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ABSTRACT

In mixed-signalASICscouplingfrom switchingdig-
ital nodesand from the digital power supply to analog
circuitsvia thecommonsubstratecandegradetheperfor-
manceof the analogcircuits. This paperdescribesa de-
signexperimentto measurethetimedomainbehavior and
spectralcontentof suchsubstratecouplingnoise.To mea-
surethis noiseover a wide frequency rangea novel ana-
log substratenoisesensorhasbeendesigned.Using this
sensor, substratenoisehasbeenmeasuredin thetime and
frequency domain. Also the influenceof supplyvoltage,
switchingactivity andmountingtechniqueonthesubstrate
noiseareexperimentallyinvestigated.Simulationresults,
using a SPICEsubstratemodel, are also included. The
presentedmeasurementsshow thatcarefulinvestigationof
the spectralcontentof substratenoiseis importantin the
designof mixed-signalASICs. Differencesbetweenthe
peaknoiselevelsandthenoisefloor caneasilybe40dB.

I. INTRODUCTION

Substratecouplingin mixed-signalICs hasbeeniden-
tified asa majorproblem.Accuratesimulationof thesub-
stratevoltageis necessaryto analyzetheproperfunction-
ing of analogcircuitsthatareintegratedon thesamesub-
strateasadigital circuit [1]. Nowadayssimulationof sub-
stratecouplingbecomesincreasinglyimportantdueto the
trendto integrateasmuchcircuitsaspossibleon thesame
die. In recentyearsa lot of researchhasbeendoneon
modelingthesubstrateandonsubstratecouplingreduction
techniques.In [2] substratenoiseis measuredindirectly
via thebodyeffectof asingletransistorandsubstratenoise
is causedby singleinverterswith theiroutputscapacitively
coupledto the substrate.Another indirect measurement
technique,usingvoltagecomparators,is presentedin [3].
Only thenoiseamplitudeandrmsvaluecanbemeasured
usingthattechnique.An overview of modelingandsimu-
lation techniquescanbe found in [4] and[5]. Most pub-
licationsdealwith modelingandsimulationof substrate
noiseor with measurementson small teststructures,of-
tenusinganindirectmeasurementtechnique.In thispaper

a versatilesubstratecouplingexperiment,which offers a
completeapproachto thenoisecouplingproblem,is pre-
sented. Using a widebandanalognoisesensor, the time
domainbehavior andspectralcontentof substratenoiseis
measured.

First the SPICEsubstratemodel,usedfor noisesim-
ulations,is presented.Thenthe experimentis described,
includingthetestchip andtheanalogsubstratenoisesen-
sor, followed by measurementand simulationresultsof
substratenoisein thetimeandfrequency domain.

II. SUBSTRATE MODELING

TheSPICEmodelusedfor thesubstratedependslargely
onthetypeof substrate:low-ohmicor high-ohmic.In case
of alow-ohmicsubstratethebulk canbeconsideredasone
electricalnode. For high-ohmicsubstratessomekind of
threedimensionalresistormeshhasto beused.For both
casesthe substratecanbe consideredpurely resistive for
frequenciesbelow 10GHz[6].

The0.5 ��� CMOStwin well technology, in whichthe
experimentalchip hasbeenprocessed,hasa low-ohmic
substratewith a bulk resistivity of 10-20 ������� . On top
of thebulk thereis anepi layerof 4 ��� thicknesswith a
resistivity of 10-13 ����� . Theepi layeris modeledby ver-
tical resistorsconnectedto transistorbulk nodesandsub-
stratecontacts.Thenwell andpwell areabout1 ��� thick
with asheetresistanceof 1300 � . Thenwell is modeledby
lateralresistorsandcouplingcapacitorsto the bulk. The
pwell is modeledby lateralresistors.TheSPICEsubstrate
modelusedfor the simulationsis shown in figure 1, for
the exampleof an inverter. This substratemodelis simi-
lar to theonepresentedin [2], exceptfor theextra lateral
resistancesbetweenbulk nodesandwell contacts.

