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Abstract—On-chip parasitic inductanceinherent to the power distribution
network has becomingsignificant in high speeddigital circuits. Therefore,
curr ent surges result in voltage fluctuations within the power distribution
network, creating delay uncertainty. On-chip simultaneousswitching noise
should therefore be considered when estimating the propagation delay of a
CMOS logic gatein high speedsynchronousCMOS integrated circuits.

I . INTRODUCTION

As the operatingfrequency increases,the averageon-chip
current requiredto charge (and discharge) total load capaci-
tancealso increases,while the time during which the current
is switcheddecreases[1]. Therefore,a largechangeof theon-
chip currentoccurswithin a shortperiodof time. Theprimary
sourcesof the on-chipcurrentsurgesarethoselogic gatesthat
switchclosein timeto theclockedgesin asynchronousCMOS
integratedcircuit. Becauseof thenon-negligible parasiticinduc-
tanceinherentto theon-chippower distribution network, large
currentsurgesresultin voltagefluctuationsin thepower distri-
bution network [2]. Thesevoltagefluctuationsare calledon-
chipsimultaneousswitchingnoise(SSN).

On-chipsimultaneousswitchingnoiseaffects the signalde-
lay, creatingdelayuncertaintysincethepowersupplylevel tem-
porallychangesthelocaldrivecurrent[3,4]. Furthermore,logic
malfunctionsmay be createdandexcesspower may be dissi-
pateddue to faulty switching if the power supplyfluctuations
aresufficiently large[5]. A modifiedtaperedbuffer designtech-
niqueis presentedby Vemuruin [4] which considersthedelay
uncertaintycausedby off-chip simultaneousswitchingnoise.In
addition to the many constraintsencounteredin the designof
on-chipclock andpower distribution networks,on-chipsimul-
taneousswitchingnoiseshouldbeconsideredwhenestimating
the propagationdelayof a logic gatein a synchronousCMOS
integratedcircuit [6].

I I . ON-CHIP SIMULTANEOUS SWITCHING NOISE

An analyticalexpressioncharacterizingtheon-chipsimulta-
neousswitchingnoisevoltageat thegroundrail is developedin
thissectionfor ahigh-to-low outputtransition.

�������
, � �����

, and� � ���
are the parasiticinductance,resistance,and capacitance

of thegroundrail, respectively, asshown in Fig. 1. In orderto
develop an analyticalexpressioncharacterizingthe on-chipsi-
multaneousswitchingnoiseon thegroundrail, theshort-circuit
currentis neglectedbasedonanassumptionof a fastrampinput
signal, 	�
��������� ���� 	���� for ��� � � ��� � (1)

Oncethe input voltageexceedsthe thresholdvoltageof an
NMOStransistor, theNMOStransistorturnsON andisassumed
to operatein the saturationregion during the input transition.
The current through the NMOS transistor( !#" ), the parasitic
inductance( !�$ ), andthe simultaneousswitchingnoisevoltage
(
	�%

) aregiven,respectively, as!#" �'&(�)�*	�
+��,-	/.102,3	 % � �/4
(2)

!�$ �65 !#" , � � ����7 	�%7 �
4

(3)

	 % � � ����� !#$�8 �9�#��� 7 ! $7 �
4

(4)

This researchwassupportedby theSemiconductorResearchCorporationunder
ContractNo.99-TJ-687andby grantsfrom XeroxCorporation,IBM Corporation,
Intel Corporation,LucentTechnologiesCorporation,andEastmanKodakCom-
pany.

nmos

pmos

:<; ��� = ; ���> ; ���

:<;@?�?
= ;@?�?
> ;@?�?

A ���

A ?�?

A ���
A ?�?

