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Abstract - Considering circuit designs at the deep sub-micron level, the more that interconnect wires of small
cross section are packed closer together, coupled with longer length of interconnect and an increase in the
number of layers of interconnect may cause different parts of an interconnect line to experience a varying degree
of coupling effect from other interconnects, with the consequent variation in the induced-current across the
interconnect. An analytical model to examine the effect of non-uniform distribution of current on the mutual
inductance and capacitance between on-chip interconnects is presented.
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1 Introduction

As process technology scales to the deep submicron
(DSM) regime, the delays due to the electrical
characteristics of interconnect as well as their
parasitic cross-coupling tendency — i.e. crosstalk
noise - have become the most dominant factor in
determining the performance and reliability in high
performance integrated circuits. Crosstalk noise is
defined as the noise voltage on signal lines caused
by a change of state in neighbouring lines [1]. The
line affecting its neighbour by its switching state is
often referred to as the aggressor line, while the
affected one as the victim line. Crosstalk noise can
lead to performance degradation and functional
failure depending on the state of the conduction
wire and its adjacent neighbours and of equal
importance, i.e. depending on the width, peak
amplitude and frequency of the generated parasitic
noise [1]. Therefore, the worst-case on-chip
performance degradation often occurs when
crosstalk between interconnects due to capacitive
and inductive parasitic coupling is considered [2]
[3]. Development toward DSM technology requires
that such consideration has to be taken into account
to accurately and efficiently estimate interconnect
crosstalk-induced noise.

To address the crosstalk-induced delay and noise
issues, a number of schemes were proposed and
used at different VLSI design stages. Net ordering,
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buffer or repeater insertion based on the principle of
divide and conquer have been employed at the
physical level. Such techniques may not be used in
present and future VLSI as the opportunity for
internal  chip space becomes unavailable.
Furthermore, using such techniques does not
necessarily guarantee an acceptable interconnect
performance of the circuit at chip level. Other
techniques such as wire shielding and spacing and
more recently, the encoding of the transmitted data
were proposed to reduce crosstalk noise. However,
it must be emphasised that the impact of parasitic
coupling on interconnect delay is not only data-
dependent but is also dependent on the specific
combination of each individual wire and their
adjacent neighbours [4][5][6].

Prior to VVLSI, on-chip interconnects were modelled
as lumped capacitance, then as lumped and
distributed RC lines. At those stages, the concern
for circuit performance was addressed using the
Elmore delay model to estimate delays in an RC
tree. Although popular due to its simplicity, the
Elmore delay can produce pessimistic results -
sometimes underestimating the delay up to error
magnitudes as much as 60% [7]. Furthermore,
moving toward DSM integration, coupled with the
use of high clock frequencies, has resulted in the
average length of an interconnect line being often
resistive compared to its driver resistance; therefore
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requiring that the inductive and distributed nature of
on-chip interconnect has to be properly modelled. In
order to account for the signal-distorting effects the
use of high operation frequency, present
interconnects require to be modelled as distributed
RLC lines. A four-poles based model for distributed
RLC lines was presented in [8]. Although the
accuracy has been improved in comparison with
that of the two poles expression [9], no closed form
solution was developed. In reference [4], an RLC
model based on Fourier analysis for delay and
crosstalk prediction was proposed, with higher
accuracy is obtained by including more harmonics
in the model. Several works have modelled
capacitive crosstalk using distributed networks
[10][11][12]. However, all above works assume
uniform distribution of current across the
interconnect line. Advances in DSM technology
have resulted in that longer interconnect wires of
small cross section are packed closer together. This
may give rise to the possibility that different parts
of an interconnect line — i.e. the victim line - may
experience a varying degree of coupling effect from
other interconnects — i.e. aggressor lines — with the
consequent variation in the induced-current across
the victim line. The work in this paper is based on
the model developed in [13] to examine the effect of
non-uniform  distribution of current on the
estimation of crosstalk noise.

This paper is organised as follows. Section 2
presents the mathematical modelling of a distributed
RLC, including time-domain expressions of the line
voltage response under finite and infinite ramp
input. Section 3 introduces the distributed-coupled
RLC transmission line model for the crosstalk noise
estimation. Section 4 presents the experimental
simulation results. Conclusions are given in Section
5.

2 Mathematical Modelling

A distributed RLC interconnect of length d, with
driver resistance and load capacitance is depicted in
Fig.1.
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Fig.1. Distributed RLC transmission Line
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From Fig.1:

z0x = (r +sL)ox (@))
yox = sCox 2
oV=(\V+oV)-V (3)

Using (1), (2) and (3), the voltage and current
equations for the interconnect line, shown in Fig.1,
are as follows:

V =ve”™ + vze‘ax‘ax: - 4)
and

| =v,e™ + v4e‘ax‘ax: - (5)
Atx=0:

V, =05V,405,/2( I, (6)

nd

a
V, = 0.5v5—0.5\/7 I, ()

Substituting (6) and (7) in (4) and applying the
boundary conditions at the end of the line:

[V cosh( dI) Zsinh(dl) [V, ] ®)

1 .
I —sinh( dI
5 (dl)

C

v,

in {1 Rs}{ 1cosh(1l)
“lo 1 | =sinhdl)
. Ze

where Zc is the characteristic impedance of the
distributed line is

z (s)—\ﬁ/ur
e c sl

r, I and c are respectively the per unit length
resistance, inductance and capacitance of the line.
Assuming the line is terminated with load
capacitance C., the transfer function of the
distributed line is given by:

1
Hp(s)=
P 1+ bls +b252 + b353 + b454
where the b;’s coefficients are as in [13], with the
infinite ramp-response Viys:

vV 4 st
Ve (t)= TDD[—bl 4 iglolies' }u(t)
o =

where Tg is the finite ramp rise time.

cosh(dl) |Llo

Zesinhd} Ve ©)
coshdl) LCL 1}|

o

(10)

(11)

(12)

The time-domain response of a finite ramp vg,(t) is
[13]

Vfin () = Ving (0 = Vjps (t=Tg)
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VDD [TR + Z d: ( Sit —eSi (t_TR)ﬂu(t)

where d; and poles s; represent the residues and
poles of the function, respectively.

