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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 inverter
driving an RC load have been integrated into a global
optimization algorithm for inserting repeaters into
RC trees. The timing model predicts results gener-
ally within 10% of SPICE. The global optimization
method exhibits total delay improvements of up to
86% over typical cascaded buffer insertion methods.
The repeater timing model, global insertion method-
ology and algorithm, and software implementation
are summarized in this paper.

I. INTRODUCTION

Interconnect delay has become a dominant limita-
tion in high performance ASIC 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, 5], buffer placement
methodologies for optimal interconnection based on
minimizing the Elmore delay have been developed.

In this paper, the propagation delay and transi-
tion time characteristics of a CMOS repeater driv-
ing an RC line structure are presented. This tim-
ing model permits the development of a repeater
design methodology and related algorithm for effi-
ciently driving an RC tree structure, such as a clock
distribution network, so as to reduce both the delay
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and the slew rate. In this methodology, the number
and size of the repeaters to minimize the propagation
delay and transition time are determined. The design
expressions are based on an analytical expression de-
rived from the a-power law model for short-channel
CMOS devices [6]. The algorithm and software im-
plementation of a global RC tree-based repeater in-
sertion methodology are described in this paper. The
efficacy of this repeater insertion methodology is
also compared to a typical standard cascaded buffer
methodology.

This paper is organized as follows: in Section II,
the timing model for repeaters driving RC' lines and
branches is presented. This approach forms the ba-
sis for the methodology for determining an optimal
repeater placement within an RC tree. The global
repeater insertion algorithm is discussed in Section
III. The accuracy and efficacy of the repeater inser-
tion model is also discussed in this section. Finally,
some concluding comments are offered in Section IV.

II. Analytical Delay Model for RC Trees

An analytical model for determining the delay and
location of uniformly sized and spaced repeaters in
RC trees is presented in this section [6-9]. This
model assumes that the transistor operates in the
linear region when driving an RC load since the lin-
ear 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

tbranch = tfi'rst stage + (n - z)tint. stage + tfinal stage - (1)

The first component tfirst stage is 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-
gition from Vpp + Vrp to Vpy or vice versa. The
last component, tfinal stage, 1S the time required to
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Fig. 1. An example of an RC tree. Ordered triplets (¢, 4, k)
are used to identify specific branches (note that the down-
stream nodes are to the right of the upstream nodes).

reach a given output voltage from either Vpp + Vrp
or Vrn [7,8,10]. ¢final stage also considers the effect
of the additional capacitance Cprancp of the down-
stream repeaters at a branching point.

The delay components, t7irst stage, bint. stages and
tfinal stage, are based on an expression for the sig-
nal response of a CMOS inverter reaching an output
voltage Vot given a step input [8],

14 Uy, R)(C Cs
tout = ( + Udo )( rep/branch -+ -mt) In (VDD) ) (2)
Udo Vout

U4, is the saturation conductance, a device parame-
ter from the a-power law model derived from {-,ﬁ-
I is the saturation current of the device when
Vbs = Vpp. Vg, is the voltage at which the de-
vice begins to operate in the saturation region [6,
8]. Crepjbranch and Cint are the capacitances of the
following inverting repeater and the interstage load
capacitance, respectively. Additional details regard-
ing (2) are presented in [8]. The accuracy of (2) is
within 10% of SPICE simulations, with greater ac-
curacy when the devices operate between the N and
P threshold voltages.

A plot of tprencn derived from (1) versus the size
and number of repeater stages n in & 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 any RC branch
or line. Because of the difficulty in determining the
derivative of (1) for each RC line or tree, the opti-
mal number of repeaters inserted within a branch to
minimize the total delay is determined, as illustrated
in Fig. 2, by a numerical solution.

# of Stages 30

Size of Repeater (um)

Fig. 2. The total delay for a branch as a function of the
number of repeaters and repeater sizes. 0.8 ym CMOS
technology, Crep =0, R=1kQ, C =1 pF.

Each term in (1) is characterized by a step input
to a single inverter driving an RC load, permitting a
tractable solution of the delay time. This assumption
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 [11]. Since the Elmore delay adds the products
of a resistor (comiposed 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 consider the shape of the output signal
waveform. Thus, by integrating a more accurate tim-
ing model of the CMOS repeater into the algorithm
for inserting repeaters into an RC tree, a more effi-
cient circuit implementation can be achieved.
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Fig. 3. The analytic and SPICE derived output waveforms of
an 11-stage repeater chain driving an evenly distributed
RC load of 1 K and 1 pF.

