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Abstract— On-chip simultaneous switching noise (SSN) has be-
come an important issuein the design of power distribution net-
works in current VLSI/ULSI circuits. An analytical expression
characterizing the simultaneousswitchingnoisevoltageis presented
here basedon a lumped

�����
model. The waveform describing the

SSNvoltage is quite closeto the waveform obtained fr om SPICE.
The peak value of the simultaneousswitching noisevoltage based
on this analytical expressionis within 10% ascompared to SPICE
simulations.

I . INTRODUCTION

The trendof next generationintegratedcircuit (IC) technol-
ogy is towardshigherspeedsanddensities. The total capaci-
tive load associatedwith the internalcircuitry is increasingin
both current and next generationVLSI circuits [1], [2]. As
the operatingfrequency increases,the averageon-chipcurrent
requiredto charge (anddischarge) thesecapacitancesalso in-
creases,while thetimeduringwhich thecurrentbeingswitched
decreases.Therefore,a largechangein thetotalon-chipcurrent
occurswithin ashortperiodof time.

Theprimarysourcesof thecurrentsurgesaretheI/O drivers
and the internal logic circuitry, particularly those gatesthat
switch closein time to the clock edges. Becauseof the self-
inductanceof theoff-chip bondingwiresandtheon-chippara-
sitic inductanceinherentto thepower supplyrails, the fastcur-
rent surgesresult in voltagefluctuationsin the power distribu-
tion network [3]. Thesevoltagefluctuationsarecalledsimulta-
neousswitchingnoiseor delta-Inoise.

Most existing researchon simultaneousswitchingnoisehas
concentratedon thetransientpower noisecausedby thecurrent
throughthe inductive bondingwires at the I/O drivers [4–6].
However, simultaneousswitchingnoiseoriginatingfrom thein-
ternalcircuitry is becomingan importantissuein thedesignof
verydeepsubmicrometer(VDSM) highperformancemicropro-
cessors[2], [7]. This increasedimportancecan be attributed
to fastclock rates,largeon-chipswitchingactivities, andlarge
on-chipcurrent,all of which areincreasinglycommoncharac-
teristicsof aVDSM synchronousintegratedcircuit.

Forexample,atgigahertzoperatingfrequenciesandhighinte-
grationdensities,powerdissipationdensitiesareexpectedto ap-
proach20W/cm

�
[1], [8], apowerdensitylimit for anair-cooled

packageddevice. Sucha power densityis equivalent to 16.67
amperesof currentfor a1.2V powersupplyin a0.1 � m CMOS
technology. Assumingthat thecurrentis uniformly distributed
alonga1cmwideand1 � m thick Al-Cu interconnectplane,the
averagecurrentdensityis approximately1.67mA/ � m

�
. For a

standardmeshstructuredpower distribution network, the cur-
rentdensityis evengreaterthan1.67mA/ � m

�
. For a1mmlong

power bussline with a parasiticinductanceof 2nH/cm [9], if
the edgerateof the currentsignal is on the orderof an overly
conservative nanosecond,theamplitudeof the �	��

����� noiseis
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approximately0.35volts. Thispeaknoiseis not insignificantin
VDSM CMOScircuits.

Therefore,on-chipsimultaneousswitchingnoisehasbecome
animportantissuein VDSM integratedcircuits.On-chipsimul-
taneousswitchingnoiseaffectsthesignaldelay, creatingdelay
uncertaintysincethepowersupplylevel temporallychangesthe
local drive current[10]. Furthermore,logic malfunctionsmay
be createdand excesspower may be dissipateddue to faulty
switchingif thepower supplyfluctuationsaresufficiently large
[11], [12]. On-chipsimultaneousswitchingnoisemust there-
fore becontrolledor minimizedin high performanceintegrated
circuits.

An analyticalexpressioncharacterizingtheon-chipSSNvolt-
ageis presentedherebasedona lumped����� modelcharacter-
izing theon-chippower supplyrails ratherthana singleinduc-
tor to model a bondingwire. The SSN voltagepredictedby
theanalyticalexpressionis comparedto SPICE.Thewaveforms
describingtheSSNvoltagearequitecloseto thewaveformsob-
tainedfrom SPICEsimulations.The peakvalueof the SSNis
within 10%of SPICE.

