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Abstract

Substate couplingin mixed-signalASICscan cause
importantperformancelegradationof theanalog circuits.
Accurate simulationis therefore neededo investigatehe
geneation, propagation and impact of substate noise
Recentstudieshavemainly concentatedon the time do-
main behavior of generted substate noise and dealt
mostly with noise injection from a single noise source
Thispaperwill focuson the geneition of substate noise
bydigital circuitsandonthespectal contentof thisnoise
To simulatethe noisegenertion a SPICEsubstate model
hasbeendevelopedwhich allows accurate simulationof
substate noise geneated by small digital circuits. The
correctnes®f this modelhasbeenverifiedwith measue-
mentf substatenoiseona testchip, usinga novelwide-
band, continuous-timesubstate noise sensor which al-
lowsaccumatemeasuemenbf thespectal contentof sub-
strate noise It is shownthat the differencebetweerspec-
tral noisepeaksandthenoisefloor canbeupto 40dB.

1. Intr oduction

Substrateeouplingin mixed-signalCs hasbeeniden-
tified asa major problem. Nowadayssubstratecoupling
becomesncreasinglyimportantdueto the trendto inte-
grateas muchcircuits as possibleon the samedie. Ac-
curatesimulationof the substrateroltageis necessaryo
analyzethe properfunctioningof analogcircuitsthatare
integratedon the samesubstrateas a digital circuit [1].
Thesesimulationsgive insightin the time andfrequeng
domainbehaior of substratenoise. This informationis
very usefulwhendesigningmixed-signalASICs low sub-
stratenoiseperiodsandfrequeng bandscanbeidentified
andusedfor sensitve analogsignaloperations.

In recentyearsalot of researcthasbeendoneon mod-
eling the substrateand on substratecoupling reduction
techniqueg2] [3] [4]. Most publicationsdealwith mod-
eling andsimulationof substratenoiseor with measure-
mentson small teststructurespften usingindirect mea-
surementechniquesThey alsoconcentratenostlyonthe
time domainbehaior of substratenoise.

In this papera substratenodelingstratey is presented
which allows accuratesimulation of the time and fre-
queng domainbehaior of substratenoisegeneratedy
small digital circuits. To verify thesesimulationsa test
chiphasbeendesignedg¢ontaininganovel substrataoise
sensor which allows continuous-time wide-bandmea-
suremenbf substratenoise. Measurementand simula-
tionsin thetime andfrequengy domainwill bepresented.

2. Substrate modeling and noise coupling
mechanisms

To simulatesubstratenoisea modelof the substratéds
necessary Several techniquesexist to determinesucha
model. Thesetechniquewary from complicatecelectro-
magneticmodelsto simplelumpedelementmodels. The
electro-magnetitechniquesesultsn accuratenodelsbut
areonly applicablefor smallcircuitsbecausef thelarge
numberof substratenodesthat are created3]. For low-
ohmic (highly doped)substrateshe bulk canbe consid-
eredasoneelectricalnodeandonly the resistancef the
epilayerhasto betakeninto account2]. This resultsin
a simplelumpedelementmodel. Our testchip hasbeen
processeth a0.5um CMOStwin well technologywith a
low-ohmic,epi-typesubstrateanda singlenodesubstrate
modelwill beusedfor thesimulations.

This model is basedon the model presentedn [2],
but lateralresistancebetweenMOSFET bulk nodesand
nearbywell contacthave beenadded.Thesédateralresis-
tancesareimportant,becausehey will reducecoupling
from digital nodesandatthe sametime increasecoupling
from the power supplyto the substrateThis is especially
thecasen twin-well technologieswhich have nwellsand
pwellsthataremorehighly dopedthanthe epilayer The
SPICEsubstratanodelusedfor the simulationsis shavn
in figure 1, for the exampleof aninverter The vertical
resistancem the SPICEsubstratenodelarecalculatedis-
ing theapproximatexpressiorf2] R.,; ~ %f””' / /5
with pe,; andt,.p; theresistvity andthicknessof the epi
layerand A and P the areaandperimeterof the substrate
contactor MOSFETgate.Thelateralresistancebetween
well contactandMOSFETbulk nodesareestimatedus-
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Figure 1. SPICE substrate model

ing thewell sheetresistanceNwell junctioncapacitances
arecalculatedusingtechnologydataandthewell geome-
try.

Althoughthisis asimplemodelit canonly be usedfor
relatively small circuits, sincethe entire circuit mustbe
simulatedwith SPICE For anaccuratesimulationalsothe
inductanceof the power supply connectiongo the chip
mustbetakeninto accountpecauséhe noiseon the digi-
tal power supplycaneasilydominatethe substratenoise.