I11. Global Tree Repeater Insertion
Algorithm
A global optimization algorithm to determine the

size and number of uniform repeaters inserted within
each branch of an RC tree is described in this section.
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The timing model as described in Section II is used
in the global optimization algorithm. The downhill
simplex method of Nelder and Mead [12,13] is used
to implement the multidimensional optimization al-
gorithm.

The flow of the repeater insertion methodology for
determining the optimal size and location of each re-
peater is shown in Fig. 4. In the downhill simplex
method, each parameter variable being optimized is
an element in an n-dimensional vector, x. To in-
sert repeaters into an RC tree, the vector x contains
the width and number of uniformly sized and spaced
repeaters in each branch. For example, in the RC
tree depicted in Fig. 1, z[1] is the width and z[2] is
the number of repeaters to be inserted into branch
(1,1,0). In this example, 18 elements are in x, nine
repeater widths and numbers, one pair for each of
the nine branches.

RC tree data

Determine branch delay
expressions

Downhill Simplex Optimizati e
to Determine Repeater Widths «—' Initialization
N veclors
and Locations
**’*E,TE:[: 'f

Fig. 4. A flow diagram of the methodology for globally opti-
mal repeater insertion.

Objective
function
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The RC tree data is converted to a set of analyt-
ical expressions describing the delays from the root
node to each leaf. This set of analytical expressions,
in addition to the initializing set of vectors and the
objective function, are the inputs to the optimizer.
In order to initialize the downhill simplex algorithm,
not just one starting point, but (n+1) different ar-
bitrary vectors are required. The n-dimensional ini-
tialization vectors are not permitted to lie along a
straight line. The other input, the objective function,
is the single value to be minimized. Two possible ob-
jective functions appropriate for a repeater insertion
algorithm are to either minimize or specify the delay
from the trunk node to the final leaf nodes as in a
clock distribution network [14]. The former objective
function is specified by minimizing the average delay
at each leaf node while the latter objective function
is achieved by minimizing the standard deviation of
the predicted delay minus the target delay at each
leaf node.

In the example RC tree shown in Fig. 1, the ob-
Jjective function is the average of the delays of each
of the leaf nodes of the RC tree, which tends to min-
imize the delay through the trunk of the RC tree.
The resulting circuit developed from the repeater in-
sertion process is shown in Fig. 5. The repeater im-
plementation shown in Fig. 5 does not balance the
total path delay but rather minimizes the average
path delay. Therefore, the minimum simplex found
nearest to the starting simplex may result in differ-
ent repeater sizes and spacing despite the branches
being similar.

A comparison of the effectiveness of the global re-
peater insertion and a typical system of cascaded
buffers inserted at the source of each branch is char-
acterized in Table I for three different RC trees. The
structure and impedances of the trees are described
in the first three columns. In column four, the path
delay for the passive RC tree with no active devices
is shown. The path delay of the cascaded buffer (CB)
system is shown in column five. The buffer system
used for comparison is a series of optimally tapered
cascaded buflers (assuming a tapering factor of three
[15,16]) placed at the input of each branch so as to
drive the capacitive load of each branch without con-
sidering the interconnect resistance.

The repeater insertion (RI) implementation as de-
termined by the downhill simplex method is shown in
columns six through ten. The error between SPICE
simulations and the analytically derived delay is also
listed and is generally within 10%. In comparing the
resulting branch delays determined from the global
optimization repeater insertion methodology to the
cascaded buffer optimization process, the total root-
to-leaf path delays are decreased between 33% to
60%. Hence the repeater insertion methodology is
both effective and accurate.

Iv. Conclusions

A design system for determining the optimal num-
ber and size of the uniform repeaters inserted into
an RC tree is presented. An accurate timing model
which considers the shape of the waveform is used
within this system to achieve a more efficient re-
peater implementation. Analytical estimates of the
total propagation delay of an example RC tree with
inserted repeaters generally agree within 10% of
SPICE. An algorithm is also presented for globally
optimizing the size and spacing of the repeaters in-
serted into an RC tree in order to minimize delay.
Delay improvements of 33% to 60% over a typical
cascaded buffer insertion methodology are demon-
strated. Thus, an integrated design system for ac-
curately inserting repeaters into an RC tree is de-
scribed in this paper.
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Fig. 5. The RC tree shown in Fig. 1 synthesized by the repeater insertion system. The transistor widths are included below the
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TABLE I
THE SIZE AND NUMBER OF REPEATERS AS DETERMINED BY THE DOWNHILL SIMPLEX ALGORITHM FOR THREE DIFFERENT RC TREE
TOPOLOGIES. (tpD IS THE PROPAGATION DELAY IN NANOSECONDS, # IS THE NUMBER OF REPEATERS IN A BRANCH, SIZE IS THE
GEOMETRIC WIDTH OF THE N-CHANNEL DEVICE OF THE UNIFORM REPEATER FOR THAT BRANCH, AND THE P-CHANNEL TO N-CHANNEL

