
Abstract
A device testing method called Transient Signal Analysis
(TSA) is subjected to elements of a real process and testing
environment in this paper. Simulations experiments are
designed to determine the effects of process skew (obtained
from measured parameters of a real process) on the accu-
racy of TSA in estimating path delays from power supply
IDDT and VDDT waveforms. The circuit model is designed
to test TSA under deep submicron process models that
incorporate advanced parameters such as transistor Vt
width dependencies. Modeling elements of a testing envi-
ronment including the probe card are subsequently intro-
duced as a means of evaluating the effects of tester
measurement noise in an actual implementation.

1.0  Introduction
A testingmethodthatusespower supplytransientsig-

nalsasameansof determiningpathdelaycharacteristicsof
digital devicesis attractive for severalreasons.First,sucha
methodmay be useful in detectingresistive shortingand
opendefects;defectsthat traditionally have not beentar-
getedby Stuckfault basedmethods.Second,reliabledelay
fault testsaredifficult to generate(becauseof circuit haz-
ards)and apply (becauseof structuraltestertiming accu-
racy). The global observability provided by power supply
transientsignalspermitsthemeasurementof delaywithout
the needto sensitizepathsto observation points suchas
Primary Outputsor scan-latches.Third, the supply tran-
sientspotentiallyprovideahigherdegreeof resolutionthan
logic-basedtechniqueswith respectto theparametricchar-
acteristicsof thedevice.This informationmaybeusefulas
a meansof reducingdelay fault test coverageconstraints.
Preliminary investigations have demonstrated that a
methodcalledTransientSignalAnalysis(TSA) is capable
of detectingdelayfaults[1][2] andestimatingpathdelays
in defect-free devices[3].

The focusof this work is to determinethe robustness
of TransientSignal Analysis (TSA) to advancedprocess
and testerenvironmentelements.To this end,simulations
are conductedon a circuit model derived using the mea-
suredcircuit parametersof a realprocess.For example,the
simulationRC-transistormodelsarebasedonsetsof speci-
ficationssampledfrom the TSMC’s 0.25µm process[4].
TheBSIM transistormodelsusedin this work incorporate
importantdeepsubmicronparameterssuchastransistorVt

width dependencies.The testerenvironmentis alsosimu-
lated using advancedprobecard and testerpower supply
modelsobtainedfrom theliterature[5][6]. For example,the
probingenvironmentis modeledusingan advancedmem-
brane-styleprobecardmodel.Weconducttheanalysisona
small circuit (dual inverterchain)that incorporatesseveral

importantparametersof combinationallogic paths,includ-
ing fanout and transistor W/L ratios.

This paper is organized as follows. Section 2.0
describesrelatedwork. Section3.0 presentsdetailsof the
experimentalcircuit and the processmodels.Section4.0
presentsthe results of simulation experimentswith and
without thetesterenvironmentmodel.Section5.0 presents
our conclusions.

2.0  Background
Vinakota et al. recentlyproposeda methodbasedon

the time domainanalysisof power supply transientsas a
meansof detectingdelayfaultsin digital ICs [7]. Our tech-
niquedescribedin [1][2] differ from previouswork in sev-
eral significantways.First, the methodexplicitly accounts
for processandvector-to-vectorvariationeffectsby cross-
correlatingthe power supplytransientsignalsmeasuredat
multiple supply pads simultaneously. This attribute
addressesthescalabilityof thetechniqueto largerdevices.
Second,insteadof averageIDDT, TSA focuseson theanal-
ysis of Fourier phaseharmonics.This choiceis motivated
by previouswork which suggeststhatthis representationis
best at tracking processvariation effects [2]. Lastly, the
methodproposedhere“tracks” processvariationeffectsbut
doesnot eliminatethem.This attributeallows device para-
metricattributes,suchasdelay, to becorrelatedacrosstest
sequences, further reducing of possibility of test escapes.

3.0  Experimental Design
Thelayoutof thecircuit usedin this paperis shown in

Figure1. Thesupplygrid in this designis routedassuming
a five layermetalprocess(thefigureshows only the lower
metal 1 and metal 2 layers for clarity). Two 2.5V power
suppliestie into thepower grid at thepointslabeledVDD1

and VDD2 in the figure. In this small layout, the wider
upper layers reducedthe resistancebetweenVDD1 and
VDD2 to lessthan 1 Ohm, making the transientsat these
supply points virtually indistinguishable.Therefore, the
analysisthat follows focuseson the waveforms obtained
from VDD1 only.

