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ABSTRACT

In mixed-signalASICs couplingfrom switchingdig-
ital nodesand from the digital power supply to analog
circuitsvia the commonsubstrateeandegradethe perfor
manceof the analogcircuits. This paperdescribes de-
signexperimento measuraghetime domainbehaior and
spectrakontentof suchsubstrateouplingnoise.To mea-
surethis noiseover a wide frequeng rangea novel ana-
log substratenoisesensomasbeendesigned.Using this
sensoysubstrateoisehasbeenmeasuredn thetime and
frequeng domain. Also the influenceof supplyvoltage,
switchingactivity andmountingtechniqueonthesubstrate
noiseare experimentallyinvestigated.Simulationresults,
using a SPICE substratemodel, are also included. The
presentedneasurementhav thatcarefulinvestigatiorof
the spectralcontentof substratenoiseis importantin the
designof mixed-signalASICs. Differenceshetweenthe
peaknoiselevelsandthenoisefloor caneasilybe40dB.

I. INTRODUCTION

Substratecouplingin mixed-signalCs hasbeeniden-
tified asa majorproblem.Accuratesimulationof the sub-
stratevoltageis necessaryo analyzethe properfunction-
ing of analogcircuitsthatareintegratedon the samesub-
strateasadigital circuit [1]. Nowadayssimulationof sub-
stratecouplingbecomesncreasinglyimportantdueto the
trendto integrateasmuchcircuitsaspossibleonthesame
die. In recentyearsa lot of researcthasbeendoneon
modelingthesubstrateandon substrateouplingreduction
techniques.In [2] substratenoiseis measuredndirectly
viathebodyeffectof asingletransistoandsubstrat@oise
is causedy singleinverterswith their outputscapacitvely
coupledto the substrate. Another indirect measurement
techniqueusingvoltagecomparatorsis presentedn [3].
Only the noiseamplitudeandrms valuecanbe measured
usingthattechnique An overview of modelingandsimu-
lation techniquescanbe foundin [4] and[5]. Most pub-
lications deal with modelingand simulationof substrate
noiseor with measurementsn small test structures of-
tenusinganindirectmeasuremeriechniqueln this paper

a versatilesubstratecoupling experiment,which offers a
completeapproacho the noisecouplingproblem,is pre-
sented. Using a widebandanalognoisesensoy the time
domainbehaior andspectrakontentof substratenoiseis
measured.

First the SPICE substratenodel, usedfor noisesim-
ulations,is presented.Thenthe experimentis described,
includingthetestchip andthe analogsubstratenoisesen-
sor, followed by measuremenand simulationresultsof
substratenoisein thetime andfrequeng domain.

1. SUBSTRATE MODELING

TheSPICEmodelusedor thesubstratelependsargely
onthetypeof substratetow-ohmicor high-ohmic.In case
of alow-ohmicsubstratehebulk canbeconsidere@dsone
electricalnode. For high-ohmicsubstratesomekind of
threedimensionatesistormeshhasto be used. For both
caseghe substratecanbe considerecpurely resistve for
frequenciedelonr 10 GHz [6].

The0.5um CMOStwin well technologyin whichthe
experimentalchip hasbeenprocessedhasa low-ohmic
substratewith a bulk resistvity of 10-20mQcm. Ontop
of thebulk thereis anepilayerof 4 um thicknesswith a
resistvity of 10-13Qem. Theepilayeris modeledby ver-
tical resistorsconnectedo transistombulk nodesandsub-
stratecontacts.The nwell andpwell areaboutl pm thick
with asheetesistancef 13002. Thenwellis modeledy
lateralresistorsand coupling capacitorgo the bulk. The
pwell is modeledby lateralresistors The SPICEsubstrate
model usedfor the simulationsis shown in figure 1, for
the exampleof aninverter This substratenodelis simi-
lar to the onepresentedn [2], exceptfor the extra lateral
resistancebetweerbulk nodesandwell contacts.

ThecompleteSPICEmodelof thechip consistof the
SPICEdescriptionof all analoganddigital circuits com-
binedwith the substratenodel. Inductanceof bondwires
or flipchip bumpsis alsotakeninto account. The SPICE
modelof the substratés partly derivedby usingthelayout
extractiontool SFACE [7] and partly by manualcalcula-
tions. For theresistancef asubstrateontactor MOSFET
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Figurel: Spicesubstratenodel

bulk connectiorto the substratehe following expression
is used2]:

Rbulk ~ Rarea//Rperimeter
with

Pepi

R _ Pepi Tepi R . _
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area — A Y

A andP arethe areaandperimeterof a substratecontact
or MOSFETgate,T,,; is the epilayerthicknessand pcp;
is theepilayerresistvity. Lateralsubstrateesistancesan
be estimatedusing the sheetresistanceof the particular
layer and junction capacitancegan be calculatedusing
areaandperimeterdataof the nwell. For MOSFETmod-
elingthe BSIM3v3 modelis used which alreadyincludes
couplingfrom the sourceanddrainareaso the bulk con-
nection. In the SPICEcircuit descriptionthe sourceand
draingeometriegxtractedfrom the layoutareused.

