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Abstract

A delay-fault testing strategy basedon the analysis of

powersupplytransientsignalsis presentedThemethodis

an extensionto a Go/No-Godevice testingmethodcalled

TransientSignal Analysis(TSA)[1]. TSAdetectsdefects
through the analysisof a set of power supply transient
waveformsan the time or frequencydomain,e.g., Fourier

phase components A recent extensionto TSA demon-
strated a correlation betweenthe Vppt Fourier phase
componentsnd pathdelaysin defect-feedevices[2]. The
methodproposedhere is able to detectincreasesn delay
dueto resistiveshorting and opendefectsusinga similar

technique In particular, simulation results show that a

delay defective device can be distinguished from a

defect-feedevicethroughananomalyin the Fourier phase
correlation pofile of the deice

1.0 Introduction

In today'scompetitize IC market, succes®ften means
delivering the shortestpossibleclock cycle. Under pres-
sureto pushincreasinglycomplex processindgechnologies
to the limits, designersare delivering circuits with
decreasediming and noisemagins. In doing so, they are
makingthecircuitssignificantlymoresusceptibléo manu-
facturing imperfections.In particular previously benign
manugcturingdefectscannow causecircuitsto fail timing
specificationsThe “accidental” coverageof theseunmod-
eled delay-relateddefectsprovided by functionaltest pat-
ternsis likely to be significantly reducedunder a less
aggressie structural test methodolagy

A defect-orientedestmethodis basedn afaultmodel
that accuratelyabstractssomefraction (ideally all) of the
analogcircuit deviationsintroducedby defectsto a setof
discretefaults, that can be targetedby a set of testsand
detectedby productiontest and measuremenéquipment
[3]. Suchamethodis particularlyvaluableif it canbedem-
onstratedthat it is capableof detectingdefectsthat no
othermethodin thetestsuitecandetect.Resistve shorting
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andopendefectsare two typesof defectsthattraditionally
have not beentargeted. For example, they are not easily
detectedusing structural Stuck fault tests, particularly in

caseswherethe value of the defects resistancedoesnot
causea catastrophidailure, but ratheronly increaseslelay
alongone or more pathsin the circuit. Ippq targetsshorts

but is becomingncreasingdifficult to useeffectively dueto
the maskingeffectsof subthresholdeakagecurrentsDelay
faulttestmethodgametdefectsn theseclassedut reliable
delayfaulttestsaredifficult to derive andthe sizeof thetest
pattern set is usually ige.

In this paper the capabilitiesof a methoddefinedin pre-
vious work called TransientSignal Analysis or TSA, is
investicgated as a meansof detectingincreasesin delay
resultingfrom resistve shortingand opendefects.In TSA,
a setof power supply voltagetransients(VpptS) areana-
lyzedin boththetime andfrequeng domain.Theuseof the
power supply pads improves internal node obsenability
without impactingexisting designflows. The multiple test
signals (measuredsimultaneouslyat several supply pads)
providesthe basison which a processaaindtechnology-toler-
ant passHil metric is defined.

In previous works, a regression-basegdass/ail classifi-
cation schemefor TSA was derived from experimental
hardware and simulation data [1]. This technique was
extendedin [2] for the purposeof predictingcritical path
delay However, the analyticalframeavork thatdescribeghe
basisof theregressiomrmodel,e.g.,therelationshipbetween
pathdelayandFourierphasehasnotbeenaddresseih pre-
viousworks.Sincethemodelis key to thedelay-faultdetec-
tion strat@y describedn this paper a sectionis devotedto
identifying the ley steps of its devation.

The main contritution of this work is to determinethe
sensitvity of TSA to defectsthat increasepath delays.
Delay-orienteddefectswereinvestigatedin previous works
but the valueof theresistancassociateavith thesedefects
wasnot exploredasa parametenf the experimentalspace.
In this work, defectresistancetype andlocationarevaried
simultaneously with process parametersin simulation
experimentsHere, it is shavn thatoneof the major effects
of adelaydefectis to introduceuncorrelateghaseshiftsin
the supplypadsVppt signalsthataretopologicallycloseto



the path(s) décted by the defect.

The restof this paperis organizedasfollows. Section
2.0 outlinessomerelatedwork. Section3.0 describeghe
analyticalbasisof the regressiormodelandthe technique
usedin TSA. Section4.0 describeghe device andsimula-
tion experiments.Section5.0 presentsthe experimental
resultsand Section6.0 gives a summaryand conclusions
and discusses areas for futuregistication.

