Hardware/Software Co-testing of Embedded Memories in Complex SOCs

Bai Hong Fang, Qiang Xu and Nicola Nicolici
Department of Electrical and Computer Engineering
McMaster University, Hamilton, ON L8S 4K1, Canada
Email: fangbh@mcmaster.ca, xugiang@grads.ece.mcmaster.ca, nicola@ece.mcmaster.ca

Abstract 1.1 Motivation for New Approaches for Power-

A novel approach for testing embedded memories in com- Conscious Hardware/Software Co-testing

plex systems-on-a-chip (SOCs) is presented. The proposeghe embedded memory cores in an SOC can be divided into
solution aims to balance the usage of the existing on- two groups: bus-connected memories (BCMs) and non-bus-
chip resources and dedicated design for test (DFT) hard- connected memories (NBCMs). Although all the embedded
ware such that the functional power constraints are not ex- memory cores can be tested by adding dedicated memory
ceeded during test while trading-off the testing time against B|ST wrappers, the high area overhead of BIST circuitry,
DFT area and performance overhead. The suitability of a5 well as the performance penalty caused by intrusive DFT
software-centric and hardware-centric approaches for em- hardware, may prove to be the main drawback of this ap-
bedded memory testing is examined and to combine the adproach. Therefore, since a complex SOC usually contains
vantages of both directions, a new built-in self-test (B|ST)- one or more processing elements (e_g_, microprocessors)’

based method, callelardware/software co-testing in-  which use on-chip system busses to communicate with the
troduced. The proposed solution is programmable, scalablememory cores, reusing the existing on-chip resources for
and guarantees low routing overhead. testing the embedded memories can lower the overhead as-
1 Introduction sociated with a high number of dedicated MBIST wrappers.

In [12], a test methodology for testing SOCs using a mi-
It is anticipated that embedded memories will account for croprocessor core was presented.sdtware-centricem-
95% of the silicon area in complex SOCs by 2016 [7]. bedded memory testing approa@te., memory testing is
Low cost/high quality testing of these heterogeneous SOCsundertaken by an on-chip processing element which reuses
comprising a large number of embedded memories, poseghe given functional resources and interconnect topolpgy)
a great challenge to the test community. The emerg-eliminates the overhead caused by BIST wrappers, however
ing solutions should address limited bandwidth, at-speedit requires a significantly longer testing time than the ex-
test for performance validation, long testing times, on-chip isting hardware-centriapproache$i.e., memory testing is
DFT area overhead and performance penalty, and excessivdone using dedicated DFT, e.g., BIST hardware and inter-
power dissipation, which may cause manufacturing yield connect resourceq}, 9, 18], which can add to the overall
and reliability concerns [10]. cost of SOC test. The main purpose of this research is to
There are two main approaches for testing embeddeddevelop an SOC test solution, which maintains the benefits
memories: direct access and BIST [4]. On the one hand, di-of both software-centriandhardware-centricapproaches,
rect access of the embedded memory cores from the limitedwhile satisfying the power constraints during test. The im-
number of I/0 pins needs a high-performance automatic testportance of power dissipation during test and its relation-
equipment (ATE), as well as very long testing time. Thus, ship to test cost parameters such as testing time and DFT
direct access is infeasible, in particular for complex SOC area overhead are discussed next.
devices where transistor to pin ratio is high. On the other Power dissipation is becoming a key challenge for the
hand, memory BIST (MBIST) provides at-speed and high- deep submicron complementary metal-oxide semiconduc-
bandwidth access to the embedded memory cores, and itor (CMOS) digital integrated circuits. Placing more and
only needs a low cost ATE to initialize the tests and to in- more functions on a silicon die has resulted in higher
spect the final results. However, although BIST is state- power/heat densities, which impose stringent constraints on
of-the-art technology for embedded memory testing, unlesspackaging and thermal management in order to preserve
carefully designed, it may induce excessive power, in addi- performance and reliability. While low power design tech-
tion to performance and area overhead. niques have been employed for more than two decades, the
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latestinternationalTechnologyRoadmagfor Semiconduc-
tors (ITRS) [7] anticipateghat power will be limited more
by systemevel coolingandtestconstraintthanpackaging.
Thisis becauseif packagingandthermalmanagemenpa-
rameterge.g.,heatsinks)aredeterminednly basednthe
functionaloperatingconditions the high activity duringtest
will affectbothmanufcturingyield andreliability [10].

