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Abstract

A novel testing strategy is proposedthat is designedto
detectsmalldelaydefectdy creatinginternal signalraces.
Theracesare createdby launching transitionsalong two
pathssimultaneouslya refeencepath and a testpath. The
arrival timesof the transitionson a commonor ‘conver-
gence’gate determinethe resultof the race The presence
of a smalldelaydefecton thetestpath createsa statichaz-
ard ontheoutputof the corvergencegatethatis directedto
theinput of a scan-latt. A glitch detectoris addedto the
scan latt to recod the pesence or absence of the diitc
1.0 Introduction

Advancemenbf technologyto nanometefeaturesizes
and new materialsis changingthe paretoof defecttypes,
makingdefectssuchasresistize openvias, mousebitesand
gate oxide failures more prevalent [1]. Thesetypes of
defectsincreasethe delay of signal pathsand cancausea
delay fault. Thosethat go undetectedvhen testedalong
short paths are called small delay faults. Small delay
defectsmay causefailure when exercisedalong a suffi-
ciently long pathin missionmode.In eithercase they are
generallyconsideredo represent reliability problemand
methods are needed to screen thefecabely [2][3].

Thetransitionfault modelis widely usedfor delayfault
test generation.Unfortunately timing unaware transition
fault ATPG doesnot considerpathlength as a criteria for
generatingtests and therefore targets only gross delay
defects.Recentwork addresseshis concernby selecting
test patternsthat test small delay defectson long paths
[4][5][6]. Otherapproachesarget small delay defectshy
partitioning patterns into timing sets and testing at
fasterthan-at-speed [7][8][9][10][11].

In this paper we proposea hovel methodfor the detec-
tion of small delay defectsthat minimizesthe numberof
delayteststhat needto be appliedat fasterthanthe rated
clock speed.The methodrequiresthe longestpathto each
primary outputandscan-latchinput (subsequentlyeferred
to asanendpoint)to be validatedusingdelaytestsor a ref-
erencepath test structure (describedlater). We refer to
thesdongestpathsasrefelencepaths Oncethesepathsare
validated,they are usedto upperboundthe delay of path
segmentsdriving their off-pathinputs. This procesdletects
smalldelaydefectghatoccuronthereferencepathsandon
the path sgments dning the of-path inputs.

The processof testingthe off-path segmentsfor small
delay defectsinvolves simultaneouslypropagting signals

along both the off-path segmentand referencepath seg-
ment.The gatethatsenesasthe endpointof both pathsey-
ments is called the convergence gate. Under nominal
conditions,the off-path sgmenthasa smallerdelay or a
delayequalto the referencesggmentdelay (otherwise the
referencepath is not the longestpath), and its transition
arrives at the corvergencegate before the referenceseg-
ment signal. If the off-path sgment has a small delay
defect, the opposite may occur The transitionson the
inputs to the corvergencegate are controlled suchthat if
the latter occurs,a glitch is producedon the outputof the
convergence gate. A glitch detectoy placed at a point
beyondthe convergencegate,is usedto capturethe glitch,
therebyrecordingthe result of the signal race.The glitch
detectorvalueis scannedut for inspectionto determineif
a small delaydult occurred.

The advantageof the methodinclude the elimination
of a captureclock cycle, which significantly reducestest
power issuesThe methodcanalsodetectvery smalldelay
defectswithout the needto apply a fasterthan-at-speed
clock. The following sectionsdescribethe techniqueusing
an excample circuit for illustratie purposes.

2.0 Concept

Theproposednethodmakesuseof internalsignalraces
along path sggmentsas a meansof upper boundingthe
propagtion delay of a testpathsegmentagainstthe delay
of referencepathseggment.In orderto accomplishthis, the
upperboundson the delay of a setof referencepathsare
determinedby applying standarddelaytestsor by usinga
referencepathtest structure(describedater). The longest
pathto eachendpoint(scanlatch input or primary output)
is selected as the reference path.

