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Abstract

A device testing method called Transient Sgnal Analysis
(TSA) is subjected to elements of a real process and testing
environment in this paper. Smulations 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
Ippt and Vppt Waveforms. The circuit model is designed
to test TSA under deep submicron process models that
incorporate advanced parameters such as transistor V;
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 testingmethodthat usespower supplytransientsig-
nalsasa meansf determiningoathdelaycharacteristicef
digital devicesis attractve for severalreasonsFirst, sucha
methodmay be usefulin detectingresistve shortingand
opendefects;defectsthat traditionally have not beentar-
getedby Stuckfault basedmethods Secondreliabledelay
fault testsare difficult to generatgbecausef circuit haz-
ards)and apply (becauseof structuraltestertiming accu-
ragy). The global obserability provided by power supply
transientsignalspermitsthe measuremeraf delaywithout
the needto sensitizepathsto obseration points such as
Primary Outputsor scan-latchesThird, the supply tran-
sientspotentiallyprovide a higherdegreeof resolutionthan
logic-basedechniqueswith respecto the parametricchar-
acteristicoof thedevice. This informationmay be usefulas
a meansof reducingdelay fault test coverageconstraints.
Preliminary investigations have demonstratedthat a
methodcalled TransientSignal Analysis (TSA) is capable
of detectingdelayfaults[1][2] andestimatingpathdelays
in defect-free daces[3].

The focus of this work is to determinethe robustness
of TransientSignal Analysis (TSA) to advancedprocess
andtesterervironmentelementsTo this end, simulations
are conductedon a circuit model derived using the mea-
suredcircuit parametersf areal processFor example,the
simulationRC-transistomodelsarebasedn setsof speci-
fications sampledfrom the TSMC'’s 0.25.um process[4].
The BSIM transistormodelsusedin this work incorporate
importantdeepsubmicronparametersuchastransistorV
width dependenciesThe testerervironmentis also simu-
lated using advancedprobe card and testerpower supply
modelsobtainedrom theliterature[5][6]. For example the
probing ernvironmentis modeledusingan advancedmem-
brane-styleprobecardmodel.We conducttheanalysisona
small circuit (dualinverterchain)thatincorporateseveral

importantparametersf combinationalogic paths,includ-
ing fanout and transistor WI/L ratios.

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

2.0 Background

Vinakota et al. recentlyproposeda methodbasedon
the time domainanalysisof power supply transientsas a
meanf detectingdelayfaultsin digital ICs [7]. Ourtech-
niquedescribedn [1][2] differ from previouswork in sev-
eral significantways. First, the methodexplicitly accounts
for processandvectorto-vectorvariation effectsby cross-
correlatingthe power supplytransientsignalsmeasuredt
multiple supply pads simultaneously This attribute
addressethe scalabilityof the techniqueto larger devices.
Secondjnsteadof averagelppt, TSA focuseson the anal-

ysis of Fourier phaseharmonics.This choiceis motivated
by previouswork which suggestshatthis representatiors
bestat tracking processvariation effects [2]. Lastly, the
methodproposedere“tracks” proceswariationeffectsbut
doesnot eliminatethem. This attribute allows device para-
metric attributes,suchasdelay to be correlatedacrosgest

sequences, further reducing of possibility of test escapes.

3.0 Experimental Design

Thelayoutof the circuit usedin this paperis shovn in
Figurel. The supplygrid in this designis routedassuming
afive layer metalprocesqthe figure shawvs only the lower
metal 1 and metal 2 layersfor clarity). Two 2.5V power
suppliestie into the power grid at the pointslabeledVpp,
and Vpp, in the figure. In this small layout, the wider
upper layers reducedthe resistancebetweenVpp, and
Vpp2 to lessthan 1 Ohm, making the transientsat these
supply points virtually indistinguishable.Therefore, the
analysisthat follows focuseson the waveforms obtained
from Vpp, only.

