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Abstract

Thispaperdescribesa wayof testingbothwrappedcores
andTAPedcoreswithin a SystemOn a Chip (SoC)with the
sameTestAccessMechanism(TAM). TheTAM’s architec-
ture, which isdynamicallyreconfigurable, scalableandflex-
ible, is namedCAS-BUSandhavea central controller. All
thecorescanbetestedthiswayin thesamesessionthrough
a modifiedBoundaryScanTestAccessPort.

1 Intr oduction

TestingSystemson a Chip (SoCs)is one of the chal-
lengesof the new century. SoCtest featurestandardsare
currently under development[1], such as core wrapper-
s (P1500wrappers)and core test language(CTL). Given
theincreasingdensityof integrationin thenew chips,it be-
comesharderto have access,for testpurpose,to the core
I/Os becausethesecoresaredeeplyembeddedin the SoC.
Thus defining new Test AccessMechanisms(TAMs) for
SoCsbecomesa commonneed. The TAM will not be s-
tandardizedunlike the core wrapperor the test language.
Defining a test accessmechanismis then left to the SoC
integratordependingonchip constraints.

A P1500 compliant reconfigurableTAM architecture
namedCAS-BUS hasbeenpresentedin [2]. This archi-
tectureis controlledthroughIEEE 1149.1features[3] and
is bothP1500compliant(in its currentstatus)at corelevel
and1149.1compliantat SoClevel.

SomeTAMs, like theCAS-BUS TAM, areintegratedin
SoCswith wrappedcores,P1500or proprietarywrappers
[4], [5], [6]. Someothersareusedfor testingTAPedcores
[7], [8], [9]. But, to our knowledge,noneof the existing�
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TAMs simultaneouslydealswith wrappedcoresandTAPed
coresintegratedin the sameSoC.However, a systeminte-
gratormay needto usein a SoCsomeTAPedcoreswith
P1500wrappedcores.TheseTAPedcorescanbeprimarily
designedasstand-alonechips. In orderto keepthetime to
marketof theSoCasshortaspossible,timecannotbespent
on redesigningeachTAPedcoregiving away theboundary
scanfeaturesandreplacingthemwith P1500wrappers.On
theotherhand,a TAPedcorecannotsimply bewrappedon
top of 1149.1features,becauseof areaoverheadreasonsas
well asproblemswith the hierarchicalglobal testcontrol,
which canleadto violationsof theIEEE 1149.1standard.

We presentin this papera way of testingSoCsinclud-
ing both wrappedcoresand TAPed coreswith a unique
TestAccessMechanism. The CAS-BUS TAM, enhanced
for TAPedcorestestingneeds,keepsits capabilities.It re-
mainsreconfigurable,scalable,flexible andcompliantwith
theP1500and1149.1standards.After a brief reminderof
thearchitecture,theCAS-BUS TAM improvementswill be
described.The control of the overall architecture,includ-
ing a modifiedboundaryscanstatemachine,will thenbe
presented.Beforeconcluding,somebenefitsof this archi-
tecturewill bediscussed.

2 The CAS-BUS TAM

2.1 The CAS-BUS TAM architecture

TheCAS-BUS (figure2) is aTAM whichmainfunction
is to provide accessto embeddedcoreswhatever thewrap-
peris. This TAM is madeup of two mainelements:

- a bus consistingof � wires,
- a CoreAccessSwitch (CAS) (figure1)
EachCASselectsfrom the � wiresof thebus( �	� ) the 


onesthatwill beappliedto thecorewrapperinputs( ��� ). It
alsoconnectsthe 
 outputsof thewrapper( 
 � ) to theCAS
outputs( � � ). Unselectedinputs( � � ) arebypassedto theout-
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Figure 1. CAS architecture

puts( � � ). TheCAS is composedof a SwitchandaCAS In-
structionRegister(CIR). It is controlledby severalsignals.
Signal ��� canconnectthe CIR to the WrapperInstruction
Register(WIR). Signals� � controltheSwitch.

Controlledby the CIR, the Switch is in charge of rout-
ing the teststimuli andthe testresponsesto/from the core
wrapper. Two kindsof Switchimplementationarepossible:
the Switch canbe madeup of � decoders(oneper input
wire) andsomelogic gates,but it canalsobeimplemented
with only onedecoderandsomelogic gates. The Switch
areaandthelengthof theword controlaredifferentfor the
two implementations.

