchitecture. The
CAS-BUS is scalable,flexible and reconfigurable. More
detailson this architecturecanbefoundin [2] [3].

2.2 The SoCTestcontrol

The control of this TAM architecturemust be simple
without degradingthe TAM adwantages.Two optionshave
beenconsidereddefininganad hoctestcontrolmechanis-
m or reusinga standardcontrol architecture.The decision
to reusethe IEEE 1149.1TestAccessPort(TAP) controller
naturally cameto manageour TAM functionalities. This

solutionfits well with our SoCtestarchitecturesinceit al-
lows TAM control,wrappercontrolandusualBoundaryS-
canfunctionalitiesat the sametime. Thetestcontrol must
allow to managethreemandatoryteststeps:corewrapper
and CAS configuration testvectorapplicationandtestre-
sponseanalysis.

The normal Boundary Scanarchitecturehas been ex-
tendedwith a CAS-WrapperCoupling Register (CWCR),
asshownin figure2. The CWCRwidth is equalto thenum-
ber of CASes. Eachbit of this registercorrespondso the
value of the configurationsignalcf for eachCAS. In our
modified TAP architecture, I’ DI andT DO is abus. This
TDII/T DO buswidth mayvary from 1 (normalBoundary
Scanarchitecturejo N (width of the CAS bus).

Threenew instructionsare neededto control the three
mandatoryteststeps.They have beendefinedasBoundary
Scanoptionalinstructions.

- the CAS-Wrapper _COUPLING instruction defines
which CIR/WIR pairsmustbeconnectedn orderto config-
ure at the sametime a corewrapperandthe corresponding
CAS.T'DI1 andT DO1 areconnectedo the CWCR.Con-
figurationvaluesareshiftedin the CWCRto indicatewhich
WIRswill beconnectedo the CIRs.

- the CAS_CONFIG instructionconfiguresall the CAS-
es, togetherwith the wrappersselectedwith the instruc-
tion CAS-WrapperCOUPLING. The con fig signalspro-
vide accesdo the CIR of eachCAS. T DI1 andT DO1 are
respectiely connectedo first input of the first CAS andto
first outputof the lastone. The CIR andthe WIR arethen
loadedwith theappropriatevalues puttingeachCAS in the
correctschemendeachwrapperin the chosermode.

- the CAS_TEST instruction,whenloaded,allows the
testvectorsto be appliedto the differentcoresandthe test
stimuli to be propagatedo the SoCtestoutputs.All TDIs
andT' DOs areconnectedo thel/Os of the CAS-BUS. The
setof testvectorscanbe concurrentlyshiftedin to the IP
coresinputsandthe responseshifted out from the IP out-
puts.

As alreadysaid, the TDI/T DO bus width may vary
from 1 to N. This width can be chosenby the SoC in-
tegrator, dependingon SoC pins availability. In casethe
TDI/T DO buswidth shouldremainequalto one,a com-
pression/gpansiommechanisnhasbeendevelopedo solve
the SoCI1/O bandwidthproblem[10], [11].

Using the IEEE 1149.1 control part with scalable
TDIITDO letsthe CAS-BUS TAM keepits mainbenefits
andaddsto it flexibility .

The global architectureis also dynamically reconfig-
urable. By correctly configuringthe CASes,the testpro-
grammercanchooseduring eachtestsessiorwhich cores-
canchainsmustbeserializedn orderto optimizetheir total
length. Thegoalis to have for eachof the N wiresthesame
testlength. If not, whentestingthe SoC,don’t carestimuli
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Figure 2. SoC Test architecture for TAPed and wrapped cores

mustbeappliedat T DI inputsto completethe balancebe-
tweenscanchainlengths. Anotheradwantages that WIRs
whosemoderemainsunchangedetweentwo testconfig-
urationscanbe bypassedluring the CAS_.CONFIG phase.
Usingthis reconfigurabilityaspecttesttime canbe saved.
The CAS-BUS architectureis simple, allows trade-of
andprovidesa completesolutionfor testingSoCs. Its ad-
vantagesver otherapproacheblave beendiscussedh [3].

3 CAS-BUS architecture with TAPed cores

Thetestarchitecturegpresentedbove canbe usedwhen
the coreswithin the SoCarewrappedcores. Since TAPed
coresarenotwrappedcoresthey canonly betestedhrough
their/Os(T'M S, TRST,TDI,TDO andTCK). Unlike
wrappedcores,thesecoresinclude a TAP controller Ob-
viously this needsto definea hierarchicaltestarchitecture
ableto drive theseTAP controllers. Moreover, configur
ing the TAPedcoresin the chosermodecannotbe donein
the sameway aswrappedcores.Direct accesgo the wrap-
per shift/updateinstructionregister (WIR) canbe enabled,
while theinstructionregisterwithin the TAPedcorecanon-
ly be accessethroughthe TAP finite statemachine.Thus
TAPedcoresandwrappedcorescannotbe configuredseri-
ally in thesameteststep.