ThecompleteSPICEmodelof thechipconsistsof the
SPICEdescriptionof all analoganddigital circuitscom-
binedwith thesubstratemodel. Inductanceof bondwires
or flipchip bumpsis alsotaken into account.TheSPICE
modelof thesubstrateis partlyderivedby usingthelayout
extractiontool SPACE [7] andpartly by manualcalcula-
tions.For theresistanceof asubstratecontactor MOSFET
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Figure1: Spicesubstratemodel

bulk connectionto thesubstratethe following expression
is used[2]:
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A andP aretheareaandperimeterof a substratecontact
or MOSFETgate,
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is theepi layer thicknessand ) �
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is theepi layerresistivity. Lateralsubstrateresistancescan
be estimatedusing the sheetresistanceof the particular
layer and junction capacitancescan be calculatedusing
areaandperimeterdataof thenwell. For MOSFETmod-
eling theBSIM3v3modelis used,which alreadyincludes
couplingfrom thesourceanddrainareasto thebulk con-
nection. In the SPICEcircuit descriptionthe sourceand
draingeometriesextractedfrom thelayoutareused.

III. THE DESIGN EXPERIMENT

The mixed-signaltest chip is designedin a standard
digital CMOS process,with standarddigital power rails
andIO-pads.Thechip containsthe following digital cir-
cuits: a ring oscillatorandclock divider, 3 heavily loaded
inverterstrings(type1),3 lessheavily loadedinverterstrings
(type 2) and 6 pseudorandomgenerators.One heavily
loadedinverterstringsconsistsof 7 invertersswitchedby
a latch. Eachinverterin thestring is loadedby a number
of otherinvertersto increasethecouplingto thesubstrate
andto slow down the oscillationof the string. Theother
stringconsistsof 9 inverters,whichareloadedlessthanin
the otherstring. Eachof these6 stringscanbe activated
individually. Onepseudorandomgeneratorconsistsof 9
flipflopsandproducesa 511bit pseudorandomsequence.
Two, four or six pseudorandomgeneratorscan be acti-
vatedat thesametime.

The analogpart consistsof two substratenoisesen-
sors: onefor calibrationpurposesandonefor the actual
measurementof substratenoise. A microphotographof

the core of the mixed-signalchip is visible in figure 2.
Surroundingthis core are the metal power rails and the

Figure2: Microphotographof thecoreof thetestchip

IO-pads.On theleft of thephotothetwo sensorsarevisi-
ble oneabove theother. Theinverterstringsarevisible in
themiddleandthepseudorandomgeneratorsat theright.

Thechip hasbeenmountedin two differentways: by
wirebondandby flipchip mountingona Multi Chip Mod-
ule(MCM) substrate.Digital controlsignalsareconnected
from aPrintedCircuit Board(PCB)to theMCM via wire-
bonding.Supplyvoltages,analogoutputsanddigital clock
signalsareconnectedvia multi-contactwaferprobesto the
MCM.

IV. THE SUBSTRATE NOISE SENSOR

The substratenoisesensoris a differential amplifier
with oneinput connectedto a quietgroundandtheother
input connectedto the substrate.It hasbeendesignedto
have a large bandwidth(over 500 MHz) andto deliver a
differentialoutputsignal in a 50 � load. It wasnot de-
signedto have a large gain becauseit wasexpectedthat
the substratevoltagewould be large enoughto measure
without muchamplification. The principle schematicof
the sensoris shown in figure 3. The couplingcapacitors
C1 and C2 have beenimplementedas MOS capacitors,
i.e. nMOStransistorswith sourceanddrainconnectedto-
gether. For the substratevoltagecouplingcapacitor, C2,
sourceanddrainhave beenconnectedto a substratecon-
tact,surroundingthetransistor.