(13)

3 Worst-Case Crosstalk Noise

Depending on the layout of a highly complex
integrated circuit, different parts (section, or
segment) of an interconnect line may experience
different cross-coupling effects. Consequently, this
may Yyield variation in, for instance, the amplitude
of the current across the victim line. This may give
rise to different coupling inductive and capacitive
effects on different parts (sections) of an
interconnect line, with the subsequent variation in
the self and mutual inductance and capacitance of
the line. The work in this paper assumes that the
victim line is split into n sections (0 < n), with only
a subset of n having experiencing variations in the
current.
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Fig.2 Coupled distributed RLC Line

The relationship between the coupled lines is given
by [2][10]:

ot (xt)

= Alv (x,s) (14)
ax
L(Xt) — XQV (X s) (15)
ax

where V *and V ~represent the voltage at the end
of the line in common and differential mode,
respectively.

A =sqc(l+17) /1+ I‘
2y =sy(c+2c; )(1 - |")/1+m 17)
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where

I, =KI, k|02 and ¢, =Qc, lolo2 (18)
K and Q are multiplicative constants representing a
small fractional change in the mutual inductance
and capacitance.

Non-uniform distribution current may introduce a
fractional increase or decrease in the nominal value
- i.e. when the current is evenly distributed - of the
mutual inductance and capacitance as well as the
self-inductance and  self-capacitance of the
interconnect line. In this paper, the fractional
change in current is considered to be step-wise
increasing from the nominal value. For an
interconnect line represented by n sections, where
the length of each section is defined as the unit
length:

~ _q~d g2 ~n-1 1~

e P O I (19)

and

crh=ct+c?+..+c 4! (20)

with

I =5l cand ¢ =q'l | 21
K K'ICK m q mqlcQ ( )

i;integer (i > 0).

To account for the non-uniform distribution of
current, the transfer function of the distributed RLC
line in (11) can be represented as follows:

1
H,(s)= 22
() 1+b/s+b, +s? +bjs’+Db;s* #2)
with b =b, +b| . (23)
1>

where b;s and b, are the nominal coefficients of
Hp,
a result of non-uniform distribution of current,
respectively. In the case of the former, the overall

mutual inductance |, and mutual capacitance C
of the line can be represented as:

as in [13], and the fractional change in b; s as

Imzzllm' Zlnl (24)
or .
=Y k'l ey =gl (25)

The overall mductance and capacnance of the line

can be represented as:

i=n i=n _ i=n_j i=n j
L=>"" Iy Y 1|r'n, C—zi=1c +zi:1°m (26)
For the fractional change in the mutual inductance
and mutual capacitance as a result of variation in the

current across the interconnect line.
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- i=n, ~ ~ i=n -
=2t =2 Cn (27)
Under worst-case noise, the use of equations (13)
and (15) to determine the coupled lines voltage

responses require the following adjustments

where Cer and legs represent the effective capacitance
and effective inductance, respectively. The
respective infinite and finite time-domain responses
of the aggressor line under ramp input could be

determined based on the expression of the single
line as follows:

Vain (d38) = Vg (d(legg ot )t) (29)

Vasin(d:1) =Viin(d(legt ot ):t) (30)
Equally, under this worst-case scenario, the time-

domain response of the noise peak voltage at end of
the victim line is given by [2]:

vv(d,t):é(vﬁn(d,t)—van(d,t)) (31)

4 Simulation Results

To assess the effect of non-uniform distribution of
current on the crosstalk noise induced by the
aggressor line on the victim line, a typical
interconnect of length 2000 is used. The per length
mutual inductance, resistance and capacitance are
0.246pf, 0.00152 and 0.000176pf respectively. The
source resistance and load capacitance are 100 Q2
and 0.01 pf, respectively. For comparison purposes,
we used the results from obtained from Spice to
examine the extent to which variation in the current
across an interconnect line influence the crosstalk
noise peak-voltage at the end of the victim line.
Fig.3 shows a noticeable increase in the crosstalk
noise voltage when the change in he mutual
inductance — caused by variations in the current —
exceeds 5% of the nominal value.
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Fig.3 (a) Aggressor line Transient response, (b)and
(c) Noise peak estimation for varying Cp,.

5 Conclusion

As on-chip interconnects are packed closer together,
coupled with the increase in the operating
frequency, different parts (sections) of an
interconnect line may experience varying coupling
effects. This may give rise to variation in the current
across the interconnect line, with subsequent
fluctuations in its self and mutual inductance and
capacitance. This analytical approach proposed in
this paper takes into account non-uniform
distribution of current across interconnect lines —
thus accurate estimation of crosstalk noise and its
induced time-delay.
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