Thedecodercontrolsthemultiplexing of the � / 
 I/Os.
By selecting 
 wires amongthe � onesexisting at the
Switch inputs, the decodermustbe ableto addressall the
possible� / 
 combinations.

Thenumberof combinations,aswell astheSwitcharea,
obviously dependon � and 
 valuesand on the chosen
implementation.Resultsobtainedfor differentvaluesof �
and 
 canbefoundin [3] andarepresentedin table1.

This CAS-BUS TAM architectureis independentfrom
any industrialproprietarySoCarchitecture.It canbeused
with any kind of wrappersandthusgivestheSoCintegrator
more freedomfor designinga SoCtest architecture.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 degradingtheTAM advantages.Two optionshave
beenconsidered:defininganadhoctestcontrolmechanis-
m or reusinga standardcontrolarchitecture.The decision
to reusetheIEEE1149.1TestAccessPort(TAP) controller
naturally cameto manageour TAM functionalities. This

solutionfits well with our SoCtestarchitecture,sinceit al-
lows TAM control,wrappercontrolandusualBoundaryS-
canfunctionalitiesat thesametime. The testcontrolmust
allow to managethreemandatoryteststeps:corewrapper
andCAS configuration,testvectorapplicationandtestre-
sponseanalysis.

The normal BoundaryScanarchitecturehas beenex-
tendedwith a CAS-WrapperCouplingRegister (CWCR),
asshown in figure2. TheCWCRwidth is equalto thenum-
ber of CASes. Eachbit of this registercorrespondsto the
valueof the configurationsignal ��� for eachCAS. In our
modifiedTAP architecture,����� and ����� is a bus. This
����� / ����� buswidth mayvary from 1 (normalBoundary
Scanarchitecture)to � (width of theCASbus).

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

- the CAS-Wrapper COUPLING instruction defines
whichCIR/WIR pairsmustbeconnectedin orderto config-
ureat thesametime a corewrapperandthecorresponding
CAS. ������� and ������� areconnectedto theCWCR.Con-
figurationvaluesareshiftedin theCWCRto indicatewhich
WIRswill beconnectedto theCIRs.

- theCAS CONFIG instructionconfiguresall theCAS-
es, togetherwith the wrappersselectedwith the instruc-
tion CAS-WrapperCOUPLING. The � �	!"�#
%$ signalspro-
vide accessto theCIR of eachCAS. �����&� and ������� are
respectively connectedto first input of thefirst CAS andto
first outputof the lastone. TheCIR andtheWIR arethen
loadedwith theappropriatevalues,puttingeachCASin the
correctschemeandeachwrapperin thechosenmode.

- the CAS TEST instruction,when loaded,allows the
testvectorsto beappliedto thedifferentcoresandthetest
stimuli to bepropagatedto theSoCtestoutputs.All �����'�
and �����(� areconnectedto theI/Osof theCAS-BUS.The
setof testvectorscanbe concurrentlyshifted in to the IP
coresinputsandtheresponsesshiftedout from the IP out-
puts.

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

Using the IEEE 1149.1 control part with scalable
����� / ����� letstheCAS-BUS TAM keepits mainbenefits
andaddsto it flexibility .

The global architectureis also dynamically reconfig-
urable. By correctly configuringthe CASes,the testpro-
grammercanchooseduringeachtestsessionwhich cores-
canchainsmustbeserializedin orderto optimizetheir total
length.Thegoalis to havefor eachof the � wiresthesame
testlength. If not,whentestingtheSoC,don’t carestimuli
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Figure 2. SoC Test architecture for TAPed and wrapped cores

mustbeappliedat ����� inputsto completethebalancebe-
tweenscanchainlengths.Anotheradvantageis thatWIRs
whosemoderemainsunchangedbetweentwo testconfig-
urationscanbe bypassedduring theCAS CONFIGphase.
Usingthis reconfigurabilityaspect,testtimecanbesaved.

The CAS-BUS architectureis simple, allows trade-off
andprovidesa completesolutionfor testingSoCs. Its ad-
vantagesoverotherapproacheshavebeendiscussedin [3].

3 CAS-BUS architecture with TAPedcores

Thetestarchitecturepresentedabove canbeusedwhen
thecoreswithin the SoCarewrappedcores.SinceTAPed
coresarenotwrappedcores,they canonly betestedthrough
their I/Os ( ��SUT , ��V(TW� , ����� , ����� and ��XZY ). Unlike
wrappedcores,thesecoresincludea TAP controller. Ob-
viously this needsto definea hierarchicaltestarchitecture
able to drive theseTAP controllers. Moreover, configur-
ing theTAPedcoresin thechosenmodecannotbedonein
thesameway aswrappedcores.Direct accessto thewrap-
pershift/updateinstructionregister(WIR) canbeenabled,
while theinstructionregisterwithin theTAPedcorecanon-
ly beaccessedthroughtheTAP finite statemachine.Thus
TAPedcoresandwrappedcorescannotbeconfiguredseri-
ally in thesameteststep.

