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Abstract

Low power designtechniqueshavebeenemployedfor
more than two decades,however an emerging problemis
satisfyingthe testpowerconstraints for avoidingdestruc-
tive testand improving the yield. Our research addresses
this problemby proposinga new methodwhich maintains
the benefitsof mixed-modebuilt-in self-test(BIST) (low
testapplicationtimeandhigh fault coverage),andreduces
theexcessivepowerdissipationassociatedwith scan-based
test. This is achievedby employingdual linear feedback
shift register (LFSR)re-seedingand generating maskpat-
terns to reducethe switching activity. Theoretical analy-
sisandexperimentalresultsshowthat theproposedmethod
consistentlyreducesthe switching activity by 25% when
compared to the traditional approaches,at the expenseof
a limited increasein storagerequirements.

1. Introduction
Scan-basedbuilt-in self-test(BIST) representsanattrac-

tivesolutionto thechallengesof testingcomplex integrated
circuits. Using simple built-in structuresfor patterngen-
erationand test responseanalysiseliminatesthe needfor
expensive external test equipmentas well as the problem
of externalaccessto internalcomponents(cores)of com-
plex integratedcircuits. The generalapproachusesa sim-
plerandom-patterngenerator, for examplealinearfeedback
shift register(LFSR),which minimizesboth the hardware
overheadandtheimpactonsystem’sperformance[1]. Sev-
eraltechniqueshavebeenproposedfor alleviatingtheprob-
lem of randompatternresistant(RPR)faults. Thesesolu-
tions rangefrom test point insertionto weightedrandom
patterntestingand mixed-modetesting[1] and offer dif-
ferenttrade-offs betweenfault coverage,area,performance
andtestingtime.

In mixed-modeBIST a limited number of pseudo-
randomvectorsareusedto cover the easy-to-detectfaults,
while thefew remainingRPR(or hard-to-detect)faultsare
coveredwith a smallnumberof deterministicvectors.The�
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deterministicvectorsare storedon-chip in a compressed
formatandexpandedduring test(i.e. “store andgenerate”
architectures)[5, 8, 6], or directly embeddedinto anLFSR
sequenceby “bit-fixing” [11] or “bit-flipping” [13] tech-
niques.Although“bit-fixing” and“bit-flipping” techniques
provide high quality tests,the correspondingBIST hard-
wareis very dependenton thetestsetandthecircuit under
test(CUT), thusany changein thetestsetor CUT requires
a completere-synthesisof the BIST hardware. “Store and
generate”BIST architecturesrepresentamoreflexible solu-
tion with comparableassociatedcosts.In theseapproaches,
deterministicpatternsareencodedasseedsof simple test
patterngenerators(TPGs)suchasLFSRs[6] or multiple-
polynomial LFSRs (MP-LFSRs)[5, 8]. Koenemann[6]
proposedaninterestingmethodof encodingtestdatabased
on controlledre-seedingof singlepolynomialLFSRs.This
techniqueis suitablefor scandesignsanddelivers, at the
costof a smallstoragerequirement,shortertestapplication
time whencomparedto weightedrandompatterngenera-
tors. Hellebrandet al. [5] extendedthe LFSR re-seeding
techniqueto multiple-polynomialLFSRswhichreducesthe
storagerequirementsandtheLFSRlengthwhencompared
to there-seedingof single-polynomialLFSRs.Rajskiet. al.
[8] adaptedthe MP-LFSRTPGto a testenvironmentwith
multiplescan-chainsandboundaryscanchain.

While mixed-modeBIST solvesthetestapplicationtime
andfaultcoverageproblemsassociatedwith pseudorandom
test[2], its main drawbackis the excessive power dissipa-
tion causedby theuncorrelatedsequencesin thescanchain.
Theexcessivepowerdissipationmayleadto destructivetest
or manufacturingyield loss.Many techniquesfor reducing
switchingactivity duringscanor BIST havebeenproposed
recentlyandsummarizedin [4, 7]. The TPG schemesfor
generatingcorrelatedvectors[12] or non-detectingpattern
suppression[3] requirevery little hardwareoverhead,how-
everthey donotprovidehighfaultcoveragefor circuitswith
RPRfaults,whichis theverypurposeof mixed-modeBIST.
To thebestof our knowledgeno previousapproacheshave
addressedtheproblemof highpowerdissipationassociated
with mixed-modeBIST, which is theaimof this paper.

