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Abstract

One method of overcoming wire delay due to long
resistive interconnect is to insert repeaters in the
line. Analytical expressions describing a CMOS in-
verter driving an RC load have been integrated into
a methodology for inserting repeaters in RC trees.
These expressions are based on a short channel I.V
model and exhibit less than 10% error. This repeater
insertion methodology and its software implementa-
tion are described in this paper.

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 necessarily
minimize the delay caused by the large resistance en-
countered in long lines.

Bakoglu presents a methodology for inserting re-
peaters in a line to overcome the quadratic increase
in delay due to a linear increase in interconnect
length so that the RC interconnect impedance does
not dominate the delay of a critical path [1]. Ex-
tensions to this repeater insertion methodology have
also been reported in (2,3]. In [4], a buffer place-
ment methodology based strictly on minimizing the
Elmore delay is described.

In this paper, the propagation delay and transition
time characteristics of a system of CMOS repeaters
driving an RC tree structure are analyzed. Expres-
sions are presented which permit the development of
a repeater design methodology for efficiently driving
an RC tree structure, such as a clock distribution
network, so as to reduce both the delay and the slew
rate. In this methodology, the number and size of
the repeaters to minimize the propagation delay and
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transition time are determined. The design expres-
sions are based on an analytical expression derived
from the a-power law model for short-channel CMOS
devices [5]. The algorithm and software implemen-
tation of the proposed methodology are described in
this paper. Furthermore, the efficacy of the proposed
repeater insertion methodology is compared to the
more standard buffer insertion methodology.

This paper is organized as follows: in Section II,
a methodology for determining an optimal repeater
placement within an RC tree is presented. The re-
peater insertion algorithm is discussed in Section
III. A comparison of the analytic model versus cir-
cuit simulation is presented in Section IV as well
as a comparison of the efficiency of repeaters ver-
sus buffers in driving resistive interconnect. 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 [5-8]. 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, ex-
emplified by Fig. 1. The total path delay is from
the signal input at the root of the trunk to each end
point of the tree (or leaf node).

The time required to drive a branch of an RC tree
using uniform repeaters is

€Y

The first component t¢irst stage i the time required
for the output of the first repeater in a branch to
reach the turn-on voltage of the second repeater. The
tint. stage component describes the time required for
each repeater between the first and last stage to tran-
sition from Vpp+Vrp to Vi or vice versa. The last
component, final stage, i5 the time required to reach
a given output voltage from either Vpp + Vrp or

toranch = tfirst stage + (n - 2)tint. stage + tfinal stage -
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Vion [7-9]. tfinal stage also considers the effect of the
additional capacitance, Cyranch, of the downstream
repeaters at a branching point.

The components tfirst stage, tint. stage, and
tfinal stage Utilize an expression for the delay of a
CMOS inverter reaching an output voltage Vous given
a step input [8],

(1 + UBao R)(Crep/branch + Cint) Vop\
In . (2)
Udo Lvut

tout =

Ug, is the saturation conductance, a device parame-
ter from the a-power law model derived from ‘%Z-
I4, is the saturation current of the device when
Vbs = Vbp. Vi, is the voltage at which the de-
vice begins to operate in the saturation region [5,
6]. Crep/brance, and Cing are the capacitances of the
following inverting repeater and the interstage load
capacitance, respectively. . -

A plot of tyrencn derived from (1) versus the size
and number of repeater stages n in a branch is shown
in Fig. 2 for Crep = 0. The optimal implementation
of a'repeater system for a specific RC load in terms
of the number and geometric size of each repeater is
represented by the minimum point on the graph. A
similar graph can be drawn for each RC branch. The
optimal number of repeaters inserted within a branch
to minimize the total delay is determined from a nu-
merical solution of the data illustrated in Fig. 2.

Each term in (1) is characterized by a step input
to a single inverter driving an RC load to permit
the solution of the delay time to be tractable. This
permits the output waveform to be approximated by
(2). The output waveform of the first stage is the
input waveform of the following repeater assuming
that the second repeater turns on quickly when its
input threshold is reached. An example of this series
of piecewise connections is shown in Fig. 3. The in-
formation describing the waveform shape permits a
more accurate delay estimation as compared to esti-
mating the path delay based on the classical Elmore
delay {10]. Since the Elmore delay adds the products
of a resistor (composed of the sum of the linearized
model of a repeater and the interconnect resistance)
and all of its downstream capacitors, the Elmore de-
lay does not account for the interaction of a repeater
with the RC interconnect nor does the Elmore delay
consider the shape of the output signal waveform.
Thus, by integrating a more accurate timing model
of the CMOS repeater into the algorithm for insert-
ing repeaters into an RC' tree, a more efficient circuit
implementation can be achieved.

III. Repeater Insertion Algorithm

A local optimization method for repeater insertion
into RC trees is presented here. With the assump-
tion that each branch has a repeater at its source,
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Fig. 1. An example of an RC tree. Ordered triplets (4, j, k)
are used to identify specific branches (note that the down-
stream nodes are to the right of the upstream nodes).
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Fig. 2. The total delay for a branch as a function of the num-
ber of repeaters and repeater sizes in a 0.8 ym technology.
Crep =0, R=1k2, C =1 pF.

the minimum delay of each branch is determined ini-
tially. The total path delay from each leaf to the
root is then minimized according to the expressions
presented in Section II. The method for optimiza-
tion is therefore depth first, in which the lowest level
branches are optimized first followed by each up-
stream branch. Thus, the RC tree is optimized lo-
cally, terminating at the root of the RC tree.