Our goal being to test both wrappedand TAPed cores
within thesameteststepandwith thesameTAM, someim-
provementsmustbemadeon theCAS-BUS architecturein
orderto solvetheproblemsinducedby theTAP controllers.

The two main improvementsconsistof definingon the

one handa specialCore AccessSwitch for TAPed cores
andof modifying on the otherhandthe centralTAP con-
troller of theCAS-BUS architecturein orderto managethe
hierarchicalaspectof theglobalcontrol.

3.1 CoreAccessSwitch for TAPedcores

SinceTAPed corescannotbe serially configuredwith
the wrappers,a new Boundary Scan instruction named
TAP CONFIG hasbeenadded,which enablestheconfig-
urationof theTAPedCores.Theconfigurationof thewrap-
persis still madeby the CAS CONFIG instruction. Fig-
ure2 shows a SoCexamplecontainingbothkind of cores.
This TAP CONFIGinstructionseriallyconnectsCASesof
TAPedCores(TAPCAS)oneto theotherandconnectseach
TAPCASto its associatedcore.It alsoconnects������� and
������� respectively to thefirst andthelastTAPCAS.

TheTAPCASis slightly differentfrom thenormalCAS.
TheCIR andtheSwitch remainthesame,the tristatesdis-
appearandmultiplexersareadded.However, two kindsof
TAPCASarchitecturesareneeded,dependingon theplace-
mentof theTAPedcorewithin theSoC.In theglobalchain-
ing of all theCASes,if theTAPCASfollowsaCASthenthe
TAPCASmusthavea multiplexerat its inputs.In theother
casesthismultiplexer is not needed.

Obviously, for the TAPCAS, 
 is equalto 1: the TAP-
CAS is connectedto ����� / ����� pair of the TAPedcore.
Dependingon the boundaryscaninstruction, test dataat
TAPCAS inputs can be routeddifferently. 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 switch is config-
uredlikeall theotherswitches.

- the internal instructionregistersof the TAPed cores.
In that casethe TAP CONFIG instructionmustbe loaded.
A configurationword is shifted in the internal instruction
registersof the TAPed cores, theseregistersbeing daisy
chained.Thedataskip theSwitch in theTAPCASandare
directly appliedto the ����� input of the TAPedcore. The
differentoperationslike shifting,updating,etc.,areexecut-
ed thanksto the TMS2 signal that drivesthe internalTAP
controller. ThissignalTMS2,describedin thenext section,
is generatedfrom the centralTAP controller. Oncethe in-
ternalinstructionregistersareupdated,theTAPedcoresare
then in the correcttestmode(bypass,INTEST, etc.) and
readyfor testvectorsapplication.

- the internaldataregistersof the TAPedcores. When
theCAS TESTinstructionis loaded,testvectorsarerouted
from oneof the � wiresof theTAPCASinputsto the �����
input,throughtheSwitch.Thetestvectorsareshiftedin the
internal testdataregisters(boundaryscanregister, bypass
register...). The responsesto the stimuli are then shifted
out to the next coreor to the SoCoutputs. Herealso the
shift/updateoperationsarecontrolledthroughTMS2.

3.2 The NewCentral TAP Controller (CFSM)

Thenew centralTAP controller(figure3) is madeupof a
1149.1likeTAP FiniteStateMachine(FSM)andacounter.

ThisCentralFSM(CFSM)is in chargeof controllingthe
globalarchitectureasa classicalboundaryscanfeaturebut

mustalsodrive thedifferentInternalFinite StateMachines
(IFSM) of the TAPedcores. To do that, it wasdecidedto
addto theusual16 statesof a TAP, a secondsetof 16 new
statescorrespondingto the statesof the TAPedcores.Ex-
ceptTestlogic 2 andRunTestIdle 2, theaddedstatesdonot
drive any signalandonly aretransitionstates.Depending
on the instructionloaded,TMS will control theCFSMand
theIFSMsor only theCFSM.