[I1l. THE DESIGN EXPERIMENT

The mixed-signaltestchip is designedn a standard
digital CMOS processwith standarddigital power rails
and|0O-pads. The chip containsthe following digital cir-
cuits: aring oscillatorandclock divider, 3 heavily loaded
inverterstrings(typel), 3lessheaily loadednverterstrings
(type 2) and 6 pseudorandomgenerators.One heavily
loadedinverterstringsconsistsof 7 invertersswitchedby
alatch. Eachinverterin the stringis loadedby a number
of otherinvertersto increasehe couplingto the substrate
andto slow down the oscillationof the string. The other
stringconsistof 9 inverterswhich areloadedessthanin
the otherstring. Eachof these6 stringscanbe activated
individually. Onepseudarandomgeneratoiconsistsof 9
flipflops andproduces 511 bit pseudaandomsequence.
Two, four or six pseudorandomgeneratorgan be acti-
vatedatthesametime.

The analogpart consistsof two substratenoise sen-
sors: onefor calibrationpurposesand onefor the actual
measurementf substratenoise. A microphotograptof

the core of the mixed-signalchip is visible in figure 2.

Surroundingthis core are the metal power rails and the
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Figure2: Microphotograplof the coreof thetestchip

|0-pads.Ontheleft of the photothetwo sensorarevisi-
ble oneabove the other Theinverterstringsarevisiblein
themiddleandthe pseudaandomgeneratorat theright.

The chip hasbeenmountedin two differentways: by
wirebondandby flipchip mountingon a Multi Chip Mod-
ule (MCM) substrateDigital controlsignalsareconnected
from a PrintedCircuit Board(PCB)to theMCM via wire-
bonding.Supplyvoltagesanalogoutputsanddigital clock
signalsareconnectedia multi-contactvaferprobego the
MCM.

IV. THE SUBSTRATE NOISE SENSOR

The substratenoise sensoris a differential amplifier
with oneinput connectedo a quietgroundandthe other
input connectedo the substrate.lt hasbeendesignedo
have a large bandwidth(over 500 MHz) andto deliver a
differential outputsignalin a 50 Q2 load. It was not de-
signedto have a large gain becauset was expectedthat
the substratevoltage would be large enoughto measure
without much amplification. The principle schematioof
the sensolis shavn in figure 3. The couplingcapacitors
C1 and C2 have beenimplementedas MOS capacitors,
i.e. nMOStransistorsvith sourceanddrainconnectedo-
gether For the substratevoltage coupling capacitoy C2,
sourceanddrain have beenconnectedo a substratecon-
tact,surroundinghetransistor

Thesecondhoisesensopbnthetestchiphasbeeradded



o0

Vdd Vdd -L  vdd

out+ J out-
LI | | |
1

<
»
7]
<
0
7]

TCZ j

| . | Substrate _TI |
Ve [ r{r ll..l r‘{l 1

Figure3: NoiseSensoiSchematic

Ground

for calibration purposes:this sensorhasone input con-
nectedo a quietgroundandthe otherconnectedo anex-
ternalvoltagesource. With this sensoithe transferfunc-

tion canbe measuredn-chip, usingthreewafer probes.

Figure 4 shows the voltagetransferfunction. The solid
curve shavs a numberof measurementand the dotted
cunve represents SPICEsimulation. It canbe seenthat
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Figure4: NoiseSensofTransferFunction

the bandwidthof the sensotis 200kHz to 500 MHz, with
anamplificationbetweer3 and4 dB. Peakingof the am-
plification around500 MHz is probablydueto theinduc-
tanceof the probeneedlesDifferencedetweerthe simu-
lationandthe measurementtthelow andhigh endof the
bandwidthof the sensomlarecausedy externalbiasteesin
the measuremensetup,which have a bandwidthof 100
kHz to 1 GHz.

