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Abstract

The progress of CMOS integrated circuit technology has permitted transistors
to operate at extremely high speeds. Simultaneously, improvements in technology
have enlarged circuit die sizes and the number of transistors, thus increasing the
length (hence the delay) of on-chip interconnections. This decrease in transistor
delay and increase in interconnect delay has shifted the performance bottleneck
of CMOS integrated circuits from transistors to interconnect. The circuit level
design strategy of repeater insertion to reduce the delay of on-chip interconnect
and improve the performance of leading edge CMOS technologies is described
in this dissertation. An inverter-interconnect model and optimization algorithms
are presented to provide a repeater insertion methodology to reduce interconnect
delay.

As the length of the interconnections increases, the resistance and capacitance
of that interconnect increases linearly with length. Thus the RC delay increases
quadratically, severely degrading circuit performance. This RC delay can be
reduced through the insertion of repeaters along an interconnect line. A CMOS
inverter is used as a repeater to reduce this quadratic increase of RC delay.

A repeater-interconnect model based on the short-channel a-power law tran-
sistor model is developed to describe repeater insertion in a resistive interconnect

line. A closed form expression describing the number and size of repeaters to in-



sert along an interconnect line is presented. The analytical expression is generally
within 10% of SPICE.

The repeater insertion model for RC lines is expanded for the more general
purpose of repeater insertion in RC tree structures. Local and global optimiza-
tion algorithms are presented to insert repeaters into RC trees. Applications of
the repeater insertion methodologies can be used to either minimize average delay
or achieve a target delay. Repeater insertion methods reduce delay over typical
cascaded buffers by 25% to 60% and are accurate to within 10% of SPICE. Ex-
pressions to analytically determine dynamic and short-circuit power dissipation
of repeaters in RC trees are also presented. Thus, an integrated methodology for
repeater insertion composed of circuit models, insertion algorithms, and demon-

stration examples is presented for application to high performance VLSI circuits.
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Chapter 1

Introduction

The miniaturization of transistor technology has so far been able to keep up
with the desire for increased speed of operation in microelectronic circuits. Be-
cause the die size of integrated circuits has become large as compared to the size
of the transistor, the speed roadblock has shifted from the speed of the transistor
to the delay through the conrections among the transistors [1-3].

In 1947 when Bardeen, Brattain, and Shockley first discovered the transistor
[4], not only the world of electronics changed, but the impetus for rapid world
change was made. William Shockley soon invented the two types of transistors
that would become widely used, the bipolar junction transistor (BJT) and the
idea for the field-effect transistor (FET) in 1952 [5-7]. Shockley’s concept for the
FET was implemented by Dacey and Ross in 1955 {8].

The ubiquitous use of FET technology was delayed for several years due to
technological processing roadblocks. By the end of the 1950’s, a good process
for producing FETs was developed by Atalla, Tannenbaum, and Scheibner [9],
and later modified by Hoerni in 1960 [10]. This mature process allowed the mass
production of silicon FETs to proceed [11].

Of the few initial scientists and engineers who pioneered the development of



N

the transistor, most started companies in what has now become known as Silicon
Valley in Northern California. It was there at the end of the 50’s, that Noyce of
Fairchild Semiconductor produced the first fully integrated monolithic circuit. It
should be noted, for historical purposes, that Noyce’s claim to be the first to invent
the integrated circuit did not go unchallenged. Jack Kilby of Texas Instruments
produced a hybrid integrated circuit in which the interconnections were made of
gold wire rather than part of a planar process [11,12]. Although these first circuits
were initially made with BJT’s, monolithic circuits using MOSFET (Metal-Oxide

Semiconductor FETs) were soon produced [11].

Noyce produces
(irst fully integrated circsit
Ducey and Ross
tmplement FET Wantass Partable
. ficati
Principle of MO_SFB proposed Bardeen and Brattain first CMOS BMPC become 100 muilione
by Lilicafeld invent transistor invener sanousnced popular transistars
1920 | | m 1960 1085 L 2000 2010
028 1947 1955 1962 l l 1981 I Memory:
Shockley Burns pnmda CMOS begins 1C s have 64 Gigabitsichip
invents analysis of Jominance over S+ million
FET CMOS i other e uansistors,
100°s of MHz
fhybhoud integrated deveiops
cireuit planar
process

Figure 1.1: A timeline of some of the major events in integrated circuit develop-
ment from 1920 to 2010

In 1962, Frank Wanlass developed the first Complementary MOS (CMOS)
inverter. The CMOS inverter has become the ubiquitous circuit technology used
today, and is fundamental to the research described in this dissertation. By the
end of 1964, J. R. Burns provided further analysis of CMOS technology [13]. The
advantages of CMOS were shown to be significantly lower power, ease of design,
equal rise and fall times, and the ability to produce pull-up devices without having
to fabricate area consuming resistors. A disadvantage of CMOS is that more

devices are needed to implement a function as compared to NMOS technology,



and thus more area is required. This aspect was a major disadvantage since
physical area on a chip was at a high premium at the time and hindered the
development of CMOS until the late 70’s when the power consumption of the IC’s
began to become a significant problem, particularly since the level of integration
was approaching many tens of thousands of transistors.

Today CMOS is the predominate technology in digital integrated circuits. In-
tegrated circuits can contain tens of millions of transistors. These devices have
become small enough that circuit speed is no longer dictated by the size of the
transistors on the chip, but rather by the long interconnections carrying the data
and control (e.g., clock) signals from one section of a chip to another [3]. As
these signals propagate through the interconnect, the waveform shape degrades.
These long interconnects therefore greatly affect both the speed and power of the
microelectronic circuits.

The microelectronics industry has demonstrated tremendous gains since the
early 60’s, but in order to continue the advancement of both microelectronics and
related application areas, such as computers, integrated circuits must not only
operate fast, but also consume as little power as possible. One strategy to improve
both of these criteria can be accomplished by examining the methods by which
both data and clock signals are distributed. With the continuously increasing size
of integrated circuits, the distance that these signals travel has quickly become
a limiting factor for both speed and power. Long wires not only create large
capacitive loads but create a non-negligible resistive component, degrading the
signal waveform properties.

Although the effects of a capacitive load on CMOS circuits have been studied

extensively, the importance of resistance is still being fully recognized due to the



increasing size of integrated circuits and the smaller physical size of the transistor
dimensions. These large resistances can occur in the long metal wires in large
integrated circuits or in the shorter polysilicon connections. There are additional
detrimental effects of large interconnect resistance, resulting in increased delay
and power dissipation.

With respect to increased delay, with a linear increase in interconnect length,
both the interconnect capacitance (C) and interconnect resistance (R) increase
linearly, making the RC delay increase quadratically. Although the RC delay is
not a precise measure of the time necessary for a signal to propagate through a
wire, the total RC delay of a section of a line may be useful as a figure of merit.
In order to increase the operating speed of a integrated circuit, it is necessary to
reduce the RC delay.

In addition to increased signal propagation, increased power dissipation is an-
other effect of large interconnect impedance. In addition to the inevitable dynamic
switching power that may be dissipated, there is a passive power component dis-
sipated by the resistive interconnect. This resistive power dissipation has gone
unstudied, and, depending on the size of the interconnect resistance, can make a
significant contribution to the total power dissipated within an IC.

Another contribution to the total power dissipation that has come under recent
scrutiny is the power attributed to short-circuit (or cross-over) current [14]. Due to
the slower, degraded wavcforms (from long interconnections), the N-channel and
P-channel transistors in the CMOS circuits switch on and off more slowly, forming
a direct DC path from power to ground. This short-circuit power component can
be a sizable portion of the total power dissipated by a CMOS-based IC.

The total RC delay of an interconnect line can be reduced drastically with
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Figure 1.2: An inverter. (a) The logical symbol for an inverter. (b) The equivalent
CMOS transistor diagram.

the insertion of a signal amplifier known as a repeater. In CMOS technology,
the simplest form of a repeater is produced from a two transistor inverter. Its
symbol is shown in Figure 1.2a and the CMOS equivalent circuit is shown in
Figure 1.2b. That is, the multiplicative effect that resistance and capacitance
has on RC delay can be reduced with the placement of inverters in appropriate
locations along an RC interconnect line, thus increasing the speed of the signal
propagation. Repeaters accomplish this effect by breaking up the interconnect
line such that the resistive and capacitive components do not become excessively
large. For example, assume a long interconnect has 5 units of resistance and 10
units of capacitance. The total RC delay would be 50 units. However, if five
repeaters are inserted within this line to break the interconnect into five equal
pieces, the RC delay would be 1 x2+1x2+1x2+1x2+1x2=10 units. If
the delay of the five repeaters is less than 40 units, then there is a speed benefit
to inserting CMOS repeaters.

An additional benefit of increasing the signal speed due to the placement of



repeaters is reducing short-circuit power. With faster signal transition times, the
time during which a DC path exists between the power supply and ground during
which short-circuit current flow is decreased.

In order to achieve desired clock frequencies of 100’s of MHz or even speeds
greater than a GHz, the problem of resistive interconnect must be overcome. Fur-
thermore, given these target clock frequencies, rainimal power must be dissipated
in portable applications to increase battery life as well as for heat removal pur-
poses.

The topic of the dissertation is research in circuit techniques, specifically re-
peaters, to reduce the problem of resistive interconnect in high performance CMOS
circuits. Some background on CMOS inverter models, interconnect models, invert-
ers, and repeaters is presented in Chapter 2. The interconnect model used in the
repeater insertion algorithm described in the following chapters is also explained.

In Chapter 3, a model for an inverter driving a lumped resistive capacitive load
is introduced as the foundation for the repeater analysis and placement found in
later chapters. The derivation of the analytical expression for a repeater driving
RC interconnect is described and compared to SPICE simulations. Dynamic,
short-circuit, and resistive power dissipation in interconnect are also investigated.
In addition, the short-channel device parameters of the a-power law are outlined.

