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Abstiact— 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
15th harmonic component. The effective load impedancecharacter
izing a distributed RC and RLC line driven 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 RCand RLC line approximated by sectionsof lumped RC
and RLCelements.
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As mtegrqtedt:lrcwt techn(_)loglesontlnueto |mprq/e, Fig. 1. Typical voltage waveform of an on-chip signalin a CMOS
thefeaturesizeof MOS transistorandinterconnectines integratedcircuit.
has decreasedl,2]. Sincethe chip size and integra-
tion densityhave both increaseddramatically the aver-

age interconnectiength has not scaleddown with de-  R| ¢ line approximatecby sectionsof lumped RC and
creasingeaturesize. Thereforepn-chipinterconnechas Ry celements.

bgcomeincrea_singlyimportant[3]. The delay of these A Fourieranalysisof typical on-chipsignalsin CMOS
highly scaledcircuits is nowv dominatedby theintercon-  jntegratedcircuitsis presentedh Sectionll. Theeffective
nectimpedancesatherthantheactivetransistorg2, 4] |oadimpedanceof a distributed RC and RLC line is de-

On-chipinterconnectionin CMOS integratedcircuits  yelopedin Sectionlll basedon a Fourier analysisof the
canbe modeledasdistributedlines[5]. However, adis- on-chipsignals. The effective load impedancemodelis
tributedmodelcausesignificantcomputationatomplex-  a|socomparedn this sectionto a distributedline model

ity in characterizinghe propagationdelay and voltage - fo|lowedby someconcludingremarksin SectionlV.
waveform of a CMOS logic gatedriving on-chipinter

connectsincethe MOS transistorarenonlineardevices. [I. FOURIER ANALYSIS OF ON-CHIP SIGNALS
Nonlinearcircuit theoryis thereforerequiredto solve the
circuit equationscharacterizinghis system. In orderto
develop analyticexpressioncharacterizinghe behaior
of aCMOSIlogic gatedrivinganRCor RLCinterconnect
somesimplifying approacheseedto beapplied.

A Fourieranalysisof typical on-chipsignalsin CMOS
integratedcircuitsis presentedhn this paper On-chipsig-
nalsareapproximatedy a Fourier seriesup to the 15th

Thesolidline shavnin Fig. 1 depictsatypical voltage
waveformof anon-chipsignalin a CMOSintegratedcir-
cuit. The signalis assumedo behave periodically with

' aperiodof T. Thedashedine shavn in Fig. 1 approxi-
matesanon-chipsignal,with rising andfalling transition
timesr, andry, respectrely. Thesignalrepresentethy
thedashedine shovn in Fig. 1 canbeexpresseas

harmoniccomponent. The effective load impedanceof %Vdd 0<t<r,

a distributed RC and RLC line drivenby a CMOS logic V:id r<t<T

gateis basedon this Fourier analysisof the on-chipsig- V)= ‘ T .

nals, which includesthe frequeny dependencef the Vaa(1 — ot E) 3 St<(3+7)
interconnecimpedances.The effective load impedance 0 (% +77) <t <T.
modelpresentedereconsiderghe input transitiontime (1)

andthedistributedcharacteristicef theon-chipintercon- o . . . )
nections. The voltagewaveform basedon the effective ~ FOr on-chipsignalsin apracticalCMOSintegratedcir-

loadimpedancemodelis similar to a distributed RCand  CUit, 7 is typically similarto 7;. Therefore the Fourier
seriesof V(t) is
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wherew, = 27/T. Theamplitudeof themth orderhar
moniccomponents

A, = T Vaa

[(1 — cosmw,T,) + | sin mw,Tr] 5
3)

wherem is an odd number Note thatthe amplitudeof
theDC components V;4/2 whereA,, dependsiponthe
ratio of T" over,., which meanssignificantlyhigherorder
harmoniccomponentsare necessaryor shorttransition
times. Since 4,, deceasesjuadraticallywith m, V (¢)

canthereforebe approximatedy thefirst several higher
orderharmoniccomponents.

For the conditionof 7,./T=0.1 (7-=100ps at a one
gigahertzoperatingfrequeng), the Fourier serieswith
m=9 is comparedto a time domain waveform in
Fig. 2(a). Note that the waveform derived from the
Fourier seriesis quite closeto the voltagewaveform de-
rivedin thetime domainwith m=9. If 7,./T is greater
than0.1, aFourierserieswith m =9 canbeusedto model
theon-chipsignalsin a CMOSintegratedcircuit.

If the transitiontime of the on-chip signalsis quite
short, for example, if 7./T'=0.05 (7, =50 ps at a one
gigahertzoperatingfrequeny), the waveforms derived
from the Fourierserieswith m =9 andm =15 aresimilar
to thetime domainwaveformasshavn in Fig 2(b). Note
thatthe waveform determinedoy the Fourier serieswith
m =15 is quite accurateascomparedo thetime domain
waveform. Thereforejf 7,./T is lessthan0.1, theFourier
serieswith m =15 can be usedto approximateon-chip
signalsin a CMOSintegratedcircuit.
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Fig. 2. Comparisorof signalwaveform derived from a Fourier series
with thewaveformderied from thetime domain.

I1l. EFFECTIVE LUMPED LOAD VERSUS
DISTRIBUTED LOAD

On-chipinterconnectionsanbe approximatedy sec-
tions of lumped circuit elements[1,5,6]. Basedon a
Fourier analysisof the on-chip signal presentedn Sec-
tion 1, analytic expressionsharacterizinghe effective

load impedanceof a distributed line are developedand
comparedo SPICEfor adistributedRCandRLCline in
Sectiondll-A andlll-B, respectely.