On the onehand,whentestingbus-connectednemories
in an SOCthe power constraintsare easily satisfied how-
everthemaindrawbacklies into the serializationof thetest
schedulevhich leadsto excessve testingtime. To address
this problem,a processoprogrammableolutionwaspro-
posedin [14], wherea BIST circuit wasinsertedbetween
the processorandthe systembus. Althoughit reduceghe
testingtime, this solution can affect the overall SOC per
formance sincethe BIST circuitry mayincreasethe delay
on the critical path. Therefore hew approacheseedto be
soughtto addresghe problemsassociatedvith software-
centricapproachesOntheotherhand,sincenotall theem-
beddednemoriesn anSOCareconnectedo abussystem,
hardware-centricmemoryBIST approachesre necessary
for all the non-hus-connectednemories. While the pre-
vious hardware-centricapproache$l, 9, 18] have tackled
the core-level aspectsof memoryBIST, to further reduce
the overheadat the system-lgel as well asto reducethe
test control compleity associatedvith complex and het-
erogeneouS$OCs,distributed solutionsare necessaryFor
example, a distributed MBIST architecturewas proposed
in [3]. This architecturehasrelatively low areaoverhead,
however its main drawvbacklies in the control mechanism,
which configuresall the memorywrappersto run identical
testcommandsn eachtestsessionThisimpliesthatmem-
oriesrunningdifferenttestalgorithms(e.g.,heterogeneous
memoriesrannotbetestedsimultaneouslythusdecreasing
testcontrolflexibility andincreasingestingtime. Further
more,thetestingtime for eachtestsessions dominatecby
the largestmemory which may lead to prohibitively long
testingtime under power constraints. To addresspower-
constrainecembeddednemorytesting,one effective solu-
tion is to limit the numberof concurrentmemoryblocks
usingtestschedulingunderpower constraints. The BIST
architecturgoroposedn [3], canbeadaptedo this solution,
howeverit will leadto prohibitively long testingtime under
power constraintsvhenthe large memoryblocksdominate
thetime spentfor eachtestsessiorj3]. Hence new flexible
BIST architectureseedto beinvestigatedwhichwill guar
anteebothlow areaandcontrolcomplexity, aswell ashigh
testconcurreng undergivenpower constraintsTo achiese
this, acontrolmechanisrmustbe providedto corvertnon-
partitionedtesting[3]to partitionedtestingwith runto com-
pletion[5], aswell asto lower both the areaoverheadand
the routing congestionassociatedvith the testcontrol for
non-kus-connectedhemories.
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Figure 1. New Memory BIST Architecture

To test all the memoriesin an SOC, a mixture of
software-centricand hardware-centricself-testapproaches
is researchedn this paper By balancingthe test ac-
cess/functiongor bus-connectednemoriesbetweenfunc-
tional resourcesinddedicatedDFT hardware,onecaneas-
ily explorevarioustestconfigurationswvith differenttesting
time andareaoverheadunderthe given power constraints.
This testability trade-of explorationis achieved by a test
schedulingengine whichis commonto bothbus-connected
and non-tus-connectednemories. In summarythe pro-
posedsolutioncompriseghefollowing features:

(). ReusabldP corefor hardware/softvareco-testing;

(i)). Appliedto bothbus-connectedhemoriedBCMs) and
non-hus-connectechemorieNBCMs);

(i)
(iv).

(v). Serialwrappercontrolfor low routingoverhead;

High flexibility for power-constrainedestscheduling;
SharedBIST controllerfor heterogeneousmemories;

The remainderof this paperis organizedas follows.
Theproposegower-constrainegrogrammablMBIST ar
chitecture facilitating hardware/softwae co-testingis de-
scribedin Section2. Section3 detailsthe software struc-
ture andtestscheduleorganization.A new testscheduling
algorithmis describedn Section4. Section5 givesthe ex-
perimentakesultsandSection6 concludeghe paper

2 ProposedMBIST Ar chitecture for
Hardware/Software Co-testing

This sectiondetailsa nev MBIST architecturefor hard-
ware/softwae co-testing which can be definedas the pro-
cessof consciouslypartitioning the test access,test ap-
plication and test control functionsfor embeddednemo-
ries betweendedicatedDFT hardware and the available
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Figure 2. Memory BIST Controller

on-chip functional resouces The proposedMBIST ar-

chitecture(seeFigure 1) consistsof two componentsthe
programmabl@BIST controllerandthe MBIST wrappers
(detailedin the following two subsections)Therearetwo

typesof wrapperswrappersonnectedo the systembusto

testBCMs (canbe sharedby all the memorieson the same
bus),andindividualwrapperdor eachNBCM (or clusterof

identicaNBCMSs).