2.0 Backgound
Techniquesbasedon the analysisof transientsignals

aredescribedn [4-9]. The main dravback of thesetech-
niguesis that they do not accountfor vectorto-vector or
procesgvariations.Thereforethey arenotdirectly applica-
ble to devicesfabricatedn deepsub-microntechnologies,
in which thesetypesof variationsare significantandmust
be accounted for

A recentlppT work is basedn principleontheprocess

calibration techniquethat we have proposedfor TSA
[10][11]. However, calibrationis performedin this tech-
niqueacrosgestsequencestherthanwithin a singletest
sequenceandthereforethe methoddoesnot calibratefor
vectorto-vectorvariations.Anotherdravbackof thistech-
niquesis thatit is basedon the time domainanalysisof a
single power supplymeasuremengndtherefore doesnot
scale with chip size.

The results of researchin [12] suggestthat defect
detectionmetricsbasedon RMS valuesof IppT are best
accompaniedy frequeny metrics. Although the experi-
ments were performed on analoguedevices, enhanced
detectionof resistie bridgesandopenswvaspossiblewhen
thelppt RMS valuewasusedin combinatiorwith thefirst

five Fourier MagnitudecomponentsA methodthat addi-
tionally considersthe effects of processparametewaria-
tions is proposed in [13].

Thetechniquegproposedn thiswork differsfrom previ-
ous work in several significant ways. First, the method
explicitly accountdor processand vectorto-vectorvaria-
tion effectsby cross-correlatinghe power supplytransient
signalsmeasuredat multiple supply padssimultaneously
This attribute addresseghe scalability of the techniqueto
larger devices. Secondjnsteadof Fourier magnitudeand/
or RMS valuesof IppT, TSA focuseson the analysisof

Fourier phaseharmonicsThis choiceis motivatedby pre-
vious work which suggestghat this representatioiis best
at tracking processvariation effects. Lastly, the method
proposedhere“tracks” processvariation effects but does
not eliminatethem.This attribute allows device parametric
attributes, such as delay to be correlated across test

sequences, further reducing of possibility of test escapes.

3.0 Experimental Method
Any techniquebasedon the analysisof analogsignal

measurementsnust “calibrate” for processand technol-
ogy-relatedvariationeffects,sincetheinability to dosocan
resultin yield loss. TSA accountdor theseeffects explic-
itly throughthe cross-correlatiorof multiple supply pad
transient signals measured simultaneously as a test
sequence is applied to the primary inputs.

The supplyrail’s resistanceandcapacitancéRC) char-
acteristicanake it possibleto usethe staticor dynamicsig-
nals as a meansof distinguishingbetweendefective and
defect-freedevices. The global natureof processandtech-
nology-relatedvariation, such as changesin polysilicon
resistancandtransistorthresholdvoltages producecorre-
lated Vppt signal variationsin all supply pad measure-
ments. In contrast,the Vppt variations producedby a

defect affect the supply pad measurementsloserto the
defect site more dramatically than supply pad measure-
mentsfurther removed. The RC attenuatiorcharacteristics
of the supplygrid malke it possibleto measurgheseuncor-
relatedsignalvariations. TSA usescorrelationandregres-
sion analysisas a meansof tracking processvariation
effects and detectingthe regional signal variationscaused
by defects.

In previous works, a strong correlationin defect-free
deviceswasfoundin the Fourier phasecomponentscross
a setof power supply Vppt measurementgl]. A recent
work demonstratethat thesecomponentsare additionally
correlatedto the path delaysin defect-freedevices [2].
Therefore, they are a natural candidate for detecting
delay-orientedlefects.The following sectionsdescribethe
Fourier propertiesrelating delay and phaseand the TSA
proceduralesignedo track defect-freedevice phasecorre-
lations as well asthe anomaliesintroducedinto them by
defects.

3.1 An Analysis of Delay and Burier Phase
The analysisof pathdelayandthe Fourier phasecom-

ponentsof an Ippt waveform is decomposednto two
parts.Thefirst partshavstheintuitive relationshipbetween
path delay and featuresin the individual 15 waveforms
generatedy the gatesalong the path. The secondmakes
useof a Fourier propertyto shav the relationshipbetween
variationsin the composite,|ppt, waveform (dueto pro-
cess)andphaseshiftsin Ippt's frequeny domaincompo-
nents.Due to spacelimitations, the analysisis performed
graphicallyusingsimulationdata.Referto [14] for proofs,
a Vppt analysis and other details.

