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Abstract— In large chips, the propagation delay of
the data and clock signals is limited due to long resis-
tive interconnect. The proper insertion of repeaters
alleviates the quadratic increase in propagation de-
lay with interconnect length while decreasing power
dissipation by reducing short-circuit current. These
repeaters are inserted within different types of com-
mon resistive interconnect structures, such as a line
or a tree. In this paper, the application of repeaters
to RC tree structures is discussed.

A tree topology is a common interconnect structure
frequently found in VLSI circuits. A short-channel
transistor model is used as a foundation for the devel-
opment of delay and power expressions to develop a
design methodology for inserting repeaters into an RC
tree network. Power dissipation expressions for these
repeater structures are presented which consider both
dynamic and short-circuit power. These design ex-
pressions are validated against simulated experiments
with a maximum 11% and 16% deviation from SPICE
for delay and power, respectively.

I. INTRODUCTION

Interconnect delay has become a dominant perfor-
mance limitation in VLSI circuit design. A common
method of driving long interconnect is to insert a
buffer at the beginning and the end of the intercon-
nect line to improve the delay and slew rate of the
signal. This method, however, does not produce the
most effective delay results and may introduce a large
amount of short-circuit power.

Bakoglu presented a methodology for inserting re-
peaters to overcome the quadratic increase in delay
due to a linear increase in interconnect length so that
the RC interconnect impedances do not dominate
the delay of a critical path [1]. Extensions to this
repeater insertion methodology have also been de-
scribed in [2, 3]. In this paper, the propagation delay
and transition time characteristics of a system of re-
peaters driving an RC tree structure are analyzed.
Expressions are presented which permit the develop-
ment of a repeater design methodology for efficiently
driving an RC tree structure, such as a clock tree,
so as to reduce both delay and slew rate. In this
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methodology, the number and size of the repeaters to
minimize propagation delay and transition time are
determined. The design expressions are based on an
analytical expression derived from the a-power law
model for short-channel devices [4, 5].

In addition to delay, the introduction of portable
and massively parallel applications has made power
an important criterion in the circuit design process.
Thus, power consumption must be both accurately
estimated and minimized when developing design
techniques that decrease the delay of a signal prop-
agating through a long resistive interconnect. The
power dissipation of a repeater system inserted into
an RC tree is therefore an important issue. Analyt-
ical expressions for dynamic and short-circuit power
dissipation are applied to an example RC tree. Fur-
thermore, the relative contribution of short-circuit
power versus dynamic power is also discussed.

The paper is organized as follows: in Section II
the time response for a repeater driving a lumped RC
load and a method to determine signal delay through
an RC tree is presented. A comparison of the ana-
lytic model versus circuit simulation is presented in
Section IIT as well as a comparison of the efficiency of
repeaters versus buffers in driving resistive intercon-
nect. Power dissipation in RC trees is discussed in
Section IV. Finally some concluding comments are
offered in Section V.

II. Analytical Delay Model for RC Trees

An analytical model for determining the delay and
placement of uniformly sized and spaced repeaters in
RC trees based on Sakurai’s a-power law is presented
in this section [4-8]. This model assumes that the
transistor operates in the linear region when driving
an RC load since the linear region is the dominant
region of operation when operating with fast input
signals.

The structure of an RC tree is composed of a pri-
mary trunk with branching points. Each branch is
modeled as a lumped resistance and capacitance, as
shown in Fig. 1. The total delay is from the signal
input of the trunk to each end point of the tree (or
leaf node).

The method presented here for optimizing delay in
an RC tree with uniform repeaters is performed in
a stepwise fashion. With the assumption that each
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branch has a repeater at its source, each branch is
first optimized to minimize delay, and the path from
the trunk to the leaf is then minimized. The method
for optimization, therefore, is depth-first, in which
the lowest level branches are optimized first, moving

towards the trunk of the RC tree.
The time required to drive a branch of an RC tree
using uniform repeaters is

tyranch = tfirst stage + (n - z)tint. stage + tfina.l stage -+ (1)

The first term fgirst stage 15 the time required for
the output of the first repeater to reach the turn-on
voltage of the second repeater assuming the output
voltage is initially at Vpp given a step input. The
term fint. stage describes the time required for each
repeater between the first and last stage to transition
from Vpp + Vrp to Vi or vice versa. The time re-
quired for the output of the final repeater to reach
either 10%, 90%, or 50% of Vpp from one threshold
voltage is described by the third component of (1),
tfinal stage [7]

The terms Lfirst stages tint. stages and tfinal stage
are based on the expression for the delay of a CMOS
inverter reaching an output voltage V,ut,

lout =

(1 + UdoR)(Crep + Cint) In <VDD> . (2)
Udo Vaut

Uq4, 1s the saturation conductance, a device parame-
ter from the a-power law model derived from %‘:
I4, 1s the saturation current of the device when
Vps = Vpp. Vi, is the voltage at which the de-
vice begins to operate in the saturation region [4, 6].
Crep and Cjpne are the capacitances of the following in-
verting repeater and the interstage load capacitance,
respectively.

A plot of tprancn derived from (1) versus the size
and number of repeater stages n in a branch is shown
in Fig. 2. The optimal implementation of the number
and size of the repeater system for a specific RC load
is represented by the minimum point on the graph. A
similar graph can be drawn for any RC branch load.
The optimal number of repeaters inserted within a
branch to minimize delay is determined from a nu-
merical solution of the data illustrated in Fig. 2.

