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Abstract — With the advent of deep-submicion VLSI
technologies, the working speed of SRAM circuits has
grown to a level that at-speedtesting of SRAM hasbecome
an important issue. In this paper, we present delay fault
modelsfor SRAM, i.e.,the faults that affect the accesgime
of the SRAM circuit. We also develop the test algorithm
that detectsthesefaults. The proposedSRAM delay-fault
testalgorithm hasa complexity of 3N + 2k Read/Write op-
erations,where N is the number of words and % is the word
countin arow.

I. INTRODUCTION

Memory cores have beenwidely usedin system-on-
chip (SOC) designs. An SOC that containshundreds
of SRAM coresis not uncommontoday Accordingto
ITRS[1], embeddednemoriesrepresenti majorportion
of the area of a typical system-on-chigSOC), and the
percentages likely to go beyond 90% in lessthanten
years. In addition,memoriesusually have highercircuit
densitythanlogic blocks,sotheirtestingand diagnosiss
becomingmore and moreimportant. With the advent of
deep-submicrofDSM) VLSI technologiesthe working
speedf SRAM circuitshasgrown to alevel thatat-speed
testingof SRAM has beenconsideredan importantis-
sue.Theadventof DSM technologieslsobroughtforth
therequirementf new fault models especiallyjthe delay
fault models[2].

Failure analysisis an importantstepfor establishing
goodfault modelsfor subsequentliagnosticsand dehug-
ging of the semiconductomemoryproducts.Therehave
beenmary researchworks on RAM fault modelsin the
past(see[3] for a summaryof corventionalRAM fault
models). In [4—6], the authorsreportthe resultsof de-
fectanalysison DRAM andSRAM circuits, and propose
somenew fault models. They aso show the analysisof

thefaulty memorybehaior underdifferenttemperatures.

In [7, 8], the authorssimulate the SRAM circuits using
differenttestalgorithmsbasedon the notion of weighted

critical area(WCA). They alsoshaw the defectcoverage
and fault coverage of the testalgorithms. By simulat-
ing the faulty circuit with differenttestalgorithms,some
researcherf9,10] wereableto shav the correlationbe-
tweenthedefectcoverageandfault coveragefor eachtest
algorithm. Thereare alsosomeresearchesultsshaving
defectsthat causecircuit delay In[11], the authorspro-
vide a screeningtechniquefor delay defectscausedoy
high resistancenterconnectln [12], the authorspresent
resistive openand bridgefault modelsincorporatingooth
functionaland delay effectsof spot defects. In another
work, the maximalaggressofault modelis presenteds
ahigh level representatioof physicaldefectghatleadto
crosstalkerrorson SOCinterconnect§l13]. However, all
theseprevious studieson delay effect of defectsare for
generaDSM circuits.

In this paper we focus on the delay effect of defects
in SRAM circuits. The analysisof the delay effect is
basedon the SRAM defectsthat are modeledas word-
line delay fault and bit-line delay fault, accordingto the
fault behavior causeddy the defects. We alsoproposea
testalgorithmfor the delay faults. The proposedSRAM
delay-fult testalgorithmhasa complexity of 3N + 2k
Read/WriteoperationswhereN is the numberof words
andk is the word countin arow. Experimentalresults
shav thatthe testalgorithm caneffectively detectdelay
faults causedy defectson SRAM circuits.

Il. DELAY FAULT MODELS

Thedelayin anSRAM circuit canbecausedy differ-
entdefects,suchas(resistize) opens shorts,and various
processvariation defects. In this paper we do not ad-
dressspecificdefects We consideronly the delaybehay-
ior causedy thedefects.We modeland classifythefault
behaior asword-line delay fault (WDF) and bit-line de-
lay fault (BDF). The detailsof the two fault modelsare
given below.