The relationshipbetweenpath delay and the transient
Ips waveformsis shawvn in Figure 1. The input waveforms
thatdrive two inverters,1 and3, alonga pathof invertersis
showvn alongthe top of Figurel. The Ipg transientggener-
atedby thesetwo gatesareshavn in the bottomportion of
thefigure.Dashedverticallinesaredravn throughthe 50%
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Figure 1. Input waveforms driving the 1st and 3rd
inverter in a three irverter chain (top) and
corresponding bg(t).

pointsin theinput waveformsandthroughthe peaktopsin
the Ipg waveforms. The two horizontal arravs are the
samelength, demonstratinghat path delay and the delay
as measuredbetweenthe Ipg waveform peaksare very
similar. Although the latteris not an exact measureof the
former; it is intuitively clearthat thesetwo quantitiesare
well correlateddue to the cause-dgct relationshipof the
input and g waveforms.

Thelppt generatednthesupplygrid is the superposi-
tion (via alinear RC network) of theseindividual I g tran-
sients.Variationsin delay e.g.dueto processvariations,
will causea correspondingariationin thelppt waveform,
scalingit in time by an amountclosely approximatecby
the changein delay However, the superpositionof Ipg
transientsfrom multiple paths,in combinationwith pro-
cessvariationsin thecomponenvaluesof the power grid’'s
RC network, make it difficult to track delayusingthetime
domainlppt signals.In thesecasesthe accurag of the
tracking analysiscan be improved using a bandof Ippt
Fourier phasecomponentsThis is possiblebecausghase
is relatedto thel ppT transientshrougha Fourierproperty:

where# indicates
the Fourier
transform.

F 1
x(at) = HX%E

The property indicates that scaling a time domain
waveform in time scalesthe phasecomponentsby 1/a,
proportionatlto frequeng. Sincethe higherfrequeny com-
ponentsof the It waveform are “distorted” by interac-
tions betweermultiple | pg transientsandthe supplygrid’s

RC componentvariations, the phase analysis can be
focusedon thosefrequenciegshataremorestronglycorre-
lated to delayas the follaving example illustrates.

Figure 2 shaws the Ippt waveformsfrom simulations
of a circuit (not shavn) in which two pathsare sensitized
under three processmodels. (The circuit designis not
importantin this discussionbut the interestedreadercan
consult[14] for details). The circuit componentvaluesof
the processmodelswere obtainedfrom MOSIS [15] for
TSMC's 0.25umprocess.The circuit componentparame-
tersof the simulationmodelsincludeBSIM transistormod-
els andthe interconnectparasiticsgiven by MOSIS as lot
averaged values. The simulation runs are labeled P#1
(slowest process) through P#2gtest process).

Thedifferencedn pathdelaysalongoneof the pathsin
thecircuit underprocessnodelsP#2andP#3,with respect
to P#1,are-186psand-334ps,respectiely. Thesearethe
delaysthatwe would lik e to trackusingthe | pp transients.
However, asindicatedin thefigure,the predictionof delay
given by measuringhe distanceat the falling edgeof the
IppT transientsas shawvn in the figure, yields -169psand
-424ps,respectiely. In contrast,Figure 3 shawvs the phase
spectrumof thesesignalsthrough1l.5GHz.The frequeng
componentsoelov ~900MHz are linear. The predictions
using the phase shifts in the frequenciesin the
300-900MHzbandare-201psand-324ps respectiely (see
ref [14] for detailson the procedure).This exampleillus-
tratesthat phasetracksdelay and suggestghat phasecan
be a better estimatorof actual path delay than a time
domain analysis of theyht signals.

3.2 Signatue Waveforms

TSA is basedon the analysisof dynamic(Vppt) Sig-
nals. In a productiontest ervironment, significant signal
variationsare generatedy the testequipmenthroughthe
probetips andtestheadelectronicsThis EMI couplesinto
the DUT's supply and distortsthe transientggeneratedy
the underlyingcorelogic. It is importantto attenuateide-
ally remove) thesevariationshbeforepassinghewaveforms
off to the detectionalgorithm. Moreover, the procedures
usedin TSA arebasedn ananalysisof signalvariationsin
thetestdevice relative to thosegeneratedby a “golden” ref-
erencedevice. In order to accommodateboth of these
requirementstheVppt waveformsmeasuredrom thesup-
ply padsof thetestdevice arefirst processedhto Signature
Waveforms.