Our goal being to test both wrappedand TAPed cores
within the sameteststepandwith thesameTAM, someim-
provementanustbe madeon the CAS-BUS architecturen
orderto solve theproblemsinducedby the TAP controllers.

The two mainimprovementsconsistof definingon the

one handa specialCore AccessSwitch for TAPed cores
and of modifying on the other handthe central TAP con-
troller of the CAS-BUS architecturan orderto managehe
hierarchicalspecbf theglobalcontrol.

3.1 CoreAccessSwitch for TAPedcores

Since TAPed corescannotbe serially configuredwith
the wrappers,a nev Boundary Scan instruction named
TAP_CONFIG hasbeenaddedwhich enableghe config-
urationof the TAPedCores.The configurationof thewrap-
persis still madeby the CAS_.CONFIG instruction. Fig-
ure 2 shawvs a SoCexamplecontainingboth kind of cores.
This TAP_CONFIG instructionserially connect€CASesof
TAPedCores(TAPCAS)oneto theotherandconnect®ach
TAPCASto its associatedore. It alsoconnectsI'DI1 and
T DO1 respectiely to thefirst andthelast TAPCAS.

The TAPCAS:Is slightly differentfrom thenormalCAS.
The CIR andthe Switch remainthe same the tristatesdis-
appearandmultiplexersareadded.However, two kinds of
TAPCAS architecturesreneededdependingn theplace-
mentof the TAPedcorewithin the SoC.In theglobalchain-
ing of all the CASesjf theTAPCASfollowsa CASthenthe
TAPCAS musthave a multiplexer atits inputs. In the other
caseghis multiplexeris not needed.

Olwviously, for the TAPCAS, P is equalto 1: the TAP-
CAS is connectedo T'DI/T DO pair of the TAPed core.
Dependingon the boundaryscaninstruction, test data at
TAPCAS inputs can be routed differently. The different
multiplexerswill routethesedatato:
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Figure 3. SoC Test architecture controller

- the TAPCAS instructionregister (CIR). This is done
with the CAS_CONFIG instruction. The switchis config-
uredlik e all the otherswitches.

- the internalinstructionregistersof the TAPed cores.
In that casethe TAP_CONFIG instructionmustbe loaded.
A configurationword is shiftedin the internalinstruction
registersof the TAPed cores, theseregistersbeing daisy
chained.The dataskip the Switchin the TAPCAS andare
directly appliedto the T'D1I input of the TAPedcore. The
differentoperationdik e shifting, updatingetc.,areexecut-
edthanksto the TMS2 signalthat drivesthe internal TAP
controller This signalTMS2, describedn the next section,
is generatedrom the central TAP controlletr Oncethein-
ternalinstructionregistersareupdatedthe TAPedcoresare
thenin the correcttestmode (bypass,INTEST, etc.) and
readyfor testvectorsapplication.

- the internal dataregistersof the TAPed cores. When
the CAS_TEST instructionis loaded testvectorsarerouted
from oneof the N wiresof the TAPCASinputsto theT DI
input, throughthe Switch. Thetestvectorsareshiftedin the
internaltest dataregisters(boundaryscanregister bypass
register..). The responsedo the stimuli are then shifted
out to the next coreor to the SoC outputs. Here alsothe
shift/updateoperationsarecontrolledthroughTMS2.

3.2 The NewCentral TAP Controller (CFSM)

Thenew centralTAP controller(figure3) is madeupof a
1149.1like TAP Finite StateMachine(FSM) anda counter
This CentralFSM (CFSM)is in chageof controllingthe
globalarchitectureasa classicaboundaryscanfeaturebut

mustalsodrive the differentinternal Finite StateMachines
(IFSM) of the TAPed cores. To do that, it wasdecidedto
addto the usuall6 statesof a TAP, a secondsetof 16 new
statescorrespondingdo the statesof the TAPed cores. Ex-
ceptTestlogic 2 andRunTestldle 2, theaddedstateslonot
drive ary signalandonly aretransitionstates.Depending
ontheinstructionloaded, TMS will controlthe CFSMand
thelFSMsor only the CFSM.

