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Abstract— A Fourier analysis of on-chip signals in CMOS inte-
grated circuits is presented in this paper. It is demonstrated that
on-chip signals can be approximated by a Fourier series up to the
15th harmonic component. The effective load impedance character-
izing a distributed RC and RLC line driven by a CMOS logic gate
is based on a Fourier analysis of the on-chip signals. The voltage
waveform based on the effective load impedance approaches a dis-
tributed RC and RLC line approximated by sections of lumped RC
and RLC elements.

I. INTRODUCTION

As integrated circuit technologies continue to improve,
the feature size of MOS transistors and interconnect lines
has decreased [1,2]. Since the chip size and integra-
tion density have both increased dramatically, the aver-
age interconnect length has not scaled down with de-
creasing feature size. Therefore, on-chip interconnect has
become increasingly important [3]. The delay of these
highly scaled circuits is now dominated by the intercon-
nect impedances rather than the active transistors [2, 4].

On-chip interconnections in CMOS integrated circuits
can be modeled as distributed lines [5]. However, a dis-
tributed model causes significant computational complex-
ity in characterizing the propagation delay and voltage
waveform of a CMOS logic gate driving on-chip inter-
connect since the MOS transistors are nonlinear devices.
Nonlinear circuit theory is therefore required to solve the
circuit equations characterizing this system. In order to
develop analytic expressions characterizing the behavior
of a CMOS logic gate driving an RC or RLC interconnect,
some simplifying approaches need to be applied.

A Fourier analysis of typical on-chip signals in CMOS
integrated circuits is presented in this paper. On-chip sig-
nals are approximated by a Fourier series up to the 15th
harmonic component. The effective load impedance of
a distributed RC and RLC line driven by a CMOS logic
gate is based on this Fourier analysis of the on-chip sig-
nals, which includes the frequency dependence of the
interconnect impedances. The effective load impedance
model presented here considers the input transition time
and the distributed characteristics of the on-chip intercon-
nections. - The voltage waveform based on the effective
load impedance model is similar to a distributed RC and
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Fig. 1. Typical voltage waveform of an on-chip signal in a CMOS
integrated circuit.

RLC line approximated by sections of lumped RC and
RLC elements. '

A Fourier analysis of typical on-chip signals in CMOS
integrated circuits is presented in Section II. The effective
load impedance of a distributed RC and RLC line is de-
veloped in Section III based on a Fourier analysis of the
on-chip signals. The effective load impedance model is
also compared in this section to a distributed line model
followed by some concluding remarks in Section IV.

II. FOURIER ANALYSIS OF ON-CHIP SIGNALS

The solid line shown in Fig. 1 depicts a typical voltage
waveform of an on-chip signal in a CMOS integrated cir-
cuit. The signal is assumed to behave periodically with
a period of 7. The dashed line shown in Fig. 1 approxi-
mates an on-chip signal, with rising and falling transition
times 7, and 7y, respectively. The signal represented by
the dashed line shown in Fig. 1 can be expressed as
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For on-chip signals in a practical CMOS integrated cir-
cuit, 7, is typically similar to 75. Therefore, the Fourier
series of V(t) is
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~ where w, = 27/T. The amplitude of the mth order har-
monic component is

V2
2 ?

3
where m is an odd number. Note that the amplitude of
the DC component is Vy4/2 where A,,, depends upon the
ratio of T over 7,., which means significantly higher order
harmonic components are necessary for short transition
times. Since A,, deceases quadratically with m, V' (t)
can therefore be approximated by the first several higher
order harmonic components.

For the condition of 7./T'=0.1 (7,=100ps at a one
gigahertz operating frequency), the Fourier series with
m=9 is compared to a time domain waveform in
Fig. 2(a). Note that the waveform derived from the
Fourier series is quite close to the voltage waveform de-
rived in the time domain with m=9. If 7. /T is greater
than 0.1, a Fourier series with m =9 can be used to model
the on-chip signals in a CMOS integrated circuit.

If the transition time of the on-chip signals is quite
short, for example, if 7,./T'=0.05 (7.=50ps at a one
gigahertz operating frequency), the waveforms derived
from the Fourier series with m =9 and m =15 are similar
to the time domain waveform as shown in Fig 2(b). Note
- that the waveform determined by the Fourier series with
m =15 is quite accurate as compared to the time domain
waveform. Therefore, if 7 /T is less than 0.1, the Fourier
series with m =15 can be used to approximate on-chip
signals in a CMOS integrated circuit.
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Fig. 2. Comparison of signal waveform derived from a Fourier series
with the waveform derived from the time domain.

ITI. EFFECTIVE LUMPED LOAD VERSUS
DISTRIBUTED LOAD

On-chip interconnections can be approximated by sec-
tions of lumped circuit elements [1,5,6). Based on a
Fourier analysis of the on-chip signal presented in Sec-
tion I, analytic expressions characterizing the effective

load impedance of a distributed line are developed and
compared to SPICE for a distributed RC and RLC line in
Sections ITI-A and III-B, respectively.