Thesecondnoisesensoronthetestchiphasbeenadded
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Figure3: NoiseSensorSchematic

for calibrationpurposes:this sensorhasone input con-
nectedto a quietgroundandtheotherconnectedto anex-
ternalvoltagesource.With this sensorthe transferfunc-
tion canbe measuredon-chip,usingthreewafer probes.
Figure 4 shows the voltagetransferfunction. The solid
curve shows a numberof measurementsand the dotted
curve representsa SPICEsimulation. It canbe seenthat
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Figure4: NoiseSensorTransferFunction

thebandwidthof thesensoris 200kHz to 500MHz, with
anamplificationbetween3 and4 dB. Peakingof theam-
plification around500MHz is probablydueto theinduc-
tanceof theprobeneedles.Differencesbetweenthesimu-
lationandthemeasurementsat thelow andhighendof the
bandwidthof thesensorarecausedby externalbiasteesin
the measurementsetup,which have a bandwidthof 100
kHz to 1 GHz.

V. MEASUREMENTS AND SIMULATIONS

In this sectionthemeasurementandsimulationof the
substratenoiseis described.Firstadescriptionof themea-
surementsetupis givenfollowedby timedomainandfre-

quency domainsubstratevoltagemeasurementsandsimu-
lations.

A. Setup

Themeasurementsetupis shown in figure5. Thetest
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Figure5: MeasurementSetup

chip is mountedon an MCM by meansof a wirebondor
flipchip technique.TheMCM is mountedon a PCB.The
digital control signalsarewirebondedfrom the MCM to
the PCB. The other connections,power supplies,clock
signalsandanalogoutputs,aremadevia two multi-contact
waferprobes.

Thedifferentialoutputof thesubstratenoisesensoris
externally loadedwith 50 � andAC coupledto a power
combinerby meansof two bias-tees. The power com-
binerperformsa 180degreesphaseshift for oneof its in-
putsanddeliversa single-endedoutput.This power com-
binercausesa signallossof 3 dB, which is approximately
compensatedby thegainof thenoisesensor. In this way
themeasuredoutputsignalcorrespondswith thesubstrate
voltage. The substratevoltage is measuredin the time
domain using a digital samplingoscilloscope. Averag-
ing of the substratevoltageover a large numberof time
domainmeasurementsis performedto decreasemeasure-
mentnoise.This canonly bedonebecausethemeasured
substratevoltageis periodical.Fromthis timedomainsig-
nal thespectrumis calculatedby meansof a FastFourier
Transform.



B. Time Domain

First a comparisonbetweenthewirebondandflipchip
versionis made.Theseresultsareshown in figure6. The
substratenoisecausedbysimultaneousswitchingof 3heav-
ily loadedinverterstringsfor a flipchip andwirebondver-
sionis shown. Switchingof theindividual invertersin the
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Figure6: Comparisonbetweenthewirebondandflipchip
versionwhenswitching3 heavily loadedinverterstrings

string is not visible but insteadthemeasurementshows a
sortof integratedswitchingnoise. After theswitchingof
the string hasendedringing occurs. In caseof the wire-
bondversiontheamplitudeof theringing is largerthanin
caseof the flipchip version. The frequency of this ring-
ing is around250MHz. This frequency valuecanbeex-
plainedby the combinationof the digital circuit capaci-
tance,which is accordingto SPICEsimulationsabout75
pF, andthe total bondwireinductance,which is typically
4 to 8 nH for two bondwires. Also visible is an oscilla-
tion with a muchlower frequency, about6 MHz. This is
causedby inductancein thepower supplyconnectionsin
combinationwith thedecouplingcapacitorlocatedon the
powerprobeneedle.

Next a comparisonof a SPICEsimulationand mea-
surementof substratenoisefor the flipchip versionwhen
switching threeheavily loadedinverter stringsis shown
in figure 7. The SPICEsimulationhasbeenperformed
with a power supplyinductanceof 2 pH anda resistance
of 20 �5� . The simulationresultshows the switchingof
individualinverters,whereasin themeasurementakind of
integratedswitchingactivity is visible. This is probably
dueto the bandwidthof the sensorandthe measurement
setup. The slow oscillationoccuringafter the switching
activity is alsonot simulated.This is becausenot all ele-
mentsof themeasurementsetupareincludedin theSPICE
circuit. Thereforesimulationof the ringing (at approxi-
mately200MHz), whenincludingbondwireinductances,
resultsin unrealistichighsubstratenoise.

