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clock distribution networks are widely used today for
symmetric distribution of clock signals [6][7].
Exponentially H-tapered clock distribution networks has
been introduced for reducing the Elmore delay and the power
consumption [2][3][8][9]. Another phenomenon which affects
the delay and power consumption of the clock network is its
inductive impedance behavior as the signal frequency
increases (the signal transition times decreases) [10]. A
solution for decreasing the inductive behavior of the
interconnects lines is shielding clock lines with adjacent
ground lines [11][12]. This is shown in Fig 1.
One should note that with the technology scaling, the
distance between interconnect lines decreases without much
decrease in the interconnect thickness. This leads to the
increase in inter metal capacitance in the same layer. This
capacitance is becoming a dominant factor in forming the
delay of interconnects in the state of the art digital systems
[14].

Abstract— In this paper inter metal capacitors of ground wires
are considered, for the first time in Elmore delay calculations of
clock distribution interconnect networks. Analytical models for
capacitance calculation of inter metal wires which are
exponentially tapered are presented. In addition, the tapering of
the ground wire for reducing this delay is proposed. The results
show that by a exponentially tapering of the ground wires in the
clock distribution networks , a 17% reduction in the Elmore
delay of interconnects is achieved in compare with not tapering
ground wires.

Index Terms—Clock distribution network, Cross-talk, Elmore
delay, Wire tapering

I. INTRODUCTION

T

scaling offers the benefits of reduced die area
and improved transistor performance. The scaling
however does not lead to reduction of the average wire
length in circuits [1]. In addition, with interconnect scaling,
the resistance and capacitance of interconnects increase
leading to the rise of delay factors by about 40-60% per
generation [1].
In general, the interconnect network consumes between 40 to
80 percent of the dynamic and static powers [2] while the
clock distribution networks dissipates between 25 % to 70%
[3] of power in today on chip systems.
One of the approaches to reduce the delay and power is the
interconnect shaping (see, e.g., [4],[5]). H, Y, and X-tree
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Fig. 1. (a) clock line tapering with flat ground wires (b) clock and ground
wire tapering

In this paper, for the first time, we consider inter metal
capacitors of ground wires in Elmore delay calculations of
clock distribution interconnect networks.
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We also present analytical models for capacitance
calculation of inter metal wires which are exponentially
tapered.
We propose the use of exponentially tapered ground
wires in the clock distribution networks for reducing the
Elmore delay factor. This paper is organized as follows. In
Section II, the Elmore delay model for the non-uniform wire
thickness is briefly described. Section III contains the model
for inter metal capacitance for different shapes of the clock
and ground lines. The results of the Elmore delay when inter
metal capacitance with different shapes are included are
discussed in Section 4 while the summary and conclusion are
given in Section 5.

Fig. 3. Various components of the interconnect capacitance

The Elmore delay for the interconnect could be calculated
using [8][19]
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II. ELMORE DELAY FOR NON-UNIFORM WIRE WIDTH
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As n o f and Dn o D , we can write

Consider a wire segment W with the length of L, the width
of f(x) at position x, a driver resistance of Rd, and the load
capacitance of CL. This is depicted in Figure 2.
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Using f (x) in (6), one can calculate the Elmore delay for the
interconnect wire.
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Fig. 2. Driver, load, and the interconnect line with variable width

III. LATERAL (INTER METAL) CAPACITANCE MODEL
In this section, the lateral capacitance between an
exponentially tapered line and a flat line, and two
exponentially tapered lines will be calculated. The
exponentially tapered wire is in the form of

The position dependent capacitance and resistance of the
wire segments at position x are denoted by C(x) and R(x),
respectively. The capacitance can be approximated by [16].
C ( x) (C A  C l ( xi )  C f )'x (1)

f ( x)

Where C f is the constant fringing capacitor between two

CA

is the area capacitance. This

c0 f ( xi )

(2)

The model for inter metal capacitance will be presented in the
next section for the exponentially tapered lines which are
discussed in this paper. The fringing capacitance could be
calculated using [15][16]

