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Abstract

Substrate coupling in mixed-signalASICscan cause
importantperformancedegradationof theanalogcircuits.
Accuratesimulationis therefore neededto investigatethe
generation, propagation and impact of substrate noise.
Recentstudieshavemainlyconcentratedon the timedo-
main behavior of generated substrate noise and dealt
mostlywith noise injection from a single noisesource.
Thispaperwill focuson thegenerationof substratenoise
bydigital circuitsandonthespectral contentof thisnoise.
To simulatethenoisegenerationa SPICEsubstratemodel
hasbeendeveloped,which allowsaccuratesimulationof
substrate noisegeneratedby small digital circuits. The
correctnessof this modelhasbeenverifiedwith measure-
mentsof substratenoiseona testchip,usinga novelwide-
band, continuous-timesubstrate noisesensor, which al-
lowsaccuratemeasurementof thespectral contentof sub-
stratenoise. It is shownthat thedifferencebetweenspec-
tral noisepeaksandthenoisefloor canbeupto 40dB.

1. Intr oduction

Substratecouplingin mixed-signalICs hasbeeniden-
tified asa major problem. Nowadayssubstratecoupling
becomesincreasinglyimportantdueto the trendto inte-
grateasmuchcircuits aspossibleon the samedie. Ac-
curatesimulationof the substratevoltageis necessaryto
analyzetheproperfunctioningof analogcircuits thatare
integratedon the samesubstrateas a digital circuit [1].
Thesesimulationsgive insight in the time andfrequency
domainbehavior of substratenoise. This informationis
veryusefulwhendesigningmixed-signalASICs: low sub-
stratenoiseperiodsandfrequency bandscanbeidentified
andusedfor sensitiveanalogsignaloperations.

In recentyearsa lot of researchhasbeendoneonmod-
eling the substrateand on substratecoupling reduction
techniques[2] [3] [4]. Most publicationsdealwith mod-
eling andsimulationof substratenoiseor with measure-
mentson small teststructures,often usingindirect mea-
surementtechniques.They alsoconcentratemostlyonthe
timedomainbehavior of substratenoise.

In thispaperasubstratemodelingstrategy is presented
which allows accuratesimulation of the time and fre-
quency domainbehavior of substratenoisegeneratedby
small digital circuits. To verify thesesimulationsa test
chiphasbeendesigned,containinganovel substratenoise
sensor, which allows continuous-time,wide-bandmea-
surementof substratenoise. Measurementsandsimula-
tionsin thetimeandfrequency domainwill bepresented.

2. Substrate modeling and noise coupling
mechanisms

To simulatesubstratenoisea modelof thesubstrateis
necessary. Several techniquesexist to determinesucha
model. Thesetechniquesvary from complicatedelectro-
magneticmodelsto simplelumpedelementmodels.The
electro-magnetictechniquesresultsin accuratemodelsbut
areonly applicablefor smallcircuitsbecauseof thelarge
numberof substratenodesthat arecreated[3]. For low-
ohmic (highly doped)substratesthe bulk canbe consid-
eredasoneelectricalnodeandonly theresistanceof the
epi layerhasto betaken into account[2]. This resultsin
a simplelumpedelementmodel. Our testchip hasbeen
processedin a0.5 ��� CMOStwin well technologywith a
low-ohmic,epi-typesubstrate,andasinglenodesubstrate
modelwill beusedfor thesimulations.

This model is basedon the model presentedin [2],
but lateralresistancesbetweenMOSFETbulk nodesand
nearbywell contacthave beenadded.Theselateralresis-
tancesare important,becausethey will reducecoupling
from digital nodesandat thesametime increasecoupling
from thepowersupplyto thesubstrate.This is especially
thecasein twin-well technologies,whichhavenwellsand
pwellsthataremorehighly dopedthantheepi layer. The
SPICEsubstratemodelusedfor thesimulationsis shown
in figure1, for the exampleof an inverter. Thevertical
resistancesin theSPICEsubstratemodelarecalculatedus-
ing theapproximateexpression[2] �����	��

������� � ������ ��� ��������
with �����	� and �����	� the resistivity andthicknessof the epi
layerand � and  theareaandperimeterof thesubstrate
contactor MOSFETgate.Thelateralresistancesbetween
well contactsandMOSFETbulk nodesareestimatedus-
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ing thewell sheetresistance.Nwell junctioncapacitances
arecalculatedusingtechnologydataandthewell geome-
try.