To testBCMs, unlike the approactreportedin [14], the
proposedsolution usesthe standardbus interfaceto ex-
changedatabetweerthe centralprocessinginit (CPU)and
the MBIST controller, andhenceit canaffect only the bus
performanceFurthermoreijf thecritical pathof anSOCis
notonthe systembus (whichis arealisticcasein practice),
the presentedsolution will not influencethe SOC perfor-
mance. In addition, by usinga standardous interface,the
proposedvBIST modulecanbereusedasansoftIP core.

WhentestingNBCMs, to overcomethe disadwantageof
supportingonly non-partitionedtest scheduling,asin [3],
the proposedvBIST controllerhasfull controllability for
eachwrapper Thisnew MBIST architecturesupportgarti-
tionedtestingwith runto completion[5],which givesmore
flexibility to power-constrainedestschedulingln addition,
by runningmostof the non-time-consumingasks,suchas
fetch and decodeof testcommandsin the processingunit
usingsoftware,the BIST areaoverheadf the MBIST con-
troller will bereduced.

2.1 Novel Programmable MBIST Controller

One of the distinctive featuresof the proposedsolutionis
asharedBIST controllerfor heterogeneousiemories.As
shown in Figure 2, to communicatenith CPU or ATE, the
MBIST controllerhasa bus slave interfaceto the on-chip
CPUandaserialinterfaceto theoff-chip ATE. If onewishes
to testmemoriesusingthe ATE, the controllercansimply
bypassthe testdatato (from) the serial scanchain,which
links all the memorywrappergogether To testBCMs, the
MBIST controller passeparallelcommandgo (from) the
BCM wrapperthroughthe parallelinterfacebetweerthem.
To testall the otherNBCMs, the MBIST controllerhasto
doparallel/seriatorversion,sendcommandgo eachwrap-
per, andthendo serial/parallecornversionfor theresultsre-
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ceived from NBCM wrappersbefore passingthemto the
CPU.Anotherkey featureof the proposedVBIST architec-
tureis the interconnectmechanisnbetweernthe memories,
wrappersand controller Due to its simple, yet powerful,
interface,by programmingthe BIST controller, ary hard-
ware/softvareco-testingschedulecanbeimplemented.

2.2 MBIST Wrappers

Both BCM andNBCM wrappers(asshavn in Figure3
and4) have a full hardwareimplementatiorto run March-
basedmemorytestingalgorithms[15]. This includes: ad-
dresggeneratorbackgroundatterngeneratorresponsen-
alyzer, anda finite statemachine(FSM) to interpretcom-
mandsreceved from the MBIST controller and generate
appropriatecontrolsequenceo performmemorytesting.

For NBCMs, eachembeddednemorymustbe wrapped
with dedicatedDFT hardware (Figure 3). To reducethe
wire delay and routing congestion,the wrappermust be
placedcloseto the memorycore. To control all NBCM
wrappersin an SOCwith lessrouting overheadthe inter-
connectbetweenthe MBIST controllerand NBCM wrap-
persis IEEE P1500-like [11], sinceit hassharedcontrol



linesfor all thewrappersanda serialscanchainfor sending
commandgreceving results)to (from) the MBIST wrap-
pers.All thetestcommandsndtestresponsearescanned
in andout usingthe WSI andWSO ports. The wrapperin-
structionregister (WIR) [11] storesthe commandreceved
from the MBIST controller and using WClock and Up-
dateWIRthe new commandis updated. The ScanResult
signalcontrolsthe scanchainto scanin WIR command®r
scanout testresults. The comparatorchecksthe memory
outputdatafor any mismatch.If anerroroccursthenBIST
will stopandwill settheerrorregister The controllercan
thenscanouttheerroneousiddresandbackgroundpattern
for diagnosis. Using this control mechanismthe MBIST
controller can control eachwrapperseparately This im-
pliesthatdifferenttestalgorithmscanrun simultaneouslyn
separatevrappers.Thereforeheterogeneousiemoriexan
be connectedcaindtestedconcurrentlyusingthe sameBIST
controller To further reducewrapperand controllerarea,
identicalmemoryblocksarewrappedasa memorycluster
All the memoryblocksin onecluster(up to 31) sharethe
samewrapper The testprogramfirst enablesll the mem-
ory blocksin the clusterand,only if anerroroccurs,after
the controller hasfinishedall the test schedulingtasks, it
will testeachmemoryblock individually to spotthe exact
faulty memory.

