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AnLFSR-basedaddressgeneratorusingoptimizedaddresspartition
forlowpowermemoryBIST①
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Abstract:Powerconsumptionintestmodeismuchhigherthanthatinnormalmode,whichispronetocausingcircuitdamage
andreducingtheyieldofchips.Toreducethepowerdissipationefficiently,amodifiedlinearfeedbackshiftregister(LFSR)is
designedtodecreaseswitchingactivitydramaticallyduringthegenerationofaddresssequencesformemorybuilt-inself-test
(MBIST).Theaddressmodelsaregeneratedbyablendoftwoaddressgeneratorswithanoptimizedaddresspartitionandtwo
distinctcontrolledclocksignals.AnaddressgeneratorcircuitforMBISTof64k×32staticrandomaccessmemory(SRAM)is
designedtoillustratetheproposedscheme.Experimentalresultsshowthatwhentheaddressbussizeis16bits,comparedwith
thetraditionalLFSR,theproposedLFSRcanreducetheswitchingactivityanddynamicpowerby71.1%and68.2%,
respectively,withlowareaoverhead.
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0 Introduction
 Withprocesstechnologycontinuingtoshrink,a
largenumberofembedded memorieshavebeen
integratedintosystemonchips(SoCs)[1],which
maymakememoriesmoresusceptibletodefects[2-4].
Duetohighefficiencyandsimplicity,Marchtest
algorithmsarewidelyusedtodetectthefaultsin
memories[5-6].Memorybuilt-inself-test(MBIST)
hasbecomeastandardindustrypracticeintesting
numerousembeddedmemories[7-8].Basedonefficient
circuitsandalgorithms,MBISTeffectivelydetects
defectsinrandomaccessmemory(RAM)andread-
onlymemory (ROM)andgeneratesmultipletest
vectors,eachofwhichfocusesontestingaparticular
circuitorerror.However,becauseoftheincreasing
sizeofembeddedmemories,theswitchingactivityin
theaddresssequencedramaticallyincreaseswhen
complextestvectorsareloaded,whichleadstoan
extremedynamicpowerconsumption[9].Inaddition,
the excessive power dissipation in test mode
considerablyinfluencesthereliabilityofSoCs[10-11].

Hence,reducing the test power consumption
becomesanimperativeconcernintheprocessof
MBIST,inwhichitmakessensetodesignanaddress
generatorwithlowtogglerateintestmode.Overthe
years,aseriesofsolutionshavebeenproposedfor
low power MBIST.Sincelinearfeedback shift
register(LFSR)canproduceapseudo-randomtest
patternwithasmallareaoverhead,itiswidelyused
togeneratetheaddresssequenceinMBIST[12-13].A
completeLFSR withup/downcontrolsignalswas
proposedinRef.[5].WhilethisLFSRcangenerate
completeaddressesin2nupand2ndownsequences,it
failstoreducethetransitionseffectivelyforaddress
generatorinMBIST.Nouranietal.proposedalow-
transitionlinearfeedbackshiftregister(LT-LFSR)
toreducetheswitchingactivityamongpatterns[14].
Thismethodreducestheaverageandpeakpowerofa
circuitduringthetest,whereasthegeneratorthat
adoptsthismethodneedsalongersequenceoftest
vectorstogethighfaultcoverage.Vellingirietal.
combined LFSR with Bipartite LFSR andthen
proposedanimprovedLT-LFSRtodealwiththis
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problem[15]. This method expresses relative
superiorityinreducingthenumberofswitching
activity between patterns without affecting the
randomness.Wangetal.proposedadual-speed
LFSR(DS-LFSR)[16-17].ItconsistsoftwoLFSRs,a
slowLFSRandanormal-speedLFSR,andeffectively
decreasesthenumberoftransitionsduringthetest.
Afterwards,there have been some researches
adoptingthismethodforthereductionofthenumber
oftransitions.Yangetal.splittheLFSRintotwo
LFSRsinordertogenerateazero-setandone-set
cubeinthetestcube[18].An LFSR reseeding
approachin Ref.[19]adoptsdual-LFSRfortest
cubes.TestcubesinanLFSRreseedingschemecan
generatepropervaluestocoverdon’t-carebitsand
reducetheswitchingactivityforlow-powertesting
successfully. Based on the modified zero-one
algorithm,Krishna etal.proposed an address
generatorconsistingoftwodifferentclocksignals
and a blend of LFSR and a 2-bit pattern
generator[20].Thismethodeffectivelydecreasesthe
switching activity between adjacent address
sequences.However,itisnotoptimizedforvarious
addressbuswidthsandlacksflexibility,aswellas
realizingalowtestcoverage.