The circuit model includestwo paths implemented
using chainsof inverters.The headsof the two pathsare
labeled“FastPath Input” and“Slow Path Input” in Figure
1. Thefastpathis composedf transistorsvith W/L ratios
rangingfrom 2 to 5 for n-MOS and 4 to 10 for p-MOS
while the slow pathis composeaf minimumsizedtransis-
torswith W/L ratiosof 1.5. Theinvertersalongboth paths
fanoutto asmary asthreeotherinvertersin additionto the
next inverterin the path. Thesefanoutregionsare labeled
on theright in the figure. The diversity of transistorsizes
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Figure 2. Sample of |55 curvesfrom simulation of
layout in Figure 1.
andloadingconditionscausesa correspondingliversity in
the Ipg curvesof the inverters.A sampleof the Ipg curves

from one simulation model are st in Figure 2.

The procesamodelsare derived from a setof MOSIS
specificationgor TSMC'’s 0.25um procesg4]. Eachof the
specificationds given aslot averagedconductorRC para-
sitics and BSIM modeling parameterderived from test
structuremeasurement#it thetime of thiswriting, 14 data
setswereavailable. Thesedatasetswereusedto configure
a setof technologyfiles for the SFACE extractiontool [8]
and the correspondingSPICE simulation models were
extractedfrom the layout. Theseparametewaluesrepre-
sentworst casevaluesbecausehey were obtainedfrom
wafer lots bricated wer a period of seral years.

The teststimulusdrives both pathssimultaneouslyas
a meansof representinghe more commonmulti-pathsig-
nal propagtion model of real circuits. Since the supply
grid is unified, the Ipg curves generateddy the inverters

along both pathssuperimposén a compositel ppt curve.
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Figure 3. 1ppt waveforms obtained under three
TSMC simulation models derived from MOSI S data.

The composite pp signalsfrom threesimulationmodels,
labeled as, | andn, are shan in Figure 3.

4.0 Experimental Results
4.1 Path Delay Analysis

In orderto determinethe relationshipbetweenpath
delaysandthecorrespondingppts underthedifferentpro-
cesanodelsit is first necessaryo evaluatethe signalprop-
agation characteristicalong eachof the two pathsacross
theprocessnodels As indicatedpreviously, thesamenput
stimulusis usedto drive the inputsof the gatesat the head
of the two paths.Figure 4 shows the output waveforms
from the last invertersof the two pathssuperimposedn
eachrow. Onepairingis shavn for eachof the 14 process
models.Eventhoughthetransistorodelsareidenticalfor
all transistorsn eachcircuit model,it is clearacrossmary
of thesepairingsthatthe delaysbetweerthe Fastand Slow
pathsarenot well correlated(The vertical dottedline pro-
videsa referencepoint for comparison.)This is especially
true for the pairingslabeledh, j and|. Here, significant
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Figure 4. Path outputs: 14 TSMC process models.
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Figure6. Slow Path relative delaysvs. Fast Path
relative delaystaken from Figures 4 and 5.
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 corrélation in the delays across the output
waveform pairings is largely due to the V; 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 thefigure). It isclear 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 IppT Analysis

Even for this simple combinational circuit, the time
domain representations of the 1S are complicated by the
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Figure5. Path outputs: Constant bsim parameters.
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Figure 7. 1ppt Phase spectrumsfrom 14 process
simulations.

superposition of the uncorrelated |ppts generated by the
two paths as shown in Figure 3. Previous work indicates
that path delays can be more easily obtained from the fre-
gquency domain representation. Of particular interest is the
Fourier Phase spectrums of the IpptS since Fourier theory
indicates that Phaseis 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
asingle (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 Ippt 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, | (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
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Figure 8. Phase SWsfrom 14 process smulations.
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Figure 10. Unwrapped Phase spectrums from
simulationsunder Slow Path test only.

SWA (for Area).Sincetheregion belov 900MHz is linear,
it is reasonabléo assumehatthis region is mostlikely to
yield a linear mappingfunction betweendelaysand Phase
SWAs, if oneexists. For reasonscoveredin the next sec-
tion, thesePhaseSWAs arecomputedover anevensmaller
region gven by 300-900 MHz.