A referencepath with multiple endpointsis shavn in
Figure 1. The longer pathto endpointD is labeledp, for
patheference A transition is launched from a Pl or
scan-latchA (subsequentlyreferredto as a launchpoint)
andis capturedat endpointD. If the signalpropagtesto D
within thelaunch-captureycle time, thenits delayis upper
boundedby thattime. This processonfirmsthattherefer-
encepathdoesnot have adelaydefect.The sameprocesss
applied to the remaining reference paths.

The validatedreferencepathsare then usedto bound
the delaysof other shorterpathsin the circuit. Figure 2
illustrateshow thisis accomplishedTwo pathsegmentsare
identifiedass; (for sggmentegterences ands; (for sggmenteg)
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Figure2. A signal raceis created between a reference path segment and a test path segment driving an
off-path input to a convergence gate.

and have launchpointdabeledA and B, respectiely. The
endpointsof the sggmentsdrive the inputs of a corver-
gencegate,G. Sincethereferencegathis thelongestpath

to endpointD, the delayof s, delay(s) is greaterthanor
equalto delay(g) by design.The transitionsshavn at the
inputsof G, i.e.,0-> 1 for s, and1 -> O for s causethe
outputof G to behae in oneof two ways.If delay(s) >=
delay(g) thenthe 0 alongs; arrivesbeforethe 1 on s, and
theoutputremainssteady-stathigh. If theopposites true,
i.e., delay(s) < delay(g), then G¢’'s output switches
momentarilywith durationproportionalto the difference
in delays along the twseyments.

Therelative timing of the two sggmentsis reflectedin
the outputbehaior of G.. Oneway to recordthe output
behaior of G for subsequeritspectionis to monitorthe
stateof the path sgmentbetweenthe corvergencegate

andan endpointusinga glitch detector. The glitch detector
is designedvith amemoryelementthatflips stateif atran-
sition occurs on its input.

Figuresl and2 shaw two glitch detectorsat endpoints
C andD. Althoughit is possibleto usetheglitch detectorat
endpointD for thetestshavn, selectinganendpointthatis
closestto the cornvergencegate, e.g., the glitch detectorat
endpointC, is betterfor several reasonsFirst, differences
in pull-up andpull-down strengthof gatesalonga pathcan
compresghe width of the glitch (and even eliminateiit),
making it more difficult or impossibleto detect.Second,
hazardsproducedon off-path inputs betweenthe corver-
gencegate and the endpointmay invalidatethe result. So
keeping this sgment small helps minimize thesdeets.

The exampleshaws the referencesegmentinput to G,

changingfrom the dominatevalue (0) to the non-dominate
value (1), and the test segmentinput transitioningin the
oppositedirection. Reversing thesetransitionsallows the
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relative sgmentdelay of the other transitionalong these
segmentsto be tested.For example,assumehe reference
segmenttransitionis 1 -> 0 andthe testsegmenttransition
is 0 -> 1. If thereferencesggmenttransitionis slower, i.e.,

delay(s) > delay(s) then a static hazardis produced.
Therefore the interpretationof the resultsis reversedfor

the othersetof transitionson theinputsto G.. In this case,

however, it shouldbe notedthatthereferencegathsegment
delay must be strictly larger than the test path segment
delay by the inertial delay of G, plus a magin because
passingthe testrequiresa glitch to be producedand this
will not occur if this condition is not met.

Onceatestsegmenthasbeencharacterizedt canthen
sene as a referencepath for testsof path sggmentsthat
convergeonits off-pathinputs.In thisway, the methodcan
be appliedrecursvely, first usingthe longestpathsasthe
referencepathsandlater usingprogressiely shorterpaths
as the reference paths.