A. Distributed RClines

A distributed RC line canbe approximatedyy n sec-
tions of lumped RC elementsasshavn in Fig. 3(a) [6].
In orderto derive tractableanalytic expressionharac-
terizingthe outputwaveformof a CMOSlogic gatedriv-
ing a resistve-capacitre interconnectan effective load
resistanceandcapacitancareusedto approximatea dis-
tributedRCline asshovnin Fig. 3(b).

If the numberof sectionsn is morethantwo, the ef-
fective loadresistancendcapacitanceanbedetermined
from (6) and (7) (seeTable I) basedon an L2 circuit
model of a nonuniform RC line as shavn in Fig. 4(a).
In orderto simplify the problem,a distributed RCline is
assumedh this discussiorto be uniform.

In practical CMOS integratedcircuits, the outputtran-
sition time of a CMOS logic gateis typically similar to
theinputtransitiontime [7]. Thereforejf the numberof
sectionsn is fixed, the effective load resistanceand ca-
pacitancecanbe approximatedby

k=4o0r7

AoRer(0) + Y ApRes(mw,)

m=2k+1

Reff =

-1
k=4or7

AO + Z Am ’

m=2k+1
k=0

(8)

and

k=4o0r7

AoCer(0) + D AmCet(mw,)

m=2k+1
L k=0

Ceff =

-1
k=4o0r7

Ao+ D Am|

m=2k+1

)

where 49 = Vy4/2 which is the amplitudeof the DC
componenbf the on-chipsignalsin a CMOS integrated
circuit.

SPICE simulationsbasedon an effective load resis-
tanceand capacitancedeterminedrom (8) and(9), are
comparedo a distributed RC line asshavn in Fig. 5.
Note that the voltage waveform basedon the effective
loadresistancandcapacitancés almostthe sameasthe
voltagewaveformbasecdbn a distributed RCline model.

B. DistributedRLC lines

There are two time constantsassociatedvith a dis-
tributed RLC line, aninductive time constanty/ LC and
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Fig. 3. A resistve-capacitie interconnectine, (a) a distributed RC line approximatedy n sectionsof lumpedelements(b) the effective load

impedanceRes andCeg.
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(a) aresistve-capacitie load, (b) aninductie load.

TABLE |
ANALYTIC EXPRESSIONSCHARACTERIZING THE EFFECTIVE LOAD IMPEDANCE OF A DISTRIBUTED RCLINE

Numberof sectiongn) Analytic Expressions
) Ref(w) =R (4)
n=1 Ce(w) = C 5)
R,
Res(w) = Ry + 6
) o) 1 (ngC1)2 (01(102)2 (6)
n>
= R>C. 2+1
2v2 C1+02

a resistve time constantRC [8]. The conditionfor the
on-chip inductanceto be significantis if the inductive
time constantis comparableto or exceedsthe resistve

time constantof an on-chip interconnection9,10]. A

distributed RLC line canbe approximatedy n sections
of lumped RLC elementsas shawvn in Fig 6(a). In or-

derto analyzethetiming andvoltagecharacteristicef a
CMOSIlogic gatedriving aninductiveinterconnectine, a
distributed RLC line canbe approximatedy aneffective
loadresistanceinductanceandcapacitanceasshavn in

Fig. 6(b).

Thewaveformsderivedfrom SPICEsimulationsbased
on an effective load resistancejnductance and capaci-
tancearecomparedo the waveformsderivedfrom a dis-
tributed RLC line modelasshavn in Figs.7 and8. Note
thatthe voltagewaveform basedon an effective load re-
sistancejnductanceandcapacitancés almostthe same
asthe voltagewaveformbasedon a distributed RLC line
model.

Althoughthe effective RC or RLC impedancas based

on an assumptiorof a uniformly distributed RC or RLC
line, this methodcanalso be appliedto a nonuniformly
distributedRCor RLCline. Basedontherelative ratio of

the interconnecimpedancessociatedvith eachsection
of anonuniformlydistributed RCor RLC line, the effec-
tive load impedancecan be determinecbasedon an L2

circuit modelandapplyinga recursve calculationof the
distributedinterconnectine.

IV. CONCLUSIONS

A Fourieranalysisof typical on-chipsignalsin CMOS
VLSI circuitsis presentedn this paper The on-chipsig-
nalsareapproximatedy a Fourier seriesup to the 15th
harmoniccomponent. The effective load impedanceof
a distributed RC and RLC line drivenby a CMOS logic
gateis presentedasedon a Fourier analysisof the on-
chipsignals.Thevoltagewaveformbasedntheeffective
loadimpedancés shavn to bequitesimilarto thevoltage
waveformof adistributedRCandRLCline approximated
by sectionf lumpedelements.
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Fig.6. An inductive interconnectine, (a) adistributedRLC line approximatedy n sectionf lumpedelements(b) theeffective loadimpedance,

Refi, Lefi, and Ceg.
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Fig. 8. Comparisorof the effective load modelwith SPICEfor a dis-
tributedRLClinewith R = 45.0Q, L = 2.0nH,andC = 1.0pF
with n =3 and5.
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Fig. 5. Comparisorof the effective load modelwith SPICEfor a dis-
tributed RCline, R = 500 Q2 andC = 0.2 pFwith n=3, 5, 10,

and15, respectiely.
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