Inthisstudy,amodifiedLFSR-basedaddress
generatorsuitablefortheMarchtestalgorithmis
proposed.Wefirstobtainthemostsuitablepartition
oftheaddressbus,andthendividetheaddress
generator into two optimized and reversible
generationstructureswithtwodistinctclocksignals.
Finally,the proposed address generator has a
significantreductioninswitchingactivitywitharea
overhead,whichisillustratedina64k×32static
randomaccessmemory(SRAM).

1 MBISTandpoweranalysis

1.1 StructureofMBIST
 AsshowninFig.1,atypicalstructureofMBIST
ismainlycomposedofabuilt-inself-test(BIST)
controller and a data comparator. The BIST
controller,consistingofasignalgenerator,atest
vectorgenerator,anaddressgeneratorandsoforth,
isusedtogenerateapplicabletestvectors,read
commands, write commands,and analyze the
outcomes.Theaddressgeneratorisusedtogenerate
asetofaddresssequencesfordetectingflawsin
SRAM.WhenthestartsignalBIST_Test,theclock
signalCLK,andtheselectionsignalBIST_CSare

valid,theBISTcontrollerstartstotestthememory,
andmeanwhile,thecomparisonbetweenthetest
resultsandtheexpectedresultsdetermineswhether
thememoryhasflawsornot.

Fig.1 StructureofMBIST

1.2 Marchalgorithmandpoweranalysis
 Marchalgorithmshavedifferentelements,suchas
 

⇔

(W0),↑(R0,W1,W1,R1,R1,W0),↓(R1,W0),
etc.EachMarchelementconsistsofanaddressing
directionandafinitenumberofread or write
operations.Thespecialsymbols“↑”and“↓”denote
increasing and decreasing address orders,
respectively; “

⇔

”is usedtoindicatethe non-
significantorderofaddresses;andWxorRx means
thatalogicalvalue‘x’willbewrittenintoorread
fromamemorycell.
 AlthoughtheMarchalgorithmhasasuperiortest
coverage,itisgenerallyaffectedbythecomplexity.
Becauseofsomelongandcomplextransitionsduring
thedetection process,theamountofswitching
activityincreasessharply,whichresultsinahigh
dynamic power consumption. Dynamic power
consumptioncanbeexpressedby

Pavg=αT×Cload×V2
dd×fclk, (1)

whereαTisrelatedtotogglerate;andCload,Vddand
fclkdenotetotalloadcapacitance,supplyvoltageand
workingfrequency,respectively.
 Intheory,wecanreducethedynamicpower
consumptionbyadjustingtheparametersinEq.(1).
However,itisnoteasytoscaledownthepower
consumption by decreasing Cload,Vdd and fclk.
Therefore,thedecreaseofαTbecomesanavailable
waytoreducethepowerconsumption.Ifthenumber
ofswitching activities between adjacentaddress
sequencesdecreases,thedynamicpowerconsumption
canbealsodramaticallyreducedduringthememory-
testingprocess.
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2 ImprovedLFSRaddressgenerator
 BasedontheconventionalLFSRalgorithm,the
address generator shows a high toggle rate.
Accordingly,weimprove the traditional LFSR
algorithmanddesignanaddressgeneratorwitha
superiorreductioninswitchingactivity between
adjacentaddresssequences.Firstly,thefeedback
structureofLFSRisalteredtogetthereversible
LFSR.Secondly,wepartitionthereversibleLFSR
intoanH-bitLFSRandanL-bitLFSR,andthen
workouttheoptimizedpartitionratiobyfindingthe
minimum value oftransitionsin the proposed
LFSRs.Afterthat,theclocksignalH_LFSR_CLK
controlstheH-bitLFSR,theclocksignalL_LFSR_
CLKcontrolstheL-bitLFSR,andH_LFSR_CLKis
derivedfromL_LFSR_CLK.Finally,thetwoLFSRs
controlledbytheaboveclocksignalswillproduce
addresssequenceswithalowtogglerate.

2.1 DesignofreversibleLFSR
 ThetraditionalLFSRcannotproducethecomplete
addresssequence because when alltheflip-flop
outputsarezero,theLFSR willmaintainall-zero
state(seeFig.2).Thus,asshowninFig.3,some
ORandNORgatesareinsertedinthetraditional
LFSRtogenerateafullsequence.Thisstructureis
consideredasthek-stagecompleteLFSR.

