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Abstract— A Fourier analysisof on-chip signalsin CMOS inte-
grated circuits is presentedin this paper. It is demonstratedthat
on-chip signalscan be approximated by a Fourier seriesup to the���

th harmonic component.The effective load impedancecharacter-
izing a distributed RC and RLC line dri ven by a CMOS logic gate
is basedon a Fourier analysisof the on-chip signals. The voltage
waveform basedon the effective load impedanceapproachesa dis-
trib uted RC and RLC line approximated by sectionsof lumped RC
and RLC elements.

I . INTRODUCTION

As integratedcircuit technologiescontinueto improve,
thefeaturesizeof MOStransistorsandinterconnectlines
has decreased[1,2]. Since the chip size and integra-
tion densityhave both increaseddramatically, the aver-
age interconnectlength has not scaleddown with de-
creasingfeaturesize.Therefore,on-chipinterconnecthas
becomeincreasinglyimportant[3]. The delay of these
highly scaledcircuits is now dominatedby the intercon-
nectimpedancesratherthantheactive transistors[2,4].

On-chipinterconnectionsin CMOSintegratedcircuits
canbemodeledasdistributedlines [5]. However, a dis-
tributedmodelcausessignificantcomputationalcomplex-
ity in characterizingthe propagationdelay and voltage
waveform of a CMOS logic gatedriving on-chip inter-
connectsincetheMOS transistorsarenonlineardevices.
Nonlinearcircuit theoryis thereforerequiredto solve the
circuit equationscharacterizingthis system. In order to
developanalyticexpressionscharacterizingthe behavior
of aCMOSlogicgatedrivinganRCor RLC interconnect,
somesimplifying approachesneedto beapplied.

A Fourieranalysisof typicalon-chipsignalsin CMOS
integratedcircuitsis presentedin thispaper. On-chipsig-
nalsareapproximatedby a Fourierseriesup to the ��� th
harmoniccomponent.The effective load impedanceof
a distributedRC andRLC line drivenby a CMOS logic
gateis basedon this Fourieranalysisof theon-chipsig-
nals, which includesthe frequency dependenceof the
interconnectimpedances.The effective load impedance
modelpresentedhereconsidersthe input transitiontime
andthedistributedcharacteristicsof theon-chipintercon-
nections. The voltagewaveform basedon the effective
load impedancemodelis similar to a distributedRC and
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Fig. 1. Typical voltagewaveform of an on-chip signal in a CMOS

integratedcircuit.

RLC line approximatedby sectionsof lumpedRC and
RLC elements.

A Fourieranalysisof typicalon-chipsignalsin CMOS
integratedcircuitsis presentedin SectionII. Theeffective
load impedanceof a distributedRC andRLC line is de-
velopedin SectionIII basedon a Fourieranalysisof the
on-chipsignals. The effective load impedancemodel is
alsocomparedin this sectionto a distributedline model
followedby someconcludingremarksin SectionIV.

I I . FOURIER ANALYSIS OF ON-CHIP SIGNALS

Thesolid line shown in Fig. 1 depictsa typical voltage
waveformof anon-chipsignalin a CMOSintegratedcir-
cuit. The signal is assumedto behave periodicallywith
a periodof � . Thedashedline shown in Fig. 1 approxi-
matesanon-chipsignal,with rising andfalling transition
times ��� and ��� , respectively. Thesignalrepresentedby
thedashedline shown in Fig. 1 canbeexpressedas
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For on-chipsignalsin apracticalCMOSintegratedcir-
cuit, � � is typically similar to � � . Therefore,theFourier
seriesof
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where\ ^ � G TWh � . Theamplitudeof the S th orderhar-
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where S is an odd number. Note that the amplitudeof
theDC componentis

�)(*( h G
where

i M dependsuponthe
ratioof � over ��� , whichmeanssignificantlyhigherorder
harmoniccomponentsarenecessaryfor short transition
times. Since

i M deceasesquadraticallywith S ,
�������

canthereforebeapproximatedby thefirst severalhigher
orderharmoniccomponents.

For the condition of � � h � =
+ Bn� ( � � = � +[+ ps at a one

gigahertzoperatingfrequency), the Fourier serieswithS = p is compared to a time domain waveform in
Fig. 2(a). Note that the waveform derived from the
Fourierseriesis quitecloseto thevoltagewaveformde-
rived in the time domainwith S = p . If � � h � is greater
than

+ Bn� , aFourierserieswith S = p canbeusedto model
theon-chipsignalsin a CMOSintegratedcircuit.

If the transition time of the on-chip signalsis quite
short, for example, if � � h � =

+ B + � ( � � = � + ps at a one
gigahertzoperatingfrequency), the waveforms derived
from theFourierserieswith S = p and S = ��� aresimilar
to thetimedomainwaveformasshown in Fig 2(b). Note
that thewaveformdeterminedby the FourierserieswithS = �q� is quiteaccurateascomparedto thetime domain
waveform.Therefore,if � � h � is lessthan

+ Bn� , theFourier
serieswith S = ��� can be usedto approximateon-chip
signalsin aCMOSintegratedcircuit.
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Fig. 2. Comparisonof signalwaveform derived from a Fourierseries
with thewaveformderivedfrom thetimedomain.

I I I . EFFECTIVE LUMPED LOAD VERSUS

DISTRIBUTED LOAD

On-chipinterconnectionscanbeapproximatedby sec-
tions of lumped circuit elements[1,5,6]. Basedon a
Fourier analysisof the on-chipsignalpresentedin Sec-
tion II, analyticexpressionscharacterizingthe effective

load impedanceof a distributed line are developedand
comparedto SPICEfor a distributedRC andRLC line in
SectionsIII-A andIII-B, respectively.