The BCM wrapper onthe otherhand,usesthe businter-
faceto testall thememoriesconnectedo thebus. Sincethe
testingprocesss serializeddueto the commontestaccess
resourcgfunctionalbus), we needa singleBCM wrapper
which hasa parallel connectionto the MBIST controller
(seeFigure 4). Note, both BCM and NBCM wrappers
canrundifferentMarchelementsecevedfrom the MBIST
controller, whichimpliesthatthey canrun differentMarch
algorithms. This is very useful for diagnosispurposesas
describedn the next section. To further reducethe com-
plexity of manufcturingtest,eachwrappetis built-in with
a default March algorithm,which canbe activatedusinga
singlecommand.

3 Software Implementation

The BIST architecturedescribedin the previous section
canfacilitate hardware/softvare co-testingfor a giventest
schedule,as describedin Section4. This sectiondetails
the software implementationnecessaryto handlethe test
control flow. First, the testcommandsaregeneratedising
power-constrainedestschedulingalgorithm(seeSectiord)
andloadedto atestmemory(e.g.,l-cache)which waspre-
testedusing ATE. The testsoftwarethenreadscommands
from the testmemoryand sendsdata (read responsesjo
(from) the MBIST controller  Sincethe time-consuming
tasks(i.e.,on-chipgeneratiorof Marchtests)areconducted
by dedicatedBIST hardware, software functionsare used
only for testcontrolwhichinsignificantlyaffectsthe overall
testingtime. In thefollowing the pseudo-codés given.
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Memory Testing Software

1. TestCPUandBus;

2. TestCachememoriesandRegisterfiles usingATE;

3. Load Testprogramto I-Cache testdatato D-Cache;

6. Do {

7 Readcommandgrom testmemory;

8 Sendcommandso MBIST controller;

9.  Wait for response;

10. if errorthenbreak;

11. }Until all thescheduledestcommandsirecompleted;

Thesoftwareimplementatiorsupportdwo modesof oper
ation: manufcturingtestmodeand built-in self-diagnosis
(BISD) mode. In the manufcturingtestmode, only one
self-testcommands neededor eachwrapper which will
automaticallyrun the embeddeddefault March algorithm
and setthe fail/passbits after completingthe testingpro-
cess.Whenin the diagnosismode,the CPU cansendary
March elementsupportedby the wrapperto run different
Marchalgorithmsandreadbacktheresults(addressbhack-
groundpattern)for furtherdiagnosispurposes.in addition
to aiding fault diagnosisthis is a very suitablemechanism
to find the bestMarch algorithmfor a new technologyor
to increasethe testquality whenthe currentdefault March
algorithmcannotachieve thetargeteddefectcoverage.

4 TestScheduling

In thissectionthetestschedulingenginewhichis alsoused
to exploredifferenthardware/softvareco-testingconfigura-
tionsis introduced.Sincethe SOChusarchitecturewill af-
fecttheway how the BCMs areaccesseduringtest,it will
alsoaffectthetestscheduleandultimatelythetestingtime.
If only one bus mastercanaccesghe bus, all the BCMs
mustto betestedsequentially If the SOChasseverallarge
BCMs, this SOChus architecturewill adwerselyaffectthe
testingtime. To addresshis dravback,onecanusealterna-
tive busarchitecturessuchasmulti-layeredAMBA bus[2],
towhichseveralbusmastercanbeattachedndnon-shared
slave componentganbe accessedoncurrently By adding
oneor moreBCM wrapperdmasters)thisarchitecturesup-
portsmoreflexible testschedulingthusreducingthetesting
time. However, if no multi-layeredSOC bus architectures
arepresenffor the native modeof execution,anothersolu-
tion would be to wrap someBCMs, which have a critical
impact on testingtime, with dedicatedwrappersand test
themasNBCMs. Dueto our practicalvalidationsetup for
the testschedulingalgorithmpresentedn this sectionand
in our experimentalesults,we have consideredhe second
option (i.e., to boosttestconcurrenyg we transformsome
BCMs to NBCMs), hawever, note, the sametrade-of ex-
plorationenginecanbe usedif multi-layeredSOCbus ar
chitecturesareemployed.