3.0 Glitch Detector

As indicatedabove, the width of the static hazardis
proportionalto the amountof additionaldelayintroduced
by asmalldelaydefect.Thereforethedesignandlayoutof
the glitch detectomeedsto be optimizedto detectnarrov
glitchesin orderto maximizethe sensitvity of the method
to smalldelaydefects A seconddesigncriteriais to keepit
small, to minimize the overhead associatedwith the
method.Last, the glitch detectorneedsto be compatible
with launch-of-capture and launch-of-shift delay test
methodologies in order for it to be deemed practical.

One possibleimplementationof a glitch detectorthat
meetsthesecriteriais shavn in Figure 3. The captue-flop
inputis shavn at the top of the figure andthe captue-flop
(with scan)is shavn ontheright. Theremaininggatescon-
stitute elements of the glitch detector

An XORglitch rectifieris shavn on the left and con-
sistsof a sequencef two invertersandan XOR gate.The

inputsto XORglitch rectifieraredrivenby the capture-flop
input’. This circuit rectifies a negative or positive going

glitch into aseriesof transitionsonthe outputof XOR A by

delayingthe pair of transitiongntroducedby a statichazard
asymmetricallyto the XOR inputs.Exampletransitionsare

shawn in the figure.

The XOR A outputdrivesthe input of a latch,i.e., two
NOR gatesconfiguredwith feedback.The output stateof
the latch is initialized to O prior to conductingthe testby
settingglitch_enhigh. The glitch_encontrol signalis then
setlow prior to applicationof the delaytestpatternsif a
static hazardis propagtedto the capture-flopinput as a
resultof the test,thefirst rising edgeproducedby XOR A
flips the stateof thelatchandgenerates 1 onthe outputof
NORA. Oncethetestresultis storedin thelatch,XOR B is
usedto ‘insert’ the result into the scan chain. This is
accomplishedby performing a one-bit shift of the scan
chainwith glitch_enheld low. If a outputof thelatchis 0,
thenthe contentsof the scanchainat this positionremains
unchangedlf thelatchoutputis 1, XOR B flips the stateof
the bit moving into the capture-flopTheresultof this test,
as well as the results of other tests performedsimulta-
neously on other paths, are scannedout after setting
glitch_ento 1.

4.0 Refeence Rth

The pathsensitizatiordescribedn Section2.0relieson
a setof referencepathsthat have beenvalidatedto be free
of small delay defects.The referencepathsare definedas
the longestpathsthat drive eachendpoint(capturelatch or
primary output). Sinceall otherpathsto the endpointsare
shorterby definition, it follows thatidentifying andvalidat-

1. If theloadcapacitancef theinverterandXOR
gateis aconcernaninvertercanbeinsertedn
serieswith this connectiorasa meansf reduc-
ing the load to one Wrerter input.
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ing the longest paths maximizesthe coverage of small
delay defects in the rest of the circuit.

Thevalidationof thereferencepathscanbe carriedout
in oneof two ways.An at-speedlelaytestcanbe applied
to confirm that eachreferencepathis upperboundedby
theclock cycle time. Althoughthis approachworksfor the
referencepathsthatarealsocritical pathsin the circuit, it
cannotbe usedto confirm a tight uppertiming boundfor
theshorterreferencepaths.Thisis true becaus¢heshorter
referencepaths may have significant slack when tested
with anat-speealock. A straightforvard solutionfor test-
ing the shorter reference paths is to use a
fasterthan-at-speed clock. Unfortunately testing at
fasterthan-at-speedanresultin yield lossdueto IR drops
and other noise ffcts.

Our approactavoidsthe dravbacksassociateavith the
applicationof a fasterthan-at-speedlock by incorporat-
ing a specialreferencepath on chip. Figure 4 shaws the
proposedeststructure subsequentlyeferredto astheref-
erence path test structure (RPTS). It consists of a
launch-flop with scan on the left (to enable standard
launch-on-shift/launch-on-capturéransition testing), a
tri-stateablanverter followed by a string of invertersthat
form a delay chain. The chainis tappedat eachsuccessie
inverteroutputusinga MUX. Thetap point selectedleter-
minesthedelayfrom thelaunch-flopto theinput of NAND
A shavn ontheright in thefigure. The MUX delay select
inputs, which control the selectionof the tap point, are
controlled by the test engineer using a scan chain.