The test instructionsto be loadedin the BS IR should
respectthefollowing chronologicalsequence:

[ CAS WRAPPER COUPLING to definewhichCIRs
andWIRs will be connectedduring the configuration
step. This instruction operatesonly on CASesand
wrappedcores.

[ CAS CONFIG to configuretheCASesandtheTAP-
CASes.Theroutingschemeof theoverallSwitchesis
defined.

[ TAP CONFIG to configure the test mode of the
TAPedcores.

[ CAS TEST to apply teststimuli andshift out thetest
responses.TheTAPedcoresandthewrappedcoresare
testedconcurrentlythroughthesamebus.

- TAP CONFIG
This instructionis neededto shift valuesin the instruc-

tion registersof theTAPedcores.
Whenthis instructionis loadedandupdated,the signal

TAP configureis setto one.Leaving theRunTestIdle state
(figure 3 (a)) we enterthenin the secondpart of the CFS-
M in the TestLogic Reset2 state. This statesetsto 1 the
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RESET2signalthatsetsthecounter(figure3 (b)) in thes-
tateINIT. Thecounteris initialized, the signalTAP exit is
setto 0. TMS2 (figure3 (c)) will thenhave thesamevalue
asTMS. To synchronizethe CFSM andthe IFSM, which
statesmustbeequivalentto thoseof thesecondpartof the
CFSM, TMS mustbe held at 1 during five cyclesto reset
theIFSM.

When enteringin the Run Test Idle 2 state,the signal
RTI2 is setto 1, Reset2is setto 0 andif TMS is heldat 0
duringtwo cycles,thecounteris put in thestateEXIT. The
TAP exit signal is set to 1. This setsTMS2 to 0 and the
IFSMsarenomorecontrolledby TMS. TheIFSMsareand
stayin theRunTestIdle state.Thecounteris usednot only
to enableanddisableIFSMs control but also to leave the
secondpartof theCFSM.

If TMS is not held at 0 during two cycles, when the
CFSM is in the Run TestIdle 2 state,the counterstaysin
theINIT state.TheIFSMsarecontrolledby TMS andtheir
currentstateis equivalentto thecurrentstateof thesecond
partof the CFSM.The instructionwordscanbe shiftedin
the TAPed core as they would be if placedin a classical
boundaryscanboard.

- CAS TEST
This instructionis usedto shift in, apply andshift out

testvectorsto andfrom all thecoreswithin theSoC.With
theright configurationof theCASesandtheTAPCASes,all
thetestdataregistersareconnectedasmultiple scanchain-
s. Internaltestdataregistersof theTAPedcores(boundary
scanor bypassregisters)can be consideredas internal s-
canchainsof theP1500wrappedcores.Whenupdatedthis
CAS TESTinstructionsetsto 1 thesignalTMS enableand
setsto 0 thesignalTAP configure.TMS controlstheIFSMs
throughTMS2 (figure3 (c)). During this teststepthecur-
rentstateof theCFSMcannotbeoneof thoseof thesecond
part.

Whenleaving theUpdateIR state(figure3 (a)), thenex-
t statemust be Run Test Idle. The configurationstepof
the TAPedcoreshaving left the IFSMs in the Run Test I-
dle state,thesynchronizationof theCFSM andthe IFSMs
is donethanksto this state. By this way, the currentstate
of all thefinite statemachinesof theSoCbeingexactly the
same,shiftingandapplyingtestvectorswithin wrappedand
TAPedcorescanbemadeat thesametime.

TheIFSMsremainscontrolledby theCFSMuntil anew
instructionis loadedin theBoundaryScanInstructionReg-
ister (BS IR) of theSoC.This new instructionwill setto 0
the signalTMS enable. This is equivalentto settingTM-
S2 to 0 and the IFSMs are left in the stateRun Test Idle.
However, while shifting this new instructionin the BS IR,
unknown valuesareconcurrentlyshiftedin the internalin-
structionregistersof the TAPedcores. This is not impor-
tant becausethe test responseshave alreadybeenshifted

out from theinternaltestdataregistersandbecausethenext
testsessionwill resettheseinstructionregisters.The nex-
t TAP configurationstepwill load theseregisterswith the
right values.

4 Benefitsand Experimental Results

The main benefitof this new CAS-BUS architectureis
that TAPed coresdo not needto be testedapartfrom the
otherwrappedcores,usingaddedtestresourcesandhence
increasingthetestareaoverhead.TAPedcorescanbetested
with the CAS-BUS TAM takingadvantageof the possible
optimizationsprovidedby this TAM. Testtime canstill be
optimizedthroughcorrectconfigurationof all CASesand
TAPCASes.