This paperpresentsa new TPG architecturebasedon
re-seedingMP-LFSRstructureswhich achieveshigh fault
coveragein shorttestapplicationtimewhile consistentlyre-
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Figure 1. MP-LFSR appr oach for mix ed-mode
BIST [5, 8]

ducingthenumberof transitionsin thescanchainby 25%.
Therestof thepaperis organizedasfollows. Section2 re-
viewsthebasicconceptsbehindtheuseof re-seedableMP-
LFSRsandtheirhigh switchingactivity. Section3 presents
our methodfor reducingthe numberof transitionsin the
scanchain,andconsequentlythe power dissipationin the
circuit under test, without affecting the test quality. Our
methodexploits the“masking” propertiesof AND andOR
logic functionsand the randomnessof patternsgenerated
by LFSRs.Section4 describestheTPGarchitecturewhich
implementsthemethodpresentedin section3. Section5 re-
portstheresultsof theexperimentsperformedto assessthe
efficiency of our method.

2. Deterministic test generation by re-seeding
multiple-polynomial LFSRs

In thissectionwesummarizethetheoryfor encodingde-
terministictestcubesusingMP-LFSRsand,usinga moti-
vationalexample,we show that this approachcan lead to
unnecessarilyhigh switchingactivity.

While mostfaultsin a circuit canbedetectedwith high
probability with any pseudo-randompatternsequenceof a
certain,yet reasonable,length,detectingthefew RPRfaults
of a circuit requiresprohibitively long pseudo-randomse-
quences.Hence,in orderto keepthe testapplicationtime
within acceptablelimits, in mixedmodeBIST theeasy-to-
detectfaultsarecoveredwith a limited numberof LFSR-
generatedpseudo-randompatterns,andtheremainingRPR
faults are detectedusing a few deterministic test cubes
storedon chip. The sparsenessof “care bits” (or specified
bits) in deterministictestcubes(typically lessthan10%of
the lengthof the scanchain)suggestedthe ideaof encod-
ing theminto acompressedform in orderto avoid largeand
unjustifiedtestdatastoragerequirements.

Figure1 shows the basicstructureof a MP-LFSRpat-
terngenerator. Thedecodinglogic is usedto selectoneof
theseveralpossibleLFSRfeedbackconfigurations,andthe
seedsareloadedserially or in parallel into the shift regis-
ter. Hence,in this approach,a testcube � is encodedas
an identifier for the LFSR feedbackpolynomial (the q-bit
polID from Figure 1) and the initial seed(the k-bit seed
from Figure1) whichwill generatea testvectorcoveredby� . Let ���	��

��������� ���������� � � � �

bethefeedbackpolynomial

of theLFSRand � ��� 
!� "#%$ � �	� 

...$ �&��� �	� 


'(
thestateof theshift registerat clock � . Thesystemcanbe
describedas � �	�)��*�
+��,.- � �	� 

where

, - �
"//////#

0 * 0 12131 0 00 0 * 12131 0 0
...

...
...

...
...0 0 0 12131 * 00 0 0 12131 0 **4� � �65 12131 � �&� 54� �����

'8777777(
representsthe statetransitionmatrix for the given LFSR.
Let �9�:��; �=< 1�1>1 < ;3? �.� 
A@CB 0 < * <EDGF ? be a testcubeandH �I�J
A�KB2LJM6; �ON� DGF the setof specifiedbits of � . �
can be generatedusing the LFSR describedby , - if the
following systemof linearequations:; � � $ � �QPR, - � � � 0 
TS � <VU�W�X $=YIY L!@ H �Z�J
 (1)

is consistent,where PR, - � � � 0 
[S3\ denotesthe X -th compo-

nent of P , - � � � 0 
 S . The solution of this systemof equa-
tions,if it exists,representsthe initial seedfrom which the
LFSRdescribedby �)����
 will generatea testvectorcovered
by cube � . It wasshown in [5] that the probability of not
finding a seedfor a test cubewith ]^�_M H �I�J
2M specified
bits usinga LFSR with ]`�ba stagesand16 possiblefeed-
back polynomialsis lessthan * 0 ��c . Thus, by using this
techniquethestoragerequirementsfor encodinga testcube
aredeterminedonly by the numberof specifiedbits in the
testcube.Theprocedurefor computingthe initial seedfor
a given testcubeandfeedbackpolynomialis illustratedin
thefollowing example.

