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Abstract -- Transient SignalAnalysis (TSA) is a testingmethod that is basedon the analysisof a set

of VDD transient waveforms measured simultaneouslyat eachsupply port. Defect detection is per-

formed by applying linear regressionanalysis to the time or fr equencydomain representationsof

these signals. Chip-wide processvariation effects intr oduce signal variations that are correlated

acrossthe individual power port measurements.In contrast, defectsintr oduce uncorrelated local

variations acrossthesemeasurementsthat canbedetectedasanomaliesin the cross-correlation pro-

file derived (using regressionanalysis)fr om the power port measurementsof defect-freechips.This

work focuses on the application of TSA to the detection of delay faults.

I. INTRODUCTION

A defect-orientedtestmethodis basedon a fault modelthataccuratelyabstractssomefraction (ideally

all) of theanalogcircuit deviationsintroducedby defectsto a setof discretefaults,thatcanbetargetedby

a setof testsanddetectedby productiontestandmeasurementequipment[1]. Sucha methodis particu-

larly valuableif it candetectdefectsthatno othermethodin thetestsuitecandetect.Delay faultscaused

by resistiveshortingandopendefectsarenotwell modeledby thetraditionalstuckfaultmodelandaredif-

ficult to detectusingstructuraltestmethods.In this paper, we proposea defect-orientedtestingmethod

calledTransientSignalAnalysisor TSA that may be capableof detectingthesetypesof hard-to-detect

defects.

In TSA, asetof powersupplytransientsaremeasuredsimultaneouslyat themultiplepowersupplyports

on thechip. A defectdetectionstrategy that is basedon theanalysisof supplyport signalsoffersseveral

advantages.First, theconnectionbetweenthemeasurementpoint (thesupplyport pad)andthesourceof

thetransientsignals(thetransistors)is unbufferedandlow in resistance,andthereforethepowerportspro-
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vide a meansof accuratelymeasuringthe temporaland frequency characteristicsof the switching tran-

sients.Although the power grid resistanceis small, the large size of the power grid and the current

requirementsof the corelogic requirethe useof multiple, spatiallydistributedpower port connectionsto

theexternalpower supply. This architecturecreatesmultiple currentpathsbetweenthe transistorsandthe

externalpower supplythroughtheindividual supplyports.However, thesmalldifferencesin theresistance

alongthesepathsfrom any givenpoint in thelayoutscalesup thecurrentin thesupplyportsthataretopo-

logically “close” to theswitchingtransistors.This propertyof thesupplygrid providestheopportunityto

distinguishbetween“local” disturbances,i.e. signal variationsintroducedby defectsin nearbysupply

ports,and“global” process-inducedvariations,i.e. signalvariationsintroducedin all supplyportscaused

by tolerablevariationsin process.In [2], wedescribeaprocedurethatexploits thesepropertiesanddemon-

strate its application to detecting functional failures.

Secondly, thesupplytransientsreflectthedelaycharacteristicsof logic signalpropagationin theCUT. In

previouswork, we describeanextensionto theTSA methodthat is ableto estimatepathdelaysin defect-

free CUTs throughthe analysisof the Fourier phaserepresentationof the supply transients[3]. In this

paper, we develop an analyticalmodelfor TSA andidentify featuresthat supportthe effectivenessof the

phase representation for the detection of delay faults.

II. BACKGROUND

Techniquesbasedon theanalysisof transientsignalsaredescribedin [4-9]. Themaindrawbackof these

techniquesis thatthey donotaccountfor vector-to-vectoror processvariations.Therefore,they aredifficult

to apply to devicesfabricatedin advancedtechnologies,in which thesetypesof variationsaresignificant

and must be accounted for.

TheECRIDDT methodaccountsfor processvariationeffectsby computingratiosfrom thetime domain

IDDT waveform areasmeasuredunderdifferent test sequences[10]. The effectivenessof ECR was later

demonstratedon lowerpowerbiomedicalICs in [11][12]. Theresultsof researchin [13] suggestthatdefect

detectionmetricsbasedon RMS valuesof IDDT arebestaccompaniedby frequency metrics.Althoughthe
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experimentswereperformedon analoguedevices,enhanceddetectionof resistive bridgesandopenswas

possiblewhentheIDDT RMS valuewasusedin combinationwith thefirst five FourierMagnitudecompo-

nents. A method that additionally considers the effects of process parameter variations is proposed in [14].