Repeater models that consider optimal speed and power are presented in Chap-
ter 4. The model presented in Chapter 3 is expanded to describe repeater insertion
in RC lines. The effectiveness of uniform repeater insertion in RC lines is com-
pared to tapered buffers and tapered buffer repeater insertion. The accuracy of
the repeater model is compared to SPICE. Power dissipation in repeater chains is

also examined.



A repeater insertion methodology for RC trees rather than lines to minimize
(or target) delay and an analysis of the power dissipated in RC trees is described
in Chapter 5. Both a local and a global repeater insertion method are described
for the tree structure. Applications of both methods and power dissipation char-
acteristics in RC trees are discussed.

Conclusions of the thesis are presented in Chapter 6. And, finally, future work

that would further improve these research results is discussed in Chapter 7.



Chapter 2

Models of Transistors and
Interconnect

In order to determine the optimal placement and size of the repeaters to be
inserted in an interconnect line, a physical model must be developed and applied.
Before proceeding to this model, it is instructive to examine earlier models. A
repeater is essentially a digital amplifier. In CMOS technology, the output of
a two transistor inverter with an input signal below some threshold V. (input
low voltage) will be restored to the supply voltage Vpog (output high voltage).
Likewise, if the input is above some threshold voltage Vi, the output will be
forced to ground.

The transistor and inverter models which permit the analysis of the operation
of a CMOS repeater are reviewed in this chapter. Although many transistor and
inverter models have been proposed in the literature [15-22], most of these models
are sufficiently complex such that the analysis of a circuit more complex than a
simple inverter is often intractable. Therefore attention is focused on applying
those models that provide a high degree of both tractability and accuracy. These
transistor and interconnect models are used together to analyze various repeater

systems. The very simplest models used for repeater analysis will be presented



first to provide some motivation followed by more accurate models for interconnect
and transistors.

A description of high level repeater models is presented in Section 2.1. Seme
models for interconnect are described in Section 2.2. Finally, two major transistor

[-V equations are reviewed in Section 2.3.

2.1 High Level Repeater Models

Before discussing interconnect models and transistor current-voltage (I-V)
equations, it is useful to examine some higher level models. If the width of an
interconnect line in an integrated circuit is constant, both the resistance and ca-
pacitance increase linearly with length (l;;¢); therefore, delay is proportional to
RC which quadratically increases with length as (2,,. As previously discussed in
Chapter 1, the insertion of repeaters can reduce the quadratic nature of the inter-
connect delay. A single inverter driving a large RC load (Riotat, Ctotat) is shown in
Figure 2.1a. The same load broken up with n repeaters is shown in Figure 2.1b.
A simple characterization of delay of an RC line with repeaters inserted along the
line is

t; t;
tiotal = ntrep + Tl—s;i = ntrep + ‘%t . (21)

where t,,;o; is the delay from the input of the first repeater to the output of the
last repeater [3,23]. t,, is the delay of each iepeater and ti is the total RC
delay of the complete interconnect. n is the number of repeaters, where n has
been placed both above and below the fraction of ¢;,, to indicate that each of the
n pieces of interconnect quadratically reduces the delay.

Equation (2.1) is differentiated and set equal to zero to determine a min/max
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Figure 2.1: n equal sized CMOS inverting repeaters driving an RC load.

value of ¢;,0;- The optimal value for n is

n= tint R (2.2)

This equation implies that the total delay through a long interconnection with
repeaters is minimized when the delay of each repeater is equivalent to the delay
of each section of interconnect. Frequently, t.., is modeled as a resistance (the
output resistance of the inverter) and capacitance (the gate capacitance of the
inverter). This model may be acceptable for coarse timing information, but more

precise knowledge is required for a more accurate placement of the repeaters.

2.2 Interconnect Models

In integrated circuits, the term interconnect refers to the wire that connects
various points within the chip die. An example of where RC interconnect occurs
on a chip is shown in Figure 2.2. In this example, long resistive interconnect

commonly occurs in the clock distribution network that synchronously drives each
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block, and resistive interconnect also are common in the global data lines between
blocks. In addition, there can be significant resistive interconnect within each
block.

In a CMOS technology, different materials are used as wires depending on
the type of interconnection. For instance, polysilicon can be used as an intercon-
nection material. Polysilicon is the material used to define the gate electrode of
a CMOS transistor and is characterized by a high resistance (approximately 40
ohms per square) and capacitance, so its use as a wire is typically limited. It is
convenient to use polysilicon when connecting the gates of transistors with the
same input because only a single wire is required. The same gate connection with
metal requires much more area, thus the added area of using metal for a local
connection often outweighs the reduced line impedance. Furthermore, situations
arise where local metal wire can not be used due to the density of a circuit, thus
polysilicon would be used as the interconnection material. These cases represent
examples of where a high impedance interconnection might be used.

When long interconnections are required, such as global connections between
two large functional blocks, some type of metal wire with low resistance and capac-
itance may be preferable. Polysilicon is typically avoided because the convenience
of local connections described above does not exist, and the RC characteristics
of polysilicon would significantly degrade the signal shape. Although metal has
a low impedance (typically less than 0.1 ohms per square), the length of a inetal
wire may still produce a large RC delay. In either case, whether the interconnect
is intrablock or interblock wiring, resistive interconnect poses a problem.

There are several ways to model resistive interconnect. A wire could be mod-

eled as a transmission line. The characteristics of a transmission line model are
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Figure 2.2: A schematic example of RC interconnect lines within an integrated
circuit.

described in {24, 25] and are appropriate when analyzing circuits operating at suf-
ficiently high frequencies where the transition time of the signals is comparable
to or less than the time of flight down a wire. A transmission line model is both
highly complex and difficult to use in conjunction with a large-signal transistor
[-V model, making intractable the development of closed form solutions of a re-
peater system. Furthermore, as is shown in [26], simpler interconnect models can
provide sufficient accuracy while remaining useful at current operating frequencies
of large integrated circuits (e.g., greater than 300 MHz). The point at which a
resistive model will no longer be useful depends upon the geometry of the driven

interconnect. Inductance will need to be considered in extremely long and wide
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lines with low resistance. Thus, a hard limit on frequency at which a transmission
line model is necessary can not be given but is well above 500 MHz.

A discrete element model to describe the distributed nature of a resistive-
capacitive interconnect load is presented in [26]. A small resistor-capacitor net-
work can be used to analyze a distributed load with small error. The number
and placement of the resistors and capacitors depends upon the ratio of the inter-
connect resistance and capacitance to the transistor output resistance and input
capacitance, respectively. Some examples of RC networks used to model dis-
tributed RC loads are shown in Figure 2.3. The symbol for a distributed RC load
(one with infinite sections) is shown in Figure 2.3a. A lumped RC load is shown
in Figure 2.3b. RC models of increasing complexity and accuracy, approaching a
distributed RC model, are shown in Figures 2.3c through 2.2g.

Another source of impedance in interconnect is coupling capacitance. Coupling
capacitance occurs when two or more interconnect lines run adjacent to each
other over some distance [27,28] or are closely spaced with respect to each other
[29]. A schematic description of coupling capacitance between adjacent lines is
shown in Figure 2.4. The magnitude of the coupling capacitance or signal noise is
determined by the following: the area of adjacency, hence the length of adjacency;
the distance between the interconnect lines; and the direction of the adjacent
signals. Inserting repeaters can drastically reduce the length of adjacency between
two interconnect lines. Thus, decreased coupling capacitance is an added benefit
of inserting repeaters. Although overcoming coupling capacitance is not a topic of
research that is specifically discussed in this dissertation, this benefit of repeater
insertion should be noted.

The analysis used in the following chapters further simplifies these intercon-
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Figure 2.3: Different models to describe RC interconnect: (a) the distributed
model representation of an RC load, (b) lumped load model, (c) IT model (d) T
model (e) [1-2 model (f) T-2 model (g) II-3 model

nect models. The interconnect is considered to be a lumped element, i.e., a single
resistor and capacitor. Although this model may create more error than a more
complex model, it yields sufficiently accurate results as compared to similar mod-
els in SPICE [30]. A lumped load is generally a pessimistic approximation of a
distributed load because in a lumped load, all of the interconnect resistance “sees”
or is upstream to all of the interconnect capacitance. Practically, only the initial
incremental portion of the interconnect, AR, sees all of the downstream intercon-
nect capacitance, with each successive AR seeing less capacitance while moving
down the interconnect line. For instance, in Figure 2.3g, %C is upstream to all of

the resistance, ;C is upstream of %R, and so on.
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Figure 2.4: Coupling capacitance between adjacent interconnect lines.
2.3 CMOS Transistor I-V Models

In order to more accurately model a repeater system, I-V equations that de-
scribe the operation of a transistor are required. In 1968, the Shichman-Hodges
transistor I-V equations were published [31] which were based on Shockley’s orig-
inal -V model [6]. Three regions of operation are described: 1) cutoff, 2) linear,
and 3) saturation. The operation of a transistor in these three regions is pre-
sented here with reference to Figures 2.5 and 2.6. The analysis that follows is for
an N-channel silicon MOSFET with the source node connected to ground.

When the input voltage at the gate Vgs is less than some threshold voltage
Vr, the transistor is said to be cutoff, and no drain current can flow. That is,
other than a very small leakage current, no current flows from the source to the
drain, so Ips = 0.

Once the gate voltage increases above Vr, the region in which the transistor
operates is determined by the relative values of the drain-to-source voltage Vps
and the gate-to-source voltage Vgs. If Vps < Vgs — V7, the transistor operates
in the linear region and the drain current is described by the expression, Ips =

v,

2
K(Vgs—Vr)Vps—-22. If Vps > Vigs—Vr, the transistor operates in the saturation

region, and Ips = %(Vcs — Vr)? [32]. Summarizing,
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Figure 2.5: The characteristic current-voltage transfer curves of an enhancement
N-channel MOSFET

0 (Vos < Vr : cutoff region)
. v3 . .
Ips = K(Vgs — Vr)Vps — 8BS  (Vgs > Vg, Vps < Vgs — Vr  : linear region) (2.3)
Kives —vr)? (Vgs > Vir.Vps > Vgs — Vi  : saturation region)

There are a number of inaccuracies in the Shichman-Hodges equations. Two
important inaccuracies are these equations 1) only work well for long-channel
FETs and 2) become intractable when analyzing RC loaded inverters if no sim-
plifying assumptions are made.