Example 1 Consider test cube � �� Dd< * < * < De< Dd< 0 < De< Dd< * < D 
 anda 4-stageLFSRwith the
characteristicpolynomialgiven by �)����
f�g�ihJ�j��kl�m* .
Thecorrespondingtransitionmatrixwill be

,.-n� "/# 0 * 0o00o0 * 00o0p0 ** 0p0 *
'87(

Theequationswhich needto besolved in orderto find the
initial seedare"/# ; � � D; � �q*;r5`�q*; k � D

'87( �b,.- � "/# $ �$ �$ 5$ k
'87( � "/# * 0o0p00 * 0p00s0 * 00s0o0 *

'87( "/# $ �$ �$ 5$ k
'87(

and
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Solvingtheequationsabovewill producethefollowing so-
lution, i.e. initial seedtuv �������=��=�

�8�� y
tuv { ��� �8��

The test pattern generatedby the given LFSR start-
ing from the computed initial seed will be � y� {��2� �3� �3���2����{ �3����{��2� �3���

, where the underlinedpositions
representthespecifiedbits from theoriginal testcube.This
examplehasshown how a 10-bit testcubecanbeencoded
asa 4-bit LFSR seed.The pattern � generatedusingthis
initial seedcontains5 transitionsbetweensuccessivebits.

Patternsgeneratedby LFSRs,with or without re-seeding,
containa large numberof transitionsbetweenconsecutive
bits dueto the pseudo-randombehavior of LFSRs. In the
following sectionwe areproposinga methodfor reducing
thenumberof transitionsfrom LFSR-generatedpatternsby
exploiting propertiesof AND andOR logic functions.Our
approach,tailored for a mixed-modeBIST environment,
overcomesthe shortcomingsof previous solutionsfor low
power scantestingby providing high fault coveragewithin
shorttestapplicationtime andwith reducedpowerdissipa-
tion duringtest.

3. Reducing the number of transitions in the
scan chain

This sectionexplains the methodwe are proposingin
orderto reducethenumberof transitionsin thescanchain
whenusinga MP-LFSR basedTPG. First, we give some
definitionsandbasicconcepts.

Given a logic signal � , the signal probability � � � � �
representsthe averagefraction of clock cycles when sig-
nal � is 1. Analogously, � � � � �

representsthe average
fraction of clock cycles when signal � is 0. Obviously,� � � � ��� � � � � � y �

. If signal � is generatedby a random
source,its signalprobabilitiesareequal � � � � � y � � � � � y{����

The transitionprobability of signal � , �)�	� � � �
repre-

sentsthe averagefraction of clock cycles when the cur-
rent value of � is different than its previous value. As-
suming temporal independencebetweenconsecutive val-
ues of � , the transition probability can be computedas� �	� � � � y � � � � � � � � � � ��� � � � � � � � � � � �

. Thetransition
probabilityof a randomlogic signal � is� �	� � � � y {������A{6� �¡�¢{������A{6� � y {����

(2)

Assumetwo mutually independentrandomsignals ��£ and��¤ , andlet � £�¥§¦ y � £©¨`ªd« ��¤ . Giventhemutualinde-
pendenceof � £ and ��¤ , the signalprobabilitiesof � £�¥§¦

canbecomputedasfollows:� � � � £�¥§¦ � y � � � � £ �¡� � � � ��¤ � y {���¬��� � � � £�¥§¦ � y �§­ � � � � £�¥§¦ � y {��R®¯�
Hence,thetransitionprobabilityof � £�¥§¦ is givenby� �	� � � £�¥§¦ � y ¬�� � � � � £�¥°¦ �¡� � � � � £�¥§¦ �

y {6� ±�®¯�
(3)