Althoughthis is asimplemodelit canonly beusedfor
relatively small circuits, sincethe entirecircuit mustbe
simulatedwith SPICE. For anaccuratesimulationalsothe
inductanceof the power supply connectionsto the chip
mustbetakeninto account,becausethenoiseon thedigi-
tal powersupplycaneasilydominatethesubstratenoise.

The impedancein the power supply connectionde-
termineswhich sourceof substratenoisewill be domi-
nant. In caseof a very low supplyimpedancethe domi-
nantsourceof substratenoisewill becapacitive coupling
from switchingdigital nodes. But a soonas the supply
impedancebecomeslarger, anddi/dt noiseon the digital
groundgetslargerthanthecapacitive couplingnoise,the
dominantsourceof substratenoiseis couplingfrom the
digital groundvia thelow resistivesubstrateconnections.

A simulationof substratenoisecouplingfroma7-stage
inverterchainis shown on theleft in figure2. Thissimu-
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lationhasbeenperformedwith noinductancein thepower
supplyconnectionandshows7 peaks(4 timesup,3 times
down), correspondingwith the7 transitionson theoutput
nodesof the inverters. Whenan inductanceof 10 pH is
addedin the power supplyconnectionsubstratenoiseis
dominatedby couplingfrom this power supply. This is
visible in figure2 ontheright. Now 7 noisepeaksarevis-
ible, correspondingto thecurrentdrawn by theswitching
invertersfrom thepower supply. It is clearthat thespec-
tral contentof thesubstratecouplingwill dependlargely

on thedominanttypeof coupling.In practicalcasesnoise
couplingfromthepowersupplywill bedominant,because
of the low impedancebetweenthedigital groundandthe
substrate,andthe spectralcontentof the substratenoise
will be relatedto the currentdrawn from the power sup-
ply.

3. Substratenoisemeasurementtechniques

Measurementof substratenoiseis importantto verify
thecorrectnessof modelingandsimulations.Thissection
will describesomeexisting measurementtechniquesand
the problemsassociatedwith thesetechniques,followed
by the descriptionof our novel wide-band,continuous-
timeanalogsubstratenoiseamplifier.

3.1. Existing measurementtechniques

A simple measurementtechnique,usedin a number
of publications,involvestheuseof the thresholdvoltage
modulationof a single MOSFET [2] [5]. This is how-
everanindirectmeasurementtechnique:not thesubstrate
voltageis measuredbut theinfluenceof thesubstratevolt-
ageon the MOSFET current. The exact bulk transcon-
ductancemustbe known to calculatethe substratevolt-
age. This methodis alsosingle-endedandthussensitive
to othernoisesourcesandcrosstalk.Also thebandwidth
is notveryhigh.

Another indirect measurementtechniqueinvolvesthe
useof voltagecomparatorsasnoisesensors[6]. With this
methodonly the peakamplitudesandthe rms voltageof
the substratenoisearemeasured.The actualwaveform
cannotbemeasured.

A continuous-time,direct measurementtechniqueis
theuseof ananalogdifferentialamplifier, with oneinput
connectedto the substrateandthe otherto a quiet refer-
encesignal[7] [8]. Thesensorpresentedin [7] however,
hasonly a limited bandwidthandmeasurementof actual
couplingfrom switchingdigital nodesis not possibledue
to this bandwidthlimitation. A differentialsensorwith a
largerbandwidthis presentedin [8] andwill bedescribed
below.

3.2. Differential substratenoiseamplifier

The substratenoisesensor, usedin our experiments,
is a differentialamplifier with one input connectedto a
quiet groundand the other input connectedto the sub-
strate. Main objectives during the designhave beena
largebandwidth(over500MHz) andtheability to deliver
a differentialoutputsignalin a 50 c load. Theprinciple
schematicof thesensoris shown in figure3. Thecoupling
capacitorsC1 and C2 have beenimplementedas MOS
capacitors.For the substratevoltagecouplingcapacitor,
C2, sourceanddrain have beenconnectedto a substrate
contact,surroundingthetransistor. A measurementof the
transferfunctionof this sensoris shown in figure4. The
solidcurveshowsanumberof measurementsandthedot-
tedcurverepresentsa SPICEsimulation.
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It canbe seenthat thebandwidthof thesensoris 200
kHz to 500MHz, with anamplificationbetween3 and4
dB.Peakingof theamplificationaround500MHz is prob-
ably dueto inductancesin the measurementsetup. Dif-
ferencesbetweenthesimulationandthemeasurementsat
the low andhigh endof the bandwidthof the sensorare
causedby externalbiasteesanda power combinerin the
measurementsetup,which have a bandwidthof 100kHz
to 1 GHz.