The NAND A gate senesthe role of the corvergence
gate,G, describeckarlier Thebottominput of the NAND
A is drivenby a path-select MUX. Theinputsto the MUX
are connected to those endpoints that require a
fasterthan-at-speedralidation, as describedabove. The
outputof NAND A drivesaglitch detectoywhichis identi-
cal to the glitch detectordescribedearlierin referenceto
Figure 3.

The shorterreferencepathscanbe validatedby apply-
ing a delaytestto themwhile simultaneouslyaunchinga
transitionfrom the launch-flopof the RPTS.The expected
delay of the referencepath is emulatedin the RPTS by
selectingthe appropriatetap point in the inverter chain.
Theresultof the raceof thetransitionsalongboth pathsis

reflectedin outputof the RPTSS5 glitch detector For exam-
ple, with the RPTSconfiguredwith a delaylargerthanthe
referencepath undertest, the absencef a glitch indicates
the referencepath undertestis shorterand free of small
delaydefects.Theresultis recordedn the captureflop for

inspection dfchip.

Accuratedelayemulationby the RPTSrequiresknowl-
edgeof the actualdelay of its delay chain, which canbe
obtainedthrough calibration. Calibrationis performedby
configuringthe delay chaininto a ring oscillator This is
accomplishedby settingRO_en to 1 in Figure4. The delay
select inputsto the MUX are configuredso that the entire
chainof invertersarepartof thering oscillator A frequeng
divider (right side of Figure4) is usedto drive an off-chip
pin connectedo a frequeny measuringinstrument.The
delayof thechainis simply theinverseof themeasuredre-
queng scaledby the value of the frequeng divider. Once
the RPTSis calibrated,it becomespossibleto configure
specific delaysinto the RPTS for validating eachof the
shorter reference paths.

5.0 ATPG

Successfulpplicationof our methodrequiressimulta-
neouspropagtion of two transitions ponealongareference
path sggmentand one along a test path segment. To our
knowledge, existing ATPG algorithmsare not capableof
determiningteststhat meettheserequirementsMoreover,
oncethetransitionsarepropagtedto the corvergencegate,
a sensitizedpathfrom the corvergencegateto an endpoint
mustbe establishedThe off-path inputs of this sensitized
pathseggmentmustbe constrainedo be glitch free. This is
truebecausery glitching on off-pathinputsmayinvalidate
the test.

Our currentwork is focusedon developing an ATPG
algorithm designedto meet these constraints.The basic
objectieis to derive testsfor the off-pathinputsalongeach
of thereferencepaths startingwith the off-pathinputsclos-
estto the launchpointsand successiely working towards
the endpoints.This stratgy maximizesthe opportunityto
usevalidatedpathsto the off-path nodesasreferencepaths
for testsinvolving nodesat larger logic depths.Our initial
objective is to determinghelevel of gatedelayfault cover-
age that is attainableon several of the ISCAS’85 and
ITC'99 benchmarlcircuits.Our resultswill be publishedn



a follow-up paper
6.0 Summary and Conclusions

In this work, we describea testmethodthatis ableto
detect very small delay defects without requiring a
fasterthan-at-speedlock. The stratgyy also reducestest
power by eliminating the captureclock cycle associated
with standarddelay testing. The techniquemales use of
internalracesasa meanf boundingthedelayof onepath
segmentagainstanotherTheresultof thetesteithercauses
astatichazardo be generatedr thetransitionalongaref-
erencepathto be halted.Glitch detectorsareaddedto path
endpointsas a meansof distinguishingthesetwo condi-
tions.A referencepathteststructureis proposedo validate
shorterreferencepathsagainst small delay defects.This
teststructurecanalsobe usedto aid with correlatingmod-
els with actualhardware for timing analysisandto mea-
sure path delays for validation and dehugging of first
silicon.
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