A. Word-Line Delay Fault (WDF)

The SRAM circuit is composedof a cell array and
the peripheralcircuit. Thelatterincludesthe addressle-
coder pre-chage circuit, equalizationcircuit, senseam-
plifier, etc. Eachof theseperipheralcomponentsanbe
implementedn multiple ways. The word-line delay de-
scribedhereis assumedo be causedy defective address
decodeand/orword-lines. Theaddresslecodetis atwo-
level logic circuit thathasseveralimplementatiorstyles,
including multi-level decodingfor large memoriesand
dynamiccircuit implementatiorfor reducingthe decod-
ing time andcircuit compleity. Figure 1 shovsasimple
block diagramof a RAM, includingthe addressdecoder
designthathasboththe X-decoderand Y-decodefor row
andcolumnselectionfespectiely. In thefigure,we shav
aWDF causedy adefectin the X-decoderlf thedefect,
e.g.,resultsin anextraimpedancen theword-lineor re-
ducegthedriving power of theword-line,theaccesgime
of thememorycellsin thisword-lineincreases.
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Fig. 1. A WDF example.

The fault effect (sensitvity of accesgiming) depends
on the actualdesignof the addressdecoder If the ad-
dressdecoderis implementedby a dynamiccircuit, the
delayis morelikely to be affected. The corventionalad-
dressdecoderfaults[3], arestatic faults, which may not
cover defectsthat causeonly delay problems,i.e., when
thememoryfails only at high speedundercertaintestpat-
ternsand address/accesequencesThe behavior of the
WDF isthatthe read-outdatais the previous oneinstead
of the oneexpectedirom the memoryword. Becausehe
sensamplifieris alatch-basedesign,t catcheghepre-
viousvaueif theoutputdatahasa delay ConsiderFig. 1
adain, wherethefaulty word-line is causedy a defectin
the X-decoder If aknown patternhasbeenstoredin the

word andwe readits neighboringcellssequentiallye.qg.,
a, b, ¢, d), thenthe outputdataof thebit-lines b, ¢, andd
will bethosestoredin a, b, andc.

B. Bit-Line Delay Fault (BDF)

Thebit-linesareusuallythelonges{mostloaded)ines
in thememorycell array. In commonSRAM circuits we
seel28or morecellsdriven by eachbit-line. Whenthe
defectcausesnextracapacitol(in parallel)or resistor(in
series)on the bit-line [12—14],the delayfault may occur
thataffectsthememoryaccessime.

Figure2 shavsthetiming diagramof the Write opera-
tion, which canbe divided into three phases—thevrite
phase,equalizationphase,and pre-chage phase. The
Readoperationcan be expressedn a similar way. An
extrabit-line loadcapacitomwill increase¢heequalization
time, which in turn affectsthe pre-chage performance.
If the fault occurs,thenthe bit-line and bit-line cannot
be pre-chagedto Vpp, and the subsequenReadoper
ation may catcha faulty datavalue. Both the Write and
Readoperationsnayexhibit thefault behavior. Whenthe
memoryexecuteghe Write operationthe voltagediffer-
enceof the bit-line and bit-line is largerthanthat of the
Readoperation becausehe voltageforking of the Write
operationis from the power supply insteacbf theinverter
pair in the memorycell (asin the Readoperation). The
equalizatiortime of the Readoperationis thuslessthan
that of the Write operation,so the fault canbe detected
moreeasilyusingthe Write operation.
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Fig. 2. Timing diagramof the Write operation.

Theextraresistancén the metallinesor otherpartsof
the circuit causedoy defectshasbeendiscussedn pre-
vious works [12,14]. In what follows we discusssome
aspect®f theexcessie capacitancen thebit-line.



e Processcontrol to fix the capacitancef the metal
line ishard,anda 10%erroris easilyseen.We take
a hit-line with 512 memorycells for example. The
capacitancef the bit-line includesthatof the metal
line and thatof the memorycells (seerfrom the bit-
line). A typical value of either the capacitancef
themetalline or thatof thecellsis aboutl pF, sothe
capacitancef the bit-line is about2 pF. A process
defectcaneasilyincreasethe capacitancdy 10%,
i.e., 200fF, which leadsto a delayfault thataffects
theaccesdime.

e Thelargecapacitancen thebit-line may slow dovn
thedischageprocesswhichreduceshevoltagedif-
ferencebetweenbit-line and bit-line.

e The memory cell has a leakagecurrent, and it in-
creasesswe go deeperinto the DSM technology
If the leakagecurrentis too lamge, the behaior is
like alarge capacitoron bit-line.