:CB

Fig. 1. Equivalentcircuit for analyzingon-chipsimultaneousswitchingnoise

where
5

is thenumberof simultaneouslyswitchinglogic gates
and

& �
is thetransconductanceof theNMOStransistor. Assum-

ing thatthemagnitudeof
	 %

is smallascomparedto
	�
+��,D	/.10

,! " canbeapproximatedas
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Rewriting (5),
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I J
is afunctionof

	 G/H
(
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for thecaseof aninverter).In order
to simplify the derivation,

IKJ
is approximatedusing

	�
+�
equal

to � � Q 	��R� .
No closedform solutionof thesedifferentialequationsexists

dueto thenon-integervalueof
L

and
LS,FT

. In orderto derive
ananalyticalexpressionfor thesedifferentialequations,

�VUW�X ,�#.P0� ?�? � �
and

� UWYX , �#.Z0� ?�? � �PO J
areapproximatedby apolynomial

expansionto thefifth order, wheretheaverageerroris lessthan
3%. Thesolutionof thesimultaneousswitchingnoisevoltagein
this region, � � � � � � � , is [7]
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. Theon-
chip simultaneousswitchingnoisevoltagereachesa maximum
whentheinputvoltagecompletesthetransition,i.e., at

��� ��� .



TheNMOStransistoris assumedto remainsaturatedafterthe
input transitionis completed.Theon-chipsimultaneousswitch-
ing noisevoltagein thisregion, ��� � � � � %�� U , canbeexpressed
as 	�%���������	�% x J 8 ] 	�%�� � � �<,-	�% x J e _ O WY��b U O W X d 4

(8)

where
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After � %�� U , theNMOStransistoroperatesin thelinearregion.
In orderto deriveatractableexpression,thedrain-to-sourcecur-
rentis approximatedby n ��	/��� , wheren � is theeffectiveoutput
conductanceof theNMOStransistor. Theon-chipsimultaneous
switchingnoisevoltagein this region is

	�%���������� J _ O�� au�� 8 ��h@_ O�� ����
for
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where� J ��& J 82� & hJ ,`� & h
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� $ is theloadcapacitance.
� J

and
� h

areintegrationconstants
andcanbe determinedfrom

	�%�� � %�� U � and
	��% � � %�� U � . However,

theeffective outputconductanceof anMOS transistoralsode-
pendsupon the output voltage in the linear region, changing
from n � %�� U to �#n � %�� U [8]. In order to accuratelycharacterize
theon-chipsimultaneousswitchingnoisevoltage,n � is chosen
betweenn � %�� U and �#n � %�� U . Theon-chipsimultaneousswitching
noisevoltagecanbeapproximatedby forcingtheimaginarypart
to zero[4],
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where� j ��& J
and � k6� � �K& h ,�& hJ

.

I I I . PROPAGATION DELAY MODEL

Analytical expressionscharacterizingtheoutputvoltageand
propagationdelay of a CMOS logic gate, which include the
effect of on-chip simultaneousswitching noise,are presented
for both a capacitive and resistive-capacitive load. The ana-
lytical resultsare also comparedto both an analyticalmodel
which doesnot consideron-chipsimultaneousswitchingnoise
andSPICE.

A. Capacitive load

Analytical expressionscharacterizingthe output voltageof
a CMOS logic gatedriving a capacitive load basedon an as-
sumptionof a fastrampinput signalarelistedin TableI, whereI Jux %V� s aut vy and

I h x %V� s ��t vy .
�Dj

and
� k

aredeterminedfrom	��K� � %�� U � and
	 �� � � %�� U � . Note that both

s aYt � W Xp B 	�% x h������
in (16)

and
s ��t �p B 	�% x j �����

in (18) causetheoutputvoltageto dropslowly
during a high-to-low output transition. Therefore,the on-chip
simultaneousswitchingnoiseaffectsthewaveformshapeof the
outputvoltageandcausesa changein thepropagationdelayof
aCMOSlogic gatedriving acapacitive load.