Thenext time domainmeasurementresultsareshown
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Figure 7: Comparisonof measurementand SPICEsim-
ulation for the flipchip versionwhenswitching3 heavily
loadedinverterstrings

in figure8 and 9. Thesefiguresshow thepeak-to-peak
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Figure 8: Measuredpeak to peak substratevoltage as
functionof digital switchingactivity for thewirebondand
flipchip version

substratevoltagefrom switchinginverterstringsfor both
thewirebondandflipchip versionasfunctionof switching
activity (numberof inverterstringsswitchingsimultane-
ously)andsupplyvoltagerespectively. Bothfiguresshow
that the noisefor the wirebondversionis always larger
than the noisefor the flipchip version. Switchingnoise
from inverterstring1 is alsolargerthannoisefrom string
2. Thisis becausein caseof theheavily loadedstringmore
invertersareswitchedat thesametime,which resultsin a
largercouplingto thesubstrateanda largerpower supply
current.Thosetwo figuresalsoshow thatsubstratenoise,
in caseof the wirebondversion,increasesfasterwith re-
spectto switchingactivity andsupplyvoltagethanin case
of theflipchip version.Thisagainillustratestheinfluence
of inductancein thepowersupplyconnectiononsubstrate
noise.
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Figure9: Measuredpeaktopeaksubstratevoltageasfunc-
tion of digital supplyvoltagefor thewirebondandflipchip
version

The last time domainmeasurementresultsareshown
in figure10. This figureshows substratenoisecausedby

-1.6

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0 0.2 0.4 0.6 0.8 1

Vsub [mV]

time [us]

Figure 10: Substratevoltage causedby switching six
pseudorandomgeneratorsfor theflipchip version

switching all six pseudorandomgeneratorsat 20 MHz.
Theswitchingactivity is visibleoveralargeperiodof time
sothatdifferencesbetweensuccessiveswitchinginstances
canbeenseen.Dependingon thenumberof flipflops that
areswitchingup or down at the sametime, the substrate
noiseis largeror smaller.

The behavior of the substratevoltagein the time do-
main,asshown in thepreviousplots,canbeusefulwhen
designingmixedsignalICs. For example,thesamplingin-
stanceof ananalogto digital convertercanbestbechosen
in a “quiet” period,with low substratenoise.

C. Frequency Domain

The first spectralcontentmeasurementscan be seen
in figure11, showing the frequency spectrumof thesub-
stratenoisecausedby switching3 heavily loadedinverter

stringsat 20 MHz for the wirebondandflipchip version.
Theverticalscaleof thisfigureindicatesthenoisevoltage
amplituderelative to a 1 volt sinewave. Only thepartof
thespectrumis shown in which ringing is present.In this
partof thespectrumdifferencesbetweenthewirebondand
flipchip versionareclearlyvisible. Mostsubstratenoiseis
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Figure 11: Frequency spectrumof the substratenoise
whenswitching3 heavily loadedinverterstringsfor the
wirebondandflipchip version

of courseconcentratedat the multiplesof the clock fre-
quency. But becausetheinverterstringis switched“up” at
oneedgeandswitched“down” at thenext edgeof the20
MHz clock, this switchingactivity is repeatedat10 MHz,
which is alsovisible in themeasuredfrequency spectrum.

Thenext measurementresultsareshown in figure12.
This figureshows thesubstratenoisefrequency spectrum
whenswitchingsix pseudorandomgeneratorsat 20 MHz
for the wirebondversion. Clearly visible is the increase
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Figure 12: Substratenoise frequency spectrumwhen
switchingsix pseudorandomgeneratorsfor thewirebond
version

of noisearound200MHz causedby ringingasmentioned
before.Sincethis switchingactivity containsnootherpe-
riodic repetitionapartfrom the20 MHz clocking(andthe



low frequency repetitionof thepseudorandomsequence),
all noisepeaksareatmultiplesof theclock frequency.