An analyticalexpressioncharacterizingon-chipsimultaneous
switchingnoisevoltageis describedin SectionII. A comparison
of theanalyticalestimatewith SPICEsimulationsis presentedin
SectionIII followedby someconcludingremarksin SectionIV.

I I . SIMULTANEOUS SWITCHING NOISE VOLTAGE

Thepower supplyin high complexity CMOScircuitsshould
providesufficientcurrentto supporttheaveragepowerandpeak
power demandwithin all partsof an integratedcircuit. An in-
ductive, capacitive, andresistive modelis usedin this analysis
to characterizethe power supplyrails whena transientcurrent
is generatedby simultaneousswitchingof on-chipregistersand
logic gateswithin a synchronousCMOSintegratedcircuit. The
short-channelMOStransistorsaremodeledasnonlineardevices
and characterizedby the � th power law I-V model, which is
moreaccuratethanthealphapower law modelin boththelinear
regionandthesaturationregion [13].

A CMOSlogic gatein thisdiscussionis modeledasaCMOS
inverter. The power supply rail is characterizedby a lumped����� model. The current throughthe PMOS transistorwith
a rising input signal,i.e., the short-circuitcurrent,is neglected
in thisdiscussionwhendeterminingthesimultaneousswitching
noisevoltageon a groundrail basedon anassumptionof a fast
rampinputsignal[14]. Theequivalentcircuit depictedin Fig. 1
is usedto characterizethesimultaneousswitchingnoisevoltage
on thepower supplyrails. ������� , �����
� , and �����
� arethepara-
sitic inductance,capacitance,andresistanceof thegroundrail,
respectively. Theinput signalis shapedasa ramp,

��� �"! �#%$ �'&(&
for )+*,�-* #%$/. (1)

After the input voltagereaches
�1032

, the NMOS transistor
turnsON andbeginsto operatein thesaturationregion. It is as-
sumedthattheNMOStransistorremainsin thesaturationregion
beforetheinputsignaltransitionis completed.

ThecurrentthroughtheNMOS transistor( 4�5 ), theparasitic
inductance( 4�6 ), andthe simultaneousswitchingnoisevoltage
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Fig. 1. Simultaneousswitchingnoisewithin a groundrail.

(
��D

) aregiven,respectively, as

4�5 !FE��HGI��� �+JK�10L2MJK� DON �HP
(2)

4�6 ! 4�5 J ��� ��� � ��D
���

P
(3)

� D ! �����
�%4%6+Q,������� ��4 6��� . (4)

Assumingthat the magnitudeof
��D

is small as comparedto��� �+JK� 0L2
, 4�5 canbeapproximatedas

4�5SR ET�UGI��� �+JV� 092WN � J ��4 5� �1X�Y � D . (5)

From(5),

Z�[ ! ��4�5� �1X1Y ! � ET�\GI��� �+JV�1092]JV� DON �3^ [ . (6)

Z�[
is a functionof

�1X�Y
(
��� �

for thecaseof aninverter).In order
to simplify the derivation,

Z�[
is approximatedusing

���_�
equal

to ) . ` �'&(&
.

Combining(4), (5), and(6),

a 8 ���%b 8 ���Hc d=e �
c=f dhgji_k 8 �
��b 8 ��� g a 8 ����lBm(n�c e �

c=f gjiok 8 ����l=m gqp n e �sr
k 8 �
��t C i e A C�u e 0L2 n C g a 8 ���Tcc=f

v t C i e A C�u e 0L2 n C�wyx
(7)

Thefirst termon theleft handsideof (7) is neglectedsincethe
remainingtwo termson the left handsideof (7) dominatethe
expression.

G � � ����� � ����QM� � ��� Z [ N � ��D
��� Q G � � �
� Z [ Qhz N ��D�{!