e If the layoutis not doneproperly therecanbe an
obsenable parasitic capacitorbetweentwo neigh-
boringlines, e.g.,the power line (Vpp or GND) is
usuallylaid in parallelwith bit-line or bit-line.

e For the pre-chage circuit the dynamicload hasa
higher performancethanthe static load, so the dy-
namicpre-chage circuit is more commonlyseenin
modern SRAMs. However, an SRAM using the
dynamic pre-chage circuit suffers from slow ac-
cesswhenleakageoccurs. Whenthe word-line is
high, the cell currentdischagesthe bit-line. If the
pre-chagecircuit leaksthedischageprocesslovs
down or cannever be done. The behaior is similar
to alamgecapacitancen thebit-line.

e The cell currentis definedasthe currentfrom the
bit-line to the memorycell. If the cell currentis
small, the dischage processof the hit-line is slow.
The behavior is similar to thatcausedy alame ca-
pacitoron hit-line.

The timing specificationsof a memory core usually
consistof fourtypes—clockputputtime, setuptime, and
hold time. The clock specificationincludesthe clock pe-
riod, risetime,andfall time. Theoutputtime specifieghe
durationfrom datarequesto dataoutput. The setuptime
andhold time arefor addressetupandhold times,input
datasetupand hold times, write enablesetupand hold
times, etc. Theseareimportanttiming specificationsfor
the memory soduring productionthey should be tested.
Thedelayfault modelsproposedn this papercanbeused
for detectingfaultsleadingto excessve accesgime (i.e.,
the outputtime).

Ill. TESTALGORITHM DEVELOPMENT

A. TestingWDF

Although we had stressedthe Read operation, the
WDF may alsoaffect the Write operation—ifthereis a
WODF, the cell on the faulty word-line may not be writ-
tenproperly However, duringthe Write cycle, the WDF
causes differentscenaridrom Readcycle. In the Write
cycle, bit-line or bit-line usually dischagesthe cell with
a more powerful current sink than the Readoperation.
We assumethat the Write operationis completedcor
rectly, thoughthe voltagelevel of the word-line may be
lower thanexpected.In such caseit is sufficientto test
this fault by (wa); (ra, wb), where (w ) meanswriting
the dataword a to all cellsin certainaddressequence,
andb is the complementof a. The (ra w § elementis
to go throughthe entire addressspaceby a certainse-
guencewhereat eachaddressve readthe expectedwvord
a andthenwrite backits complementmmediatelybefore
proceedingo the next address.Whenwe performra at
the next addressandthereis a WDF, the senseamplifier
catcheghe previousvalue b insteadof a.

Figure3 shavs an examplefor thistest,usingarow of
four cellsandassumingdoit-orientedoperationsAfter we
perform(w0), al thecellsarereseto 0. We thenexecute
(r0,w1) from left to right. Thefirst cell returnsa correct
outputvalue, but the outputsof other cells in the same
row are incorrect,becausehe stateof the senseamplifier
remainsat 1 if the WDF occurs.

Data Output

-]

-]

=
=

Fig. 3. TestingWDF.

B. TestingBDF

The BDF is causedy a defectleadingto an excessve
capacitancef bit-line or bit-line, increasingthe access
time of thememory Thefaultbehaior of BDF isthatthe
equalizationtime is too long to have the next operation
executedproperly, sothe subsequenteadingcanreturn