Because the repeater insertion for each branch is
determined recursively in a depth-first manner, if
a branch has any sub-branches, the repeater inser-
tion for these sub-branches is first determined. This
depth-first method accounts for the load capacitance
that the last repeater of an upstream node must drive
due to the capacitance of the repeaters of the down-
stream branches (in Fig. 1, branch 1 is downstream
from branch 4).
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Fig. 1. An example of an RC tree. Circled numbers are used
to identify specific branches (note that the downstream
nodes are to the right of the upstream nodes).
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Fig. 2. Total delay for an R = 1 k2, C = 1 pF branch as a
function of the number of repeaters and repeater sizes.

111. Repeater Insertion and Comparison to
Tapered Buffers

The RC tree shown in Fig. 1 is shown in Fig. 3
with the appropriate repeaters inserted. The total
delay tio¢q from the input of an RC tree (the root
of the trunk node) to the output leaf nodes of each
branch versus the numerically derived delay values
from SPICE are shown in Table I. Note that the
error of the analytical prediction versus SPICE for
this example RC tree ranges from zero to a maximum

of 11%.

A comparison is made here between the proposed
repeater system and a typical system of cascaded
buffers inserted at the source of each branch. The
buffer system used for comparison is a series of op-
timally tapered buffers (assuming a tapering factor
of three [9-11]) placed at the input of each branch-
ing section so as to drive the capacitive load of each
branch.
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TABLE 1
COMPARISON OF THE ANALYTICAL EXPRESSION vs. SPICE
FOR THE TOTAL DELAY OF EACH BRANCH.

Branch || ‘tote! (nS) trotar (nS) % error
Analytical| SPICE
1 1.99 2.00 0
2 1.98 1.95 2
3 2.11 2.05 3
4 1.98 1.78 11
5 1.24 1.31 5
6 1.77 1.72 3

The waveforms at the final branch output of the
repeater system and the optimally tapered buffer sys-
tem are shown in Fig. 4. The performance improve-
ment of the repeater system over the tapered buffer
system for this example RC tree is in the range of 30
to 50%. The buffer system does not drive the highly
resistive lines effectively, hence longer than expected
propagation delays and slower rise times are gener-
ated, particularly for branch 2.

IV. Power Dissipation of Repeaters in RC'
Trees

Transient power dissipation in repeaters can be
broken into two components: the dynamic power dis-
sipated by switching the capacitance of the intercon-
nect and the repeaters and the short-circuit power
dissipated when an input signal simultaneously turns
on both the P-channel and N-channel transistors {12].
Both of these power components are examined in this
section.
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Fig. 4. The delay from the input of the RC tree to the final
branch outputs using the proposed repeater system versus
using optimally tapered buffers. Circled numbers indicate
the leaf nodes shown in Fig. 3.

The dynamic power dissipation is quantified by
CcV?y, (3)

where V is the voltage to which the capacitance is
switched, typically Vpp, f is the frequency of the
switching activity, and C is the total capacitance be-
ing charged and discharged. In the case of a repeater
system driving an RC tree, C is the sum of the ca-
pacitance of the RC tree plus the sum of the gate and
active diffusion capacitances of the transistors within
the repeater system.

An expression for the short-circuit power of a
CMOS inverter can be approximated by [8]

1 -
PSC = ilpeaktbase‘ DDf - (4)

Ipeqr is the maximum short-circuit current sourced
by the inverter. {p,s, is the time that the input wave-
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Fig. 3. The RC tree shown in Fig. 1 implemented with the synthesized repeater system. The transistor widths are shown below
the first repeater of each branch, and the number of repeaters per branch is shown inside the last repeater of the branch.
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form is switching from the threshold voltage of the
P-channel transistor to the threshold voltage of the
N-channel transistor and is [§]
VN I C + U4,RC

Vop + Vrp U4
Therefore, the short-circuit power is

VTN )‘ C+ UdoRC
Vpp + Vrp Udo

The value of Ipeqr is based on (12) from [13] and is

thase = [1n( )

Psc = ‘ln( IpeatfVpp - (6)

7)

Vop = Vol(tinv) (VDD - VO(tINV)). (

Ipsar(2 -
( Vbsar, Vps AT,

Ipsar is the saturation current at the saturation
voltage Vpsar. Vo(trny) is the output voltage when
the input reaches the logic threshold voltage Vinv.
In a uniform repeater structure, the short-circuit
power in each repeater stage within a branch is the
same because the transition times of the waveforms
between each repeater are designed to be equal.

The total power dissipated by the RC tree with
repeaters as shown in Fig. 3 is 30.3 mW at a fre-
quency of 100 MHz (as compared to a simulated 36.3
mW). The analytical model of the power dissipation
is based on a total switched capacitance of 11.64 pF.
A dynamic power of 29 mW and a short-circuit power
of 1.3 mW make up the total power that is dissipated.
In this example, the short-circuit power is 4.5% of the
dynamic power. However, the relative contribution
of short-circuit power to the total transient power is
dependent on the number of repeaters in each RC
branch.

A comparison of short-circuit power versus dy-
namic power for an RC load of 1 K and 1 pF is
shown in Figure 5. Both the short-circuit power and
the dynamic power dissipated within the repeater
chain versus the number of repeaters are shown. For
the larger sized repeater, the peak short-circuit power
is about 30% of the dynamic power at two stages: at
five stages the short-circuit power is 12% of the dy-
namic power; and at nine stages, about 5%.

V. Conclusions

Design expressions for determining the optimum
number and size of uniform repeaters inserted into
an RC tree are presented. Analytical estimates of
the total propagation delay for an example tree are
within 11% of SPICE. The power dissipation of the
inserted repeaters is examined. The analytically de-
rived estimate of the sum of the dynamic and short-
circuit power is within 16% of the total power dissipa-
tion derived from SPICE. Thus, this paper presents
an accurate methodology for inserting repeaters into
RC trees that minimizes path delay and power dissi-
pation.
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Fig. 5. The short-circuit and dynamic power dissipation ver-
sus the number of stages in a repeater system.
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