A. DistributedRC lines

A distributedRC line canbe approximatedby { sec-
tions of lumpedRC elementsasshown in Fig. 3(a) [6].
In order to derive tractableanalyticexpressionscharac-
terizingtheoutputwaveformof a CMOSlogic gatedriv-
ing a resistive-capacitive interconnect,an effective load
resistanceandcapacitanceareusedto approximatea dis-
tributedRCline asshown in Fig. 3(b).

If the numberof sections{ is morethantwo, the ef-
fectiveloadresistanceandcapacitancecanbedetermined
from (6) and (7) (seeTable I) basedon an | G circuit
model of a nonuniformRC line as shown in Fig. 4(a).
In orderto simplify theproblem,a distributedRC line is
assumedin thisdiscussionto beuniform.

In practicalCMOSintegratedcircuits,theoutputtran-
sition time of a CMOS logic gateis typically similar to
the input transitiontime [7]. Therefore,if thenumberof
sections{ is fixed, the effective load resistanceandca-
pacitancecanbeapproximatedby
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where
i Q ���j(*( h G

which is the amplitudeof the DC
componentof the on-chipsignalsin a CMOSintegrated
circuit.

SPICE simulationsbasedon an effective load resis-
tanceandcapacitance,determinedfrom (8) and(9), are
comparedto a distributed RC line as shown in Fig. 5.
Note that the voltagewaveform basedon the effective
loadresistanceandcapacitanceis almostthesameasthe
voltagewaveformbasedona distributedRCline model.

B. DistributedRLC lines

There are two time constantsassociatedwith a dis-
tributedRLC line, an inductive time constanto | � and
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Fig. 3. A resistive-capacitive interconnectline, (a) a distributedRC line approximatedby � sectionsof lumpedelements,(b) the effective load
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Fig. 4. L2 modelof nonuniformRCandRLC lines,(a) a resistive-capacitive load,(b) aninductive load.

TABLE I

ANALYTIC EXPRESSIONS CHARACTERIZING THE EFFECTIVE LOAD IMPEDANCE OF A DISTRIBUTED RC LINE

Numberof sections( { ) Analytic Expressions

{ = � }
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6 ; �� \ } 6 � 6 � 6 � ��¢� N �j  ; �
� � O ; � 6 � (7)

a resistive time constantRC [8]. The condition for the
on-chip inductanceto be significant is if the inductive
time constantis comparableto or exceedsthe resistive
time constantof an on-chip interconnection[9,10]. A
distributedRLC line canbeapproximatedby { sections
of lumpedRLC elementsas shown in Fig 6(a). In or-
der to analyzethetiming andvoltagecharacteristicsof a
CMOSlogic gatedriving aninductiveinterconnectline,a
distributedRLC line canbeapproximatedby aneffective
loadresistance,inductance,andcapacitance,asshown in
Fig. 6(b).

Thewaveformsderivedfrom SPICEsimulationsbased
on an effective load resistance,inductance,and capaci-
tancearecomparedto thewaveformsderivedfrom a dis-
tributedRLC line modelasshown in Figs.7 and8. Note
that thevoltagewaveformbasedon aneffective loadre-
sistance,inductance,andcapacitanceis almostthesame
asthevoltagewaveformbasedon a distributedRLC line
model.

AlthoughtheeffectiveRC or RLC impedanceis based

on anassumptionof a uniformly distributedRC or RLC
line, this methodcanalsobe appliedto a nonuniformly
distributedRCor RLC line. Basedontherelativeratioof
the interconnectimpedanceassociatedwith eachsection
of a nonuniformlydistributedRC or RLC line, theeffec-
tive load impedancecanbe determinedbasedon an | G
circuit modelandapplyinga recursive calculationof the
distributedinterconnectline.

IV. CONCLUSIONS

A Fourieranalysisof typicalon-chipsignalsin CMOS
VLSI circuitsis presentedin this paper. Theon-chipsig-
nalsareapproximatedby a Fourierseriesup to the �q� th
harmoniccomponent.The effective load impedanceof
a distributedRC andRLC line drivenby a CMOS logic
gateis presentedbasedon a Fourier analysisof the on-
chipsignals.Thevoltagewaveformbasedontheeffective
loadimpedanceis shown to bequitesimilar to thevoltage
waveformof adistributedRCandRLC lineapproximated
by sectionsof lumpedelements.
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Fig. 6. An inductive interconnectline, (a)adistributedRLC line approximatedby � sectionsof lumpedelements,(b) theeffective loadimpedance,� eff , ¤ eff , and � eff .
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(c) SPICE simulation with�]¥ � w versusthe effective
loadmodel
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Fig. 5. Comparisonof theeffective loadmodelwith SPICEfor a dis-
tributedRC line, �.¥ � w*w)¨ and �©¥ªw�x « pF with � = ¦ , � , � w ,
and
���

, respectively.
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(b) SPICE simulation with�2¥ � versusthe effective
loadmodel

Fig. 7. Comparisonof the effective load model with SPICE for
a distributed RLC line with �¬¥®­ � x w¯¨ , ¤ª¥ � x w nH, and�°¥±w�x � pFwith � = ¦ and
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Fig. 8. Comparisonof theeffective loadmodelwith SPICEfor a dis-
tributedRLC linewith �±¥]­ � x wj¨ , ¤-¥±«�x w nH,and �³¥ � x w pF
with � = ¦ and

�
.
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