4.1 ProblemFormulation

Recentlya testschedulingformulationandalgorithmhave
beenreportedin [16] only for NBCM. Thetestscheduling
problemfor the proposedarchitectures a generalizatiorof
the one presentedn [16], sincein our casewe have both
BCMs and NBCMs. For NBCMs the constraintsare the
sameasin [16]. However, to accountfor the specifictest
featuresof BCMs, eachmemory connectedo a bus will
have differentresourceconflict relationshipand valuesfor
testingtime: onewhenit is wrappedwith dedicatedwvrap-
per(i.e.,whenit is transformedo a NBCM to increasdest
concurreng) andonewhenit time-shareshewrappercon-
nectedas a masterport to the SOC bus architecture. The
schedulingalgorithm automaticallychooseswhich BCM
will betransformedo NBCM, thusexploring varioustest
configurationsvith differenttestingtime andareaoverhead.
Theparametersisedin thealgorithmarelistedbelow:

Pmax powerconstraintduringtest;
Nm total numberof BCMs andNBCMs;
Np total numberof busses;

foriel,2,...,nm

pi maximumpower dissipationfor memoryi;
Iw; testingtime for memoryi whenwrapped;
luws  testingtime for memoryi whenunwrapped;
S scheduledeststarttime for memoryi;

l; scheduledestingtime for memoryi;

Formulation:

Objective: Minimize Tmax= MAX(s +1;)

Subjectto: ¥ pi < Pmax Wherei are the memoriescur-
rently undertest;

4.2 TestSchedulingAlgorithm

Sincetestschedulings provento beanNP-completegrob-
lem[5], in this sectionwe proposeagreedyheuristicto deal
with complex SOCscomprisinghundredof memories.
TheAlgorithm Mem.Scheduletakesthetestparametersf
eachmemory(p;, lw;i,luw) andthe power constraint(Pmay)
asinputs,andit outputsthe testschedul€Tsgeqie andthe
testmethodfor eachmemorycore Mieg (i.€., wrappedor
unwrapped).Note, this algorithmalsoincreaseghe num-
berof unwrappeBCMs, without affectingthetestingtime.
Thetestof eachmemoryis representedsarectanglevhose
width is the testingtime and whoseheightis power dis-
sipation. For BCMs two rectangleswith differenttesting
time are necessaryone for eachtest method), while for
NBCMs one rectanglerepresentatiotis sufficient. If two
BCMs on the samesingle-mastebus are unwrappedthen
they cannotbetestedatthesameime dueto buscontention,
and we call thesetwo memoriesincompatible. The pro-
posedalgorithmis basedntherectanglepackingalgorithm
TAM_schedule_optimizer proposedn [8] for SOCtesting.
Thealgorithmstartsby initializing eachmemorywrapper
test methodM|yq: all memoriesare treatedas wrapped
exceptthoseexplicitly specifiedasunwrapped. Thenthe
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testingtime 'I't‘ime of eachmemoryis computedbasedon
its test method (line 2). The currently available power
constraintP,y is initialized to Pmnax and the number of

unschedulednemoriesis initialized to the total number
of embeddednemories(line 3). As long asthereis an
unschedulednemory thealgorithmfirst findsa compatible
memorym; with maximumtestingtime maxg, which does
notexceedthe power dissipationconstraint(line 6). If such
amemorym exists, it will be schedulecandthe available
power dissipationconstraintwill be updated(line 8, 9). If

no compatiblememoriesneetthepower constraintwe will

recordtheidle power dissipationPge, Uupdatethe available
power dissipationP,, = 0 (line 11) andbranchto the end
of the scheduleof the memorywith the minimumendtime
mineng.  Afterward we updatethe new scheduleinforma-
tion, including the new schedulebeggin time, the number
of unscheduleanemoriesNynshediled @and available power
dissipationPy (line 12-15). If thereis still someidle test
time, we will look for the alreadyschedulednemoriesand
checkwhetherwe canunwrapthemwithout affecting the
testingtime (line 16, 17). The algorithmexits whenall the
memorieshave finishedtheir schedule.Although the pro-
posedestschedulingalgorithmsupportgartitionedtesting
with runto completion[5], it caneasilybe adaptedo non-
partitionedtestingusedby other MBIST architectureg3]

(in line 12 we mustfinish the scheduleof m; with maxnd).