� � ��� E � � �&B& G �# $ JV| � N � Q ������� E��9� �&(&
# $ G �# $ J}| � N �L^ [ P (8)

where
|/�~! � 0L2

� <>< . No closedform solutionof this differential
equationexists due to the non-integer value of � and � J z .
In order to derive an analyticalexpressionfor the differential
equation,

G����� J~|/� N �
and

G����� J~|/� N �L^ [
areapproximatedby a

polynomialexpansionto thefifth order, wheretheaverageerror
is lessthan3%,� � RS�9��Q�� [ � Q�� � � � Q,�L� � � Q��L� � � Q,�9� � � P

� �3^ [ RS�O��Q�� [ � Q�� � � � QK�=� � � Q��O� � � Q��%� � � P (9)

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0 50 100 150 200S
im

ul
ta

ne
ou

s 
sw

itc
hi

ng
 n

oi
se

 v
ol

ta
ge

 (
V

)

Simulation time (ps)

Analytic
SPICE

Fig. 2. Simultaneousswitching noise voltage on the ground rail for a sin-
gle switching logic gate with

a 8 ��� = � nH, k 8 ��� = �9� , b 8 ��� = � x p pF,� C =29ps,and � � = �B�B� ps.

where
� ! ���� Jh|��

. Note that � �
and � �

for 
 ! ) .O.%.(` are
independentof the input transitiontime # $ . Thesolutionof the
simultaneousswitchingnoisevoltageis

��D�!S� � G z JV� ^-���L� C� � � N Q � [ � Q � � � � Q � � � � Q � � � � Q � � � � P
(10)

where

� ! �����
�������
�-Q�������� Z�[G �����
� Z�[ Q�z N #%$
P

(11)

# �	! � 032� &(& #%$ !h|�� #%$�. (12)

Thesecoefficientsare� � !T� � � JV� [ � � QM� � � � � JV��� � � � Q]��� � � � � J z%�/) � � �H  P
� [ !T� [ � J � � � � � Q ��� � � � J ��� � � � � QSz���) � � � � P
� � !T� � � JV¡�� � � � QSz�� � � � � JV� ) � � � � P
� � !T� � � J � � � � � QM�/) � � � � P
� � !T� � � J ` � � � � P
� � !T� � � . (13)

The
�T�

for 
 ! ) .O.O.(` are

� � ! �����
� ET�'� �&(& #%$
�����
�������
��Q,�����
� Z�[ � � Q ������� E��'� �&B&

����������������Q,������� Z�[ � � P
(14)

where � �
and � �

aredefinedin (9). The simultaneousswitch-
ing noisevoltagereachesa maximumwhen the input voltage
completesthetransition,i.e., � ! #%$ .

� DB¢ £�¤%¥ !�� � G z JV� ^ � � �L� C� � � N Q � [ � $ Q � � � �$ Q � � � �$
Q � � � �$ Q � � � �$ P

(15)

where
� $ ! z JK|/�

.

I I I . COMPARISON WITH SPICE

Thesimultaneousswitchingnoisevoltageonagroundrail as
predictedby (10) is comparedto SPICEin Fig. 2 for a single
CMOSinverterwith ¦ �

=
¡ . � � m, ¦j§ = ¨ . �s� m, and �-© = z pF

basedon a ) . ` � m CMOStechnology. Thesolid line represents
the analyticalpredictionandthe dashedline representsthe re-
sultsfrom SPICEsimulations.During thetime periodfrom # �
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Fig. 3. Simultaneousswitchingnoisevoltageon a groundrail for five simultane-
ouslyswitchinglogic gateswith

a 8 ��� = � nH, k 8 ��� = �9� , b 8 �
� = � x p pF,� C = 29ps,and � � = �(�=� ps.

to #O$ , theanalyticalresultagreesquitecloselywith SPICE(the
erroris lessthan z%) %).

If ª simultaneouslyswitching logic gates (or inverters)
are connectedto the samegroundrail, the total simultaneous
switchingnoisevoltagecanbe obtainedby substitutingª E��
for

E �
in (11) and (14). Note that all

� �
for 
 ! ) .O.O.(` are

proportionalto ª ,
[� � , and

E �
. Therefore,the simultaneous

switchingnoisevoltageincreaseswith the numberof simulta-
neousswitchinglogic gatesª , the input slew rate

[��� , andthe
drivecurrentof thelogic gates

E �
.