The testinstructionsto be loadedin the BS IR should
respecthefollowing chronologicakequence:

e CAS_ WRAPPER_COUPLING todefinewhichCIRs
andWIRs will be connectedduring the configuration
step. This instruction operatesonly on CASesand
wrappedcores.

e CAS_CONFIG to configurethe CASesandthe TAP-
CASes.Therouting schemeof the overall Switchess
defined.

e TAP_CONFIG to configure the test mode of the
TAPedcores.

e CAS_TEST to applyteststimuli andshift out thetest
responsesThe TAPedcoresandthewrappedcoresare
testedconcurrentlythroughthe samebus.

- TAP_.CONFIG

This instructionis neededo shift valuesin theinstruc-
tion registersof the TAPedcores.

Whenthis instructionis loadedand updatedthe signal
TAP_configureis setto one.Leaving theRunTestldle state
(figure 3 (a)) we enterthenin the secondpart of the CFS-
M in the TestLogic Reset2 state. This statesetsto 1 the



RESET2signalthat setsthe counter(figure 3 (b)) in the s-
tateINIT. The counteris initialized, the signal TAP_exit is
setto 0. TMS2 (figure 3 (c)) will thenhave the samevalue
as TMS. To synchronizethe CFSM andthe IFSM, which
statesmustbe equivalentto thoseof the secondpart of the
CFSM, TMS mustbe held at 1 during five cyclesto reset
the IFSM.

When enteringin the Run TestIdle 2 state,the signal
RTI2 is setto 1, Reset2is setto 0 andif TMS is heldat 0
duringtwo cycles,the counteris putin the stateEXIT. The
TAP_exit signalis setto 1. This setsTMS2 to 0 andthe
IFSMsareno morecontrolledby TMS. ThelFSMsareand
stayin the RunTestldle state.The counteris usednotonly
to enableand disableIFSMs control but alsoto leave the
secondoartof the CFSM.

If TMS is not held at 0 during two cycles, when the
CFSMis in the Run Testldle 2 state,the counterstaysin
theINIT state.ThelFSMsarecontrolledby TMS andtheir
currentstateis equialentto the currentstateof the second
partof the CFSM. The instructionwords canbe shiftedin
the TAPed core asthey would be if placedin a classical
boundaryscanboard.

- CASTEST

This instructionis usedto shift in, apply and shift out
testvectorsto andfrom all the coreswithin the SoC. With
theright configuratiorof the CASesandthe TAPCASesall
thetestdataregistersareconnectecsmultiple scanchain-
s. Internaltestdataregistersof the TAPedcores(boundary
scanor bypassregisters)can be consideredasinternal s-
canchainsof the P1500wrappedcores.Whenupdatedhis
CAS_TESTinstructionsetsto 1 thesignalTMS_enableand
setsto 0 thesignalTAP_configure.TMS controlstheIFSMs
throughTMS2 (figure 3 (c)). During this teststepthe cur-
rentstateof the CFSMcannotbe oneof thoseof thesecond
part.

Whenleaving the UpdatelR state(figure 3 (a)), the nex-
t statemustbe Run Testldle. The configurationstep of
the TAPed coreshaving left the IFSMsin the Run TestI-
dle state the synchronizatiorof the CFSM andthe IFSMs
is donethanksto this state. By this way, the currentstate
of all thefinite statemachinesf the SoCbeingexactly the
same shifting andapplyingtestvectorswithin wrappedand
TAPedcorescanbe madeatthe sametime.

ThelFSMsremainscontrolledby the CFSMuntil anew
instructionis loadedin the BoundaryScaninstructionRey-
ister (BS IR) of the SoC.This new instructionwill setto 0
the signal TMS_enable. This is equivalentto settingTM-
S2to 0 andthe IFSMs areleft in the stateRun TestlIdle.
However, while shifting this new instructionin the BS IR,
unknavn valuesareconcurrentlyshiftedin theinternalin-
structionregistersof the TAPed cores. This is not impor-
tant becausehe testresponsedave alreadybeenshifted

outfrom theinternaltestdataregistersandbecaus¢he next
testsessionwill resettheseinstructionregisters. The nex-
t TAP configurationstepwill load theseregisterswith the
right values.

4 Benefitsand Experimental Results

The main benefitof this new CAS-BUS architecturds
that TAPed coresdo not needto be testedapartfrom the
otherwrappedcores,usingaddedtestresourceandhence
increasinghetestareaoverhead TAPedcorescanbetested
with the CAS-BUS TAM taking advantageof the possible
optimizationsprovided by this TAM. Testtime canstill be
optimizedthroughcorrectconfigurationof all CASesand
TAPCASes.