SignatureWaveforms (SWs) captureonly the intrinsic
signalvariationsbetweenthe devices. They arecreatedby
subtractingthe waveform measuredrom sometest point
on the testdevice from the waveform measuredrom the
sametestpoint locationon the referencedevice. This pro-
cedurecanbe appliedto both time andfrequeny domain
signalsasshavn in Figure4. TheV ppt waveformfrom the
reference(Ref) is shavn alongthe top left plot while the
VppT Waveform from a testdevice (Test)is shavn below

it. Subtractinghetestwaveformfrom thereferencecreates
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Figure 2. | ppt waveforms from Process (P)
simulations using circuit component \alues from
MOSIS runs n94s(P#1)t15h(P#2)and t13o(P#3)of a
circuit designed in TSMCS5 0.25um pocess.

the Time DomainSignatureNaveformshavn alongthetop
right of thefigure.In a similar way, the frequeng compo-
nents (both Fourier Magnitude and Fourier Phase)com-
putedby the DFT of the referenceandtestwaveformsare
usedto createthe frequeny domainSWsasshown in mid-
dle andbottomleft of the figure. An “adjustment”is addi-
tionally performedon the PhaseSW valuesto make them
relative to the referenceg(see[2] for details).Both the time
and frequeny domain SWs are shovn shadedto a zero
baseline The sumof the absolutevalueof the areascorre-
spondingto the shadedegionsin a SW is calleda Signa-
ture Waveform Area (SWA). SWAs are used in the
regression analysis procedure for TSA.

3.3 Linear Regession Analysis

Linear regressionis usedto “track” signal variations
causedy processaandtechnology-relatedariationeffects.
The procedureis simple and is basedon the analysisof
scattemplots. The analysiscanbe performedon ary of the
three SW representationsTime domain, Fourier Magni-
tude (FM) or Burier Phase (FP), siva in Figure 4.

As anillustrative example,Figure5 shovs two columns
of FP SWsobtainedrom supplypadsVdd, andVdd, from
eight simulationexperimentsof a testdevice (not shawn).
The sameinput sequencewas usedin the 8 simulation
experiments. The first simulation experiment was per-
formed on the defect-freenominal device and its results
wereusedto generatehe seven pairsof PhaseSWsshavn
in thefigure. Thepairsof SWsin thetop 6 rows correspond
to simulationson circuit modelsin which the transistor
mobilities (pg) werevariedglobally by theamountsshovn
in the figure. The SWsfrom thesesimulationscapturethe
signal variations produced under these simple Process
Models (PMs) of the circuit. The lastrow shavs the SWs
from a bridging experiment. The model used in this
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Figure 3. Unwrapped Phase spectrums ofgpt
waveforms shown in Figure 2.
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Figure 4. Time and Frequency Domain Signatue
Waveforms.

“faulted” simulationis identical to the model usedin the
reference xcept for the presence of the defect.

The SW pairsin thefirst 6 rows arecorrelatedln other
words, the magnitudeof the variationsin the SWsof one
row are (nearly) proportional to correspondingSWs in
otherrows. The SWAs shavn onthefar right andfarleft in
thefigure capturethis correlation.For example,theratio of
the SWAs for Vdd, andVdd, underPM#1is 40/45=0.89

while thoseunder PM#2 and 3 are 83/90=0.92and 200/
220=0.91.The ScatterPlot in Figure 6 plots the SWAs of
Vdd, (x-axis) againstthe SWAs of Vdd, (y-axis)andillus-
tratesthatthe SWAs PMs#1 through#6 tracklinearly. The
phaseshifts causedby global processvariationsare corre-
lated acrossthe supply ports of a device. The regression
line shavn in the figure is the “best” approximationof the
SWA ratios (underthe leastsquarescriteria). The shaded
region aroundthe regressionline is labeledasthe Process
Variation Zone (PVZ) and is delimited by 3o prediction
limits. TheProces&/ariationZoneaccountgor smallvaria-
tions in the SWA ratios causedby instrumentationerror,
measurement noise and intrasgde processariations.

In contrasttheratio of the SWslabeledG alongthebot-
tom of Figure 5 is not closely approximatecby the same
ratio thatcharacterizethe SWsof the processnodels.The
defectintroducessignificantregionalvariationin the SW of
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Vady SW

Vdd, dueto its proximity to this supply port. In contrast,
the RC component®f the supplygrid attenuatehe signal
at the more distantVdd, supply port. The ratio of SWAs
under theseconditionsis given by 240/32=7.50.In this
case theratio is large enoughto allow the corresponding
datapointin thescatteplot to beidentifiedasanoutlier, as
illustrated in Figure 6.