Thepropagationdelayof aCMOSlogic gates
���

is typically
definedasthe time from the Q � %

	����
point of the input to theQ � %

	����
pointof theoutput.Thehigh-to-low propagationdelay

of aCMOSlogic gatecanbedeterminedby (18)or (20)usinga
Newton-Raphsoniteration. Since � J is greaterthan � h in (12),
theoutputvoltagein this regioncanbeapproximatedas
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The drain-to-sourcesaturationvoltageis typically greaterthan� � Q 	���� ; therefore,thehigh-to-low propagationdelaycanbeex-
pressedas

� �   B � �� h�¡ L �
	 � � � %�� U �	���� 8 � %�� U , ���

� � (22)

A comparisonof the analyticalpropagationdelayexpressions
with SPICEis listedin TableII for ahigh-to-low transition.It is
demonstratedin Table II that the delay uncertaintycausedby
on-chip simultaneousswitching noise increaseswith increas-
ing input slew rate,parasiticinductance,andresistanceof the
power supplyrails. Themaximumerrorof thepropagationde-
lay basedon the analyticalexpressionsis within Q %, ascom-
paredto nearly

Ti¢
% of SPICEwhen not consideringon-chip

simultaneousswitchingnoise.Theaverageimprovementin ac-
curacy is about£ %.

B. Resistive-capacitive load

In this discussion,the interconnectis modeledasa resistive-
capacitive impedance. �'$ is the load resistancedriven by
a CMOS logic gate. Analytical expressionscharacterizing
the output voltageof a CMOS logic gatedriving a resistive-
capacitive load impedanceare listed in Table III where � l �&(j 8 � & hj ,�� & k

and �/¤ �¥&(j�, � & hj ,`� & k
.

� l
and� ¤ are also determinedfrom
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	 �� � � %�� U � . Boths aYt � W�Xp B 	 % x h �����

in (23) and
s ��t �p B 	 % x j ���u�

in (24) causethe output
voltageto dropslowly duringahigh-to-low outputtransitionfor
aresistive-capacitive loadimpedance.Therefore,theon-chipsi-
multaneousswitchingnoiseaffectsthe waveform shapeof the
output voltage, increasingthe propagationdelay of a CMOS
logic gatedriving a resistive-capacitive loadimpedance.

Basedon the sameassumptionas for a capacitive load, the
outputvoltagein this regioncanbeapproximatedas
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If thedrain-to-sourcesaturationvoltageis greaterthan � � Q 	��R� ,
thehigh-to-low propagationdelaycanbeexpressedas
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A comparisonof thepropagationdelaybasedontheseanalytical
expressionswith SPICEis listed in TableIV for a high-to-low
transition.Theestimatedpropagationdelaybasedon theseana-
lytical expressionsis within Q %, while theerrorof theestimate
which doesnot consideron-chipsimultaneousswitchingnoise
canreach

T £ %. Theaverageimprovementin accuracy is aboutT � %.

IV. CONCLUSIONS

It is necessaryto consideron-chip simultaneousswitching
noisewhendeterminingthepropagationdelayof aCMOSlogic
gatein ahighspeedsynchronousCMOSintegratedcircuit. Ana-
lytical expressionscharacterizingon-chipsimultaneousswitch-
ing noisearepresentedin this paper. Theeffectsof on-chipsi-
multaneousswitchingnoiseon thewaveformof theoutputvolt-
ageandthe propagationdelayof a CMOS logic gatearealso
discussed.Theestimatedpropagationdelaybasedon theseana-
lytical expressionsiswithin Q %ascomparedto SPICE;theaver-
ageimprovementcanreach

T � % ascomparedto delayestimates



TABLE I
ANALYTICAL EXPRESSIONS CHARACTERIZING THE OUTPUT VOLTAGE OF A CMOS INVERTER DRIVING A CAPACITIVE LOAD

Operatingregion Analyticalexpressions
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TABLE II
COMPARISON OF HIGH-TO-LOW PROPAGATION DELAY WITH SPICE FOR A CMOS INVERTER DRIVING A CAPACITIVE LOAD INCLUDING THE EFFECTS OF

ON-CHIP SIMULTANEOUS SWITCHING NOISE

Input Impedanceof Comparisonof PropagationDelay
RiseTime GroundRail Simulation Analytic Estimation��� L R C SPICE WithoutSSN With SSN

(ps) (nH)
�f®V�

(pF) (ps) (ps) % Error (ps) % Error
5.0 0.1 182 172 5.5 183 1.1

1.0 10.0 0.1 186 172 7.5 183 1.6
15.0 0.1 190 172 9.5 186 2.1
20.0 0.1 194 172 11.3 189 2.6
5.0 0.1 186 172 7.5 183 1.6