Sakurai has developed I-V equations for describing the behavior of a short-
channel CMOS transistor {33]. The Sakurai a-power law model overcomes some
of the prublems associated with the Shichman-Hodges model. First, the a-power
law model takes into account the important short-channel effect of velocity sat-
uration. When a short-channel MOSFET operates in the saturation region, the
drain current is no longer proportional to the square of the gate-to-scurce voltage

Ves due to the effects of velocity saturation. Velocity saturation occurs because
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Figure 2.6: A basic MOSFET with four terminals, gate, drain, source, and bulk
(substrate).

the electric field of a short-channel transistor is sufficiently great such that the
current carriers are unable to travel from the source to the drain due to collisions
with the crystal lattice of the semiconductor. Therefore, an increase in the gate
voltage only increases the number of carriers and not the velocity of the carriers,
so the current no longer increases quadratically with the effective gate voltage
Ves — Vr [34]. Secondly, parasitic drain and source resistances within the tran-
sistor must be taken into consideration. Lastly. the a-power law provides fairly
simple expressions that can be used to analyze the behavior of nonlinear digital

circuits. The I-V equations for the a-power law are:

0 (Ves < Vr  : cutoff region)
Ips = § (Ih/Vho)Vps (Vbs < V}o : linear region) (2.4)
Ipo (Vbs > Vo : saturation region)
where
Ves —V11\*
tpo = 1an (25711 |
po = Ipo \ 7 —~ (2.5)
Vv (YQE:_VL)W (2.6)
Do = "B\ Vpp - V¢ '
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In the a-power law model, I, represents the drive current of the MOS device,
V4, represents the drain-to-source voltage at which velocity saturation occurs, and
o models the process dependent degree to which velocity saturation affects tne
drain-to-source current.

With accurate and general transistor and interconnect models, a repeater
model that describes CMOS devices driving long resistive interconnect is devel-
oped in Chapter 3. This repeater model is expanded to explore the speed and
power advantages of inserting repeater chains in interconnect in the following

chapters.



19

Chapter 3

Short-Channel Model for a
Repeater Driving an RC Load

In this chapter a foundation for modeling an RC loaded repeater is presented.
The development and analysis of an analytical expression describing a short-
channel CMOS inverter driving a resistive interconnect is presented in Section 3 1.
In Section 3.2, the power dissipated by this system is investigated. Short-circuit
power is emphasized in this section since this power component has been given
little attention until recently and can represent a significant contribution to the
total power dissipation, important in today’s portable applications. Finally, a
procedure for determining the circuit parameter values used in the a-power law

I-V model is provided in Section 3.3.

3.1 Transient Analysis of an RC Loaded CMOS
Inverter

An analytical expression describing the behavior of an inverter driving a lumped
RC load based on Sakurai’s a-power law model is presented in [33]. A diagram
of this circuit is shown in Figure 3.1. In subsection 3.1.1, the device model is de-

scribed and an analytical expression for the output voltage or a transition time to
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reach V., is derived. In subsection 3.1.2, several expressions that characterize the
temporal properties of the circuit are presented. In subsection 3.1.3, some results

of the analytical expressions are presented along with comparisons to SPICE.

VbD

<,

Vin T \L—_/\/\/—‘LIC
Id 1+

_—{ N ’ € vOllt

Figure 3.1: A CMOS inverter driving a large RC load representative of a long
interconnect

3.1.1 Derivation of Analytical Expressions

The a-power law model [33] accurately describes the effects of short-channel
behavior, such as velocity saturation, while providing a tractable equation. The
linear region form of the a-power model is used to characterize the I-V behavior
of the ON transistor sourcing or sinking an RC load since a large portion of the
circuit operation occurs within this region under the assumption of a step or fast
ramp input signal. When the input to the inverter is a unit step or fast ramp, Vou
is initially larger than Vg — Vr for a shorter period of time than if the input to
the inverter is a slow ramp. Therefore, the circuit operates in the linear region for

a greater portion of the total transition time for a large RC load, particularly for
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large load resistances. When the load resistance is large, a large IR voltage drop
occurs across the load resistor once the capacitor begins to discharge, thus Vpg is
nearly immediately less than Vgs — V7, as shown in Figure 3.2. The N-channel
device operates in the linear region once the step input goes high when driving
large RC loads. Note however if the input waveform increases slowly or the load
impedance is small, the inverter operates in the saturation region for a longer time
before switching into the linear region. In addition, the a-power law model is less

accurate with slow input waveforms.

5 f 1 1 T Ly I Rl i

R =10Q

Figure 3.2: Comparison of Vpg for a CMOS inverter driving different load resis-
tances R and a constant load capacitance (C = 100 fF)

Only the falling output (rising input) waveform is considered in this chapter.
The following analysis, however, is equally applicable to a rising output (failing
input) waveform. The lumped load is modeled as a resistor in series with a
capacitor. The current through the output load capacitance is the same magnitude

and opposite sign as the N-channel drain current (the P-channel current is ignored
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under the assumption of a step or fast ramp input). The capacitive current is

chrut

ic=Cg

= _id: (3.1)

where C is the output capacitance, V,,, is the voltage across the capacitance C, ic
is the current discharged from the capacitor, and i is the drain current through
the N-channel device.
The N-channel linear drain current is given by [33]
AVou

i Iy (Vos — V7 )c' . ,
- =iy = — — >V —Vr > Vps.
C 7 iq V. (VDD 7 Vis, for Vgs > Vr,Vgs — Vr > Vps
(3.2)

In the a-power law model, I, represents the drive current of the MOS device
and is proportional to W/L, V4, represents the drain-to-source voltage at which
velocity saturation occurs with Vgs = Vpp and is a process dependent constant,
and o models the process dependent degree to which velocity saturation affects the
drain-to-source current. ¢ is within the range 1 < o < 2 where a = 1 corresponds
to a device operating strongly under velocity saturation, while & = 2 represents
a device with negligible velocity saturation. Vpp is the supply voltage, and Vr
is the MOS threshold voltage (where Vpy ( Vrp) is the N-channel (P-channel)
threshold voltage). An empirical method to determine technology specific values
for Iy, and V, is described in Section 3.3.

Assuming a unit step input is applied to the circuit shown in Figure 3.1, Vo,

can be derived from (3.2). The equation, rewritten in Laplace form, is

SCVout + SUaoRCVout + UdoVour = CVout(0) + Ugo RC Ve (0), (3.3)

where Ug, = ;’,'j“ is the saturation conductance.
{-]

Equation (3.3) yields

-U

Vot (t) = Viue(0)eTaoRER" (3.4)
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Graphs of V,,(t) for a wide range of resistances and capacitances (within
practical limits) driven by a minimum-sized inverter with balanced rise and fall
times are shown in Figure 3.3. The analytical expression shown in (3.4) closely
approximates SPICE for most of the region of operation for a wide range of load
impedances from 10 Q to 1000 Q and from 10 fF to 1 pF. The maximum error
of the output response derived from (3.4) as compared with SPICE (shown in
Figure 3.3) is 25% for the specific case where the RC load is 10 Q and 10 fF,
approaching the unloaded case. As a means of comparison, the capacitance of
metal interconnect in a 0.8 um technology is approximately .02 fF/um? with
polysilicon being about three times as capacitive. The resistance of metal in the
same technology is approximately 0.08 ohms per square with polysilicon being

about 10 ohms per square.

S T T T T
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: C=10fF k C=100 fF
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Figure 3.3: Output response of a CMOS inverter driving an RC load
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3.1.2 Analytical Delay Expressions

From (3.4), the propagation delay of a CMOS inverter calculated at the 50%

point ipp is
C + UgRC
Od

The transition time of a CMOS inverter driving a lumped RC load calculated at

tpp = .693 (3.5)

the 90% point ¢, is

t, = 2,36_’*'9‘1@ . (3.6)
Udo

Additional delay expressions that are used in section 3.2.2 for determining the

short-circuit power are

tury = I () S @7
and
Voo + Vep\ C + UaoRC
tiy = ln( 2 T”) a5 (3.8)

These equations describe the time for the output voltage to change by a threshold
voltage from either ground or Vpp for an N-channel or P-channel device, respec-

tively. Note that Vrp is negative.

3.1.3 Analysis of Delay Expressions

The accuracy of the analytic model as compared with SPICE is tabulated in
Table 3.1 for a wide range of output load resistances and capacitances. The in-
terconnect resistance and capacitance are described in the first two columns of
Table 3.1, respectively. The transition times determined by the analytical expres-
sion and by SPICE are shown in the third and fourth columns, respectively. The

propagation delay times determined by the analytical expression and by SPICE
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Table 3.1: Propagation delay tpp and transition time ¢, of a minimum-sized in-
verter driving an RC load (0.8 um CMOS technology)

Load Load te tpp % Error
Resistance | Capacitance | Analytic | SPICE | Analytic | SPICE | ¢ | tpp
10 Q .01 pF 21 ps 2ps | 65ps | 87ps | 4% | 25%
10 Q .1 pF 215ps | 176 ps | 65 ps T0ps | 22% | 7%
10 Q 1 pF 22ns | 1.7ns | 649 ps | 680 ps | 27% | 4%
100 .01 pF 24 ps 2ps | 72ps | 88ps | 6% | 19%
100 Q .1 pF 235ps | 187 ps | 71 ps 73ps |25% | 2%
100 1 pF 24ns | 19ns | 712ps | 711 ps | 25% | 0%
1000 Q .01 pF 44 ps 39 ps 13 ps 13ps |13% | 0%
1000 Q .1 pF 444ps | 365ps | 133 ps | 115 ps | 22% | 16%
1000 Q 1 pF 44ns | 3.6ns 1.3ns 1.1ns |22% | 18%

are listed in columns five and six, respectively. The error of the analytical ex-
pressions versus SPICE for the transition time and propagation delay is shown in
the final two columns. A 0.8 um CMOS technology is assumed. Note that the
maximum error of the transition time ¢, as compared with SPICE is 27%, and the

maximum error of the propagation delay tpp as compared with SPICE is 25%.

