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Abstract| A new methodology to optimally insert re-
peaters for n-tier multilevel interconnect architectures is
demonstrated. For a 0:1�m ASIC macrocell case study, re-
peater insertion either decreases the macrocell area 4-fold
(and lowers power dissipation by 50%), increases clock fre-
quency by 22% or reduces number of metal levels by 25%.

I. Introduction

The increasingly restrictive limits posed by interconnects
on processor performance make their optimal design a pri-
mal concern for future technology generations. Repeaters
improve the dependency of time delay on interconnect
length from a square-law to a linear relationship [1]. A
novel optimal repeater insertion methodology is presented
here to either minimize the macrocell size (and power dis-
sipation) or number of metal levels or maximize the clock
frequency for an n-tier multilevel interconnect architecture.
An ASIC macrocell withN = 12:4M logic gates, copper in-
terconnects, a low-k dielectric (�r=2.0) and 8 metal levels is
optimized for the 0.1�m technology International Technol-
ogy Roadmap for Semiconductors (ITRS) [2] projections.

II. n-tier multilevel architecture

The n-tier multilevel architecture is designed by scaling
the pitch on each tier so that the longest interconnect on
a tier meets the timing delay constraint exactly [3]. A
stochastic wiring distribution, validated previously with
measured data [4], is used to estimate the longest intercon-
nect on each tier. For the nth tier, the range of intercon-
nect lengths is calculated by equating the area available for
wiring (Aav) to the area that is required for wiring (Areq),
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where nl is the number of metal levels in the nth tier, ew
(=0.4) is the wiring e�ciency factor [5], Am is the macrocell
area, � (=0.667) is a factor that converts the point-to-point
interconnect length to wiring net length, pn and Ln are the
wire pitch and longest interconnect length of the nth tier
in microns and gate pitches, respectively and i(l) is the
interconnect density function [4].
The wire pitch in (1) (without repeaters) for all non-local

tiers (i.e. pn > 2F ) is calculated using RC models for time
delay as

pn = 2
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where � is resistivity of metal, fc is the clock frequency and
� is the interconnect time delay expressed as a fraction of
the clock period [5]. The maximum time delay is assumed
to be 25% of the clock period (� = 0:25) on the �rst tier
and 90% (� = 0:9) on all other tiers.

III. Repeater insertion models and methodology

Bakoglu [6] derives an expression for the pitch of an in-
terconnect when an \optimal" number of equi-spaced re-
peaters are inserted so that the delay of each repeater
equals the delay of the interconnect segment between re-
peaters. When the number of repeaters in an interconnect
is less than this optimal number, it is considered a \sub-
optimal" design. If the number of repeaters is some factor
� times the \optimal" number of repeaters, 0 < � � 1, then
the pitch is given by
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where Ro and Co are the output resistance and input ca-
pacitance of a minimum feature size inverter respectively.
Since the area of the chip is wire-limited, there is some

unutilized silicon real estate which is used to accomodate
the repeaters. It is assumed that only 60% of this free
area is used for repeater insertion to account for practical
routing and placement constraints.
The area of a gate, Ag is calculated as [7]

Ag = kI
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where kI is the area of a minimum sized inverter, Gar is
the gate aspect ratio, fi is the number of inputs, �g is
the ratio of PFET to NFET width and wk is the NFET
width to feature size ratio. The PFET width is constrained
to satisfy equal worst case rise and fall times and wk is
calculated by equating the critical path delay to the clock
period (= 1

fc
),
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where TPDn is the NFET propagation delay including the
transition (rise or fall) time e�ect that is derived from the
physical alpha-power law model [8], fineff is the e�ective
fan-in factor for series connected MOSFETs [9], ncp is num-
ber of gates in a critical path (=10) and b is the clock skew
factor (=0.9). The supply voltage is chosen as 1V which is
in the range of the ITRS projections [2].
Repeater insertion begins from the topmost tier and con-

tinues downward to lower tiers in a top-down design style.
On each tier either the \optimal" number (� = 1) or a
\sub-optimal" number (� < 1) of repeaters are inserted,
depending on the number of repeaters available.



IV. Optimization Results

Four repeater insertion optimizations are de�ned in this
section that either minimize the macrocell area (and the
power dissipation) or the number of metal levels or max-
imize the clock frequency. These optimizations are com-
pared against the same designs without repeaters. Table
I provides all the interconnect parameters for the various
design points.