The techniqueproposedin this work differs from previous work in several significantways.First, the

methodexplicitly accountsfor processandvector-to-vectorvariationeffectsby cross-correlatingthepower

supplytransientsignalsmeasuredat individual supplyportson theCUT. Second,in additionto theFourier

magnitudeandRMS valuesof thesupplytransients,we have determinedthat theFourierphasespectrums

canbe usedfor defectdetectionandmay be the mosteffective representationfor the detectionof delay

faults [15].

III. PATH DELAY, IDDT, AND FOURIERPHASE

As indicatedabove,therelationshipbetweenthefunctionalanddelaycharacteristicsof thecorelogic and

thesupplytransients(IDDT) is cause-effect.A simplemodelis constructedby decomposingtheIDDT wave-

form into its constituentgate-generatedIDS waveforms.For example,the left side of Figure 1 shows a

stringof invertersandtheir correspondingIDDT andIDS waveforms.Theright sidegivesSPICEsimulation

resultsshowing theinputwaveformsdriving gatesGm andGn andthecorrespondingIDS waveforms.Verti-

cal lines aredrawn throughthe 50% points in the input waveformsandthroughthe peaktopsin the IDS

waveforms.The two horizontalarrows arethesamelength,illustrating thecorrelationbetweendelayand

thesefeaturesof theIDS waveforms.TheIDDT generatedon thesupplygrid is thesuperposition(via a lin-

earRC network) of theseindividual IDS transients.Therefore,variationsin delay, e.g.dueto processvaria-

tions, scale the corresponding IDDT waveform in time.

Althoughthis analysisindicatesthat thewidth of the IDDT waveformcanbeusedto approximatedelay,

thereareseveralotherfactorsthatmayreducetheaccuracy of this strategy in practice,includingtheRLC

componentsof thepowerdeliverysystem,thepropagationof signalsalongmultiplepathsandthemeasure-

mentnoiseintroducedby thetestenvironment[16]. Alone or in combination,thesefactorscandistort the

IDDT signalsmeasuredat thepower ports.A Fourierphaseanalysisof IDDT may bemoreaccurateunder
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theseconditionssincetheanalysiscanbefocusedon frequency bandsthatarenot significantlyaffectedby

these factors.

Phaseis relatedto theIDDT transientsthrougha Fourierpropertygivenby Eq.1. This propertyindicates

thatscalinga timedomainwaveformby α scalesthephasecomponentsby 1/α in frequency. As anillustra-

tive example,Figure 2 shows the power supply transientwaveformsfrom simulationsof a circuit (not

shown) in which two pathsaresensitizedunderthreeprocessmodels.ThesimulationrunsarelabeledP1

(slowestprocess)throughP3 (fastestprocess).Here,VDDT waveformsareshown insteadof IDDT wave-

forms.VDDT is relatedto IDDT throughthelinearRLC elementsof theprobecardmodel.Themainadvan-

tageusingVDDT signalsover IDDT is that they canbe measured“non-invasively” usinghigh resolution

voltagesamplinginstrumentation.This is anattractive featurein aproductiontestenvironment,particularly

given the usualspacelimitations in andaroundthe testheadandwafer handlingsystem.(Reference[16]

presents other details of the CUT and probe card model.)

In the following, the two pathsarereferredto asthePathA andthePathB. Thedelaysalongthesepaths

arenotwell correlateddueto differencesin thewidthsof thetransistorsdefiningthegatesof thetwo paths.

Therefore,it is not possibleto accuratelyestimatethe delaysalongboth pathsusingthe VDDT transients

generatedontheunifiedsupplyrail. However, thelargertransistorscomposingthegatesalongPathB in this

circuit causetheIDS contributionsof thePathB gatesto dominatethosegeneratedby thePathA gates.The

moresignificantcontribution of thePathB on theVDDT hasa correspondinglarger influenceon its Fourier

phasecomponents,andcausesthe lower frequency phasecomponentsto track the delayalongthe PathB

moreclosely[15]. However, thehigherfrequency phasecomponentsaredistortedby thecontributionof the

uncorrelatedPathA, asshown on the left of Figure3. Theability to selecta frequency bandthatexcludes

thedistortionsintroducedby PathA improvestheaccuracy of estimatingthePathB delay. Thisdemonstrates

oneadvantageof usingthe phaserepresentationof VDDT over the time domainrepresentation.A second

x αt( ) 1
α
------X

ω
α
---- 

 ⇔
� where

�
indicates

the Fourier
transform.

(1)
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advantage related to tester RLC distortion is identified in the numerical analysis give below.

In [16], we reportedthe differencesin pathdelaysalongPathB underprocessmodelsP2 andP3, with

respectto P1, as186psand334ps,respectively. Thesearethedelaysthatwe would like to trackusingthe

VDDT transients.However, asindicatedin thefigure, theestimationof delay, givenby measuringthedis-

tanceat thefalling edgeof theVDDT transientsasshown in thefigure,yields169psand424ps,respectively.