As noted above, (3.5) and (3.6) can be used to estimate the propagation delay
and transition time of a CMOS inverter driving a resistive-capacitive interconnect
line. Since the shape of the output waveform is now known, (3.7) and (3.8) can
also be used with (3.6) to estimate the short-circuit power dissipation of a CMOS
gate loading the high impedance interconnect line, as is described in Section 3.2.

The maximum error for the transition time for RC loads ranging from 10  to
1000 © and 10 fF to 1 pF and for two different short-channel CMOS technologies
(0.8 um and 1.2 pum CMOS) is 27%. The maximum error for the propagation
delay is 25% over the same ranges and technologies. As the capacitance increases

to 1 pF, the error of the propagation delay generally decreases to less than 20%. A
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similar decrease occurs for the transition time. Furthermore, both errors generally
decrease with increasing load resistance.

The improved accuracy with increasing load resistance and capacitance is due
to the RC load dominating the device parasitic impedances, specifically, the source
and drain capacitance, thereby improving the accuracy of the transistor -V model
for large RC loads. These device parasitic impedances are not included in the I-V
model described in (3.2) but are considered by SPICE. This behavior also ex-
plains why the accuracy improves as the geometric size of the transistors becomes
smaller, making the parasitic device resistances and capacitances smaller. Thus,
these expressions for the propagation delay and transition time of a CMOS in-
verter driving an RC load become more accurate for higher RC loads and more

aggressive sub-micrometer technologies, the regime of greatest interest.

3.2 Power Estimation of a CMOS Inverter

Power consumption has become one of the premier issues in the design of VLSI
circuits. There are two primary contributions to the total transient power dissi-
pated by a CMOS inverter, dynamic power dissipation and short-circuit power
dissipation [14,35-39]. The short-circuit power is often neglected since the dy-
namic power is assumed to be dominant. As described below and in [14, 35-39),
the magnitude of the short-circuit power is load dependent, and it is shown in this
chapter that short-circuit power can be a significant portion of the total transient
power dissipation.

Dynamic power is briefly discussed in subsection 3.2.1. In subsection 3.2.2, an
analysis of short-circuit power is presented, and a closed-form model is proposed.

In subsection 3.2.3, the power dissipated by the lossy resistive element of the
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RC load is discussed and modeled. Finally, some concluding remarks pertaining

specifically to estimating the power of an RC loaded CMOS inverter are offered.

3.2.1 Dynamic Power

Dynamic power is due to the energy required to charge and discharge a load
capacitance C and is characterized by the familiar equation, CV2f, where V
is the source voltage and f is the switching frequency. The dynamic power is
independent of the load resistance. For example, the dynamic power dissipation
of a single CMOS inverter driving an RC load ranges from 35 uW to 125 pW for
capacitive loads ranging from 0.3 pF to 1 pF and assuming a 5 volt power supply

with the inverter switching at 10 MHz.

3.2.2 Short-Circuit Power

In this subsection an expression for modeling the short-circuit power in a
CMOS inverter is presented. This expression is also analyzed and compared to
SPICE. Also in this subsection, a comparison of the short-circuit power to the

total transient power dissipation as a function of load resistance is presented.

Analytic Expression of Short-Circuit Power

The logic stage following a large RC load may dissipate significant amounts
of short-circuit power due to the degraded waveform originating from the CMOS
inverter driving an RC load (see Figure 3.4). During the region where the input
signal is transitioning between Vry and Vpp + Vrp, a DC current path exists
between Vpp and ground. The excess current dissipated during this region is

called the short-circuit (or crossover) current [14]. Short-circuit current occurs



28

_l N —_—— C ___I N } Isc —— Cp= 250¢F

L

I+

Figure 3.4: Non-step input driving CMOS inverter stage creates short-circuit
power

due to a slow input transition, and for a balanced inverter, the peak current occurs
near the middle of the input transition. An example of short-circuit current is
shown by the solid line in the lower graph of Figure 3.5, i.e., the SPICE-derived
data.

The total short-circuit current Isc can be estimated by modeling Isc as a
triangle. Therefore, the integral of Is¢c is the area of a triangle, %base x height.
In terms of the short-circuit current, the height can be modeled as I, and the
base can be modeled as ty,qe (see Figure 3.5). I[eqx is the maximum saturation
current of the load transistor and depends on both Vs and Vpg, therefore Ipeqx
is both input waveform and load dependent. fp,s. is the time during which both
the P-channel and the N-channel transistors are turned on, permitting a DC
current path to exist between Vpp and ground. This time occurs over the region,
Vrn < Vin < Vpp + Vrp. Therefore, tyese is found from the difference between
(3.7) and (3.8), |(tvyp — tvyy)|- The area defined by this triangle is 1 lneak X toases
which models the total short-circuit current Isc sourced by a CMOS inverter due

to a non-step input [38].



Figure 3.5: Graphical estimation of short-circuit current (0.8 pm CMOS
technology)

The total short-circuit current multiplied by f and Vpp is the short-circuit
power. The short-circuit power dissipation Psc of the following stage for one

transition (either rising or falling edge) can therefore be approximated by

1
PSC = 'Q‘IpeaktbaseVDDf- (39)

Subtracting (3.7) from (3.8) forms the logarithmic quotient,

Vrn C + UGy RC
Vop + Vrp Ow

thase = Iln( (310)

By inserting this expression for t.s. into (3.9), the short-circuit power dissi-

pation Psc of a CMOS inverter following a lumped RC load over both the rising
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and falling transitions is

Vrn |C -+ U@RC

= |1
Pse l a( Voo + Vrp Uuo

lpeat fVoD - (3.11)

Analysis of the Expression for Short-Circuit Power Dissipation

The short-circuit power derived from (3.11) for a wide range of RC loads
between the CMOS inverter stages shown in Figure 3.4 is compared with SPICE
in Table 3.2. The RC load of the driving inverter is described in the first two
columns of Table 3.2. The short-circuit power predicted by (3.11) and derived
from SPICE is shown in the third and fourth columns, respectively. The per cent
error between the analytical expression and SPICE is shown in the final column.

For smaller RC loads, hence, faster transition times, there is negligible short-
circuit power since a direct path from the power supply to ground does not exist
for any significant time. The short-circuit power becomes non-negligible when
larger interconnect loads between the two CMOS stages cause a transition time of
significant magnitude e.g., a t, greater than 0.5 ns for a 0.8 um CMOS inverter.
At this borderline value, the analytical Psc differs from SPICE by a maximum
of 41%. As the RC load and transition time increase, the analytical model more
closely predicts the short-circuit current derived from SPICE. For RC delays ex-
ceeding 0.1 ns, errors less than 15% are attained. Furthermore, the short-circuit
power becomes a significant portion of the total power dissipation when the CMOS
inverter is loaded by larger RC loads, creating long transition times. It is this
condition that is of greatest interest when considering short-circuit power in re-

sistively loaded CMOS inverters.

The error of the analytical expression for Psc can be bounded by the RC
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Table 3.2: Estimate of short-circuit power dissipated by a CMOS inverter (0.8 um
CMOS technology)

Interconnect | Interconnect Power (uW) % Error
Resistance | Capacitance | f = 10MHz,Vpp = 5.0V
Analytic SPICE
10 Q 3 pF 1.4 99 11%
10 Q2 .5 pF 3.9 3.22 21%
10Q 1 pF 124 11.1 12%
100 Q 3 pF 1.71 1.23 39%
100 Q .5 pF 4.68 3.83 22%
100 Q 1 pF 13.8 12.7 9%
1000 © 3 pF 5.85 5.2 12%
1000 2 .5 pF 13.0 12.2 7%
1000 2 1 pF 34.2 33.8 1%

time constant describing the interconnect load impedance. For a 0.8 um CMOS
technology, the per cent error is less than 15% for an RC time constant more than
0.1 ns. For an RC time constant less than 0.1 ns, the per cent error increases to
approximately 40%.

One source of error in estimating the short-circuit power derived from (3.9) can
be found by examining the transition time. The analytical solution to the transi-
tion time, (3.6), generally yields pessimistic results when compared to SPICE (see
Table 3.1). By inserting these pessimistic transition times into (3.9), the resulting
short-circuit power is also pessimistic, as demonstrated in Table 3.2.

Another source of error is caused by signal undershoot of fast transient wave-
forms. This parasitic-induced undershoot may increase Vps above Vpp or below
ground. This undershoot occurs early during the transition time and causes cur-
rent to flow opposite to the expected direction, thereby reducing the total short-
circuit current. This behavior, in turn, reduces the total short-circuit power,

increasing the discrepancy between SPICE and (3.11), which does not consider



32

transient undershoot. The phenomenon of signal undershoot, where the current

is negative, can be seen in Figure 3.5.