In a similar fashionwe can computethe transitionprob-
ability of an OR compositionof ��£ and � ¤ , ��²)³ y��£d´lµ¶� ¤ : � �	� � � ²)³ � y {�� ±=®¯�

(4)

From equations(2), (3) and (4) we concludethat both
AND and OR compositionsof two mutually independent
randomsignalsproducesignalswith transitionprobabilities
25%lower thanthoseof theoriginal signals.Thefact that
LFSR-generatedbit-sequencesexhibit ahighdegreeof ran-
domnesstogetherwith the previous observationmotivated
the useof AND/OR compositionfor reducingthe number
of transitionsin thescanchain,andconsequentlythepower
dissipationin theCUT. In thefollowingwewill explainhow
this methodcanbe usedin a mixed modeBIST environ-
ment. Therearetwo problemswhich needto beaddressed
in order to guaranteethe fault coverageof patternsgener-
atedby AND/OR composition:· The first problemis to ensurethat by AND/OR com-

position we can producepatternswith good random
propertiesfor coveringtheeasy-to-detectfaultswithin
a reasonableamountof time. This is achievedby per-
forming the AND/OR compositionon mutually inde-
pendentpatterns.· Thesecondproblemis to employ AND/OR composi-
tion for generatingpatternscorrespondingto determin-
istic testcubesfor RPRfaults.This is addressednext.

The previous sectionhasshown how a pattern � cover-
ing the specifiedbits in a test cube ¸ can be generated
by re-seedingan LFSR.Whatwe neednow is an algorith-
mic methodfor deriving a “mask pattern” ¹q� which, by
AND/OR compositionwith � , will producea pattern �Jº
which covers the specifiedbits from ¸ , � � ¸ � y »2¼�½¸¿¾ w3À Áy ~GÂ

. The procedurewe are proposingfor gener-
ating the suitable“maskpattern” consistsof the following
steps:

1. choseacompositionfunction Ã¯ÄTÅEÆ!Ç ½È» ¨`ªe« � ´lµ Â
2. from ¸ computethe“maskcube” ¹É¸ comprisingthe

bits in ¹ � ¸ � y »2¼¿½ � � ¸ � ¾ w À y ª ¸JÊ � Ã�ÄTÅ Æ!Ç � Â ,
where ª ¸JÊ � Ã�ÄTÅ Æ!Ç � is the non-controllingvalue ofÃ¯ÄTÅEÆ!Ç , i.e. 1 for AND and0 for OR;

3. generatea“maskpattern” ¹q� whichcoversthespec-
ified bits in ¹ � ¸ �

.



The ¹q� constructedusingtheaboveprocedureguarantees
thatthepattern�Jº y Ã�ÄTÅ Æ!Ç � � � ¹q� �

will coverall thespec-
ified bits from ¸ . This is becausethe bits in ¹ � ¸ �

are
coveredbothby � and ¹q� , andhencethey arepreserved
throughÃ ÄTÅEÆ!Ç , while thebits in � � ¸ ��­ ¹ � ¸ �

arecovered
by � andhaving thecontrollingvalueof Ã ÄTÅ Æ!Ç they arenot
alteredby Ã ÄTÅEÆ+Ç . Thus,both � and ¹q� canbegenerated
by seedingLFSRstructures.Theseedsfor � and ¹q� can
becomputedasdescribedin theprevioussection.Thefol-
lowing exampleillustratestheprocedurefor generatingthe
“maskpattern”for a giventestcube.

Example 2 Assumewe want to generatethe “mask pat-
tern” ¹q� correspondingto the AND compositionfor the
deterministiccubȩ y � ~ �3���3��� ~ � ~ �E{6� ~ � ~ �3��� ~ �

from
Example1. The “mask cube” for AND compositionis¹É¸ y � ~ �3���2��� ~ � ~ � ~ � ~ � ~ �2��� ~ �

. ConsiderËiÆ ��Ì � yÌ � � Ì �j�
asthecharacteristicpolynomialLFSRwe will

useto generate¹q� . We computethe initial seedfor ¹É¸
as describedin the previous section. The statetransition
matrixassociatedto theLFSRis:�.� Æ y Í { ��{{p{ ��p��{ÏÎ
Theequationsneededto computetheinitial seedare:Í wÐ�}y ~w � y �w � y � Î y � � Æ � Í �=�� �� � Î y Í ��{p{{ ��{{o{ � Î Í �=�� �� � Î

andÍ w | y ~
w � y ~
w � y �ÑÎ y � � Æ | Í � �� �� � Î y Í ��{ ���{p{{o{ �dÎ Í � �� �� � Î