Theanalyticalpredictionof thesimultaneousswitchingnoise
voltage for five simultaneouslyswitching CMOS inverters
with ¦ �

=
¡ . � � m, ¦ § = ¨ . ��� m, and �-© = z pF is comparedto

SPICEin Fig. 3, exhibiting lessthan ¨ % error. During thetime
interval from # �

to # $ , theanalyticalexpressionis shown to ac-
curatelymodeltheresultsfrom SPICEsimulations.

Similarly, the analytical expression for the simultaneous
switchingnoisevoltageon thepower rail canbederivedbased
onthissameprocedure.An estimateof thesimultaneousswitch-
ing noisevoltageonthepowerrail basedonthemodelpresented
in [5] is lessaccuratebecauseanassumptionthat � is closeto
one( z«*S�K*¬z . � ) is made.This assumptionis appropriatefor
short-channelNMOS transistors,but thevalueof � in a short-
channelPMOStransistoris higher, typically in therangeof z . `
to z . ­ (it is z . � ­ in thetarget ) . ` � m CMOStechnology).

A comparisonof thesimultaneousswitchingnoisevoltageon
the power rail is shown in Fig. 4. The effect of the carrierve-
locity saturationon a PMOStransistoris smallascomparedto
anNMOStransistor. Therefore,apredictionbasedonthemodel
presentedby Vemuruin [5] cannotapproximatetheSSNvoltage
waveformshapeon thepower rail asshown in Fig. 4 (although
thepeakvoltageis accuratelyestimatedin [5]). Notethatthean-
alytical expressionpresentedhere(Tang00)accuratelypredicts
theSSNwaveformon thepower rails.

Thepeakvalueof the SSNascomparedto SPICEis shown
in Fig. 5 with ¦ �

= z . ­ � m, ¦ § =
¡ . � � m, and � © = z . ) pF. The

dashedline representsthepeakvalueof thepredictedSSNbased
on theanalyticalexpressiondescribedby (15). Thedottedline
describesthe resultsderived from the SPICEsimulations.The
accuracy of the analytical prediction is within 10% as com-
paredto SPICE.The peakSSNvoltagebasedon (15) is com-
paredto SPICEfor different conditions,as illustrated in Ta-
bles I and II for both the groundand

� &B&
rails, respectively,

with ¦ �
= z . ­ � m, ¦ § =

¡ . � � m, andthe input transitiontime#%$ = �/)/) ps. Note that themaximumerrorof theanalyticalex-
pressionis within z%) %.

IV. CONCLUSIONS

An analytical expressioncharacterizingthe simultaneous
switchingnoisevoltagein VDSM CMOS circuits is presented
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Fig. 4. The simultaneousswitchingvoltageon a power rail with
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Fig. 5. The peak value of the simultaneousswitching noise voltage witha 8 ��� = � nH, k 8 �
� = �9� , b 8 ��� = � x p pF, and � � = �B�=� ps.

here. This expressionprovidesa methodfor evaluatingthe si-
multaneousswitchingnoisevoltageat thesystemlevel. Thean-
alytically derived waveform characterizingthe on-chipsimul-
taneousswitching noisevoltageis quite closeto SPICE.The
predictedpeakon-chipsimultaneousswitchingnoisevoltageis
within 10%ascomparedto SPICE.
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TABLE I
COMPARISON OF PEAK SIMULTANEOUS SWITCHING NOISE VOLTAGE ON THE

e ��� RAIL, NUM IS THE NUMBER OF SIMULTANEOUSLY SWITCHING LOGIC GATES

PowerRail Numberof switchinglogic gates
R L C PeakSSN(V) (Num=5) PeakSSN(V) (Num=10) PeakSSN(V) (Num=15)G�³ N

(nH) (pF) Analytic SPICE ´ (%) Analytic SPICE ´ (%) Analytic SPICE ´ (%)
0.1 0.0802 0.0762 5.2 0.159 0.150 6.0 0.236 0.218 8.2

1.0 0.2 0.0802 0.0806 0.5 0.159 0.152 4.6 0.236 0.219 7.7
0.3 0.0801 0.0790 0.3 0.159 0.151 5.3 0.235 0.217 8.2
0.1 0.143 0.141 1.4 0.282 0.265 6.4 0.417 0.381 9.4