Short-Circuit Power as Compared to the Total Transient Power

For a given supply voltage and frequency, dynamic power dissipation depends
only on the load capacitance and does not depend on the input waveform shape
or load resistance. In contrast, the short-circuit power dissipation changes with
both input waveform shape and output load resistance and capacitance. The ratio
of the short-circuit power to the total transient power (the sum of the dynamic
and short-circuit power) of a CMOS inverter with respect to the load resistance R
for a given load capacitance C is shown in Figure 3.6. Note that with increasing
load resistance, the short-circuit power dissipation cannot be neglected, since, as
shown in Figure 3.6, it can comprise more than 20% of the total transient power

dissipation.
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Figure 3.6: Ratio of short-circuit power to total transient power versus intercon-
nect resistance for varying interconnect capacitance
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3.2.3 Resistive Power Dissipation

In resistive interconnect, power is not only dissipated when charging and dis-
charging the load capacitance, but power is also dissipated by the load resistance.
This power dissipation can be quantified by f [,(:*R), where 7 is the current
through the load resistance and f is the frequency of operation. The identical
current that is discharged by the capacitor flows through the resistor. This ca-
pacitive current is I¢ = Cﬂg‘gﬂ. Therefore, by taking the derivative of (3.4), the
instantaneous current through a resistive load ig(t) is given by

—_ _Udﬁ
Tm_vm(o)eu“ncw‘ , (3-12)

and the average resistive power dissipation is given by

ir(t) =

t “Udo ~-U ¢ 2
= _______Vou U4, RC+ N 1
Py ;A(1+6“R ,(0)eT3 ) Rdt (3.13)

After integration, (3.13) becomes

_ fRCUG4,V2,(0)
R™ 72(1 + UpR)

The resistive power dissipated for different RC loads calculated from (3.14)

(1 — esaortic?) (3.14)

is shown in Table 3.3. The load resistance R and capacitance C are listed in
the first two columns, respectively. The power dissipated by the interconnect
resistance determined from (3.14) and from SPICE are shown in the third and
fourth columns, respectively. The per cent error of the analytic expression as
compared to SPICE is shown in the final column. Note that the per cent error is
less than 15% and typically less than 6%.

An expression for estimating the dynamic, short-circuit, and resistive power

in CMOS inverter chains has been presented. For RC loads greater than .1 ns
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Table 3.3: The resistive power dissipated by a CMOS inverter driving an RC load
(0.8 um CMOS technology)

Load Load Power (W) % Error
Resistance | Capacitance | f = 10MHz,Vpp = 5.0V
Analytic SPICE

10Q 01 pF 0137 0135 1%
10 .1 pF 137 .139 1%
10 1 pF 1.37 1.39 1%
100 Q .01 pF 125 .118 6%
100 1pF 1.25 1.29 3%
100 1 pF 125 13.1 5%
1000 Q .01 pF 658 .703 6%
1000 Q .1 pF 6.58 7.61 13%
1000 2 1 pF 65.8 76.8 14%

(assuming a 0.8 um CMOS technology), the expression for the short-circuit power
is accurate to within 15% of SPICE. These larger RC loads are of ‘nterest because
short-circuit power can account for more than 20% of the total transient power
dissipation. Furthermore, another source of power dissipation is introduced by
the resistance of long interconnect. An expression for resistive power dissipation
is also presented in this section. This expression has an error of less than 15% as
compared to SPICE.

When considering power in interconnect, the resistive component cannot be
neglected. The resistance of long interconnects not only contributes directly to the
power dissipated due to the resistive component, but also causes longer transition
times, leading to greater short-circuit power dissipation. Both short-circuit and
resistive power dissipation along with dynamic power have been modeled with

good accuracy.
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3.3 Determining the Parameters I;, and Vg,

The a-power law model parameters, Iy, and V,, describe the maximum drain
current and drain saturation voltage, respectively, where Vgs = Vpp [33]. For
increased accuracy of the delay expressions that are presented in section 3.1.2,
Iz, and V,, may need to be adjusted for a specific CMOS technology. These
two parameters that are used as part of the a-power law model are determined
as explained by Sakurai in [40]. With these parameters, an initial estimate of
the propagation delay and transition time for any RC load for a specific CMOS
technology can be made using (3.5) and (3.6), respectively.

These analytical estimates are compared to SPICE for a variety of RC load
impedances. In order to improve the accuracy of the analytical expressions, Ig,
and Vj, can be curve fit to SPICE. This process is performed only once for a given
technology.

The adjustment of I, is performed by determining

C

k =
PP~ Uw(t285 — RC)

(3.15)

and
C

T Uu(2% —RC)

where tpps and t;s are the SPICE derived propagation delay and transition times

ket (3.16)

for the range of RC loads, i.e., C = 10 fF, 100 fF, 1 pF and R = 10, 100, 1000
Q. The factors kpp and k. across this range of loads are averaged, and the result

is Kgug,
1&kpp 1S ke

2& 2 (3.17)

kavg =

n

i=1 =1

Vo is divided by kuyg Or I is multiplied by k... These analytical delay

expressions produce results that yield values for the propagation delay and tran-



36

sition time that are the least square error from SPICE for this specific CMOS

technology.

3.4 Conclusions

A simple yet accurate expression for the output voltage of a CMOS inverter
as a function of time driving a resistive-capacitive load is presented. With this
expression, equations characterizing the propagation delay and transition time
of a CMOS inverter driving an RC load are presented. These expressions are
accurate to within 25% of SPICE for a wide variety of RC loads. Furthermore,
since the output waveform of this circuit is accurately modeled, the short-circuit
power dissipation of the following CMOS stage loading the interconnect line can
be accurately estimated to within 15% for highly resistive loads. The resistive
power dissipation can be modeled to within 15% error for RC loads ranging from
0.1 ps to 1 ns. Therefore, due to the simplicity and accuracy of these expressions,
the delay and power characteristics of a CMOS inverter driving a high impedance

RC interconnect line can be efficiently estimated.
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Chapter 4

Repeater Design for Optimal
Speed and Power in RC Lines

Several methods have been presented in the literature to reduce interconnect
delay so that these impedances do not dominate the delay of a critical path.
Bakoglu presents a method in which the delay of a repeater is characterized by
the input capacitance and output resistance based on the geometric size of the
repeaters {23, 32]. Bakoglu equalizes the delay of the repeaters and the intercon-
nect delay to optimize the number and size of the repeaters for a specific RC
interconnect impedance.

In [41,42], Wu and Shiau describe a repeater implementation to reduce in-
terconnect delay. Their method uses a linearized form of the Shichman-Hodges
equations [31] at a specific operating point to determine the proper repeater inser-
tion locations. Nekili and Savaria consider optimal methods for driving resistive
interconnect in [43]. They introduce the concept of parallel regeneration in [44]
in which precharge circuitry is added to the repeaters to decrease the evaluation
time. This technique requires fewer repeaters, however extra area is necessary,
adding parasitic capacitance. Furthermore, this technique requires a precharge

signal to operate correctly.
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Dhar and Franklin present a mathematical treatment for optimal repeater in-
sertion in [45]. Dhar and Franklin present elegant solutions to optimize repeaters
with and without area constraints; however, the repeater is modeled as a resistor
and a capacitor and no closed form sclution is developed. A semi-cmpirical ap-
proach describing the inverter current and with interconnect is presented in [19].
Other repeater insertion methods are described in [46-52].

In this chapter, CMOS inverting repeaters are presented as a simple yet effec-
tive way of reducing the total propagation delay and transition time characteristics
of a system with highly resistive interconnect. A methodology is presented for de-
termining the number and size of the repeaters to attain the minimum propagation
delay based on an analytical expression derived from the a-power law model for
short-channel devices [33,53]. Using the a-power law model permits the develop-
ment of a repeater design methodology that considers the short-channel transistor
effect of velocity saturation which is not considered in any of the aforementioned
repeater methodologies {23, 32, 41-48, 54, 55]. Furthermore, the proposed model
is based on nonlinear I-V equations rather than modeling a CMOS inverter as a
discrete resistor and capacitor. Unlike previous work, the method presented in
this chapter does not separate the device model from the interconnect model.

Alternative methods to uniform repeaters driving RC loads are also considered
in this chapter. A tapered-buffer repeater structure provides high drive capability
with low input capacitance; however, the additional buffer stages may add signif-
icant delay. It is shown here that for even relatively small resistances, uniform
repeaters are found to be more effective in driving RC loads than tapered buffers
or tapered-buffer repeaters.

In addition to delay, power is considered. With the introduction of portable
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and massively parallel applications, power has become an increasingly important
factor in the circuit design process [56]. For example, clock distribution networks
can account for 40% of the total power dissipated on-chip [57]. A high perfor-
mance clock distribution network can contain many thousands of repeaters due
to the distributed RC nature of a clock tree. Thus, power consumption must be
both accurately estimated and minimized when developing design techniques that
improve the speed of the signal propagation through long resistive interconnects.
Two components to the transient power dissipation are considered. A comparison
of the power contribution of both the dynamic power and the short-circuit power
in a CMOS inverter driving an RC line is examined. An empirical analysis is pre-
sented for determining the optimal number of repeaters to attain the minimum
power when considering both short-circuit and dynamic power dissipation.

The chapter is organized as follows: in Section 4.1, a timing model of a CMOS
inverter driving a lumped RC load that forms the basis for the following repeater
design methodology is reviewed. Equations characterizing the signal delay through
a repeater chain are presented in Section 4.2. A comparison of these analytic
design expressions versus SPICE are presented in Section 4.3. In Section 4.4,
the use of tapered-buffer repeaters versus uniformly sized repeaters is discussed.
Power dissipation in repeater chains is examined in Section 4.5. Finally some

conclusions are presented in Section 4.6.

4.1 Expressions for an Inverter Driving an RC
Load

The foundation for the repeater model is reviewed in this section. An analyt-

ical model describing the output voltage of a CMOS inverter driving an RC load
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Figure 4.1: A CMOS inverter driving an RC load

(see Figure 4.1) given a step input is presented. The information describing the
waveform shape permits a more accurate delay estimation as compared to esti-
mating the path delay based on the classical Elmore delay model {58]. Since the
Elmore delay adds the products of a resistor (composed of the sum of the linearized
model of an inverter and the interconnect resistance) and all of its downstream
capacitors, the Elmore delay does not account for the interaction of an inverter
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
a CMOS inverter into a methodology for inserting repeaters into an RC line, a
more efficient circuit implementation can be achieved.