V. MEASUREMENTSAND SIMULATIONS

In this sectionthe measuremerdandsimulationof the
substratenoiseis describedFirstadescriptiorof themea-
suremensetupis givenfollowedby time domainandfre-

gueny domainsubstrate/oltagemeasuremen@ndsimu-
lations.

A. Setup

Themeasuremergetupis shavn in figure5. Thetest
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Figure5: Measuremen$etup

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

Thedifferentialoutputof the substratanoisesensolis
externally loadedwith 50 Q and AC coupledto a power
combinerby meansof two bias-tees. The power com-
binerperformsa 180 degreesphaseshift for oneof its in-
putsanddeliversa single-endeautput. This power com-
binercauses signallossof 3 dB, whichis approximately
compensatebly the gain of the noisesensar In this way
themeasuredutputsignalcorrespondsvith the substrate
voltage. The substratevoltageis measuredn the time
domainusing a digital samplingoscilloscope. Averag-
ing of the substratevoltageover a large numberof time
domainmeasurements performedto decreaseneasure-
mentnoise. This canonly be donebecause¢he measured
substratevoltageis periodical.Fromthistime domainsig-
nal the spectrumis calculatedoy meansof a FastFourier
Transform.



B. TimeDomain

Firsta comparisorbetweerthe wirebondandflipchip
versionis made.Theseresultsareshavn in figure 6. The
substrat@oisecausedy simultaneouswitchingof 3 heas-
ily loadedinverterstringsfor aflipchip andwirebondver-
sionis shovn. Switchingof theindividual invertersin the
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Figure6: Comparisorbetweerthe wirebondandflipchip
versionwhenswitching3 heavily loadedinverterstrings

stringis not visible but insteadthe measuremerghavs a
sortof integratedswitchingnoise. After the switchingof

the string hasendedringing occurs. In caseof the wire-
bondversionthe amplitudeof theringing is largerthanin

caseof the flipchip version. The frequeng of this ring-

ing is around250 MHz. This frequeny value canbe ex-

plainedby the combinationof the digital circuit capaci-
tance,which is accordingto SPICEsimulationsabout75
pF, andthe total bondwireinductancewhich is typically
4 to 8 nH for two bondwires. Also visible is an oscilla-
tion with a muchlower frequeng, about6 MHz. Thisis

causeddy inductancen the power supplyconnectionsn

combinationwith the decouplingcapacitodocatedon the
power probeneedle.

Next a comparisonof a SPICE simulationand mea-
suremenof substratenoisefor the flipchip versionwhen
switching three heavily loadedinverter stringsis shavn
in figure 7. The SPICE simulationhasbeenperformed
with a power supplyinductanceof 2 pH andaresistance
of 20 m2. The simulationresultshows the switching of
individualinverterswhereasn themeasuremergkind of
integratedswitching actwity is visible. This is probably
dueto the bandwidthof the sensorandthe measurement
setup. The slow oscillation occuringafter the switching
actity is alsonot simulated.This is becauseot all ele-
mentsof themeasuremergetupareincludedin the SPICE
circuit. Thereforesimulationof the ringing (at approxi-
mately200MHz), whenincludingbondwireinductances,
resultsin unrealistichigh substratenoise.

Thenext time domainmeasuremernresultsareshovn
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Figure 7: Comparisonof measuremenand SPICE sim-
ulation for the flipchip versionwhenswitching3 heavily
loadedinverterstrings

in figure8 and 9. Thesefiguresshowv the peak-to-peak
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Figure 8: Measuredpeakto peak substratevoltage as
functionof digital switchingactvity for thewirebondand
flipchip version

substratevoltagefrom switchinginverterstringsfor both

thewirebondandflipchip versionasfunctionof switching

actvity (numberof inverter strings switching simultane-
ously)andsupplyvoltagerespectiely. Both figuresshaov

that the noisefor the wirebondversionis always larger

thanthe noisefor the flipchip version. Switching noise
from inverterstring 1 is alsolargerthannoisefrom string

2. Thisis becausén caseof theheavily loadedstringmore

invertersareswitchedat the sametime, which resultsin a

largercouplingto the substrateanda larger power supply
current. Thosetwo figuresalsoshow thatsubstratenoise,

in caseof the wirebondversion,increasegasterwith re-

spectto switchingactiity andsupplyvoltagethanin case
of theflipchip version.This againillustratestheinfluence
of inductancen the power supplyconnectioron substrate
noise.
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Figure9: Measuregeakto peaksubstrateoltageasfunc-
tion of digital supplyvoltagefor thewirebondandflipchip
version