With this architectureit is also possibleto test only
TAPedcoreswith theTAP CONFIGinstruction.Thecores
canbetestedasstand-alonechipsonaboundaryscanboard,
controlledby the CFSM,becausedirect testaccessis pro-
vided to their I/Os, skipping the wrappedcores. Howev-
er BIST testingcannot be processedwithin theseTAPed
cores. During the TAP CONFIG stepthe secondpart of
theCFSMis active. If theRUN BIST instructionis loaded
in theTAPedcore,to executetheself test,thecurrentstate
mustbeRunTestIdle 2 duringmany cycles,with TMS held
at 0. With this CFSM,this cannotbedone.In thatcase,af-
terTMS is heldat0 duringtwo cycles,thenext stateis Run
TestIdle, in thefirst partof theCFSM,andthentheIFSMs
stopbeingcontrolledby theCFSM.If really needed,a so-
lution couldbeto adda registerthatwould beconcurrently
loadedwith the internal instructionregistersof the TAPed
cores.If theRUN BIST instructionis detectedin this new
register, thecurrentstateremainsin theRuntestIdle 2 state
withoutexiting to themainpartof theCFSM.

As for thepreviousCAS-BUSarchitecture,interconnec-
t testing can be performed,betweenwrappedcoresand
TAPedcores,assumingthat the EXTEST instructionsare
loaded.

The main featuresof the new TAM have beensynthe-
sizedandsimulatedusingtheSynopsystools.Someresults
are presentedin table 1. CAS (a) correspondsto a CAS
which Switch is implementedby � decodersandCAS (b)
aCASwith aSwitchincludingonly onedecoder. TheCAS
InstructionRegisterwidth ( \ ) andtheareain termsof tran-
sistors( ]_^ ) are presented.A trade-off must be madebe-
tweenCAS (a) and CAS (b) dependingon the areacon-
straintsandthescancyclesoverheadneededfor CAS con-
figuration. For high valuesof � and 
 (greatnumberof
combinations)CAS (b) cannotbe usedbecausethe area
growsquickly with � and 
 . HoweverTAPCASes(b) are
moreinterestingthanTAPCASes(a) sincethey aresmaller
andneedfewer bits control. Theareaoverheadinducedby
thisCAS-BUSarchitectureis notsignificantsincetheTAP-
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CASesarevery smallandthenew TAP controlleris imple-
mentedwith 1264transistors.HoweverconfiguringTAPed
cores,in comparisonwith wrappedcores,needs27 extra s-
cancycles(loadingtheTAP CONFIGinstruction,entering
andleaving thesecondpartof thecentralcontroller).

This new CAS-BUS TAM architecturedoesnot degrade
the characteristicsof the previous architecturebut offers a
solutionfor testingSoCswith TAPedcores.If theSoCdoes
not have any TAPedcoresincluded,the integratorcanuse
thepreviousCAS-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 1.072 4 900
8 3 16 1.952 9 7.286 – – – –
8 4 24 2.548 11 39.990 – – – –
8 6 24 2.948 15 ` 100.000 – – – –

10 1 10 1.338 4 1.044 10 1.326 4 1.032
10 4 30 3.236 13 ` 100.000 – – – –

Table 1. CAS synthesis results

5 Conclusion

The architecturepresentedin this paperoffers a com-
plete solution for testingboth wrappedand TAPed cores
within a SoC,concurrentlyif needed.With the sametest
accessmechanism,wrappedandTAPedcorescanbetested,
thanksto a hierarchicaltestcontrol. In orderto managethe
TAPedcorestesting,new CASeshave beendesignedand
thecentralTAP controllerhasbeenmodified.This upgrad-
edCAS-BUS TAM remainsflexible, scalableanddynami-
cally reconfigurable.It allows multiple trade-off regarding
the choiceof �badcfe , the numberof ����� / ����� couples,
thekindsof CASesimplementationandtheCASesconfig-
urations.Theareaoverheadinducedby theTAPedcoretest-
ing is not significant.Thecontrolof theglobalarchitecture
is easythroughasimpletestaccessport. Thearchitectureis
bothcompatiblewith the directionof P1500(aspublished
sofar)atcorelevel and1149.1compliantatSoClevel. The
SoCintegratorhasthe choiceof usingthis architectureor
thepreviousCAS-BUS TAM dependingon thepresenceof
TAPedcoresin its SoC.
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