In contrast,Figure3 shows the phasespectrumsof thesesignalsthrough1.5GHz.The frequency compo-

nentsbetween300and900MHz arenearlylinear. As indicatedabove,thehigherfrequency components(>

900MHz) arenon-linearanddistortedby thecontribution of PathA. The lower frequency components(<

300MHz) aredistortedby theRCL componentsin probecard.Thedelayestimationusingthephaseshifts

in the 300-900 MHz range are 201ps and 324ps, respectively (see ref [16] for details on the procedure).

IV. TSA FOR DETECTINGDELAY FAULTS

As indicatedin the introduction,the low impedance,unbufferedpropertyof thepower grid andits ports

makesit possibleto accuratelymeasurethe frequency componentsof the switchingtransients.However,

thenon-zeroresistanceof thegrid in combinationwith multiple portsandthepresenceof on-chipdecou-

pling capacitance,“localize” the switchingtransientsto supplyports that are topologicallyclose.There-

fore, spatialvariationsin the CUTs performancearecapturedin the setof supplyport signals.Undera

globalprocessvariationmodel,localperformancevariationsareexpectedto besmallacrosslayoutregions

that spanseveral supplyports.Any significantlocal changein performancecanthenbe interpretedasa

delayfault. In orderto identify the local variationresultingfrom a delayfault, it is necessaryto exercise

multiple paths,someof which aredefectfree.Thedetectionstrategy canthencorrelatetheindividual sup-

ply port signalsandlook for differencesor non-correlationsin theperformanceestimates.Ideally, theanal-

ysis shouldbe insensitive to the correlationin supply port signalsthat result from global performance

variations.

Theseconceptsareillustratedusingthegenericpowergrid for aperipheralpadframeshown in Figure4.

Six powersupplypadsareshown interleavedwithin theGND andI/O pads.Thegrid itself is layeredverti-
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cally androutedacrossall layersof metal.TheRC profile of thegrid suggeststhatthetransientsgenerated

by transistorsin theregion labeledm (n) will belargerin thesupplypadsignalsmeasuredat VDD1 (VDD5)

than in the other supply ports.Under a global processvariationmodel, the circuit parametervaluesare

expectedto besimilar in theseregions,allowing thesignalsmeasuredat VDD1 andVDD5 to remaincorre-

lated.In contrast,adelayfaultalongapathin regionm will changetheperformanceandcorrespondingsig-

nals in the VDD1 supplyport. The lack of correlationin the VDD1 andVDD5 supplyport signalscanbe

detectedby comparingtheexpectedbehavior of thesesupplyport signals(obtainedfrom otherdefect-free

chips) with the measured performance.

Onedifficulty in performingan analysisthat correlatesthe VDDTs measuredat multiple power portsis

dealingwith multi-datapointwaveformrepresentation.In orderto provideapracticalsolution,amoreeffi-

cient representationof thewaveformsis needed.Also, testerenvironmentnoise,e.g.EMI, wasidentified,

but not treated,as a factor that reducesthe accuracy of the analysisin the previous section.The most

straightforwardmeansof removing systematicnoisesourcesis to computewaveformdifferences.This can

be accomplishedin the time or frequency domainby subtracting,point-wise,the CUT’s VDDT time or

phasewaveformsfrom a correspondingsetof “golden” device waveforms.Thesimplestway of generating

the “golden” device waveformsis to apply teststo a known defect-freechip. The differenceoperation

removesthenoiseintroducedby thetesterelectronics,andproducesa differencewaveformcalleda Signa-

ture Waveform or SW that representsonly the chip-to-chipvariation.Oneway of compactingthe signal

informationin theSWsis to computetheareasundertheircurves.In previousworks,weshow thattheSig-

natureWaveform Areas(SWAs) work well in a “cross-correlation”detectionprocedurebasedon linear

regression analysis [2], and demonstrate a hardware circuit capable of computing them in [17].

As anillustrativeexampleof theTSA process,Figure5 shows two columnsof phaseSWsobtainedfrom

supply padsVDDx and VDDy from eight simulationsof a test chip (seereference[2]). The sameinput

sequencewas usedin the 8 simulations.The first simulationwas performedon the defect-freenominal

device andits resultswereusedto generatethesevenpairsof phaseSWsshown in thefigure.Thepairsof
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SWsin the top 6 rows correspondto simulationson circuit modelsin which the transistormobilities (µ0)

werevariedglobally by theamountsshown in thefigure.TheSWsfrom thesesimulationscapturethesig-

nal variationsproducedunderthesesimple processmodels(PM). The last row shows the SWs from a

bridgingexperiment,B-PMD, in which thedefectproducesa delayfault.ProcessmodelD wasusedin this

“f aulted” simulation.