The expression for V,,; can be rearranged to determine the time £,,; required

for a CMOS inverter to reach an output voltage V,,, given a step input signal,

_ U4RC+C In Voo

fout = 50 (Vm) (4.1)

Equation (4.1) can be used to express the 50% and 90% output delay with respect
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to a step input signal. These time delays are, respectively,

_ 1+ OudoRint)Cint .
tso = .693 e (4.2)
and
ta = 2.3 . (4.3)

These expressions are used in the following section to model the total delay re-

quired by a repeater chain to drive a distributed RC load.

4.2 Delay of a Repeater Chain Driving an RC
Load

Equations (4.1)-(4.3) presented in the previous section provide the analytic
basis for modeling the total delay of a repeater chain driving an RC load. Two
other expressions are also presented in this section to complete the repeater delay
model. The resulting delay model for an n-stage repeater is compared to SPICE
and presented in this section.

Analytical expressions describing the behavior of a CMOS inverter driving a
lumped RC load (as shown in Figure 4.1) based on Sakurai’s a-power law model
are presented in the previous section. Equation (4.1) can be expanded to include

the parasitic capacitances of the following inverting repeater, as

— (1 + Udolz) (Crep + Cint) In (VDD)
out ZSdo Vout

; (4.4)
where C,ep and Cin are the capacitances of the following inverter and the inter-
stage load capacitance (see Figure 4.2), respectively.

The delay required to propagate a signal through a highly resistive interconnect

can be reduced if the interconnect is broken up and distributed among a number

of repeaters such as shown in Figure 4.2. However, the delay of this signal path
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Rint =Riotal/n

Cm[ =Ciotal/n

Figure 4.2: n equal sized CMOS inverting repeaters driving an RC load.

will increase if 2 non-optimal number of repeaters is chosen. In order to choose

the optimal number of repeaters for a given RC load, the delay from the input of

the first repeater to the output of the last repeater must first be determined.
The analytical expression for the total time ty from the input to the output

of an n-stage repeater system is the sum of several expressions,
ttatal = tfirst stage + (TL - 2)tint. stage + tfinal stage - (45)

Each term in (4.5) 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 (4.4). 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 Figure 4.3. The signal informa-
tion describing the waveform shape permits a more accurate delay estimation as
compared to estimating the path delay based on the classical Elmore delay model
[58]. 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 delay 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
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model of a CMOS repeater into an algorithm for inserting repeaters into an RC
tree, a more efficient circuit implementation can be achieved.

The first term £firse stage is 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. The term &;n;. stage describes the time required for each repeater
between the first and last stage to transition from Vpp + Vrp to Vy or vice versa.
The time required for the output of the final repeater to reach either 10%, 90%,
or 50% of Vpp from a threshold voltage is described by the third component of
(4.5), tfinal stage [59]. These three components of (4.5) are described in more detail

below with reference to Figure 4.3.

Figure 4.3: The analytic and SPICE derived output waveforms of an 11-stage
repeater chain driving an evenly distributed RC load of 1 KQ and 1 pF.

The first component of tiar, trirst stages iS the time required for the output
signal of the first repeater to drop from Vpp to Vrn, the threshold voltage of the
N-channel device (labeled 1 in Figure 4.3) assuming a step input signal. Vry is

chosen as the end point because it is assumed during fast switching that the pull-up
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device of the following repeater turns on hard near the voltage at which the pull-
down device turns off. In addition, it is assumed that the rising (falling) output
of an inverting repeater reaches Vry (Vpp + Vrp) by the time the falling input
reaches Vry (Vpp + Vrp). Thus the signal waveforms of the intermediate stages
consistently operate between Vry and Vpp + Vrp. The time for this switching to

occur is

_ (1 + UdON &nt)(Cint + Crep) (VDD)
tvpy = Odon In Vo . (46)

This equation also describes the time for the signal to transition from ground
to Vpp + Vrp when each N-channel transistor is replaced by a P-channel tran-
sistor. All of the following equations can be similarly expressed for a P-channel
device. Note that Vpp is the P-channel threshold voltage and is negative for an
enhancement mode device.

The delay of each successive stage, (n — 2)tin;. stage, €Xcluding the final stage,
is modeled as the time required for the signal to transition from Vpp + Vrp to
Vrn. Equation (4.6) describes the time for the output signal to change from Vpp
to Vrn. Therefore, the time for the signal to transition from Vpp to Vpp + Vrp
must be subtracted from (4.6). Equation (4.7) describes the time for the output

signal to change from Vpp to Vpp + V7p.

(1 + UdoNRint)(Cint + Crep) ( VDD )
ti, = . 4
te Udoy tn Vop + Vrp (4 )

Therefore, an intermediate stage delay tin;. stqge is described by (tvy, — tiy) for
a rising repeater output and (ty;, — t;,) for a falling repeater output (labeled 2
and 3, respectively, in Figure 4.3). The two preceding expressions are alternately

added to the total delay for each corresponding repeater stage up to the input of
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the final stage of the chain. The expression (tv;, — Ly ) reduces to

tN _ (1 + UdoNRint)(Ciﬂt + Crep) In (VDD -+ VTP) ) (4.8)
Udoy Vrn

tp has a similar form of this expression.

The time t;0:o describes the output of the complete repeater system in terms
of either: (1) the delay to reach 10% or 90% of Vpp from the input which is
defined as the 90% output delay time tgq or (2) the delay at 50% Vpp which is
defined as the 50% delay tso. In order to determine the total delay to the 90%
point, ¢finat stage (1abeled 4 in Figure 4.3) is tgo [from (4.3)] minus ¢, since (4.3) is
from Vpp to 10% and the signal transition time to Vpp + Vrp must be included.
Similarly, to determine the total delay to the 50% point, tfinat stage iS tso [from
(4.2)] minus ¢, .

Having defined the delay of the components of the repeater system (labeled
1-4 in Figure 4.3), the total time from the step input at the first repeater to the

output of an even number of repeaters (for a 90% output change) is

n—2)
2

Leotal(even) = tvpy + (ty +tp) + (tso — tey) (4.9)

and for an odd number of repeaters, the time is

(M=1) v rtp) tta (4.10)

Ltotal(odd) =

A plot of ;o versus the size and number of repeater stages n for an example
CMOS technology and RC load is shown in Figure 4.4. The optimal implemen-
tation of the number and size of the repeaters for this specific RC load is the
minimum point on this graph. A similar graph can be determined for any RC
load. Thus, (4.9) and (4.10) describe the total delay through an n-stage repeater

system. These expressions are compared to SPICE in the following section.
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Figure 4.4: The 90% output delay time for an interconnect line as a function of
the number of repeaters and repeater width. (R =1 KQ, C = 1 pF, 0.8 um
CMOS technology)

4.3 Analytical Delay Model Versus SPICE

The accuracy of the delay model for a repeater chain presented in the previous
section is compared to SPICE in this section. Two different RC loads have been
chosen to exemplify the effects of the interconnect resistance and capacitance on
the repeater design methodology (the RC loads are 1 KQ and 1 pF and 3 K2
and 3 pF). These simulations are based on a 0.8 um CMOS technology. The plots
shown in Figure 4.5 depict the 90% output delay tgo and the 50% output delay £sg
of an RC load of 1 KQ and 1 pF distributed evenly among one to 20 repeaters.
The size of each repeater is uniform (Wy = 3 um and Wp = 9 pm), although
this analysis does not restrict the geometric widths to be uniform. The rise and
fall time of each individual repeater is ratioed to maintain nearly equal transition
times.

The 50% output delay of a chain of repeaters driving an RC load as a function
of the number of repeater stages is shown in Figure 4.5 for both the analytic
expression and SPICE. The maximum error of the 50% and the 90% output delays

is 12% and 8%, respectively. Note that the greatest error occurs when the repeater
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Figure 4.5: The analytical and simulated 50% and 90% delay times for a 1 KQ
and 1 pF load evenly distributed across a number of uniformly sized repeaters.

chain is two or three stages. The repeater model is most accurate when the loaded
inverter operates predominately in the linear region. With only two or three
repeaters, the inverters operate outside of the linear region for a longer period of
time than with more than three repeaters. As shown in Figure 4.5, there is close
agreement between the analytical and experimental results for a repeater chain
with more than four repeaters.

The error of the analytical delay as compared with the delay derived from
SPICE for a given RC load, repeater size, and number of repeaters is shown
in Tables 4.1, 4.2, and 4.3 and presented in graphical form in Figure 4.6. In
Tables 4.1, 4.2, and 4.3, the number of stages into which the RC load is partitioned
is shown in the first column. The propagation delay of the analytic expression

and SPICE is shown in the second and third columns, respectively. The error of
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Table 4.1: Per cent error between analytical total delay model (both 50% and 90%
output delay) versus SPICE for a given number of repeater stages, a repeater size
of (Wy =1 pm, Wp =3 um ), and an interconnect load of R=1KQ and C =1
pF. (0.8 um CMOS technology)

# of R=1KQ,C=1pF
Stages Wy = 1lpm, Wp = 3um
tso (ns) teo (ns)
| Analytic | SPICE | Error | Analytic | SPICE | Error
1 1.98 237 | 16% 6.59 6.70 2%
2 3.11 3.37 6% 5.68 5.67 1%
3 3.37 3.45 2% 4.55 4.70 2%
4 3.53 3.73 5% 4.71 4.80 0%
5 3.62 3.74 3% 4.29 4.46 2%
6 3.70 3.92 5% 4.47 4.61 1%
7 3.77 3.92 3% 4.23 4.43 3%
8 3.83 4.05 5% 4.40 4.56 2%
9 3.89 4.06 4% 4.24 4.45 2%
10 3.94 4.16 5% 4.39 4.57 2%
11 4.00 4.18 4% 4.28 4.51 4%
12 4.04 4.26 4% 4.42 4.61 3%
13 4.10 4.31 5% 134 4.58 4%
14 4.14 4.37 5% 1.46 4.67 3%
15 4.19 4.44 5% 1.40 4.66 4%
16 4.24 4.46 4% 4.51 4.73 3%
17 4.29 4.53 5% 4.47 4.74 5%
18 4.33 4.63 6% 4.57 4.88 5%

the analytic expression for the 50% output delay compared to SPICE is presented
in the fourth column. The same information but for the 90% output delay time
is listed in the fifth through seventh columns.