Memory ScheduleAlgorithm Mem.Schedule

INPUT: M, Pmax
OUTPUT: Tstedile: Mieg

1. Initialize Mieg;

2.Compute T\, .o;

3. Initialize Pay = Pmax Nunshediled = Nmemotes
4. while (Nunsthechled! = 0) {

5 if (P >0){

6 find compatiblem; with maxg andP, < Pay;
7 if (found){

8. schedulem;

9. Pavi— = Pmy;

10. } else{

11. Pdle = Pavi; Pavi=0;

. }else{

12. Finish scheduleof m; with mineng;

13. Update schedulébegin time;

14. Nunshediled™ =

15. Pavi+ = Pm;; Pavi+ = Rdle

16. if (idle time exists){

17. unWrap schedulednemsif notincompatible;
- 1}

18.done



Table 1. MBIST Area Overhead for LEON SOC

Table 2. Different Approach for Testing BCMs.

BCM NBCM Total Software | Programmable Hardware
Memory (unt) 4,100,930| 2,698,855| 6,799,785 Centric BIST Core Centric
Wrapper(in?) 14,449 109,248 | 123,697 TestingTime 7.0 1.4 1.0
Controller(un?) 9,684 BIST Area 0 Low High
BIST AreaOverhead %) 0.35 | 4.04 | 1.96 Performance 0 Affectbusspeed| Affectmem.speed
5 Experimental Results Flexibility Any March Most March Fixed

To prove the correctnessand the effectiveness of
the proposedMBIST architecture,that facilitates hard-
ware/softvare co-testing,we have implementedand fabri-
catedan SOC platform basedon LEON [6]. LEON is an
opensourcecorefor embeddedapplicationsandit hasan
IEEE-1754(SFARC V8) [13] compatibleinteger unit with
8 registerwindows, 1k I-Cache,1k D-Cache andafull im-
plementatiorof the AMBA-2.0 bus|[2].

To estimateand comparedifferenttestparameterge.g.,
BIST areaoverhead,testing time, performancepenalty
power dissipation)of the proposedsolution, a set of ex-
perimentshave beenperformedusinghigh-densityembed-
dedSRAMs compiledfor 0.181 CMOStechnology In our
LEON-basedSOC platform, the NBCMs are a cluster of
four 512x16 SRAMs, one 1kx32 SRAM and one 4kx32
SRAM, while the BCMs are one 4kx32 SRAM and one
16kx32SRAM. Thewrappershave beenconfiguredto im-
plement9 March elements: (w), (), (rw), (rwr), (rww),
(rwww), (rwrwr), (rwrwrw), (wwrww), which arethe build-
ing blocks for most of the known March test algorithms
[15,18]. The last March element(wwrww) is usedto run
the word-orientedMarch C- test (March-CW proposedin
[17]). All wrappersalsoimplementMarch-CW algorithm
asthe default memorytestalgorithm. Table 1 shavs the
BIST areaoverheador the LEON SOC.By addinga very
low areaMBIST controller(0.14%in this case),the CPU
can control self testingfor most of the embeddednemo-
ries (note, cachememoriesand the registerfile aretested
usingATE asoutlinedin Section3). The MBIST areaover-
head(control + wrappers)of this LEON SOCis lessthan
2%. Timing analysisndicatesthatthecritical pathis in the
CPU core,which meansthat our approachdoesnot intro-
duceperformancealegradation However, the NBCM wrap-
persdo affectthe memoryaccesspeed.

Table 2 shownvs the comparisonof three different
approachegsoftware-centric,hardware-centric,and pro-
grammableBIST coreattachedo the bus to be usedwith
hardware/softvareco-testing)for bus connectednemories
usingthe LEON platform [6] andapplyingthe March-CW
algorithm[17]. As shown in the table,the proposedsolu-
tion combinesthe benefitsof the othertwo approachesit
requireslow areaoverheadjt may affect only the bus per
formance,andit maintainsthe flexibility of the software-
centricapproachwhile it reducesthe testingtime signif-
icantly, bringing it closeto the bestpossibletestingtimes
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givenby the hardware-centriapproach.