The circuit model includes two paths implemented
using chainsof inverters.The headsof the two pathsare
labeled“FastPath Input” and“Slow Path Input” in Figure
1. Thefastpathis composedof transistorswith W/L ratios
ranging from 2 to 5 for n-MOS and 4 to 10 for p-MOS
while theslow pathis composedof minimumsizedtransis-
torswith W/L ratiosof 1.5.The invertersalongbothpaths
fanoutto asmany asthreeotherinvertersin additionto the
next inverter in the path.Thesefanoutregionsare labeled
on the right in the figure. The diversity of transistorsizes
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andloadingconditionscausesa correspondingdiversity in
the IDS curvesof the inverters.A sampleof the IDS curves
from one simulation model are shown in Figure 2.

The processmodelsarederived from a setof MOSIS
specificationsfor TSMC’s 0.25µm process[4]. Eachof the
specificationsis given aslot averagedconductorRC para-
sitics and BSIM modeling parametersderived from test
structuremeasurements.At thetimeof thiswriting, 14data
setswereavailable.Thesedatasetswereusedto configure
a setof technologyfiles for the SPACE extractiontool [8]
and the correspondingSPICE simulation models were
extractedfrom the layout. Theseparametervaluesrepre-
sent worst casevaluesbecausethey were obtainedfrom
wafer lots fabricated over a period of several years.

The teststimulusdrivesboth pathssimultaneously, as
a meansof representingthe morecommonmulti-pathsig-
nal propagation model of real circuits. Since the supply
grid is unified, the IDS curves generatedby the inverters
alongboth pathssuperimposein a compositeIDDT curve.

ThecompositeIDDT signalsfrom threesimulationmodels,
labeled asa, l andn, are shown in Figure 3.

4.0  Experimental Results
4.1  Path Delay Analysis

In order to determinethe relationshipbetweenpath
delaysandthecorrespondingIDDTsunderthedifferentpro-
cessmodels,it is first necessaryto evaluatethesignalprop-
agation characteristicsalongeachof the two pathsacross
theprocessmodels.As indicatedpreviously, thesameinput
stimulusis usedto drive the inputsof thegatesat thehead
of the two paths.Figure 4 shows the output waveforms
from the last invertersof the two pathssuperimposedin
eachrow. Onepairing is shown for eachof the14 process
models.Eventhoughthetransistormodelsareidenticalfor
all transistorsin eachcircuit model,it is clearacrossmany
of thesepairingsthatthedelaysbetweentheFastandSlow
pathsarenot well correlated.(Theverticaldottedline pro-
videsa referencepoint for comparison.)This is especially
true for the pairings labeledh, j and l. Here, significant

Figure 1. Layout incorporating dual paths of 10 inverters with a fast path (upper) and slow path (lower).
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Figure 2. Sample of IDS curves from simulation of
layout in Figure 1.

Figure 3. IDDT waveforms obtained under three
TSMC simulation models derived from MOSIS data.
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speed-up is observed in the Fast path delay while the Slow
path delay remains relatively constant and consistent with
other Slow path delays from other runs, e.g., g.

The lack of correlation in the delays across the output
waveform pairings is largely due to the Vt dependency on
transistor width (W) in the BSIM modeling equations. For
example, Figure 5 shows that a much higher degree of cor-
relation is present between these outputs when the BSIM
models are held constant across the process models.

Figure 6 plots the delay characteristics of the Slow
Path (y axis) against the Fast path. The delays are relative,
i.e. they are computed by subtracting the absolute Slow and
Fast path delays under each of the models from the corre-
sponding absolute path delays of first (and slowest) process
model, a (given at (0,0) in the figure). It is clear in Figure 6
that correlations between the two paths across the process
models is poor. For example, the data points spanning the
region labeled “Original BSIM Parameters” are poorly
approximated by a straight line. In contrast, the data points
spanning the region labeled “Constant BSIM Parameters”
are the relative delays obtained from Figure 5. These data
points span a much smaller region and are nearly co-linear.

4.2  Power Supply IDDT Analysis

Even for this simple combinational circuit, the time
domain representations of the IDDTs are complicated by the

superposition of the uncorrelated IDDTs generated by the

two paths as shown in Figure 3. Previous work indicates
that path delays can be more easily obtained from the fre-
quency domain representation. Of particular interest is the
Fourier Phase spectrums of the IDDTs since Fourier theory

indicates that Phase is very sensitive to “events” in the time
domain signals, such as those given by the non-linear
charging currents of transistors as signals propagate. How-
ever, the lack of correlation in the delay characteristics
between the two paths makes it extremely difficult to derive
a single (linear) mapping function capable of tracking both
path delays using either domain.