2.0 0.2 0.143 0.137 4.3 0.282 0.263 7.2 0.417 0.380 9.7
2.0 0.3 0.142 0.138 2.9 0.281 0.260 8.0 0.415 0.378 9.8

0.1 0.267 0.256 4.3 0.522 0.490 6.5 0.760 0.697 9.0
4.0 0.2 0.267 0.252 5.9 0.522 0.500 4.4 0.766 0.710 3.6

0.3 0.267 0.286 6.6 0.521 0.530 1.7 0.765 0.742 3.5
0.1 0.104 0.102 1.9 0.206 0.197 4.6 0.300 0.284 5.6

1.0 0.2 0.104 0.106 1.8 0.206 0.199 3.5 0.300 0.283 6.0
0.3 0.104 0.104 0.0 0.206 0.198 4.0 0.300 0.282 6.3
0.1 0.167 0.165 1.2 0.320 0.310 3.2 0.470 0.438 7.3

2.0 0.2 0.167 0.162 3.1 0.320 0.308 3.9 0.470 0.436 7.7
5.0 0.3 0.166 0.153 8.5 0.319 0.302 5.6 0.469 0.434 8.0

0.1 0.288 0.278 3.6 0.560 0.526 6.4 0.810 0.750 8.0
4.0 0.2 0.288 0.281 2.5 0.560 0.534 4.8 0.810 0.752 7.7

0.3 0.287 0.308 6.5 0.559 0.567 0.1 0.810 0.790 2.5
Maximumerror(%) 8.5 8.0 9.8
Averageerror(%) 3.4 4.7 7.1

TABLE II
COMPARISON OF PEAK SIMULTANEOUS SWITCHING NOISE VOLTAGE ON THE

e <><
RAIL, NUM IS THE NUMBER OF SIMULTANEOUSLY SWITCHING LOGIC GATES

PowerRail Numberof switchinglogic gates
R L C PeakSSN(V) (Num=5) PeakSSN(V) (Num=10) PeakSSN(V) (Num=15)G�³ N

(nH) (pF) Analytic SPICE ´ (%) Analytic SPICE ´ (%) Analytic SPICE ´ (%)
0.1 4.890 4.89 0.0 4.778 4.78 0.0 4.672 4.68 0.1

1.0 0.2 4.890 4.89 0.0 4.778 4.79 0.1 4.670 4.68 0.1
0.3 4.890 4.89 0.0 4.776 4.79 0.1 4.670 4.67 0.0
0.1 4.794 4.81 0.3 4.599 4.63 0.6 4.412 4.47 1.3

2.0 0.2 4.793 4.79 0.1 4.598 4.61 0.4 4.412 4.47 1.3
2.0 0.3 4.794 4.79 0.1 4.600 4.61 0.1 4.410 4.46 1.3

0.1 4.604 4.62 0.3 4.261 4.35 2.0 3.995 4.14 3.6
4.0 0.2 4.604 4.63 0.4 4.260 4.36 2.0 3.994 4.13 3.6

0.3 4.603 4.62 0.3 4.262 4.34 2.1 3.990 4.13 3.5
0.1 4.861 4.86 0.0 4.728 4.73 0.2 4.601 4.62 0.4

1.0 0.2 4.860 4.86 0.0 4.726 4.73 0.2 4.600 4.62 0.4
0.3 4.860 4.87 0.0 4.726 4.74 0.3 4.600 4.61 0.4
0.1 4.770 4.78 0.2 4.554 4.59 0.8 4.351 4.42 1.6

2.0 0.2 4.771 4.78 0.2 4.552 4.59 0.8 4.350 4.41 1.5
5.0 0.3 4.770 4.76 0.2 4.552 4.58 0.8 4.350 4.42 1.6

0.1 4.692 4.61 1.8 4.224 4.32 2.3 3.900 4.10 9.2
4.0 0.2 4.690 4.61 1.7 4.220 4.32 2.3 3.905 4.11 9.3

0.3 4.690 4.60 1.7 4.220 4.31 2.1 3.905 4.12 9.3
Maximumerror(%) 1.8 2.3 9.3
Averageerror(%) 0.4 1.0 2.8