Figure9 shaws a plot of PhaseSWAs versusthe rela-
tive pathdelaysof the FastPath (top) and Slow Path (bot-
tom). Here therelative pathdelaysarecomputedasbefore,
i.e. relative to the path delaysobtainedunder simulation
modela. The correlationof the PhaseSWAs andthe Fast
pathrelative delaysis strongerthanthe correlationof the
PhaseSWAs andthe Slow pathrelative delays(prediction
limits surrounddatapointscorrespondingo the Fastpath).
Thecorrelationcoeficientsfor the FastPathandSlow Path
are98.8%and68.2%(100%:is perfectcorrelation,e.g.the
datapointsareco-linear).The datapointslabeledh, j andl
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in the figure are the least correlated in the latter mapping.

FigureslOand11lillustratethatthelack of correlation
betweenthe Fastand Slow pathis responsibldor the dis-
persionof thedatapointsin Figure9. Thetestusedto gen-
eratethe datafor thesefigures sensitizedonly the Slow
path.Unlike the Phasespectrumsn Figure7, the high fre-
queny componentsunder these simulationstrack more
closely Similarly, thereis amuchsmallerdispersiorof the
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Figure 9. Phase SWAsvs. Fast (top) and Slow (bottom)
relative path delays.
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Figure 11. Phase SWA vs. relative path delaysfrom
simulationsunder Slow Path test only.
datapointsin the PhaseSWA vs. relative delayplot of Fig-
ure 11 whencomparedo the Slow pathdatapointsof Fig-
ure 9. The correlation coeficient under the single path
simulationsis 99.6%, versus68.2% obtainedin the dual
pathexperiments Similar resultswere obtainedfor the set
of “Fast path only” simulations.
4.3 Power Supply Vppt Analysis

The mostsignificantproblemassociatedvith measur-
ing the power supply currenttransientsis relatedto the
spaceconstraintamposedby the physical structureof the
test head.Figure 12 shavs a physical model of the test
head, probe card and Chip-UndefTest (CUT). Current
probes,that monitor changesin the magneticfield along
leadsfrom the probecards supplyplane(seeFigure12)to
the supply ports of the CUT, arelikely to be too large for
physical insertion.Moreover, evenif sucha measurement
techniquewas possible,the built-in RC attributes of the
probingapparatusindtesterEMI noisesourcesnakeit dif-
ficult to accuratelymeasurethe Ippt generatedby the
CUT. However, it maybe possibleto overcometheseprob-
lems by measuringybt as Vppr-

Figure 12 shaws the physical structureof a testers
power supplies,a Cobra(membrane)probe card and the
CUT [5]. Cobraprobecardsareusedfor waferlevel testing
of CUT I/O interfacesconfiguredin C4 pad arrays.The
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Figure 12. Tester and cobra probe card physical and
electrical model.

testerpower suppliesare connectedo the power planeon

the probecards PCB. This power planeis designedwith a
built-in capacitancef approximately6nF, to meetthe high

instantaneousurrentrequirement®f the CUT. Therefore,
it is difficult to measureghe CUT’s transientsignalsat ary

point betweenthe power suppliesand the power plane of

the PCB.

Figure 12 shavs a MeasurementPoint that may

improve theaccuray of thetransientsignalmeasurements.

In the figure, a wire is routedfrom the back edgein the
lowestlayer of the PCB to an internal contactconnecting
the membrandrobePadto the PCB. The PCB connection
is routed up throughthe other layers of the PCB to the
power planein the uppermostlayer The parasiticinduc-
tanceandresistancglabeledL ; andR; in thefigure)in the
routinglayersandcontactf the PCB corvertthetransient
currentto a transientvoltage. TheseRL componentsiso-
late” the CUT’s transientdrom the attenuatiorcharacteris-
tics of the Supply Plane.This type of MeasuremenPoint
insertioncanbe repeatedor several of the power C4 pads,
asameansf measuringhetransientsimultaneouslyver
different rgions of the CUT

It is alsopossibleto increaseheisolationof the CUT’s
transientsby increasingthe resistancgR; in the figure)
with a physically insertedresistor However, only a small
valueof R is tolerable.This is true becausehe power grid
on the CUT is unified and ary 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
requirementandthe numberof monitoredC4s.As shovn
below, a4 Ohmresistanceorvertsthe |yt of ourtestcir-

cuit to a measurableppr.
The tester/probecard RLC modelusedin the simula-

tions of the inverterlayoutis shovn in Figure13. Theval-
uesusedfor thePCBelementd ; andR, of Figurel2 are4

pH and4 Q. The MembraneModel representshe contact
parasiticsbetweenthe CUT’s C4sandthe probecard[5].
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Figure 13. Testing environment RLC model.
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Figure 14. Voltage Regulator Power Supply Model.