The program to perform this repeater insertion
process requires information describing the RC char-
acteristics and the number of sub-branches of each
branch of the RC tree beginning at the root. This
procedure continues until all the leaf nodes have zero

. branches, indicating that the lowest level of the hier-

archy of the RC tree has been reached. The RC tree
is constructed in this top-down fashion with every
branch identified by a triplet (¢,7,%k). In this nota-
tion, ¢ is the depth of the branch within the tree, j is
the branch number with respect to its parent branch,
and k is the branch number of the parent branch
with respect to its parent branch. Alternatively, k is
the grandparent of the current branch. Thus k& of a
branch at depth 3 is equal to j of the parent branch
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Fig. 3. The analytic and SPICE derived output waveforms of
an ll-stage repeater chain driving an evenly distributed
RC load of 1 K2 and 1 pF.

at depth 2. An example of this labeling is shown in
Fig. 1.

Once the tree has been constructed, it is traversed
in a depth-first manner to determine the optimal re-
peater insertion for the final leaf nodes. When all of
the branches of a parent have been optimized, the
immediate upstream branch is optimized while con-
sidering the capacitance of the repeaters of the down-
stream branches according to the method described
in Section II. In Fig. 1, the branches (3,1, 1), (3,2, 1),
and (3,3,1) are downstream from branch (2,1,1).

The pseudocode of the program is shown in Fig. 4.
The first function, build_RCtree, recursively builds
each branch starting from the root and its sub-
branches based on the specific branch resistances and
capacitances: The second function, insert.repeater,
is a double loop cycling through the number of re-
peaters and repeater sizes and computing the de-
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[VARY)

(1)
function build_RCtree(mode);
begin
get R;
get C;
get number_of_branches;
if (number_of_branches
build_RCtree(branch);
number_of_branches--;

0

end

(2)
function insert_repeater(tree);
begin
if (number_of_branches > 2)
insert_repeater(branch)
for(width=1 to i)
for(number_of_repeaters=1 to j)
compute delay([width,
number_repeaters];
number_of_branches--;
end

Fig. 4. The pseudocode of the repeater insertion algorithm.

lay for each branch starting with the lowest level
branches in the tree hierarchy.

IV. Accuracy of the Repeater Methodology

The RC tree shown in Fig. 1 is illustrated again
in Fig. 5 with the appropriate number and size of
the repeaters inserted as determined by the repeater
insertion program. The 90% delay t;0tq; from the in-
put of an RC tree (the root of the trunk node) to
the output leaf nodes of each branch versus the sim-
ulated delay values from SPICE is listed in Table 1.
Note that the typical error of the analytical predic-
tion versus SPICE for this example RC tree is well

under 10%.
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Fig. 5. The RC tree shown in Fig. 1 synthesized by the repeater insertion 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 each branch.
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TABLE I
COMPARISON OF THE ANALYTICAL EXPRESSION VS. SPICE
FOR THE 90% DELAY OF EACH BRANCH DRIVEN BY UNIFORM

REPEATERS.
Branch || ftote! (nS) ftotar (nS) % error
Analytical| SPICE
GID 177 1.70 1
G113 170 167 )
QL) 151 154 3
(2,2,1) 1.71 1.67 2
(2,3,1) 1.51 1.48 2
Lo ][ 1.05 1.16 9

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 opti-
mally tapered buffers (assuming a tapering factor of
three [11-13]) placed at the input of each branch so
as to drive the capacitive load of each branch without
considering the interconnect resistance.

Waveforms at the final branch output of the re-
peater system and the optimally tapered buffer sys-
tem are shown in Fig. 6. The performance improve-
ment of the repeater system over the tapered buffer
system for this example RC tree is in the range of
25% to 33%. The buffer system does not drive the
highly resistive lines effectively, hence longer than ex-
pected propagation delays and slower rise times are
generated, particularly for highly resistive branches
such as branch (2,2,1).
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Fig. 6. The delay from the input of the RC tree to specific
leaves of the tree using the proposed repeater system ver-
sus using optimally tapered buffers. Triplets indicate the
leaf nodes as labeled in Fig. 5.

V. Conclusions

A design system for determining the optimal num-
ber and size of uniform repeaters inserted into an RC
tree is presented. An accurate timing model which
considers the shape of the waveform is also presented.
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Analytical estimates of the total propagation delay
of an example RC tree with inserted repeaters agree
within 10% of SPICE. A software program that im-
plements the repeater insertion algorithm is also de-
scribed. The algorithm locally minimizes the delay
of each branch of an RC tree by inserting repeaters
so as to reduce the delay from the input of the RC
tree to the various leaf nodes. Delay improvements of
25% to 33% over a typical buffer insertion method-
ology are demonstrated. Thus a design system for
accurately inserting repeaters into an RC tree is pre-
sented in this paper. Extensions to this repeater in-
sertion capability include power and area minimiza-
tion while simultaneously optimizing for delay.
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