Thestandardstatisticaimethodof analyzingvariancein
scattemplotsis throughresidualsA residualis definedto be
the shortestdistancefrom a datapoint (seepoint G in Fig-
ure 6) to the regressionline. Residualanalysis,usedin
combination with the 3c prediction limits, malkes it
straightforvardto decidethe pass/ail statusof a device for
a pair of supplyport measurementst morethantwo sup-
ply port measurementareanalyzeda testdevice passesf
it producesesidualsunderall pairingsthat are within the
PVZs of the correspondingscatterplots. In contrast,a
defectize device is expectedto produceat leastone data
point outside these zones.

Section3.1 describeda secondsourceof correlation
that relatespath delays and Fourier phasein Ippt tran-
sients.This relationshipandthe RC attenuatiorcharacter-
isticsof thesupplygrid provide ameansf monitoringpath
delays within a rgion of the deice.

It shouldbe notedthat, althoughthe analysisgiven in
Section3.1 was basedon IppT, the samepropertieshold

for Vppt signalsif certainconditionsaremet.Vppt tran-
sientsare relatedto the It transientsthoughthe RLC

network characterizingthe power delivery systemin the
testervironment(see[14] for an example of sucha sys-
tem). Therefore the transformatiorfrom Ippt to VppT IS
througha setof linear systemcomponentslf the valuesof
thesecomponentsemainrelatively constantacrosgestsof
the DUTSs, thensimilar resultscanbe expectedundereither
analysis.The main adwantageusing Vppt signalsis that
they canbe measurednon-invasively” usinghigh resolu-
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Figure 6. Scatter Plot, Regession Line and
prediction limits (PVZ) using data from Figure 5.

tion voltagesamplinginstrumentationThis is an attractve
featurein a productiontestervironment,particularlygiven
the usualspacdimitationsin andaroundthe testheadand
wafer handling system.

4.0 Experiment Setup
The focus of this work is to evaluatethe sensitvity of

TSA to delay-orienteddefects.In orderto determinethis
sensitvity, a setof simulationswere conductedon circuit
modelsin which the value of shorting and open defect
resistancds varied with and without variationsin circuit
componenparametersepresentingrocessvariations.For
each modeled defect, simulation experimentswere per-
formedon (1) a setof defect-freegprocesamodels,(2) a set
of faultedmodelsacrossa rangeof defectresistanceand,
(3) asetof faultedmodelscombiningvariationsin bothcir-
cuit components and defect resistance.

Tablel list the experimentghatwereperformedfor the
five inserteddefects For example,the secondcolumnindi-
catesthat five defect-free“nominal circuit” simulations
wererun (onefor eachinserteddefect).Columnthreeindi-
catesthat fifteen additional simulationswere run on the
defect-freecircuit model, eachunder a different process
model.Eleven of theseprocesamodelsincludedvariations
in only one parametemwhile the remainingfour varied all
nine modeledparametersver the rangeof +/- 25% of the
nominalvalues.Columnsfour andfive give the setof resis-
tancesmodeledfor eachshortingand opendefect,respec-
tively. Columnsix lists the simulationgperformedusingthe
combined models.

The simulation experiments were conductedon a
full-customdesignof an8-bit 2's complemenmultiplier. A
block diagramof this device is shavn in Figure 7. The
power supply padsfor the corelogic arelabeledasVpp,
throughVppg The locationsof the defectsreportedon in

this paperare shawvn in the figure, alongwith the general
directionsof signal propagtion. The five test sequences



Reference Process RUNS Nominal Shorting | Nominal Open Faulted +
Runs Faulted Runs Faulted Runs | Process Runs
Experiments BR1-3, OP1-2 BRI1-3, OP1-2 BR1-3 OP1-2 BR1-3, OP1-2
# of models 1 15 12 12 3
Total # of sims 5 75 36 24 60
Resistances or None Ho, V¢ poly Q, metal2| 50K, 25K, 20K, | 50, 100, 200, 500, 4 selected
Transistor/Cir cuit contactQ, metal cap.|15K,12K,10K,9K, | 1K, 2K, 5K, 8K, | resistance$ 3
parametersvaried over p-/n-well, p-/ 8K, 7K, 6K, 5K, 9K, 10K, 12K, process runs
by +/- 5%, 10% n-diff Q, metall con-|2K, 1K, 100and50.| 15K, 20K, 25K, varying
and 25% tactQ, poly cap. to (Q) 50K, 100K, 500K | all 9 parame-
substrate, metall to and 1M ters as shon
metal2 cap. (Q) in column 3.
# of circuit params None 1 (11 models). None None 9 (3 models).
varied per model. 9 (4 models).