The lasttime domainmeasurementesultsare shovn
in figure 10. This figure shavs substratenoisecausedy
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Figure 10: Substratevoltage causedby switching six
pseudaandomgeneratorsor theflipchip version

switching all six pseudorandomgeneratorsat 20 MHz.
Theswitchingactiity is visible overalargeperiodof time
sothatdifferencedetweersuccessie switchinginstances
canbeenseen.Dependingon the numberof flipflops that
areswitchingup or down at the sametime, the substrate
noiseis largeror smaller

The behaior of the substratevoltagein the time do-
main,asshawn in the previous plots, canbe usefulwhen
designingmixedsignallCs. For example thesamplingn-
stanceof ananalogto digital corvertercanbestbe chosen
in a“quiet” period,with low substratenoise.

C. Frequency Domain

The first spectralcontentmeasurementsan be seen
in figure 11, shaving the frequeng spectrumof the sub-
stratenoisecausedy switching3 heavily loadedinverter

stringsat 20 MHz for the wirebondand flipchip version.
Theverticalscaleof thisfigureindicateshe noisevoltage
amplituderelative to a 1 volt sinewave. Only the part of
thespectrumis shavn in whichringingis present.n this
partof thespectrundifferencedetweernthewirebondand
flipchip versionareclearlyvisible. Most substratenoiseis
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Figure 11: Frequeng spectrumof the substratenoise
when switching 3 heavily loadedinverterstringsfor the
wirebondandflipchip version
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of courseconcentratedat the multiples of the clock fre-
gueng. But becauséheinverterstringis switched‘up” at
oneedgeandswitched“down” at the next edgeof the 20
MHz clock, this switchingactivity is repeatedt 10 MHz,
whichis alsovisiblein the measuredrequeng spectrum.
The next measuremenesultsareshowvn in figure 12.
This figure shaws the substratenoisefrequeny spectrum
whenswitchingsix pseudaandomgeneratorst 20 MHz
for the wirebondversion. Clearly visible is the increase
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Figure 12: Substratenoise frequengy spectrumwhen
switchingsix pseudaandomgeneratorgor the wirebond
version
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of noisearound200MHz causedy ringing asmentioned
before.Sincethis switchingactiity containsno otherpe-
riodic repetitionapartfrom the 20 MHz clocking (andthe



low frequeng repetitionof the pseudaandomsequence),
all noisepeaksareat multiplesof theclock frequeng.

A detail of the previous spectrumnow alsoincluding
theflipchip version,is shavn in figure 13. Thedifference
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Figure13: Detail of thefrequeng spectrunshaving sub-
stratenoisecausedy switchingthe pseudarandomgen-
eratorsfor thewirebondandflipchip version

betweerthewirebondandtheflipchip versionis muchless
visible for the switchingof the pseudaandomgenerators
thanfor theinverterstrings. Thisis becauseheringing is
mostly originatingfrom large power supplycurrents,and
in caseof the large inverterstringsthe power supplycur-
rentis muchlargerthanfor the smallpseudaandomgen-
erators.

The previousplots shawv theimportanceof investigat-
ing the spectralcontentof substratenoisefor designing
mixed-signallCs. Most substratenoiseis concentratect
multiples of the clock frequeny and the differencebe-
tween the peak noise levels and the noisefloor can be
easily40 dB. Analog channelsfor examplefor interme-
diatefrequencief RF transcevers, canbestbe located
betweerthe noisepeaks.

Moremeasurementmthetestchiparestill in progress.

Measuremenof power supplynoiseandthe studyof ser-
eral power supply decouplingtechniquesave still to be
performed. The presentechoise sensorwill also be in-
cludedonsomefuturedigital designsto measuréhespec-
tral contentof the substratenoiseof largerdigital circuits.

VI. CONCLUSIONS

In this papera novel methodof measuringsubstrate
noisehasbeenpresented A differentialamplifier with a
large bandwidthhasbeenusedto allow measurementsf
substratenoisein the time andfrequeng domain. Time
andfrequeny domainmeasurementsisingthis substrate
noisesensorhave beenperformedon inverterstringsand
pseudarandomgenerators Also the influenceof switch-
ing actiity, power supplyvoltageandmountingtechnique

onthesubstrateoisehasbeenshavn. A SPICEsubstrate
modelhasbeenpresentedhatis usedfor substratenoise

simulations.Theimportanceof investigatinghetime do-

main behaior andthe spectralcontentof substratenoise

whendesigningnixed-signalCs hasbheenshowvn. For our

digital circuit a differencebetweenpeaknoiselevels and

noisefloor of 40 dB hasbeenobsened.
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