Fig.2 StructureoftraditionalLFSR

Fig.3 Structureofak-stagecompleteLFSR

 Forak-stagecomplete LFSR,its primitive
polynomialscanbeexpressedas

H(X,k)=M0X0+M1X1+…+MkXk, (2)

G(X,k)=M0Xk+M1Xk-1+…+MkX0, (3)

whereMi(i=0,1,…,k)isthevalueofthe
correspondingflip-flopoutput,andthevaluesofM0

andMk arealways “1”.Thedifferencebetween
H(X,k)andG(X,k)isthatthesequenceordersof
Eqs.(2)and(3)arereversed.

2.2 Optimizedaddresspartition
 Ak-bitLFSRgeneratingalladdressin2kclock
cycleswillproduce2k-1transitionsattheoutputof
each LFSR cell[12]. Thus,in the process of
generatingacompletek-bitpatternaddresssequence,
ak-bitLFSRwillswitchk×2k-1times.Therefore,
thenumberofoutputswitchingactivitiesinanH-bit
LFSRandanL-bitLFSRareH×2H-1andL×2L-1,
respectively.Asmentionedabove,wetransformthe
k-bitLFSRintoablendofanH-bitandanL-bit
LFSR,whereH+L=k.WhenthehighH-bitLFSR
switchesonetime,theL-bitLFSRswitchesL×2L-1

times.Thus,duringthegenerationofafulladdress
sequence,thenumberoftransitionsintheoutput
bitsofLFSRcanbedefinedas

Y =H×2H-1+2H ×L×2L-1. (4)

 InordertofindtheminimumvalueofY,weobtain
Eq.(5)bytakingthederivativeofbothsidesof
Eq.(4),namely

Y'=(H×2H-1+2H ×(k-H)×2k-H-1)'.(5)

 AssumingthatY'=0,wehave

2k =2H(1+Hln2). (6)

 Consequently,wecanfigureouttheoptimized
address partition and the minimum switching
activitiesbyEqs.(4)and(6).Table1showsthe
optimalpartitionsforvariousaddressbuswidths.
Accordingto Table1and Eq.(4),weobtaina
comparisonoftheoutputswitchingactivitiesfor
differentaddressgeneratorsusingtraditionalLFSR,
thecombinedLFSRinRef.[20]andtheproposed
LFSR,respectively.TheresultsareshowninFig.4.
Table1 Optimizedpartitionfordifferentaddressgenerators

AddressbuswidthN (bit) L(bit) H (bit)

10-19 3 N-3
20-24 4 N-4

 Thenumberoftheoutputswitchingactivitiesof
theproposedLFSRislessthanthoseoftheother
twomethods.Astheaddressbuswidthofaddress
generator increases, the improvement of the
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proposedmethodbecomeslarger.

Fig.4 Changeofthenumberoftransitionsgeneratedby
differentsizeofaddressgeneratorsusingdifferentLFSRs

2.3 Designofclocksignal
 To maketheimprovedcombinedLFSRfunction
efficiently,wedesigntwodistinctclocksignals:
H_LFSR_CLKandL_LFSR_CLK.H_LFSR_CLKis
adividedclockfromtheclockL_LFSR_CLK,and
thetimingrelationshipbetweenH_LFSR_CLKand
L_LFSR_CLKisshowninFig.5.InanH_LFSR_
CLKcycle,themaximumnumberoftransitionsin

L-bitpatternis2L.

Fig.5 TimingrelationshipbetweenL_LFSR_CLKandH_
LFSR_CLK

3 Experimentandanalysis
 Ourproposedmethodisimplementedon64k×32
SRAM,whose address bus widthis 16 bits.
AccordingtoTable1,wesplitthe16-bitLFSRinto
a13-bitLFSRanda3-bitLFSR.Moreover,weadda
selectsignal“updn”forthegenerationcircuitto
ensurethattheaddressgeneratorcangeneratetwo
addresssequencesinreversedorder.H_LFSR_CLK
isobtainedfromL_LFSR_CLKutilizingafrequency
divider.Acircuitofaddressgeneratorisdesignedas
showninFig.6.