A detailof thepreviousspectrum,now alsoincluding
theflipchip version,is shown in figure13. Thedifference
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Figure13: Detail of thefrequency spectrumshowing sub-
stratenoisecausedby switchingthepseudorandomgen-
eratorsfor thewirebondandflipchip version

betweenthewirebondandtheflipchip versionis muchless
visible for theswitchingof thepseudorandomgenerators
thanfor theinverterstrings.This is becausetheringing is
mostlyoriginatingfrom largepower supplycurrents,and
in caseof the large inverterstringsthepower supplycur-
rentis muchlargerthanfor thesmallpseudorandomgen-
erators.

Thepreviousplotsshow theimportanceof investigat-
ing the spectralcontentof substratenoisefor designing
mixed-signalICs. Most substratenoiseis concentratedat
multiples of the clock frequency and the differencebe-
tween the peak noise levels and the noise floor can be
easily40 dB. Analogchannels,for examplefor interme-
diate frequenciesof RF transceivers,canbestbe located
betweenthenoisepeaks.

Moremeasurementsonthetestchiparestill in progress.
Measurementof powersupplynoiseandthestudyof sev-
eral power supplydecouplingtechniqueshave still to be
performed. The presentednoisesensorwill also be in-
cludedonsomefuturedigital designs,tomeasurethespec-
tral contentof thesubstratenoiseof largerdigital circuits.

VI. CONCLUSIONS

In this papera novel methodof measuringsubstrate
noisehasbeenpresented.A differentialamplifier with a
largebandwidthhasbeenusedto allow measurementsof
substratenoisein the time andfrequency domain. Time
andfrequency domainmeasurements,usingthis substrate
noisesensor, have beenperformedon inverterstringsand
pseudorandomgenerators.Also the influenceof switch-
ing activity, powersupplyvoltageandmountingtechnique

onthesubstratenoisehasbeenshown. A SPICEsubstrate
modelhasbeenpresentedthat is usedfor substratenoise
simulations.Theimportanceof investigatingthetime do-
mainbehavior andthespectralcontentof substratenoise
whendesigningmixed-signalICshasbeenshown. For our
digital circuit a differencebetweenpeaknoiselevelsand
noisefloor of 40dB hasbeenobserved.

Acknowledgements
Theauthorswish to thankBjörn Debaillie for thede-

signof thePCB,Philip Pietersfor thedesignof theMCM
and Myriam Van De Peerfor the flipchip and wirebond
mounting.Thiswork waspartly fundedundertheFlemish
IWT projectFRONTENDSandtheESPRITprojectBAN-
DIT

References
[1] T. J.Schmerbeck,Low-powerHF microelectronics:a

unified approach, ch. 10: Noise coupling in mixed-
signal ASICs. Institution of Electrical Engineers,
1996.

[2] D. K. Su, M. J. Loinaz, S. Masui, and B. A. Woo-
ley, “Experimentalresultsand modeling techniques
for substratenoisein mixed-signalintegratedcircuits,”
IEEE J. Solid-StateCircuits, vol. 28, pp. 420–430,
Apr. 1993.

[3] K. Makie-Fukuda, T. Kikuchi, T. Matsuura, and
M. Hotta, “Measurementof digital noise in mixed-
signal integratedcircuits,” IEEE J. Solid-StateCir-
cuits, vol. 30,pp.87–92,Feb. 1995.

[4] N. K. Vergheseand D. J. Allstot, “Verification of
rf and mixed-signalintegratedcircuits for substrate
couplingeffects,” in Proceedingsof theCustomInte-
gratedCircuitsConference, pp.363–370,1997.

[5] R. Gharpurey andR. G. Meyer, “Modeling andanaly-
sisof substratecouplingin integratedcircuits,” IEEE
J. Solid-StateCircuits, vol. 31, pp. 344–353,Mar.
1996.

[6] F. J. R. Clément, “Technologyimpact on substrate
noise,” in Proc. of the 7th Workshopon Advances
in Analog Circuit Design, pp. 8.1–8–20,28-30 Apr.
1998.

[7] A. van Genderenand N. van der Meijs, “Model-
ing substratecouplingeffectsusinga layout-to-circuit
extraction program,” in ProRISCIEEE 8th Annual
WorkshoponCircuits,SystemsandSignalProcessing,
pp.193–200,Nov. 1997.