The impedancein the power supply connectionde-
termineswhich sourceof substratenoisewill be domi-
nant. In caseof a very low supplyimpedancehe domi-
nantsourceof substrataoisewill be capacitie coupling
from switching digital nodes. But a soonas the supply
impedancebecomedarger, anddi/dt noiseon the digital
groundgetslargerthanthe capacitve couplingnoise,the
dominantsourceof substratenoiseis coupling from the
digital groundvia thelow resistve substrate&onnections.

A simulationof substrateoisecouplingfrom a7-stage
inverterchainis showvn ontheleft in figure2. Thissimu-
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Figure 2. Simulated coupling from switching nodes (left)
and from the power supply (right)

lation hasbeenperformedvith noinductancén thepower
supplyconnectiorandshavs 7 peakg4 timesup, 3 times
down), correspondingvith the 7 transitionson the output
nodesof the inverters. Whenaninductanceof 10 pH is
addedin the power supply connectionsubstratenoiseis
dominatedby coupling from this power supply This is
visiblein figure 2 ontheright. Now 7 noisepeaksarevis-
ible, correspondingo the currentdravn by the switching
invertersfrom the power supply It is clearthatthe spec-
tral contentof the substratecouplingwill dependargely

onthedominanttype of coupling.In practicalcasesoise
couplingfrom thepowersupplywill bedominantpecause
of thelow impedancéetweerthe digital groundandthe
substrateandthe spectralcontentof the substratenoise
will berelatedto the currentdravn from the power sup-

ply.
3. Substratenoisemeasuementtechniques

Measuremenodf substratenoiseis importantto verify
thecorrectnessf modelingandsimulations.This section
will describesomeexisting measuremertechniquesnd
the problemsassociatedvith thesetechniquesfollowed
by the descriptionof our novel wide-band,continuous-
time analogsubstratenoiseamplifier.

3.1. Existing measuementtechniques

A simple measurementechnique,usedin a number
of publications,nvolvesthe useof the thresholdvoltage
modulationof a single MOSFET [2] [5]. This is how-
everanindirectmeasuremernechniquenotthesubstrate
voltageis measuredtut theinfluenceof thesubstratevolt-
ageon the MOSFET current. The exact bulk transcon-
ductancemustbe known to calculatethe substratevolt-
age. This methodis alsosingle-endeandthussensitve
to othernoisesourcesandcrosstalk.Also the bandwidth
is notvery high.

Anotherindirect measuremerntechniqueinvolvesthe
useof voltagecomparatorssnoisesensorg6]. With this
methodonly the peakamplitudesandthe rms voltageof
the substratenoiseare measured.The actualwaveform
cannotbemeasured.

A continuous-time direct measurementechniqueis
the useof ananalogdifferentialamplifier, with oneinput
connectedo the substrateandthe otherto a quiet refer
encesignal[7] [8]. Thesensompresentedn [7] however,
hasonly a limited bandwidthand measuremenif actual
couplingfrom switchingdigital nodesis not possibledue
to this bandwidthlimitation. A differentialsensomwith a
largerbandwidthis presentedn [8] andwill be described
below.

3.2. Differential substratenoiseamplifier

The substratenoise sensoy usedin our experiments,
is a differentialamplifier with one input connectedo a
quiet ground and the other input connectedo the sub-
strate. Main objectives during the designhave beena
largebandwidth(over 500MHz) andtheability to deliver
a differentialoutputsignalin a 50 Q load. The principle
schematiof thesensois shavnin figure3. Thecoupling
capacitorsC1 and C2 have beenimplementedas MOS
capacitors.For the substratevoltage coupling capacitor
C2, sourceanddrain have beenconnectedo a substrate
contactsurroundinghetransistor A measuremertf the
transferfunction of this sensoliis shovn in figure4. The
solid curve shovs anumberof measuremenindthedot-
tedcurve representa SPICEsimulation.
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Figure 3. Noise Sensor Schematic

Vss

Vout/Vin [dB]
10 T
measurements

simulation -------
5 _
7 R Mq. e e o %..\\
0 /

1573 2 5 6 7 B 9 10
10 10 10 10 10 10 10 10
f[Hz]

Figure 4. Noise Sensor Transfer Function

It canbe seenthatthe bandwidthof the sensolis 200
kHz to 500 MHz, with anamplificationbetween3 and4
dB. Peakingof theamplificationaround500MHz is prob-
ably dueto inductancesn the measuremengetup. Dif-
ferencedetweerthe simulationandthe measurementast
the low andhigh end of the bandwidthof the sensorare
causedy externalbiasteesanda power combinerin the
measuremergetup,which have a bandwidthof 100 kHz
to 1 GHz.