For example, Figure 7 shows the DC to 1.5GHz Phase
spectrums of the IDDT waveforms obtained under the 14

simulation models. A linear region and a non-linear region
are separated by a vertical dashed line at 900 MHz. The
non-linearity is particularly evident for the previously iden-
tified “outlier” process models h, j, l (see Figure 4). The
relative Phase differences (shifts) are captured in the differ-
ence waveforms shown shaded to a zero baseline in Figure
8. Here, the Phase difference waveforms (also called Signa-
ture Waveforms or SWs) are computed point-wise by sub-
tracting from the Phase spectrum of process model a, the
Phase spectrums obtained under the other simulations. The
area under the Phase SW curve is referred to as a Phase

Figure 4. Path outputs: 14 TSMC process models. Figure 5. Path outputs: Constant bsim parameters.

Figure 6. Slow Path relative delays vs. Fast Path
relative delays taken from Figures 4 and 5.

Figure 7. IDDT Phase spectrums from 14 process
simulations.
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SWA (for Area).Sincetheregionbelow 900MHz is linear,
it is reasonableto assumethat this region is mostlikely to
yield a linear mappingfunction betweendelaysandPhase
SWAs, if oneexists. For reasonscoveredin the next sec-
tion, thesePhaseSWAs arecomputedover anevensmaller
region given by 300-900 MHz.

Figure9 shows a plot of PhaseSWAs versusthe rela-
tive pathdelaysof theFastPath (top) andSlow Path (bot-
tom).Here,therelativepathdelaysarecomputedasbefore,
i.e. relative to the path delaysobtainedundersimulation
modela. The correlationof the PhaseSWAs andthe Fast
path relative delaysis strongerthan the correlationof the
PhaseSWAs andthe Slow pathrelative delays(prediction
limits surrounddatapointscorrespondingto theFastpath).
Thecorrelationcoefficientsfor theFastPathandSlow Path
are98.8%and68.2%(100%is perfectcorrelation,e.g.the
datapointsareco-linear).Thedatapointslabeledh, j andl
in the figure are the least correlated in the latter mapping.

Figures10 and11 illustratethat thelack of correlation
betweenthe FastandSlow pathis responsiblefor the dis-
persionof thedatapointsin Figure9. Thetestusedto gen-
eratethe data for thesefigures sensitizedonly the Slow
path.Unlike thePhasespectrumsin Figure7, thehigh fre-
quency componentsunder thesesimulationstrack more
closely. Similarly, thereis a muchsmallerdispersionof the

datapointsin thePhaseSWA vs. relative delayplot of Fig-
ure11 whencomparedto theSlow pathdatapointsof Fig-
ure 9. The correlation coefficient under the single path
simulationsis 99.6%,versus68.2% obtainedin the dual
pathexperiments.Similar resultswereobtainedfor theset
of “Fast path only” simulations.
4.3  Power Supply VDDT Analysis

Themostsignificantproblemassociatedwith measur-
ing the power supply current transientsis relatedto the
spaceconstraintsimposedby the physical structureof the
test head.Figure 12 shows a physical model of the test
head, probe card and Chip-Under-Test (CUT). Current
probes,that monitor changesin the magneticfield along
leadsfrom theprobecard’s supplyplane(seeFigure12) to
the supplyportsof the CUT, arelikely to be too large for
physical insertion.Moreover, even if sucha measurement
techniquewas possible,the built-in RC attributes of the
probingapparatusandtesterEMI noisesourcesmakeit dif-
ficult to accuratelymeasurethe IDDT generatedby the
CUT. However, it maybepossibleto overcometheseprob-
lems by measuring IDDT as VDDT.

Figure 12 shows the physical structureof a tester’s
power supplies,a Cobra (membrane)probecard and the
CUT [5]. Cobraprobecardsareusedfor wafer-level testing
of CUT I/O interfacesconfiguredin C4 pad arrays.The

Figure 9. Phase SWAs vs. Fast (top) and Slow (bottom)
relative path delays.

Figure 8. Phase SWs from 14 process simulations.

Figure 10. Unwrapped Phase spectrums from
simulations under Slow Path test only.

Figure 11. Phase SWA vs. relative path delays from
simulations under Slow Path test only.
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The voltagetransientswere measuredfrom the Measure-
mentPointshown in Figure13. TheVoltageRegulatorRL
modeldescribedin [6] andshown in Figure14 wasusedto
model the tester’s power supply. The valueof L_slew was
changedfrom its original valueof 67.5nHto accommodate
the 2.5V supply voltage used in our simulations.

Thecircuit andsimulationexperimentsperformedhere
aredescribedin Section4.1.Theobjective hereis to deter-
mine the impact of the wafer probing model. Figure 15
shows the time domainwaveformsobtainedfrom supply
port VDD1 underthreeof the simulationmodelsdescribed
previously. The low frequency sinusoidalwaveformsuper-
imposedon theVDDTs is generatedby themodelelements
of the PCB and testerpower supplies.The left portion of
Figure15 is blown-upin Figure16.Thesimilarity of these
waveformswith thoseshown in Figure3 suggestthat the
modelingelementshave only a small impact on shapeof
the VDDT waveforms.