The deviation of the analytical result from SPICE for both t5¢ and tgg is shown
as a function of the number of stages in Figure 4.6. As shown in Figure 4.6, for
large RC loads (e.g., 3 K2 and 3 pF), the model becomes less accurate since the

repeaters operate for relatively less time within the linear region. At first glance,
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Table 4.2: Per cent error between analytical total delay model (both 50% and 90%
output delay) versus SPICE for a given number of repeater stages, a repeater size
of (Wy = 3 um, Wp =9 pm), and an interconnect load of R=1KQ and C =1
pF. (0.8 um CMOS technology)

# of R=1KQ,C=1pF
Stages Wy = 3um, Wy = 9um
tso (ns) tgo (ns)
Analytic | SPICE | Error | Analytic | SPICE | Error
1 1.12 1.13 0% 3.73 3.61 3%
2 1.49 1.37 9% 2.62 2.39 8%
3 1.51 1.34 12% 2.02 1.89 6%
4 1.53 1.46 5% 1.99 1.89 5%
5 1.56 1.47 5% 1.82 1.76 3%
6 1.58 1.56 1% 1.87 1.82 3%
7 1.62 1.58 2% 1.79 1.77 1%
8 1.65 1.64 0% 1.85 1.84 1%
9 1.69 1.67 4% 1.82 1.81 0%
10 1.72 1.73 0% 1.88 1.90 1%
11 1.76 1.77 0% 1.87 1.89 1%
12 1.80 1.82 1% 1.93 1.96 2%
13 1.84 1.86 1% 1.93 1.97 2%
14 1.88 1.91 1% 1.99 2.03 2%
15 1.92 1.96 2% 2.00 2.05 2%
16 1.96 2.00 2% 2.06 2.09 1%
17 2.00 2.06 3% 2.07 2.14 3%
18 2.04 2.11 3% 2.12 2.21 4%

this behavior may seem to contradict the data indicated in Figure 3.2; however,
when each repeater is driving a large RC load, the input waveforms driving the
intermediate repeater stages degrade, causing those repeaters with slow input
waveforms to operate in the saturation region rather than in the linear region.
However, as shown in Tables 4.1, 4.2, and 4.3, with most repeater configurations

the error is typically much less than 15%.
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Table 4.3: Per cent error between analytical total delay model (both 50% and 90%
output delay) versus SPICE for a given number of repeater stages, a repeater size
of (Wy = 3 um, Wp = 9 pm), and an interconnect load of R = 3 KQ and

C = 3 pF. (0.8 pm CMOS technology)

# of R=3KQ,C=3pF
Stages Wy =3um, Wy = 9um
tso (ns) tgo (ns)

Analytic | SPICE | Error | Analytic | SPICE | Error
1 7.53 7.39 2% 25.0 24.4 2%
2 8.03 6.11 31% 13.8 11.5 20%
3 6.95 5.14 | 35% 9.55 7.79 22%
4 6.46 5.08 | 27% 8.45 6.94 21%
5 6.03 481 25% 7.20 6.01 20%
6 5.80 484 | 20% 6.92 5.87 18%
7 5.39 4.71 19% 6.32 5.47 15%
8 9.47 4.77 15% 6.24 5.47 114%
9 5.37 4.69 14% 5.88 5.22 13%
10 5.30 4.75 11% 5.88 5.29 11%
11 5.25 4.73 11% 5.64 5.13 10%
12 5.21 4.78 9% 5.67 5.20 9%
13 5.18 4.78 8% 5.50 5.11 8%
14 5.17 4.82 7% 3.55 5.18 7%
15 5.16 4.82 7% 2.43 5.18 5%
16 5.16 4.82 % 5.49 5.11 5%
17 5.16 4.90 5% 3.39 5.20 4%
18 6.17 4.89 5% 5.46 5.13 6%

4.4 Uniform Repeaters Versus Tapered Buffers
and Tapered-Buffer Repeaters

Depending on the magnitude of the RC load, the form of the repeater buffer
structure to minimize the total delay may be expected to change. With larger
RC loads or large capacitances, a tapered buffer or a tapered-buffer repeater
system (as shown in Figs. 4.7a and 4.7b) may decrease the total delay required to

propagate a signal along a resistive line. Intuitively, an interconnect line that is
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Figure 4.6: The per cent error of the analytical value of the 50% and 90% output
delays versus SPICE for various loads and repeater sizes.

highly capacitive and non-negligibly resistive may exhibit characteristics similar
to a purely capacitive line. Since a purely capacitive line is optimally driven by
a tapered buffer (see Figure 4.7a) [32,60], a highly capacitive and moderately
resistive line may possibly be more efficiently driven by a series of tapered buffers.
The application of uniform repeaters versus tapered buffers and tapered-buffer
repeaters to an RC line is therefore discussed in this section.

An estimate of the total delay of a tapered-buffer repeater system is performed
in a2 manner similar to that presented for a uniform repeater system. Some modi-
fications, however, are made to accommodate the use of tapered buffers. C.,, for

example, is now the capacitance of a minimum-sized inverter since the first stage



ool

(a) (b)

Figure 4.7: Two metheds of driving interconnections with tapered buffers: (a) A
single tapered buffer (b) A three stage tapered-buffer repeater system. The first
stage is a minimum sized repeater. The tapering factor is e.

of each tapered-buffer repeater is a minimum-sized inverter. The drive current
Ipo of the tapered-buffer repeater is related to the size of the final buffer in each
tapered-buffer repeater stage.

The delay for a single tapered-buffer repeater is

(1 + U@R) (Cmin + Cint) In (VDD)

. (4.11
Udo Vout ( )

CL
1

toue for a tapered-buffer repeater is integrated into a similar expression as (4.3).
The components of (4.11) are as follows: C| is the gate capacitance of the final
buffer in the repeater; C; is the input gate capacitance of a minimum-size inverter;
and o is the propagation delay of a minimum-size inverter driving a capacitance
e - C; [61] since the tapering factor is assumed to be e. For each tapered bufer,
the final inverter stage is of size W,,, and the number of stages in the repeater is
In(Wope) (note that this value must be rounded to an integer).

A comparison of the efficacy of tapered buffers and tapered-buffer repeater
systems versus uniformly sized repeaters for various loads is shown in Table 4.4.
Furthern.. re, the accuracy of the analytical models for both the uniform and
tapered-buffer repeaters versus SPICE is also listed in the same table. The sin-
gle tapered buffer has been optimized for the specified load capacitance. The

results listed in columns seven, part [ and column 5, part II shown in of Table 4.4
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Table 4.4: The 90% output time for optimally sized uniform repeaters, tapered-
buffer repeaters, and tapered buffers for various loads as compared with SPICE.

Uniform Repeaters Single
Total RC Tapered Buffer
Load # of | Wype |Analytical] SPICE | Error SPICE
repeaters| um | tgo (ns) | tgo (ns) % tgo (ns)
1 KQ 1 pF 7 13 0.90 0.98 8 2.8
1 KQ 5 pF 15 29 2.10 2.18 4 12.1
5 KQ 2 pF 33 12 2.96 2.75 8 23.5
1 KQ 20 pF 31 56 4.20 4.43 3 47
1 KQ 100 pF 67 124 9.46 11.15 15 > 50

Tapered-Buffer Repeaters
#of | #of Wope |Analytical| SPICE Error

repeaters{Stages| um tgo (ns) |teo (ns) %

TKQ1pF | 5 2 ) 320 | 3.03 6

1 KQ 5 pF 5 3 9 7.36 5.05 45

5 KQ 2 pF 9 2 2 7.30 5.70 28

1 KQ 20 pF 5 4 34 15.05 10.1 50
1 K2 100 pF 11 5 75 36.00 18.5 50

as compared to column five, part [ demonstrate the importance of interconnect
resistance. Even small resistances have a large effect on the signal delay charac-
teristics. RC loads in which the capacitance is the dominant component of the
interconnect impedance are of primary interest when considering tapered-buffer
repeaters. However, as shown in Table 4.4, even when driving distributed RC
loads as large as 1 KQ and 100 pF, uniform repeaters remain more delay efficient

than both tapered buffers and tapered-buffer repeaters.

4.5 Power Dissipation in Repeater Chains

As the input transition slows, more short-circuit power is dissipated within the
repeater stage. The input signal transition time is dependent upon the number of

repeaters in the chain. If additional repeaters are inserted into a line to drive a long
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resistive interconnect, each repeater drives a smaller RC load with a waveform
exhibiting a faster transition time, permitting the input transition of the following
repeater to be faster. However, these additional repeaters may increase the short-
circuit power of the total repeater system. The peak short-circuit current, which
is proportional to the device width, is the other primary factor that determines
the magnitude of the short-circuit power [61-63]. An example of short-circuit

current and power in a repeater chain is shown in Figure 4.8.
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Figure 4.8: Short-circuit current and power dissipated in a four-stage repeater
with Wy =5 um and Wp = 15 um, f = 10 MHz.