Table 1: Simulation Experiments and Models.
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Figure 7. The layout of the 8-bit multiplier.

wererun at 20 MHz for a durationof 150ns.The SFACE
extractiontool [16] wasusedto extractthe modelsfrom the
layout using the TSMC 0.25 um technology parameters.

5.0 Experimental Results
Themainobjective of thiswork is to evaluatethe sensi-

tivity of TSA to theadditionaldelayintroducedby shorting
andopendefectsIn thefirst section,a detailedanalysisof
path delaysand Fourier phaseis presentedising a set of
defect-freeand bridging defective device models.Section
5.2focuseonly ontheanalysisof phaseSWA scattemplots
for other shorting and open defective device simulation
experiments.

5.1 Delay Fult Phase Analysis
In Section3.1, the analysisof pathdelaysand Fourier

phaseindicatedthat the two are correlatedacrosssimula-
tions of defect-fregprocessnodels.In additionto shaving

thatthis relationshipcontinuego hold in the multiplier cir-
cuit, simulationsof a defectve versionareusedto demon-
strate that changesin path delays causedby a shorting
defect produceregional uncorrelatedphaseshifts. More-
over, the patternin phasebehaior is consistentwith the
magnitudeof the additionaldelayintroducedby the defect,
as given by the delay-phaserelationshipin defect free
device models

Figure 8 shavs a plot of the dataobtainedfor the first
bridging experiment.The x-axis of the graphdisplaysthe
relative changen delayin thetestmodelwith respecto the
nominal(at 0.0) alongthe longestpathsensitizedunderthe
test sequenceThesevaluesare plotted against the Phase
SWAs obtainedfrom one of the supply pads. The data
points from simulationsof the defect-freeprocessmodels
areshavn alongthe bottomof the figure. The circuit com-
ponentvariationsin thesemodelsproducedelayvariations
over the rangeof -2.0nsto 2.2ns.The 3o predictionlimits
and rgression line are labeled in the figure.

Figure8 alsoshavs thedatapointsderivedfrom a setof
bridging defective simulation models,in which the resis-
tanceof the bridgewasvariedover arangeof 50K to 5K. A
few representate pointsarelabeledin the figure alongthe
left-most arc. These experimentswere repeatedunder a
selectechumberof procesanodels.For example,the label
“50KQ + process’identifiesoneof thesefour curvesgiven
in the figure.

The parabolicshapeof the left-mostarc indicatesthat
the phaseshift is not linearwith the magnitudeof the addi-
tional delayintroducedby the defect. The phasevs. delay
plotsof theothertwo bridgingexperimentseportedn Sec-
tion 5.2 arealso characterizedy a non-linearcurve. This
complicatesthe mappingfrom phaseshift to path delay
using, for example, the method outlined in Section 3.1.
Interestingly the relationshipis nearlylinear for the open
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experiments.

It is alsoclearthat phaseis very sensitve to large val-
uesof thedefects resistancel-or example thedefectin the
50KQ modeladdsonly 42 picosecondsf delayto the path
but generates large variationin the phase Again, this is
not the casefor small valuesof resistancein the open
experiments. Section 5.2 elaborates on these findings.

5.2 Scatter Plot Analysis of Defectie Devices.
The resultsof three shorting and two open defectve

device experimentsare presentedin this section. The
resultsindicatethat it is possibleto detectthe additional
delaysintroducedby shortingdefectsunderary of thesim-
ulated valuesof defectresistanceFor open defects,the
taskis moredifficult but is possiblefor openresistanceval-
ues that introduce significant additional delays.