4. Experimental results

The measurementsave beenperformedon an exper
imentaltestchip, which containsseveral digital circuits
for the noisegeneratiorand a substratenoise sensorfor
the noise measurements.This chip has beenmounted
by a wirebondand flipchip techniqueonto a Multi Chip
Module (MCM). The MCM is mountedon a PrintedCir-
cuit Board(PCB). Digital controlsignalsarewirebonded
from the PCBto the MCM. Clock signals,analogoutputs
andpower supplyareconnectedlirectly to the MCM via
multi-contactwaferprobes.

4.1. Time domain substratenoise

The substratenoisecausedy a 7-stagenverterchain
hasbeenmeasurean aflipchip andawirebondmounted

versionof the testchip. The measuredoisefor the two
versionsis shovn in figure5. Theinvertersin thechain
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Figure 5. Measured substrate noise caused by switch-
ing a 7-stage inverter chain for a flipchip and wirebond
version

areswitchingin thetime periodfrom 4 to 12 ns. During
andafterthe switchingringingis coupledto the substrate
from the digital supply Themeasuredgwitchingnoiseon
the flipchip versionshavs 7 edges,causedby coupling
from the digital nodes. Theseindividual edgesaremuch
lessvisible for the wirebondversion. For this wirebond
versionthe amplitudeof theringing is largerthanfor the
flipchip version. The frequeng of this ringing, which is
around200MHz, is causedy the combinationof thecir-
cuit capacitancéapproximately’5 pF) andthetotal bond-
wire inductancg2x4 nH).

Figure6 shavsacomparisorof a SPICEsimulationand
measuremerfor the wirebondversion,againfor switch-
ing noisefrom the 7-stagdnverterchain. An inductance
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Figure 6. Measurement and simulation of substrate
noise caused by switching a 7-stage inverter chain for
a wirebond version

of 4 nH in the power supply connectiorhasbeenadded
to model the bondwire connection. Also a capacitance
from substratdo groundhasbeenaddedto simulatethe



capacitve effect of the floating substratewhich is proba-
bly causingthe offsetin the measuredignaloccuringaf-
terthe switching. Whentheseparasiticsaretakeninto ac-
count,thesimulationcorrespondserywell with themea-
surement.

4.2. Spectralcontentmeasuement

The frequeng spectrumof the measuredsubstrate
noisehasbeenobtainedby takingan FFT of thetime do-
mainsignal. Theresultingspectrumis showvn in figure 7.
Thisfigureshovsthesubstrateroltage relativeto a1 volt
sine wave, causedby switching an inverter chain at 20
MHz. In this casethe testchip hasbeenwirebondedto
investigatethe influenceof the power supply connection
inductance. The increaseof noisearound200 MHz is
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Figure 7. Frequency spectrum of measured substrate
noise caused by switching a 7-stage inverter chain for a
wirebonded chip version

causedy ringing of the power supply which couplesto

the substrate. The invertersthemseles switch at a fre-

gueng of around900 MHz. This resultsin only a slight
increaseof the noisefloor. Also visible in the figure is

thatthedifferencebetweerpeaknoiselevelsandthenoise
floor is around40 dB, which hasalsobeenobsened in

simulations. This is importantinformationwhendesign-
ing mixed-signalASICs and decisionshave to be made
abouttheplacementf analogfrequeng channels.

From the previous measurement can be concluded
thatsubstratenoiseis concentratedt multiplesof thedig-
ital clockfrequeng. In [9] however, it is concludedbased
on high-level substratenoisesimulations that mostsub-
stratenoiseis concentrated@roundonefrequeng, corre-
spondingwith the inverseof the gatedelay andthatthis
frequeng is not relatedwith the digital clock frequeng.
They have, however, only takeninto accounthe coupling
from digital switchingnodesandnotnoisecouplingfrom
the power supply This indicatesthe importanceof in-
cluding power supply noise couplingto the substraten
thesimulations.

5. Conclusions

The presentechovel noisesensorhasprovento be a
valuabletool in theinvestigationof substratenoise. It al-
lows continuous-timewide-bandmeasurementef sub-
stratenoiseupto 1 GHz,whichis necessarjor determin-
ing the spectralcontentof substratenoiseand checking
the validity of the substratemodel. The simulatedsub-
stratenoisewaveformshave shovn goodcorrespondence
with the measurementsndicatingthe correctnessf this
model. Accuratesimulationshowever, do require that
all parasiticsespeciallyin the power supplyconnections,
mustbetakeninto account.Themeasuredpectrunof the
substrateoisehasshavn thatmostsubstratenoiseis con-
centratecht multiplesof the digital clock andthatringing
of thedigital power supplydominatesouplingfrom dig-
ital nodes. The measuredlifferencebetweenpeaknoise
levels andthe noisefloor is 40 dB, indicatingthe impor-
tanceof a goodselectionof digital clock frequeny and
analoglF frequenciegfrequeny planning)in integrated
transceverfront-ends.
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