The voltage transientswere measuredrom the Measure-
mentPointshowvn in Figure13. The VoltageRegulatorRL
modeldescribedn [6] andshowvn in Figure14 wasusedto
modelthe testers power supply The valueof L_slew was
changedrom its original valueof 67.5nHto accommodate
the 2.5V supply eltage used in our simulations.
Thecircuit andsimulationexperimentgperformechere
aredescribedn Section4.1. The objective hereis to deter-
mine the impact of the wafer probing model. Figure 15
shaws the time domainwaveforms obtainedfrom supply
port Vpp; underthreeof the simulationmodelsdescribed

previously. Thelow frequeng sinusoidalwaveform super-
imposedon theVpptSsis generatedy the modelelements
of the PCB andtesterpower supplies.The left portion of
Figurel5is blown-upin Figure16. The similarity of these
waveformswith thoseshavn in Figure 3 suggesthat the
modelingelementshave only a small impacton shapeof
the Vppt waveforms.

The phasespectrumsf the Vppt transientsobtained

underthe 14 simulationmodelsare shovn in Figures17.
The large sinusiodalcomponenintroducesan anomalyin
the lower frequeng band. The higher frequeng compo-
nentsarevery similar to thosegeneratedvithout the probe
cardmodel (comparewith Figure7). Figure18 shows the
phasespectrumsf Figure 17 scaledalongthe frequeny
axis so asto maximizetheir overlapwith eachother The
frequeng rangelabeledLinearRegionidentifiestheregion
of interestin our analysis.The regions labeled “Diver-
gence”identify frequeng bandsin which one or more of
the spectradepartfrom the trend definedby the majority.
The region labeled“Misalignment” identify the frequeny
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Figure 15. Vppt waveforms from worst-case models.
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Figure 17. Phase spectrums of 14 mcess models.

bandin which significant divergenceoccursin all spec-
trums.

Figure 18 illustratesan importantbenefitof usingthe
frequeng domain representatiorover the time domain.
The frequeny domain allows regions that are not well
“behaved” to be excludedfrom the analysis.For example,
asindicatedpreviously, the primary influenceof the probe
cardis onthelowerfrequeng componentsTheslight mis-
alignmentof the frequeng componentsn the left-most
“Divergence”region indicatesthat thesecomponentsare
likely to reducethe accurag of thetrackingbetweerdelay
and Phase.The sameis true in the high frequeng bands
above the “Linear Rgion”.

5.0 Conclusions

This paperinvestigatesthe impactof real processand
testhardware modelson a testingmethodcalled Transient
SignalAnalysis(TSA). Low correlationof pathdelayscan
occurfor pathsconstructedusing differentW/L transistor
ratiosin deepsubmicrontechnologiesAccuratelytracking
delaysin thesepathsusing test sequenceshat sensitize
themsimultaneouslycanbe difficult usingeithera time or
frequeny domain representatiorof Ippt. Test hardware
configurationconstraintsndicatethatthe CUTSIpptSs may
be more easily and accuratelymeasuredas Vppts. Test

hardware simulation results suggestthat the electrical
responseharacteristicof the probingstructureitself tend
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Figure 16. Magnified plot of the Vppt wfms in Fig. 15.
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Figure 18. Frequency scaled Phase spectrumsoin Fig. 17.

to introducelow frequeng “noise” in the supplytransients.
Thesenoise factors are difficult to remove in the time
domainrepresentatiof the supply transientsbut can be
easily identified and excluded in the frequeng domain
analysis.
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