The experimentalresultsare presentedn the form of
scattemplotsfor the five experiments Sincethe numberof
“faulted” simulationsis large enoughto clutter the scatter
plots,in mostcasestwo scattemplotsareshovn. All scatter
plots contain the fifteen data points obtainedunder the
(defect-free)processmodels (column three of Table 1).
The first of the two scatterplots additionally displaysthe
datapointsgeneratedinderthe “nominal” faultedmodels
(columnsfour or five in Tablel). The secondlisplaysdata
points generatedunder the faulted processmodels, for
selectedraluesof defectresistancécolumnsix in Table1l).
Sincethe actualvaluesof the Fourier PhasgFP) SWAs is
not important,scalevaluesarenot displayedin the scatter
plots. The analysisis shavn only for the Vpp, andVppsg

supply pads.The wide separatiorof thesesupply padsin
thelayout(seeFigure7) suggestshatthis pairingis agood
choicefor maximizing the obserability of regional delay
variations.

Figure9 shaws the scattermlot for the datapointsgen-
erated under the faulted nominal simulation models of

ShortingExp. #1. The testsequencédor this experimentis
designedto sensitize both defect-free paths and paths
throughthe defectsite. The faultedsimulationmodel's data
pointsarelabeledl through15in thefigure.For this exper-
iment,a sampleof the defectresistanceandcorresponding
relative path delays(w.r.t. the path delaysin the nominal
defect-freedevice model) along the sensitizedpath termi-
nating at PO 5 aregn as follavs:

Short| 1 2 3 4 5 6 7
Q | 50K |25K|20K | 15K | 12K | 10K | 9K
ns [0.0420.0440.0470.3100.9803.090 fail

Table 2: Delays ér defective models: Figue 9.

The device producesthe correctfunctional valuesfor
defect resistancesdown to and including 10KQ. Defect
resistances$or points8-15 cover the range8K-50Q. From
Figure9, datapoints1 (50KQ) through7 (9KQ) move pro-
gressiely further away from the origin, data point 8
reversesthe trendanddatapoints 9-15 form a clustervery
close to data point 4. From the previous analysis of
defect-freeprocessmodels,the trend in the movementof
thedatapointsaway from the origin indicatesa progressie
increasein path delays.This trendis consistentwith the
actualincreasein path delay introducedby the defectin
thesemodels. The displacemenbf the datapoints below
the PVZ indicatesthat the pathsaffectedby the defectare
closerto Vpps thanVpp (which is verified by the direc-
tion of signal propaation as shwn in Figure 7).

Figure 10 shaows the scatterplot for the 50KQ faulted
simulationsunder four processmodels:the nominal and
threemodelsin which nine circuit parametersverevaried
asindicatedin Table 1. The datapointsarenumberedsuch
thattheamountof delayintroducedby thevariationsin cir-
cuit parameterincreasesrom 1 to 4. The delaysaregiven
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Figure11. Shorting Exp. #2Vpps VS.Vpp; Scatterplot
for nominal process models.

in Table 3.

2As expected,a line projectedalong thesepoints is
nearlyparallelto theregressiorline. Thefactthatboththe
SWAs increaseas delay increasesindicates that phase
tracksthe delayintroducedby variationsin circuit compo-

nent \alues as well as the delay introduced by the defect.

50KQ Short 1 2 3 4
Sim nominal | Combo 1 Combo 2Combo 3
ns 0.042 0.167 | 0.363 | 1.660

Table 3: Delays 6r defective models: Figue 10.

Figures11 and 12 shov a similar set of resultsfor
Shorting Exp. #2. The test sequencesensitizespaths
throughthe defectsite to POs6 and 7. All pathsegments
beyondthe placemenbf the defect(asshavn in Figure7)
areaffectedby the defect.The correspondencef the num-
bersin thefigureanddefectresistancessgivenin Tablel
arel (50KQ) through10 (5KQ), respectiely. The device
failedfunctionallyat 5KQ in this experiment.Thedelaysto

Figure12. Shorting Exp. #2Vpps VS.Vpp1 Scatter plot
for 15KQ defect under 4 pocess models.

POG for thefirst serendefectresistancearegivenin Table
4.

Onceagain, the position of the datapoints tracksthe
delayaddedby the defect.Figure 12 shavs the scattemlot
for the 15KQ faultedsimulationsunderfour processmod-
els. Similar conclusionsanbe dravn from theseresultsas
were gven for Shorting Exp. #1.

Short| 1 2 3 4 5 6 7
Q | 50K |25K | 20K | 15K | 10K | 8K | 6K
ns |0.1260.2450.3690.5580.799 1.06| 2.42

Table 4: Delays or defective models: Figue 11.