Using the proposedMBIST architectureandthe greedy
heuristicfor testschedulingdescribedn Section4, Table
3 givesa comparisorbetweenpartitionedtestwith run to
completionand non-partitionedestschedulingalgorithms
under power constraints. The memory coresincludedin
this experimentare of differentsizeswith the numberof
addresdinesrangingfrom 7 to 16 andthe word sizerang-
ing from 8 to 32. The power dissipationfor thesecores
rangesfrom 3.5 mW to 50 mW for 100 MHz clock fre-
gueng. Ontheonehand,it canbe seenthatthe maximum
testingtime of non-partitionedestingis alwaysgreatetthan
(or atleastequalto) the partitionedtestingwith runto com-
pletion. Thedifferencebetweerthetwo testingtimesvaries
basedon the maximumpower constraintandmemorycon-
figurations.For example themorewe relaxthe constraints,
i.e., highertestconcurreng canbeachiered,the difference
in testingtime increasesyinlessthe maximumconcurreng
hasbeenachiered by both algorithms.Onethe otherhand,
becausehereis moreidle time in non-partitionedesting,
more BCMs can be unwrappedand testedserially using
the on-chipbus. This meansthat for non-partitionedest
schedulingwe may increasethe testingtime at the benefit
of lower BIST areaoverhead. It shouldbe notedthat the
proposedyreedyheuristicis very fast(e.g.,for 300 memo-
riesit takeslessthanl second).

Finally, the trade-of betweenBIST areaoverheadand
testingtime is shavn in Table4. Item "BCM as NBCM"
meansthe BCM has a dedicatedwrapperand it will be
testedasNBCM. To decreas@8IST areaoverheadj.e., all
BCMs are unwrappedthe testingtime will be increased.
Similarly, to reducethe testingtime, most of the BCMs
haveto bewrappedhusincreasingheBIST areaoverhead.
Usingthetestschedulingengineasatrade-of exploration
tool, is beneficialespeciallywhenthe testingtime for the
entireSOCis dominateddy the scantestingtime of embed-
dedlogic cores.In this casewe canexploredifferenthard-
ware/softvare co-testingconfigurationsuntil we matchthe
logic cores’testingtime with thelowestDFT arearequired
by dedicatedVBIST wrappers.

6 Conclusion

Thispaperhasshovn thatfor SOCscomprisingtensto hun-
dredsof embeddednemoriesa new solutioncalledhard-
ware/softwae co-testingcan reducethe testingtime and
area/performancaeverheadunderpower constraints.



Table 3. Testing Time (cc) and Wrapped Memories for Different Power Constraints and Test Schedules

Memory Cores || 3 | 7 | 10 | 30 | 50 | 70 | 100 | 150 | 200 | 250 | 300
MaximumPower Dissipation= 250mW
Partitioned 147456 | 147456 | 156672 | 986112 | 1299456 | 1612800 | 2082816 | 3382272 | 4165632 | 5465088 | 7944192
Non-Fartitioned 184320 | 147456 | 156672 | 1004544 | 1317888 | 1631232 | 2101248 | 3400704 | 4184064 | 5497344 | 7976448
Difference(%) 20.00 0.00 0.00 1.83 1.40 1.13 0.88 0.54 0.44 0.59 0.40
Unwrappedpart.) 0 0 1 0 0 0 2 3 5 6 7
Unwrappednon-part.) 0 0 1 2 4 6 9 14 19 23 25
MaximumPower Dissipation= 500mwW
Partitioned 147456 | 82944 73728 589824 | 663552 | 737280 | 893952 | 1419264 | 1704960 | 2276352 | 3428352
Non-Fartitioned 147456 | 101376 | 82944 764928 | 903168 | 1032192 | 1248768 | 1672704 | 2022912 | 2916864 | 3700224
Difference(%) 0.00 18.18 11.11 22.89 26.53 28.57 28.41 15.15 15.72 21.96 7.35
Unwrapped(part.) 0 0 1 1 1 0 2 0 0 4 1
Unwrappednon-part.) 0 0 1 3 5 7 10 15 20 25 19
Maximum Pawer Dissipation= 1000mW
Partitioned 147456 | 82944 | 73728 | 589824 | 589824 | 589824 | 589824 | 829440 | 1105920 | 1382400 | 1972224
Non-Partitioned 147456 | 101376 | 73728 700416 | 829440 | 958464 | 1124352 | 1437696 | 1732608 | 2045952 | 2654208
Difference(%) 0.00 18.18 0.00 15.79 28.89 38.46 47.54 4231 36.17 32.43 25.69
Unwrapped(part.) 0 0 1 0 1 0 0 0 0 2 0
Unwrappednon-part.) 0 0 1 5 7 9 12 16 21 25 26
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