4. Experimental results

Themeasurementshave beenperformedon an exper-
imental test chip, which containsseveral digital circuits
for the noisegenerationanda substratenoisesensorfor
the noise measurements.This chip has beenmounted
by a wirebondandflipchip techniqueonto a Multi Chip
Module(MCM). TheMCM is mountedon a PrintedCir-
cuit Board(PCB).Digital controlsignalsarewirebonded
from thePCBto theMCM. Clock signals,analogoutputs
andpower supplyareconnecteddirectly to theMCM via
multi-contactwaferprobes.

4.1. Time domain substratenoise

Thesubstratenoisecausedby a 7-stageinverterchain
hasbeenmeasuredon a flipchip anda wirebondmounted

versionof the testchip. The measurednoisefor the two
versionsis shown in figure5. The invertersin thechain
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areswitchingin the time periodfrom 4 to 12 ns. During
andaftertheswitchingringing is coupledto thesubstrate
from thedigital supply. Themeasuredswitchingnoiseon
the flipchip versionshows 7 edges,causedby coupling
from thedigital nodes.Theseindividual edgesaremuch
lessvisible for the wirebondversion. For this wirebond
versiontheamplitudeof theringing is largerthanfor the
flipchip version. The frequency of this ringing, which is
around200MHz, is causedby thecombinationof thecir-
cuit capacitance(approximately75pF)andthetotalbond-
wire inductance(2x4nH).

Figure6 showsacomparisonof aSPICEsimulationand
measurementfor thewirebondversion,againfor switch-
ing noisefrom the7-stageinverterchain. An inductance
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of 4 nH in the power supplyconnectionhasbeenadded
to model the bondwireconnection. Also a capacitance
from substrateto groundhasbeenaddedto simulatethe



capacitive effect of thefloatingsubstrate,which is proba-
bly causingtheoffset in themeasuredsignaloccuringaf-
ter theswitching.Whentheseparasiticsaretakeninto ac-
count,thesimulationcorrespondsverywell with themea-
surement.

4.2. Spectralcontentmeasurement

The frequency spectrumof the measuredsubstrate
noisehasbeenobtainedby takinganFFT of thetime do-
mainsignal.Theresultingspectrumis shown in figure7.
Thisfigureshowsthesubstratevoltage,relativeto a1 volt
sine wave, causedby switching an inverter chain at 20
MHz. In this casethe testchip hasbeenwirebondedto
investigatethe influenceof the power supplyconnection
inductance. The increaseof noisearound200 MHz is
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causedby ringing of thepower supply, which couplesto
the substrate.The invertersthemselves switch at a fre-
quency of around900MHz. This resultsin only a slight
increaseof the noisefloor. Also visible in the figure is
thatthedifferencebetweenpeaknoiselevelsandthenoise
floor is around40 dB, which hasalsobeenobserved in
simulations.This is importantinformationwhendesign-
ing mixed-signalASICs and decisionshave to be made
abouttheplacementof analogfrequency channels.

From the previous measurementit can be concluded
thatsubstratenoiseis concentratedatmultiplesof thedig-
ital clockfrequency. In [9] however, it is concluded,based
on high-level substratenoisesimulations,that mostsub-
stratenoiseis concentratedaroundonefrequency, corre-
spondingwith the inverseof thegatedelay, andthat this
frequency is not relatedwith the digital clock frequency.
They have,however, only takeninto accountthecoupling
from digital switchingnodes,andnotnoisecouplingfrom
the power supply. This indicatesthe importanceof in-
cluding power supply noisecoupling to the substratein
thesimulations.

5. Conclusions

The presentednovel noisesensorhasproven to be a
valuabletool in theinvestigationof substratenoise.It al-
lows continuous-time,wide-bandmeasurementsof sub-
stratenoiseupto 1 GHz,whichis necessaryfor determin-
ing the spectralcontentof substratenoiseandchecking
the validity of the substratemodel. The simulatedsub-
stratenoisewaveformshave shown goodcorrespondence
with themeasurements,indicatingthecorrectnessof this
model. Accuratesimulationshowever, do require that
all parasitics,especiallyin thepowersupplyconnections,
mustbetakeninto account.Themeasuredspectrumof the
substratenoisehasshown thatmostsubstratenoiseis con-
centratedatmultiplesof thedigital clockandthatringing
of thedigital powersupplydominatescouplingfrom dig-
ital nodes.The measureddifferencebetweenpeaknoise
levelsandthenoisefloor is 40 dB, indicatingthe impor-
tanceof a goodselectionof digital clock frequency and
analogIF frequencies(frequency planning)in integrated
transceiver front-ends.
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