Figures13 and 14 display the scatterplots for Open
Exp. #1. Similar to Shorting Exp. #2, the test sequence
propa@testransitionsthroughthe defectsite only. There
areno defect-fregpathssensitizedunderthis testsequence,
otherthanthe pathsegmentsleadingto the defectsite. The
sensitized path under analysis terminates at PO 8.

The correspondencef the numbersin the figure and
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Figure 13. Open Exp. #1 \pps VS. Vppy Scatter plot for
nominal process models.
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Figure14. OpenExp. #1Vpps vs.Vpp, Scatterplot for
100KQ defect under 4 pocess models.

Vdd5 FP SWAs

Vddl FP SWAs |

Vddl FP SWAs |

Figure 15. Shorting Exp. #3 Vpps VS. Vpp; Scatter plot
for nominal process models.

defectresistancesasgivenin Tablel arel (50Q) through
17 (500KQ), respectiely. The device did not fail function-
ally at ary of theseresistancevaluesbut did underone of
the faulted processmodels.The delaysto PO 8 undera
selected set of open resistances arergin Table 5.

As shown in the scatterplot of Figure 13, only data

Open| 10 | 12 | 13 | 14 | 15 | 16 | 17
Q | 10K | 15K | 20K | 25K | 50K | 100K|500K
ns |0.1460.2280.3100.3960.7911.5306.770

Table 5: Delays or defective models: Figue 13.

point 17 (500KQ) falls outsideof the PVZ. Datapoint 16
(100KQ) is locatedon thelower predictionlimit in aregion
of the PVZ, but is furtherremoved from the origin thanthe
datapointgeneratedindertheworst-casdslowvest)process
model. The delaysintroducedby the other valuesof the
resistanceare not detectableas delayfaults. For example,
data point 15 (50K) is located within the PVZ.

Figure 14 shaws the resultsof simulationrunson the

Figure 16. OpenExp. #2Vpps Vs.Vpp1 Scatter plot for
nominal process models.

100KQ opendefective model.Althoughthe datapointsfall
within the PVZ, they do so outsidethe region containing
the data points generatedunder the defect-freeprocess
models.Note that with a morerestrictedprocessskew tol-
erancerelatively low resistive openssuchasthesecouldbe
identified as outliers.

Figure 15 and 16 shawv the scatterplots of the faulted
nominalsimulationmodelsfor ShortingExp. #3 andOpen
Exp. #2. Although the detailsare omitted, similar conclu-
sionscanbe dravn concerningthe trendsin the (labeled)
data points generated under themdted models.

6.0 Conclusions

Theanalyticalframewnork thatdescribeghe basisof the
TSA regressionmodel, e.g., the relationshipbetweenpath
delay and 3ot Fourier phase, is presented in this paper

In addition,simulationresultsdemonstratéhat TSA is
ableto detecttheregionaldelayvariationscausedy short-
ing and opendefectsthroughregressionanalysisof phase
scatterplots. In this analysis,the phaseshifts in the fre-



gueny component®f two Vppt supplypadsignalswere

found to be well correlatedin defect-freedevice process
models. For the shorting defectve device models,phase
shift regression analysis could be used to distinguish
betweertheregionaldelayvariationsintroducedby defects
andthe global delay variationsintroducedby processfor

ary of the simulatedvaluesof defectresistanceThis was
not possiblefor smaller simulatedvaluesof opendefect
resistanceFurtherrestrictionson the region defining pro-

cesstolerancein the TSA regressiormodelandcross-ec-

tor regressionanalysisare underinvestigation asa means
of improving the delayfault detectioncapabilitiesof TSA

for open defects.

For shortingdefectsjncreasesn the pathdelaycaused
by decreasinghe defects resistancéntroducedincreasing
amountof regionaldelayvariation. Thetrendin the move-
mentof the scattemplot’s datapointsfor modelsincorporat-
ing decreasingvaluesof resistancefollowed a trajectory
similar to thatshavn by arc1 in Figure®6. In this casejt is
not possibleto predict the magnitudeof the additional
delay using the sametechniquedemonstratedor delays
introducedby processvariations[2]. In contrastthe trend
in the movementof the datapointsof modelsincorporating
increasingvaluesof openresistancaemainedinear, simi-
lar to that exemplified by line 2 in Figure 6. In general,
shortingdefectsaremoreeasilydetectedhanopendefects
becausdhey introducea more pronouncedegional phase
shift in the \ppT signals of the déce.

Overall, theseresultssuggesthat TSA is a promising
techniquethat could provide uniquedefect-detectiorcapa-
bilities in a production test suite.
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