The phasespectrumsof the VDDT transientsobtained
underthe 14 simulationmodelsareshown in Figures17.
The large sinusiodalcomponentintroducesan anomalyin
the lower frequency band.The higher frequency compo-
nentsarevery similar to thosegeneratedwithout theprobe
cardmodel(comparewith Figure7). Figure18 shows the
phasespectrumsof Figure 17 scaledalong the frequency
axis so asto maximizetheir overlapwith eachother. The
frequency rangelabeledLinearRegion identifiestheregion
of interest in our analysis.The regions labeled “Di ver-
gence”identify frequency bandsin which oneor moreof
the spectradepartfrom the trenddefinedby the majority.
The region labeled“Misalignment” identify the frequency

testerpower suppliesareconnectedto the power planeon
theprobecard’s PCB.This power planeis designedwith a
built-in capacitanceof approximately6nF, to meetthehigh
instantaneouscurrentrequirementsof theCUT. Therefore,
it is difficult to measuretheCUT’s transientsignalsat any
point betweenthe power suppliesand the power planeof
the PCB.

Figure 12 shows a MeasurementPoint that may
improve theaccuracy of thetransientsignalmeasurements.
In the figure, a wire is routedfrom the back edgein the
lowest layer of the PCB to an internalcontactconnecting
themembraneProbePadto thePCB.ThePCBconnection
is routed up through the other layers of the PCB to the
power planein the upper-most layer. The parasiticinduc-
tanceandresistance(labeledL1 andR1 in thefigure)in the
routinglayersandcontactsof thePCBconvert thetransient
currentto a transientvoltage.TheseRL components“iso-
late” theCUT’s transientsfrom theattenuationcharacteris-
tics of the SupplyPlane.This type of MeasurementPoint
insertioncanberepeatedfor severalof thepower C4 pads,
asa meansof measuringthetransientssimultaneouslyover
different regions of the CUT.

It is alsopossibleto increasetheisolationof theCUT’s
transientsby increasingthe resistance(R1 in the figure)
with a physically insertedresistor. However, only a small
valueof R is tolerable.This is truebecausethepower grid
on the CUT is unified and any physically insertedR is
going to “divert” currentsto un-monitoredsupply ports
(which do not have the insertedR). The appropriateR
needsto be chosenbasedon the CUT’s transientcurrent
requirementsandthenumberof monitoredC4s.As shown
below, a4 OhmresistanceconvertstheIDDT of our testcir-
cuit to a measurable VDDT.

The tester/probecardRLC modelusedin the simula-
tionsof the inverterlayout is shown in Figure13. Theval-
uesusedfor thePCBelementsL1 andR1 of Figure12are4
pH and4 Ω. The MembraneModel representsthe contact
parasiticsbetweenthe CUT’s C4sandthe probecard [5].

Figure 12. Tester and cobra probe card physical and
electrical model.
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band in which significant divergenceoccurs in all spec-
trums.

Figure18 illustratesan importantbenefitof usingthe
frequency domain representationover the time domain.
The frequency domain allows regions that are not well
“behaved” to be excludedfrom the analysis.For example,
asindicatedpreviously, theprimary influenceof theprobe
cardis on thelower frequency components.Theslightmis-
alignmentof the frequency componentsin the left-most
“Di vergence” region indicatesthat thesecomponentsare
likely to reducetheaccuracy of thetrackingbetweendelay
and Phase.The sameis true in the high frequency bands
above the “Linear Region”.

5.0  Conclusions
This paperinvestigatesthe impactof real processand

testhardwaremodelson a testingmethodcalledTransient
SignalAnalysis(TSA). Low correlationof pathdelayscan
occur for pathsconstructedusingdifferentW/L transistor
ratiosin deepsubmicrontechnologies.Accuratelytracking
delays in thesepathsusing test sequencesthat sensitize
themsimultaneouslycanbedifficult usingeithera time or
frequency domain representationof IDDT. Test hardware
configurationconstraintsindicatethattheCUTsIDDTsmay
be more easily and accuratelymeasuredas VDDTs. Test
hardware simulation results suggest that the electrical
responsecharacteristicsof theprobingstructureitself tend

to introducelow frequency “noise” in thesupplytransients.
Thesenoise factors are difficult to remove in the time
domainrepresentationof the supply transientsbut canbe
easily identified and excluded in the frequency domain
analysis.
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Figure 15. VDDT waveforms from worst-case models. Figure 16. Magnified plot of the VDDT wfms in Fig. 15.

Figure 17. Phase spectrums of 14 process models. Figure 18. Frequency scaled Phase spectrums from Fig. 17.
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