Fig.6 Designofproposed64kaddressgenerator
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 WestimulatetheproposedLFSR,traditionalLFSR
andacombined LFSRin Ref.[20]with Cadence
NClaunch.Simulation waveforms ofthe proposed
method,traditionalLFSRandacombinedLFSRin
Ref.[20]areshowninFig.7.Wecanseethatthe
proposed LFSR finishes generating afulladdress
sequenceincluding65536addresses “FFFF,FFFE,
FFFD,FFFA,…,7FFC,7FF8,7FF9,7FFB”(LFSR_
13_3),andthecombinedLFSRproducesacomplete
addresssequence“FFFF,FFFE,FFF8,FFF9,…,
7FFF,7FFE,FFFC,FFFD”(LFSR_14_2).However,
thetraditionalLFSRtotallygenerates65535addresses
“FFFF,FFD3,FF8B,FF3B,…,BFEE,7FF1,FFE2,
FFE9”(LFSR_tradition_16)withoutaddress“0000”.In

addition,weusethreecounterscount_tradition,count_
14_2,andcount_13_3todisplaytheoutputswitching
activityofthe16-bitconventionalLFSR,thecombined
LFSR in Ref.[20], and our improved LFSR,
respectively.InFig.7,thecount_traditionshowsthat
the 16-bit conventional LFSR switches 524 288
(hexadecimalvalueis“80000h”)times;thecount_14_2
describesthatthenumberoftransitionsinthecombined
LFSRis180244(“2c000h”);thecount_13_3records
that our improved LFSR only switches 151522
(“25000h”)timesforproducingacompleteaddress
sequence.ComparedwiththetraditionalLFSRandthe
combinedLFSRinRef.[20],theswitchingactivityof
ourworkdecreasesby71.1%and15.9%,respectively.

Fig.7 Waveformof64k×32addressgenerator

 The area overhead and power analysis are
performedon65-nm CMOSstandardcelllibrary
usingSynopsysDesignCompilerandPrimeTime.
Table2 shows the comparison of the power
consumptionandequivalentgatecountsbetweenthe
traditionalLFSR,theLFSRinRef.[20],andthe
proposedmethod.
Table2 Comparisonofdynamicpowerconsumptionand
equivalentgatecount

Method
Powerconsumption

(μW)
Equivalent
gatecount

TraditionalLFSR 30.13 89
LFSRinRef.[20] 18.34 128
Proposedmethod 9.587 155

 Theaddressgeneratoremployingthetraditional
LFSR algorithm consumes30.13μW indynamic
power.Thedynamicpowerdissipationinacombined
LFSR[20] decreasesto 18.34μW.The proposed
addressgeneratorinthedepthof64konlyconsumes
9.587μW,achieving68.2% and47.7% dynamic
powersavingcomparedtothe16-bitconventional
LFSR and the combined LFSR,respectively.
Furthermore,theproposedaddressgeneratorcircuit
hasaslightincreaseintheequivalentgatecount.

Theequivalentgatecountfortheproposedaddress
generatorisabout155equivalentgates,whilethe
equivalentgatecountsforthetraditionalLFSRand
thecombinedLFSRare89and128,respectively.

4 Conclusion
 Thispaperpresentsanoptimizedaddressgenerator
basedonLFSRforlowpowerMBIST.TheLFSR
canbesplitintotwo LFSRs with aseriesof
optimizedaddresspartitionsanddrasticallydecreases
theswitchingactivityduringthegenerationofa
completeaddresssequence.Asaresult,theproposed
addressgeneratorsignificantlyreducesthedynamic
power.Experimentalresultsina16-bitaddress
generatordemonstrateasignificantreductionin
powerconsumptionviatheproposedmethod.
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基于改进型LFSR的低功耗 MBIST地址生成器
虞致国1,2,李青青1,2,冯 洋1,2,顾晓峰1,2

(1.江南大学 电子工程系,江苏 无锡214122;

2.江南大学 物联网技术应用教育部工程研究中心,江苏 无锡214122)

摘 要: 存储器进行内建自测试(Mernorybuilt-inself-test,MBLST)时,其功耗远远高于普通模式下的功

耗,致使电路易损坏并降低了芯片成品率。针对上述问题,提出了一种改进的线性反馈移位寄存器,可在存

储器内建自测试的地址序列生成过程中大幅降低翻转率。首先基于优化的地址分割比生成两个优化的、可

逆的地址生成器,随后利用时钟信号分别控制两个地址生成电路的时序关系,最后对64k×32SRAM的

MBIST的地址生成器进行了仿真验证。结果表明,改进的结构与传统的线性反馈移位寄存器(Linear
feedbackshiftregister,LFSR)的地址生成结构相比,地址序列间的翻转率和动态功耗分别降低了71.1%和

68.2%,同时具有面积成本低、速度快等特点。
关键词: 地址序列;线性反馈移位寄存器;存储器内建自测试;地址生成器;翻转率
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