A. Distributed RC lines

A distributed RC line can be approximated by n sec-
tions of lumped RC elements as shown in Fig. 3(a) [6].
In order to derive tractable analytic expressions charac-
terizing the output waveform of a CMOS logic gate driv-
ing a resistive-capacitive interconnect, an effective load
resistance and capacitance are used to approximate a dis-
tributed RC line as shown in Fig. 3(b).

If the number of sections n is more than two, the ef-
fective load resistance and capacitance can be determined
from (6) and (7) (see Table I) based on an L2 circuit
model of a nonuniform RC line as shown in Fig. 4(a).
In order to simplify the problem, a distributed RC line is
assumed in this discussion to be uniform.

In practical CMOS integrated circuits, the output tran-
sition time of a CMOS logic gate is typically similar to
the input transition time [7]. Therefore, if the number of
sections n is fixed, the effective load resistance and ca-
pacitance can be approximated by
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where A9 = Vj4/2 which is the amplitude of the DC
component of the on-chip signals in a CMOS integrated
circuit.

SPICE simulations based on an effective load resis-
tance and capacitance, determined from (8) and (9), are
compared to a distributed RC line as shown in Fig. 5.
Note that the voltage waveform based on the effective
load resistance and capacitance is almost the same as the
voltage waveform based on a distributed RC line model.

B. Distributed RLC lines

There are two time constants associated with a dis-
tributed RLC line, an inductive time constant v/LC and
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Fig. 3. A resistive-capacitive interconnect line, (a) a distributed RC line approximated by n sections of lumped elements, (b) the effective load

impedance, Resr and Ceg.
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Fig. 4. L2 model of nonuniform RC and RLC lines, (a) a resistive-capacitive load, (b) an inductive load.
TABLEI
ANALYTIC EXPRESSIONS CHARACTERIZING THE EFFECTIVE LOAD IMPEDANCE OF A DISTRIBUTED RC LINE
Number of sections (n) Analytic Expressions
. Reg(w) =R @
n= Cer(w) =C ®
Ry
Reff(w) =R + (Rz 01)2 + (C]+C'g 2 (©)
n>2
- (sz CQ) G )2 +
Cerlw) = ies (C1 + Co) o)
(WRCo) 5355 cl+Cz +1

a resistive time constant RC [8]. The condition for the
on-chip inductance to be significant is if the inductive
time constant is comparable to or exceeds the resistive
time constant of an on-chip interconnection [9, 10]. A
distributed RLC line can be approximated by n sections
of lumped RLC elements as shown in Fig 6(a). In or-
der to analyze the timing and voltage characteristics of a
CMOS logic gate driving an inductive interconnect line, a
distributed RLC line can be approximated by an effective
load resistance, inductance, and capacitance, as shown in
Fig. 6(b).

The waveforms derived from SPICE simulations based
on an effective load resistance, inductance, and capaci-
tance are compared to the waveforms derived from a dis-
tributed RLC line model as shown in Figs. 7 and 8. Note
that the voltage waveform based on an effective load re-
sistance, inductance, and capacitance is almost the same
as the voltage waveform based on a distributed RLC line
model.

Although the effective RC or RLC impedance is based

on an assumption of a uniformly distributed RC or RLC
line, this method can also be applied to a nonuniformly
distributed RC or RLC line. Based on the relative ratio of
the interconnect impedance associated with each section
of a nonuniformly distributed RC or RLC line, the effec-
tive load impedance can be determined based on an L2
circuit model and applying a recursive calculation of the
distributed interconnect line.

IV. CONCLUSIONS

A Fourier analysis of typical on-chip signals in CMOS
VLSI circuits is presented in this paper. The on-chip sig-
nals are approximated by a Fourier series up to the 15th
harmonic component. The effective load impedance of
a distributed RC and RLC line driven by a CMOS logic
gate is presented based on a Fourier analysis of the on-
chip signals. The voltage waveform based on the effective
load impedance is shown to be quite similar to the voltage
waveform of a distributed RC and RLC line approximated
by sections of lumped elements.
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Fig. 6. An inductive interconnect line, (a) a distributed RLC line approximated by n sections of lumped elements, (b) the effective load impedance,

Refr, Legr, and Cegr.
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Fig. 5. Comparison of the effective load model with SPICE for a dis-
tributed RC line, R = 500 Q and C = 0.2pF with n=3, 5, 10,

and 15, respectively.

é oaf g n.u)—

g o8 g ool

E 04 i ok

BT g, v e e -

(a) SPICE simulation with (b) SPICE simulation with
n = 3 versus the effective n = 5 versus the effective
load model load model

Fig. 7. Comparison of the effective load model with SPICE for

R7 L,
Cn

Neematzsd output viltage.

Regr Les
IHV1 c l
! gl

(b)

(a) SPICE simulation with
n = 3 versus the effective
load model

(b) SPICE simulation with
n = 5 versus the effective
load model

a distributed RLC line with R
C = 0.5pF withn=3 and 5.
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Fig. 8. Comparison of the effective load model with SPICE for a dis-
tributed RLC line with R = 45.02, L = 2.0nH,and C = 1.0pF
with n=3 and 5.
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