With this architectureit is also possibleto test only
TAPedcoreswith the TAP_CONFIGinstruction.Thecores
canbetestedasstand-alonehipsonaboundaryscanboard,
controlledby the CFSM, becauselirecttestaccesss pro-
vided to their I/Os, skipping the wrappedcores. Howev-
er BIST testingcan not be processedvithin theseTAPed
cores. During the TAP_.CONFIG stepthe secondpart of
the CFSMis active. If the RUN_BIST instructionis loaded
in the TAPedcore,to executethe self test,the currentstate
mustbeRunTestldle 2 duringmary cycles,with TMS held
at 0. With this CFSM, this cannotbe done.In thatcase af-
ter TMSis heldat 0 duringtwo cycles,thenext stateis Run
Testldle, in thefirst partof the CFSM, andthenthe IFSMs
stopbeingcontrolledby the CFSM. If really neededa so-
lution couldbeto addaregisterthatwould be concurrently
loadedwith the internalinstructionregistersof the TAPed
cores.If the RUN_BIST instructionis detectedn this new
register the currentstateremaingn theRuntestldle 2 state
without exiting to the mainpartof the CFSM.

As for the previousCAS-BUS architectureinterconnec-
t testing can be performed, betweenwrappedcoresand
TAPed cores,assuminghat the EXTEST instructionsare
loaded.

The main featuresof the new TAM have beensynthe-
sizedandsimulatedusingthe Synopsydools. Someresults
are presentedn table 1. CAS (a) correspondd¢o a CAS
which Switchis implementedoy N decoderand CAS (b)
a CASwith aSwitchincludingonly onedecoderThe CAS
InstructionRegisterwidth (k) andtheareain termsof tran-
sistors(tr) are presented.A trade-of mustbe madebe-
tweenCAS (a) and CAS (b) dependingon the areacon-
straintsandthe scancyclesoverheacheededor CAS con-
figuration. For high valuesof N and P (greatnumberof
combinations)CAS (b) cannotbe usedbecausehe area
grows quickly with N and P. However TAPCASes(b) are
moreinterestingthanTAPCASes(a) sincethey aresmaller
andneedfewer bits control. The areaoverheadnducedby
this CAS-BUS architectures not significantsincethe TAP-



CASesarevery smallandthenew TAP controlleris imple-
mentedwith 1264transistorsHowever configuringTAPed
cores,in comparisorwith wrappedcores,need<?7 extra s-
cancycles(loadingthe TAP_.CONFIG instruction,entering
andleaving thesecondpartof the centralcontroller).

This new CAS-BUS TAM architecturedoesnotdegrade
the characteristicef the previous architecturebut offersa
solutionfor testingSoCswith TAPedcores.If theSoCdoes
not have ary TAPed coresincluded,the integratorcanuse
the previous CAS-BUS architecture.

CAS(a) CAS (b) TAPCAS(a) TAPCAS(b)
N P k tr k tr k tr k tr
5 1 5 696 3 626 5 684 3 614
5 3 10 | 1.224 6 2.026 - - - -
5 4 15 | 1.636 7 2.634 - — — —
8 1 8 1.084 4 912 8 1072 ] 4 900
8 3 16 | 1.952 9 7.286 - — — —
8 4 24 | 2548 || 11 39.990 - - - -
8 6 24 | 2948 || 15 | >100.000 - - - -
[1I0 1T 10]133[ 4] 1044 [[10] 13267 4] 1.032 |
[10 4] 30 [ 3236 ] 13 ] >100.000[] - [ - [ -] - |

Table 1. CAS synthesis results

5 Conclusion

The architecturepresentedn this paperoffers a com-
plete solution for testing both wrappedand TAPed cores
within a SoC, concurrentlyif needed. With the sametest
accessnechanismwrappedandTAPedcorescanbetested,
thanksto a hierarchicatestcontrol. In orderto managehe
TAPed corestesting,newv CASeshave beendesignedand
the centralTAP controllerhasbeenmodified. This upgrad-
ed CAS-BUS TAM remainsflexible, scalableanddynami-
cally reconfigurablelt allows multiple trade-of regarding
the choiceof Nmazx, the numberof TDI/T DO couples,
thekinds of CASesimplementatiorandthe CASesconfig-
urations.Theareaoverheadnducedby the TAPedcoretest-
ing is not significant. The control of the globalarchitecture
is easythrougha simpletestaccesport. Thearchitecturds
both compatiblewith the directionof P1500(aspublished
sofar) atcorelevel and1149.1compliantat SoClevel. The
SoCintegratorhasthe choiceof usingthis architectureor
theprevious CAS-BUS TAM dependingonthe presencef
TAPedcoresin its SoC.
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