A. Minimum macrocell area

The area of the macrocell with 8 metal levels and fc =
2GHz is minimized using repeaters. Fig. 1 plots the macro-
cell area versus the number of repeaters for this design.
Repeaters make interconnects narrower and this decreases
the area needed for wiring. The reduction in average wiring
capacitance, due to smaller wire limited macrocell area, re-
duces the logic gate size and decreases the transistor limited
area. As number of repeaters increases, the wire limited
macrocell area decreases until it equals the transistor lim-
ited area. If more repeaters are inserted, then the macrocell
area becomes transistor limited and starts increasing (due
to increases in the number of repeaters and the size of logic
gates). Therefore, for a given number of metal levels, the

macrocell area is minimized when the wire and transistor

limited areas become equal. As seen from Fig. 1, optimal re-
peater insertion decreases the macrocell area from 1:79cm2

to 0:43cm2, more than a 4-fold reduction in the cell size.
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Fig. 1. Minimum macrocell area optimization for baseline design of
fc=2GHz and at most n=8 metal levels

B. Maximum clock frequency

The clock frequency of the macrocell with Am = 1:79cm2

and 8 metal levels is maximized using repeaters. Fig. 2
plots the clock frequency versus number of repeaters for
this design. The wire limited clock frequency is the max-
imum frequency for which all the transistors can be wired
within 8 metal levels for the speci�ed macrocell area. The
wire limited clock frequency increases with increase in num-
ber of repeaters because repeaters speed up lines for a
constant pitch. The transistor limited clock frequency is
the maximum frequency at which the logic critical path
transistors can operate if they are enlarged to occupy the
remaining macrocell area (after accounting for repeaters).
The transistor limited clock frequency decreases with an

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

Number of repeaters

1.00

1.50

2.00

2.50

3.00

3.50

C
lo

ck
 F

re
qu

en
cy

 f
c 

(G
H

z)

Transistor limited Clock Frequency
Wire limited Clock Frequency

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

M
acrocell A

rea A
m  (cm

2)

Wire limited Area
Transistor limited Area

n < 8 levelsn=8 levels

Fig. 2. Maximum clock frequency optimization for baseline design
of Am = 1:79cm2, n=8 metal levels

increase in the number of repeaters due to a decrease in
the area available for logic gates. For a small number of re-
peaters (wire limited macrocell area), the clock frequency is
also wire limited. As the number of repeaters increases, the
wire and transistor limited frequencies eventually become
equal when the macrocell area becomes transistor limited.
More repeaters can be added only by shrinking the logic
transistors which reduces the transistor limited frequency.
Hence, the clock frequency peaks at the point where the wire

and transistor limited frequency curves meet. Therefore,
repeater insertion increases the maximum clock frequency
from 2GHz to 2.44GHz, which is a 22% improvement.

C. Minimum number of metal levels

The number of metal levels required for the macrocell
with Am = 1:79cm2 and fc = 2GHz is minimized using
repeaters. Fig. 3 plots the number of metal levels versus
the number of repeaters for this design. As the number
of repeaters increases, the number of levels decreases while
the transistor limited area increases. Once the wire lim-
ited and transistor limited areas become equal, no more
repeaters can be inserted without increasing the macrocell
area. However, in Fig 3, all the tiers become satiated with
repeaters (either they have optimum number of repeaters or
have reached minimum width) and hence further repeater
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Fig. 3. Minimum number of levels optimization for baseline design
of fc=2GHz, Am = 1:79cm2



Ln
Tier #

(n)
number of
levels

gate

pitches (cms)

pn
(�m)

number of
repeaters

NFET
W/L ratios

Dynamic
Power

without repeaters : Am=1.79cm2, fc=2GHz and n=8 metal levels.
Tier 4 2 7042.7 2.6758 1.79 0 Ptotal=47.93W
Tier 3 2 1845.2 0.7011 0.94 0 W=Llogic=22 Plogic=71%
Tier 2 2 880.9 0.3347 0.45 0 Pint=29%
Tier 1 2 208.2 0.0791 0.2 0 Prep=0%

minimum area and power: Am=0.43cm2, fc=2GHz and n=8 metal levels.
Tier 3 2 7042.7 1.3115 0.29 1.94E5 W=Llogic=11 Ptotal=24.34W
Tier 2 2 865.1 0.1611 0.22 0 W=Lrep=57 Plogic=68%
Tier 1 4 198.5 0.0370 0.2 0 Pint=28%, Prep=4%