Solvingtheseequationswill leadto thefollowing seed:Í �=������� Î y Í ���eÎ
The “mask pattern” which will be generatedusing this
seedis ¹q� y � ���2� �3� �E{���{��2���E{6�3���3� �3�&�

, where the un-
derlinedpositionsrepresentthe specifiedbits from ¹É¸ .
The patternresultedby AND compositionof � and ¹q�
is �Jº y � {��2� �3� ��{���{��E{ �E{���{��2� �3�&�

, wheretheunderlinedpo-
sitionsshow thespecifiedbits from theoriginal testcubȩ ,
preservedthroughAND composition.The pattern � from
Example1 generatedby thetraditionalMP-LFSRTPGhas
5 transitionsbetweenconsecutivebits,while thepattern�Jº
producedby our methodfor the samedeterministiccube
containsonly 3 transitionsbetweenconsecutivebits.

Thuswe have shown how suitable“mask patterns”which
reducethenumberof transitionsin thescanchainby AND
(OR)compositioncanbegeneratedin asimilarmannerwith
patternsfor deterministictestcubes.By usingour method,

a deterministiccubeis encodedastwo (polynomialidenti-
fier, initial seed)pairs: onepair encodesthe deterministic
testcubewhile the secondpair encodesthe “mask cube”,
correspondingto the testcubeandto the selectedcompo-
sition function,which ensuresthat the specifiedbits in the
testcubearepreservedthroughcomposition.Thefollowing
sectiondescribesanew TPGarchitecturewhichimplements
this method.

4. Test pattern generator for low power mixed-
mode BIST

In the previous sectionwe have shown how AND(OR)
compositionof MP-LFSR generatedpseudo-randomse-
quencescanbeusedto reducethenumberof transitionsin
the scanchain during pseudo-randomtest. We have also
provided a methodof generating“mask patterns”for re-
ducing the numberof transitionsduring the deterministic
testingmodewithout affecting the fault coverage. In this
sectionwe will describethearchitectureof our TPGbased
on AND(OR) compositionandre-seedingof MP-LFSRs.

The basicidea is to have two differentMP-LFSRsop-
eratedin parallelandapply to the input of the scanchain
the AND/OR compositionof the bit-sequencesgenerated
by the two MP-LFSRs. The main MP-LFSRwill act asa
traditionalMP-LFSRTPG[5, 8], while thesecondaryMP-
LFSRwill produce“maskpatterns”to reducethenumberof
transitionsin thescanchain.We have implementedthis so-
lution with theTPGshown in Figure2. Thetwo MP-LFSRs
sharethedecodinglogic for selectingthe feedbackconfig-
urationsin order to minimize the hardwareoverheadand
thememoryrequiredfor storingthepolynomialidentifiers
for thetestandmaskcubes.Therandomnessof thetestpat-
ternsgeneratedby suchanarchitecture,whichensuresrapid
coverageof easy-to-detectfaults,canbeeasilyachievedby
usingdifferentprimitive characteristicpolynomialsfor the
two MP-LFSRs. Generationof deterministicpatternsfor
covering the RPRfaultsis achievedby re-seedingthe two
MP-LFSRswith storedseedscomputedasexplainedin sec-
tions2 and3.

Theminimumlengthof theMP-LFSR,andconsequently
thesizeof thememoryfor storingtheinitial seeds,is given
by the numberof specifiedbits in the cubeto be encoded,
asmentionedin section2. Thesizeof themainMP-LFSR,Ò

from Figure2, is determinedby themaximumnumberof
specifiedbitspercubein theprecomputedtestcubes.How-
ever in the caseof the secondaryMP-LFSR,for eachtest
cubewe have two possiblemaskcubes,onefor AND com-
positionandonefor OR composition.We canexploit this
factby selectingfor eachtestcubethecompositionfunction
which leadsto the maskcubewith lessspecifiedvectors.
The ¹É� bit from Figure2 is usedto selecttheappropriate
compositionfunction for eachtestcube. In the following
we will determineanupperboundfor the maximumnum-
ber of specifiedbits in maskcubeswhen we can choose
for eachcubebetweenAND andOR composition. Given
a testcube ¸ , let ¹G£�¥§¦ � ¸ �

and ¹G²)³ � ¸ �
be the setsof

specifiedbitsof themaskcubescorrespondingto AND and
ORcompositionrespectively. Themaskcubewhichwill be
selectedin orderto minimize theMP-LFSRsizewill have
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Figure 2. Proposed dual MP-LFSR TPG architecture for low power mix ed-mode BIST]2ÓÔ�CÕALZÖ+��M ×ÏØ�Ù°Úl�Z�J
3M < M ×GÛ)Ü¡�Z�J
3M 
 specifiedbits. As the
setsof specifiedbits of ×GØ�Ù§Úl�I�J
 and ×GÛ)Ü§�I�J
 aredis-
joint, andtheir union is equalto

H �I�J
 , thesetof specified
bitsof � , we haveM ×GØ�Ù§ÚJ�I�J
2MÝ� M ×GÛ�Ü¡�I�J
3M=�ÞM H �I�J
2M (5)] Ó_ß M ×GØ�Ù§ÚJ�I�J
2M (6)] Ó_ß M ×GÛ�Ü¡�I�J
3M (7)

By addinginequalities(6) and(7) andusingequation(5)
weobtain: ] Ó.ß M H �I�J
2Mà (8)

Thustheupperboundfor the lengthof thesecondaryMP-
LFSR, á Ó from Figure 2, is given by â -6ã>ä)å â5 � Y

, where
Y

is a small constant,2 in our experiments,which ensures
that theprobabilityof finding an initial seedfor eachmask
cubeis high,andconsequentlythetotalnumberof feedback
polynomialsis small. Althoughintuitively it seemsthatwe
needto doublethestoragerequirements,inequality(8) has
shown that the lengthof the secondary(mask)MP-LFSR
from Figure2 is only approximately50% of the lengthof
themain MP-LFSR,whoselengthis dependenton M H �I�J
2M
(seesection2).

5. Experimental results
We have performedseveral experimentsusing the full

scanversionsof theISCAS-89circuitsin orderto assesthe
efficiency and the costof the proposedmethod. We have
usedATALANTA [9] for automaticgenerationof the de-
terministic test cubesandFSIM [10] for fault simulation.
Themethodfor computinginitial seedsandfeedbackpoly-
nomialsdescribedin section2, andourmethodfor deriving
maskpatternsdescribedin section3 wereimplementedus-
ing C++.

In our experimentsshown in Table1, we have first as-
signedsomedefault initial seedsand feedbackpolynomi-
als to the two MP-LFSRs.We have alsoselecteda default
compositionfunction,AND for example.Usingthisconfig-
urationwe have generated1k pseudo-randompatternsand
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Figure 3. Circuit s38584: Non-deterministic
fault coverage vs. the number of determinis-
tic patterns for single and dual MP-LFSR TPG

fault simulatedthemon the targetcircuit. For the remain-
ing undetectedfaultswe have usedATALANTA to derive
the deterministictestcubes.We have setthe lengthof the
main MP-LFSRto æJç Õè�é] ?¡êÐë � à

where ] ?¡êÐë is the
maximumnumberof specifiedbits ] in all thetestcubesin
theprecomputedtestcubeset.Wehavesetthelengthof the
secondaryMP-LFSRto æJç ]z�ì]&Ó?¡êÐë � à

where]&Ó?¡êÐë is the
maximumnumberof specifiedbits ]&Ó in all themaskcubes.
Having set the length of both MP-LFSRs,we have com-
putedfor eachtestcubeandcorrespondingmaskcubethe
initial seeds,feedbackpolynomialsandcorrespondingout-
put patternsfor the two MP-LFSRsaswell as the pattern
resultedfrom the compositionof the latter. Column NC
from Table1 givesthe numberof deterministictestcubes
computedto achieve maximal fault coverage. Columns
NPm andNPs show thenumberof polynomialsusedby the
mainandsecondaryMP-LFSRsto cover all testandmask
cubes.ColumnsPDm andPDs give thelengthof thepoly-
nomialsusedby thetwo MP-LFSRs(mainandsecondary).
ColumnsTC andorigTC give thenumberof transitionsin
thescanchainobtainedby usingour TPGandrespectively
a traditionalTPG with a singleMP-LFSR[5, 8]. Column
redTC% shows thereductionin transitioncount,which is