anincorrectvalue. Thecell with the slowestequalization
processs thefarthestcell from thebit-line equalizer and
the cell thatreadsthe next value the fastesis the nearest
cell from the senseamplifier Figure 4 shows the place-
mentof the memoryperipheralcircuits. In Fig. 4(a), the
equalizerandsense-amplifieare at oppositeendsof the
bit-line. In this case,Cell0 is the cell with the slowest
equalizationprocessandit also readsthe next value the
fastest.By this obsenation, we cantestthe BDF using
a three-stepprocedure: 1) write a to CellO; 2) write b
to Celll to complementhe bit-line and bit-line; and 3)
reada from Cell0. The slow equalizationand fastread-
ing underthe BDF will resultin afailed Readoperation
in thethird step,so thefault canbe detectedFigure 4(b)
shavs anotherhbit-line design, wherethe equalizerand
sense-amplifieareat the sameend of thebit-line. In this
case,Cell2 is the cell with the owestequalizationand
readingprocesswhile Cell3 is the one with the fastest
equalizationand readingprocess.By this similar obser
vation, we cantestthe BDF usinganotherthree-steppro-
cedure: 1) write a to Cell3; 2) write b to Cell2; and 3)
reada from Cell3. In summary we cantestthe BDF
(for either case)by developing a testalgorithmthat con-
tains (wa, *wb, ra), where xw meanswriting to another
addresdn the samecolumn that hasthe slowestequal-
ization process. Note that this test algorithm requires
changingthe backgroundwhen accessinghe samebit-
line. If weincludebothproceduresthenthetestlengthis
3 x 2 x k = 6k, where k is theword countin arow.
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Fig. 4. Placemenbf peripheralcircuits: (a) equalizerand
sense-amplifieat oppositeends;and (b) equalizerandsense-amplifier
atthe sameend.

C. TestingBoth WDF andBDF

Using the March notation[3, 15], the WDF testalgo-
rithm canbewrittenas {{ (wa); § (ra,wb)}. Assuming
thatthe scrambledataof the memoryis known, the BDF
testalgorithm canbe written as (wb, xwa,rb). We can
combinethesetwo testsinto the final testalgorithmfor
both WDF and BDF:

{ wa);§ (ra,wb, *wa,rbd)

Note thatwe may needto repeatthe testwith a comple-
menteddatabackgroundf the BDF is patterndependent.
Notealsothatthelasttwo operationgs thetestalgorithm
areappliedonly to certainrows, as discussedbove. The
compleity of the proposedSRAM delayfault testalgo-
rithm thusis only 3V 4+ 2k Read/Writeoperationsyhere
N is the numberof wordsandk is the word countin a
row. Thetestalgorithmalso canbe embeddedn a test
for detectingconventionalRAM faults (see e.g.,[3,15]).
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Fig. 5. ExperimentalSRAM circuit.

IV. EXPERIMENTAL RESULT

We have simulatedthistestalgorithmfor areal SRAM
circuit asshownin Fig. 5, wherethe equalizersand sense
amplifiersare all at the lower end of the memorycell ar-
ray. We have addedproperloadingon the bit-line, C1,
to simulatethe BDF. Theaddresgumpsfor detectingthe
BDF are alsoshowvn in Fig. 5. Whenthe bit-line loading
is about400fF, the fault behavior is as shown in Fig. 6.
If theloadingonthebit-line increasethe BDF detection
probability alsoincreasesi.e., a loadinglargerthan400
fF may allow us to detectthe fault using more address
jumpsin addition to thoseshown in Fig. 5.

We now evaluate the fault coverageof two testalgo-
rithms, i.e.,the March C— testalgorithm[3] andour in-
tegratedtestalgorithmfor BDF and WDF. The proposed
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Fig. 6. Fault behavior smulationresult.

integratedtestalgorithmis:

{$ (w0), 1 (r0, wl), ft (r1,w0), Y (r0, wl, *w0,rl),
J (r1, w0, *xwl,70),T (r0)

Thefault coverageis calculatecby our fault smulator—
RAMSES[15]. Tablel shows the fault coveragefigures
for the target fautls—thestuck-atfault (SAF), transition
fault (TF), addresslecoderfault (AF), andcouplingfault
(CF). We canseethat March C— doesnot detectBDF,
but our integeratediestcan. The compleity of the pro-
posedntegratedtestis 12V + 4k, which is4k higherthan
MarchC-.

TABLEI
FAULT COVERAGE COMPARISON.

SAF TF AF CF BDF WDF
MarchC- | 100 100 100 100 0 100
Integrated| 100 100 100 100 100 100

V. CONCLUSION

We have proposedthe BDF and WDF models for
SRAM, which will be more and more importantwhen
we go deeperinto the DSM technology We also have
developedatestalgorithmfor detectinghesefaults. The
complity of the proposedSRAM delayfault testalgo-
rithm isonly 3N + 2k Read/Writeoperationswhere N
is thenumberof wordsandk is theword countin arow.
The testalgorithm can easily be embeddedn a testfor
detectingcorventionalRAM faults.
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