200 2.0 10.0 0.1 190 172 9.5 186 2.1
15.0 0.1 194 172 11.3 189 2.6
20.0 0.1 198 172 13.1 192 3.0
5.0 0.1 191 172 10.0 187 2.1

3.0 10.0 0.1 195 172 11.8 190 2.6
15.0 0.1 199 172 13.6 192 3.5
20.0 0.1 203 172 15.3 195 3.9
5.0 0.1 175 166 5.1 174 0.6

1.0 10.0 0.1 180 166 7.7 177 1.7
15.0 0.1 184 166 9.8 180 2.2
20.0 0.1 189 166 12.2 183 3.2
5.0 0.1 179 166 7.3 177 1.1

150 2.0 10.0 0.1 184 166 9.7 180 2.2
15.0 0.1 188 166 11.7 183 2.7
20.0 0.1 193 166 14.0 185 4.1
5.0 0.1 185 166 10.3 180 2.7

3.0 10.0 0.1 188 166 11.7 182 3.2
15.0 0.1 193 166 14.0 185 4.1
20.0 0.1 197 166 15.7 188 4.6

Maximumerror(%) 15.7 4.6
Averageerror(%) 10.63 2.25

which do not consideron-chip simultaneousswitching noise.
Theanalyticalexpressionspresentedin thispaperprovideanac-
curatetimingmodelfor repeaterinsertion,taperedbuffer design,
andrelatedhigh performancedesigntechniquesfor thosehigh
speedsynchronousCMOSintegratedcircuitswhereon-chipsi-
multaneousswitchingnoisecannotbeneglected.
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TABLE III
ANALYTICAL EXPRESSIONS CHARACTERIZING THE OUTPUT VOLTAGE OF A CMOS INVERTER DRIVING A RESISTIVE-CAPACITIVE LOAD

Operatingregion Analyticalexpressions
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TABLE IV
COMPARISON OF HIGH-TO-LOW PROPAGATION DELAY WITH SPICE FOR A CMOS INVERTER DRIVING A RESISTIVE-CAPACITIVE LOAD INCLUDING THE

EFFECTS OF ON-CHIP SIMULTANEOUS SWITCHING NOISE

Input Impedanceof Comparisonof PropagationDelay
RiseTime GroundRail Simulation Analytic Estimation��� L R C SPICE WithoutSSN With SSN

(ps) (nH)
�f®V�

(pF) (ps) (ps) % Error (ps) % Error
5.0 0.1 163 152 6.7 162 0.6

1.0 10.0 0.1 167 152 9.0 165 1.2
15.0 0.1 172 152 11.6 168 2.3
20.0 0.1 176 152 13.6 171 2.8
5.0 0.1 167 152 9.0 165 1.2

200 2.0 10.0 0.1 171 152 11.1 168 1.8
15.0 0.1 176 152 13.6 171 2.8
20.0 0.1 180 152 15.6 174 3.3
5.0 0.1 172 152 11.6 169 1.7

3.0 10.0 0.1 176 152 13.6 172 2.3
15.0 0.1 180 152 15.6 175 2.8
20.0 0.1 184 152 17.4 177 3.8
5.0 0.1 157 146 7.0 156 0.6

1.0 10.0 0.1 162 146 9.9 159 1.9
15.0 0.1 166 146 12.0 162 2.4
20.0 0.1 170 146 14.1 165 2.9
5.0 0.1 161 146 9.3 159 1.2

150 2.0 10.0 0.1 165 146 11.5 162 1.8
15.0 0.1 170 146 14.1 165 2.9
20.0 0.1 174 146 16.1 168 3.4
5.0 0.1 166 146 12.0 162 2.4

3.0 10.0 0.1 170 146 14.1 165 2.9
15.0 0.1 174 146 16.1 168 3.4
20.0 0.1 170 146 18.0 170 4.5

Maximumerror(%) 18.0 4.5
Averageerror(%) 12.61 2.38