Circuit NC NPm PDm NPs PDs TC origTC redTC% xStorage% origFC% mFC%
s420 44 2 22 1 8 231378 306721 24.56 36.36 76.92 72.3
s526 32 2 15 1 8 116369 152027 23.46 53.33 95.49 86.99
s641 23 1 24 2 10 577057 753730 23.44 41.67 96.32 88.98
s713 22 2 24 2 12 573862 753044 23.79 50 90.53 84.3
s820 53 5 15 1 8 108245 143475 24.55 53.33 91.41 81.52
s832 52 4 15 1 8 108090 143284 24.56 53.33 89.88 79.66
s838 131 1 38 1 8 904106 1202210 24.8 21.05 58.75 59.39
s953 39 1 17 3 9 404086 532909 24.17 52.94 83.31 91.47
s1196 124 1 19 4 9 227156 294182 22.78 47.37 88.64 73.91
s1238 130 1 19 4 9 228405 295494 22.7 47.37 83.1 68.48
s1423 28 1 28 2 13 1611456 2137027 24.59 46.43 96.96 93.33
s5378 199 2 29 5 15 10188661 13592997 25.04 51.72 93.78 86.17
s9234 243 2 53 2 27 14152373 18707043 24.35 50.94 70.72 63.7
s13207 319 3 24 3 13 120663103 161446001 25.26 54.17 79.82 81.14
s15850 238 3 40 2 21 86268594 115238803 25.14 52.5 86.23 84.65
s38417 498 3 88 2 45 771889958 1027848936 24.9 51.14 86.19 84.89
s38584 351 4 56 2 29 543841106 722223634 24.7 51.79 90.32 83.74

Table 1. Experimental results for 1k pseudo-random patterns and deterministic patterns for maximal
fault coverage

consistentwith the probabilisticestimationof 25% reduc-
tion from section3. ColumnxStorage% showstheamount
of additionalstoragerequiredfor storing the maskseeds,
relative to thestoragesizefor thetestseeds,resultwhich is
consistentwith the theoreticalupperboundof nearly50%
determinedin section4. Finally, columnsorigFC andmFC
comparethefaultcoverageof 1k pseudo-randompatternse-
quencesand1k patternsequencesgeneratesusingour TPG
in non-deterministicmode.Thelower fault coverageof the
non-deterministicsequencesgeneratedby our TPG,a side
effect of the maskingprocess,is compensatedby a higher
numberof deterministicpatterns,neededto achieve max-
imal fault coverage. Figure 3 shows, for both the tradi-
tional TPGwith a singleMP-LFSRaswell asfor our dual
MP-LFSRTPG, the relationbetweenthe numberof non-
deterministictestpatterns,theirfaultcoverageandthenum-
ber of deterministictestpatternsneededto achieve maxi-
mal fault coverage. The numberof deterministicpatterns
for full fault coveragedecreasesas the lengthof the non-
deteterministicsequenceincreases.Hence,the storagere-
quirementscanbe controlledby varying the lengthof the
non-deterministicsequence.

6. Conclusions
In this paperwe have proposeda new TPG for mixed-

mode BIST basedon mask pattern generationand re-
seedingof dual MP-LFSRs. By employing AND andOR
masking,our TPG, at the cost of additional, yet limited,
storagerequirements,reducesthe numberof transitionsin
the scanchain by 25% while preservingthe fault cover-
ageandtestapplicationtime whencomparedwith a tradi-
tionalTPGwith asingleMP-LFSR[5, 8]. Futurework will
investigatethe trade-offs in power dissipationandstorage
requirementswhenusingAND/OR compositionfunctions
which have an increasedfan-inandhenceadditionalmask
MP-LFSRsthatwill furtherlowerpowerdissipationduring
test.
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