RATIO 18 3:1.)
Downbhill Simplex (RI) RIvs. CB
Branch R C tep tep tpp tpp |Error|#] Size {[Improvement
Passive|Buffers (CB)|jAnalyticallSPICE um

(1,1,0) 1k 1pF! 9.0 1.95 .88 93 | 5% [7]12.7 52%
(2,1,1) {4009 .05 pF| 9.7 1.73 1.14 1.15 { 1% [2]5.15 34%
(3,1,1){ 2000 | .5 pF| 9.75 2.41 1.53 1.61 | 5% [4]5.74 33%
(3,2,1)] 20092 | .5 pF | 9.75 2.41 1.51 1.57 | 4% {216.02 35%
(3,3,1)] 20092 | .5 pF | 9.75 241 1.51 1.58 | 4% [215.89 35%
(2,2,1) [70022|1pF | 945 2.98 1.67 1.76 | 5% [6]7.32 41%
(2,3,1) | 50002 ].5 pF| 9.28 2.46 1.35 145 [ 7% {3]7.19 41%
(3,1,3); 3000 | .1 pF | 9.3 2.57 1.48 1.53 | 3% [2]4.05 40%
(3,2,3)| 300Q | .1 pF | 9.3 2.57 1.52 1.59 | 4% (2(2.62 38%
(1,1,0) 7002 | .8 pF| 7.95 1.36 .72 .85 115%7(16.39 38%
(2,1,1) | 10082 |.5 pF | 7.98 1.70 .98 1.08 | 9% (2{8.37 36%
(2,2,1) [200Q].7 pF| 8.18 1.86 1.05 1.14 | 8% [3]17.12 39%
(3,1,2)] 70092 | .6 pF | 8.44 3.02 1.56 1.61 | 3% [5(9.60 47%
(3,2,2)1 1000 | .1 pF| 8.19 2.14 1.13 1.20 | 6% {216.38 44%
(2,3,1) | 1k (1.6 pF| 9.70 3.87 1.79 1.80 | 1% [11]17.22 53%
(3,1,3)] 30082 | .5 pF | 9.79 3.72 2.10 2.11 | 0% |211.32 43%
(3,2,3)/ 6002 | .1 pF| 9.74 3.39 1.94 1.93 | 1% |2]5.63 43%
(1,1,0) 2009 | 5 pF | 5.73 2.14 .82 86 | 5% |8[75.37 60%
(2,1,1) |1kQ [1pF | 9.34 3.62 1.72 1.77 | 3% |81]15.39 51%
(3,1,1)| 40092 | .8 pF'| 9.54 3.95 2.19 2.22 | 1% |{5]10.86 44%
(3,2,1)[1.5 kQ| .1 pF| 9.43 3.45 1.9 1.95 | 3% {3]3.06 43%
(3,3, )[15 kO 1 pF| 9.43 345 19 | 1.05 | 3% |3|3.06] 43%
(3,4,1)[ 4000 | 8 pF' | 9.54 395 219 | 2.22 [ 1% [510.79] 44%
(2,2,1) {2kQ |.5pF| 7.45 3.61 1.69 1.72 | 2% (8] 7.5 53%
(3,1,2)] 8002 | .2 pF | 7.55 3.57 1.99 201 | 1% |44.66 44%
(3,2,2)| 8002 | .2 pF | 7.55 3.57 1.99 1.96 | 2% |3(5.06 45%
?31) |2k |5 pF| 7.45 361 170 | 1.74 | 3% [8]7.19 53%
(3,1,3)} 8002 | .2 pF | 7.55 3.57 1.99 1.97 | 1% [3]5.37 45%
(3,2,3)| 8009 | .2 pF | 7.55 3.57 1.99 1.97 | 1% {3]5.28 45%
(24,1) [1kQ[1pF| 9.34 3.62 1.75 1.77 | 1% |8{14.83 52%
(3,1,4) 400Q | .8 pF| 9.54 3.95 2.32 2.50 | 7% |8[14.00 37%
(3,2,4)[1.5 k| .1 pF| 9.43 3.45 2.02 1.96 | 3% [3]3.04 43%
(3,3,4)11.5 k| .1 pF | 9.43 3.45 2.03 1.96 | 3% [3]3.01 43%
(3,4,4)] 400Q | .8 pF | 9.54 3.95 2.19 2.42 110%|4[10.36 39%
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