C fringing
Where

H ox [2.80(

T 0.222
)
]
H

(7)

Where w is the width of the line at x = 0 and a is the width
decaying coefficient. To calculate this capacitance, we use the
capacitance between two separate sheets shown in Fig 4. The
capacitance is obtained from [17]
Hh r2
(8)
ln( )
Clateral
D
r1
Where  is the angle between the two sheets, h is the height of
the sheet, and r1 and r2 define the length of the sheets.

layers or between an interconnect, and substrate (see Figure
3) C l ( xi ) is the lateral capacitance (inter metal capacitance in
interconnects) and C A
capacitance is given by

we  ax

(3)

H ox the dielectric constant of the insulator, T is is the

thickness of wire and H is the distance from wire to bulk. The
resistance is approximately given by
R ( x) r0 'x / f ( xi )
(4)

Fig. 4. Capacitance between two separate sheets

Where r0 is the characteristic resistance of interconnect and

Using (8), we can express the differential capacitance due to a
dr increase in the sheet length by

x is the length of interconnect.
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To use the above expression for the exponentially tapered
interconnect layers, one should note that  is a function of
position (r) and should be calculated. We denote the angle
between a flat sheet and an exponential sheet by 1 and
between two exponential sheets 2. The angles could be
calculated using

networks will result in a 17 percent reduction in the Elmore
delay of the interconnect network with respect to uniform
ground wire width.

Clateral

arctan(e  ar )
2 u arctan(e  ar )

D1
D2

(10)
(11)

As dr o 0 , we can write (9) as

C lateral

Hh
dr
(1  )
D
r

(12)

To derive (12), we have used the following approximation
arctan(D (r )) D (r ) when D ( r ) o 0 .

(a)

IV. RESULTS AND DISCUSSION
To minimize the Elmore delay, the parameters of the
exponentially tapered interconnect layer may be obtained by
setting the derivative of (6) to zero after including the lateral
capacitance obtained from (13). The derivative should be
taken with respect to both w and a. (w is the width of the line
at x = 0 and a is the width decaying coefficient, as mentioned
in (7). The resulted equations lead to nonlinear equations
which should be solved numerically. To perform the
calculations for a practical clock distribution network, we
consider L 300Pm , r 0 0.03: / Pm , c0 0.2 fF / Pm ,
Cf

0.5 fF / cm , Rd

1: , Hh

9 u 107 F , and CL

20 fF

[8].
To study the effect of inter metal capacitance on the delay, the
Elmore delay as a function these parameters has been plotted
in Figure 5. As w and a increase the delay increases. As
observed from the figure, neglecting the lateral capacitance
causes non-negligible errors (under-estimation) in the delay
calculation. Numerical methods should be used to find best w
and a factors for delay minimization and finding the best
factors of exponential tapering.
Figure 6 shows the efficiency of ground wire tapering scheme
for Elmore delay reduction in interconnect distribution
networks.
Figure 6 shows the Elmore delay with and without ground
wire tapering scheme for Elmore delay reduction in the
interconnect distribution networks. As inducted from this
figure, the ground wire tapering will reduce the Elmore delay
up to 17% when compared to a uniform ground wire width.

(b)
Fig. 5. The results for the Elmore delay with and without including the inter
metal capacitance. The ground wire has a uniform width. (a) versus a, (b)
versus w.

(a)

V. SUMMARY AND CONCLUSIONS
In this paper, we considered the effect of lateral (inter
metal) capacitors in the Elmore delay of the interconnect
distribution network for the first time. We presented an
analytical expression for inter metal capacitance for
exponentially tapered interconnect layer. We showed that
neglecting the lateral capacitance led to an unacceptable error
in the delay calculation. In addition, it was shown that
exponentially tapering ground wires near clock distribution
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(b)
Fig. 6. Ground wire tapering efficiency in reducing the Elmore delay
compared to a uniform ground wire. (a) versus a, (b) versus w.
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