In Figure5, the12-24MHz frequency bandis delimitedby vertical lines.It is within this region thatthe

SWpairsin thefirst 6 rowsaremoststronglycorrelated.In [3], we furtherdemonstratethattheareasunder

both the VDDx andVDDy SWsin this region correlateclosely to the measuredperformanceof the chips

undertheseprocessmodels.In orderto identify thedelaydefective chip, thecorrelationprofile definedby

areapairsunderthefirst six defect-freedevicesis usedto establishthedefect-freeprocessspaceasshown

in Figure6. Here,theareas(SWAs) computedover the12-24MHz bandfor eachSWpairareplottedalong

the x andy axis, respectively, in a scatterplot. The datapoints for PMA throughPMF track linearly, as

shown by theregressionline. Theprocessspace,calledtheprocessvariationzoneor PVZ, is delimitedby

3σ predictionlimits. The PVZ accountsfor variationsin the SWA ratioscausedby intra-device process

variations,e.g., changesin the RC-transistorparametersof a single conductoror transistortype over a

region of thechip, thelack of correlationin thevariationsof theRC-transistorparametersof differentcon-

ductors or transistors, and measurement noise.

In contrast,the ratio of the SWslabeledDef alongthe bottom-rightof Figure6 is not closelyapproxi-

matedby thesameratio thatcharacterizestheSWsfrom processmodelsimulations.Thedefectintroduces

significantregionalvariationin theSWof VDDx dueto its proximity to thissupplyport. In contrast,theRC

componentsof the supplygrid attenuatethe variation introducedby the defectat the moredistantVDDy

supplyport,whosesignalsmorecloselytrackthelocal performanceof thedefect-freepathsin thatregion.

SinceprocessmodelD wasusedin thebridgingexperiment,the local variationin VDDy is expectedto be

similar in magnitudeto thedefect-freeprocesssimulationresult.This is evident in theVDDy B-PMD and

PMD phaseSWsin Figure5. The large local variationin VDDx in combinationof thesmallervariationin
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VDDy undertheB-PMD simulationproducesanoutlierdatapoint in Figure6, allowing thischip to beiden-

tified as defective.

V. CONCLUSIONS

A simpleanalyticalmodel is derived that relatespropagation delaywith featuresof the power supply

transients.Theextensionof themodelto thefrequency domaindemonstratesthat thephaserepresentation

of thesupplytransientscanbeusedto trackdelay. TheRC attenuationcharacteristicsof thesupplygrid in

combinationwith the multiple supplyportsallows local performancevariationsto be identified.Undera

global processmodel, local changesin the performancecanbe attributedto the presenceof a delay-ori-

enteddefect.Linearregressionanalysiscanbeusedto identify anomaliesacrossthesupplyport measure-

ments of a chip that result from delay faults.
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Figure Captions

Figure 1. Inverter chain (left), SPICE input waveforms driving inverters m and n and IDS (left).

Figure 2. VDDT waveforms from Process simulations.

Figure 3. Unwrapped Phase spectrums of VDDT waveforms shown in Figure 2.

Figure 4. Generic power grid in a peripheral pad frame.

Figure 5. Vddx and Vddy phase Signature Waveforms from 8 simulation experiments.

Figure 6. Scatter plot, regressionline and prediction limits (processvariation zoneor PVZ) using

data from Figure 5.
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Figure 3
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Figure 4
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Figure 5
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Figure 6

Sat May 20 19:10:42 2000

30.5 128.3 226.1 324.0 421.8 519.7 617.5 715.3 813.2 911.0 1008.8 1106.7 1204.5 1302.3 1400.2 1498.0 1595.8 1693.7 Mega1791.5 1889.3 1987.2-153.03

-37.93

77.18

192.29

307.40

422.50

537.61

652.72

767.82

882.93

998.04

1113.15

1228.25

1343.36

1458.47

1573.58

Mega
1688.68

1803.79

1918.90

2034.01

2149.11

2264.22

2379.33

2494.44

2609.54

2724.65

2839.76

2954.87

3069.97

3185.08Mega

3300.19

3415.30

3530.40

3645.51

3760.62

3875.73

3990.83

4105.94

4221.05

4336.16

4451.26

0

1

2

3

4

5

6

VDDx SWAs

V
D

D
y
 S

W
A

s

Linear regression line

A
B

C

D

E

F

Def
outlier

3 σ prediction
limits

Process variation zone