Simulations demonstrate that when device sizes are small, the contribution
of short-circuit power is small in comparison to the dynamic power, typically
ranging from 1% to 5%. As the geometric width of the repeaters is increased,
the contribution of the short-circuit and dynamic power also increases. However,
as the geometric width and the number of repeaters increase, dynamic power

increases linearly, whereas short-circuit power changes non-linearly. A comparison
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of short-circuit power versus dynamic power of a repeater system driving an RC
load of 1 K and 1 pF is shown in Figure 4.9. 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 dynamic power; and at nine stages, about 5%. A five stage
repeater system provides the minimum transition time for this RC load. Thus,
reducing the repeater size to Wy =15 pym and Wp=45 pm from Wy =25 pm
and Wp =75 um saves 40% in area (= 200 pm?), reduces the short-circuit power
by 60%, and reduces the dynamic power by 12% in return for a 5% increase in
propagation delay. Note that the maximum short-circuit power savings occurs
when the input transition time of each repeater is approximately equal to the

repeater output transition time [14, 61].
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Figure 4.9: The short-circuit and dynamic power dissipation versus the number of
stages in a repeater system. Note the small increase in short-circuit power from
nine to ten stages due to the increase in peak current with negligible improvement
in transition time.
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4.6 Conclusions

A closed form timing model of a CMOS inverter driving a resistive-capacitive
load based on the a-power law device model has been presented. This analytical
expression differs from previous work because the short-channel transistor effect of
velocity saturation is considered. The timing model for a CMOS inverter has been
expanded to determine the overall delay of a signal propagating through a uniform
repeater chain driving a large distributed resistive-capacitive load. Analytical
estimates of delay with these design equations are within 16% of SPICE for loads
representative of long resistive interconnect.

The performance characteristics of uniform and tapered-buffer repeaters are
compared for a variety of RC loads. The resistance in RC lines is found to have a
larger than expected effect on the delay of a signal propagating along a long line.
Uniform repeaters outperform tapered buffers and tapered-buffer repeaters when
driving even relatively low resistive RC loads. It is thus more advantageous to
use a number of small uniform repeaters rather than a few (or one) tapered-buffer
repeaters.

Power dissipation in CMOS inverters and repeaters driving RC lines has also
been investigated. It is also shown that short-circuit power can represent up to
30% of the total dynamic power dissipation. An empirical comparison of power
in repeater chains is presented. The application of the repeater expressions devel-
oped in this chapter to a specific repeater implementation demonstrate that a 4%
increase in input to output propagation delay can be traded off for a 40% savings

in area and a 15% savings in power.



Chapter 5

Repeater Insertion in RC Trees
to Minimize Delay

The timing model of a CMOS inverter driving an RC impedance presented in
the previous chapters has been applied to the development of a repeater design
methodology and related algorithms for efficiently driving RC tree structures,
such as a clock distribution network, so as to reduce both the signal delay and
slew rate. In this methodology, the number and size of the repeaters to minimize
the propagation delay and transition time from the root node to each leaf node
are determined. The repeaters are restricted to the same geometric size and equal
RC impedance per interconnect section within each branch. The equal size and
section impedance conditions are known as uniform repeater insertion (32,45],
in which balancing the interconnect and repeater delay minimizes the total path
delay along an RC line.

The algorithm and software implementation of two proposed methodologies,
a local RC branch optimization methodology and a global RC tree metkodology,
are described in this paper. The global optimization methodology is implemented
in two parts, utilizing the downbhill simplex for global minimization and simulated

annealing to increase the size of the searchable design space.
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The efficacies of these two repeater insertion methodologies are compared to
a standard cascaded buffer methodology [60,64-66]. Furthermore, the analytical
equations characterizing the CMOS repeaters are shown to be accurate, generally
within 10% of SPICE. The application of these local and global algorithms is also
discussed in terms of relative run time and global optimality.

The local repeater insertion algorithm for RC trees is discussed in Section 5.1.
The global repeater insertion algorithms are discussed in Section 5.2. A compar-
ison of the analytic model versus circuit simulation is presented in Section 5.3.
A comparison of the efficiency of the local- and global-optimal repeater insertion
methodologies versus using cascaded buffers to drive resistive tree-based intercon-
nect is also described in Section 5.3. Power dissipation in RC trees is examined

in Section 5.4. Finally, some concluding comments are offered in Section 5.5.

5.1 Local Branch Repeater Insertion Algorithm

The structure of an RC tree is composed of a primary trunk with branching
points. Each branch is modeled as a lumped resistance and capacitance, exempli-
fied by the circuit shown in Figure 5.1. 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 single branch or line of an RC tree using uniform

repeaters, as described in [59] and shown again in Figure 5.2, is

Loranch = tfirst stage + (n - 2)tint. stage + tfina.l stage - (51)

The components, tfirst stages Ltint. stage; @0d tfinal stage, Utilize an expression de-

rived from the Sakurai a-power law [33] for the delay of a CMOS inverter reaching
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Figure 5.1: An example of an RC tree. Ordered triplets (i,j, k) are used to
identify specific branches (note that the downstream nodes are to the right of the
upstream nodes).
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Figure 5.2: n equal sized CMOS inverting repeaters driving a branch in an RC
tree.

an output voltage V,,, given a step input signal [62],

out = (1 + BaoR)(Crepjoranch + Cine) | (VDD) ' (52)
Udo Vout

U4 is the saturation conductance, a device parameter from the a-power law model
derived from {,':i- I, is the saturation current of the device when Vps = Vpp.
Vi is the voltage at which the device begins to operate in the saturation region
[33,62]. Crepjtranch and Cin, are the capacitances of the following inverting repeater

and the interstage load capacitance, respectively.
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A local optimization methodology and algorithm for inserting uniform re-
peaters into RC trees is presented in this section. This methodology is particularly
appropriate if specific branch delays are being targeted. With the assumption that
each branch has a repeater at its source. the minimum delay of each branch is
initially determined. The total path delay from the root to each leaf is then
minimized according to the expressions summarized in Section 5.1. The method
for optimization is depth first, in which the lowest level branches are optimized
first followed by each upstream branch. Thus, the RC tree is optimized locally,
terminating at the root of the RC tree.

The algorithm to perform this repeater insertion process utilizes e priort in-
formation describing the RC impedances and the number of sub-branches of each
branch of the RC tree beginning at the root. The lowest level of the RC tree
hierarchy is reached when all of the leaf nodes have zero branches. The RC tree
is constructed in this top-down fashion with every branch identified by a triplet
(i,7,k). In this notation, 7 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. In other words, & is the
grandparent of the current branch. Thus & of a branch at depth 3 is equal to j of
the parent branch at depth 2. An example of this labeling is shown in Figure 5.1.

A plot of the delay of branch (1,1, 0) (see Figure 4.4) derived from (5.1) versus
the size and number of repeater stages n in a branch is shown again in Figure 5.3
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
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Figure 5.3: The total delay for a branch as a function of the number of repeaters
and repeater sizes. 0.8 pum CMOS technology, Crep =0, R=1KQ,and C =1
pF.

the total delay is determined from a numerical solution of the data illustrated in
Figure 5.3.

Once the tree has been constructed, it is traversed in a depth-first manner
to determine the optimal repeater insertion for the final leaf nodes. When all of
the branches of a parent have been optimized, the immediate upstream branch
(or parent) is optimized while considering the input capacitance of the repeaters
of the downstream branches according to the method described in Section 5.1.
In Figure 5.1, the branches (3,1,1), (3,2.1), and (3,3,1) are downstream from
branch (2,1, 1).

The pseudocode of the algorithm used to locally insert repeaters into each
branch is shown in Figure 5.4. 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
recursive function, in which the minimum delay for inserting a uniform repeater

system in a particular branch is determined. Note that the shape of the delay
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(1
function build_RCtree(node);
begin
get R;
get C;
get number_of_branches;
if (number_of_branches > 0)
build_RCtree(branch) ;
number_of_branches--;
end

(2)

function insert_repeater(tree);

begin
if (number_of_branches > 0)

insert_repeater(branch)

optimize_delay[width,number_of_repeaters]
number_of_branches--;

end

Figure 5.4: The pseudocode of the local branch repeater insertion algorithm.

function describing a system of inserted repeaters in an RC branch is convex, so
the local branch optimal repeater insertion system is reached quickly.

The performance improvement and accuracy are discussed more thoroughly
in Section 5.3. All of the results presented in Section 5.3 are based on the 90%
delay which is defined from the time the input is applied to the root node to the
time required for the output to reach .9Vpp at the leaf nodes. As described in
greater detail in Section 5.3, the path delay from the input of the RC tree to
the final leaf nodes is improved from 25% to 50% by the application of the local
repeater insertion algorithm over a typical cascaded buffer insertion method. The
accuracy of the local repeater methodology is within at least 10% of SPICE and
typically within 5%. An example of the RC tree shown in Figure 5.1 after the

local repeater insertion process is applied is depicted in Figure 5.5. Note that the
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number of repeaters inserted in each branch is shown inside the last repeater of

that branch.
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Figure 5.5: The RC tree shown in Figure 5.1 synthesized by the local branch
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.

5.2 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 discussed in this section.
The same timing model as described in Section 5.1 is used in the global opti-
mization algorithm. The downhill simplex method of Nelder and Mead [67,68]
in conjunction with simulated annealing [68,69] is used to implement the mul-
tidimensional optimization process. Practically, the implemented version of the
simulated annealing technique is a superset of the downhill simplex method. The
application of simulated annealing to repeater insertion is explained in more detail

below.
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Figure 5.6: A methodology for globally optimal repeater insertion.

The flow of the repeater insertion methodology for determining the optimal
size and location of each repeater is schematically shown in Figure 5.6. In the
downhill simplex method, each parameter variable being optimized is an element
in an n-dimensional vector x. To insert repeaters into an RC tree, the vector x
contains the width and number of the uniformly sized and spaced repeaters within
each branch. For example, in the RC tree shown in Figure 5.1, 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.

The RC tree data is converted to a set of analytical expressions describing the

delays from the root node to each leaf node. This set of analytical expressions,
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in addition to the initial set of vectors and the objective function, are the inputs
to the optimization routine. In order to initialize the downhill simplex algorithm
not just one starting point but (n+1) different arbitrary vectors are required. The
n-dimensional initialization vectors are not permitted to lie along a straight line.
The other input, the objective function, is the single value being minimized. Two
useful objective functions appropriate for a repeater insertion algorithm are 1) to
minimize the delay from the trunk node to the leaf nodes such as in data paths
with multiple fanout points and 2) to target the delay to each node such as in a
clock signal path within a clock distribution network {70]. The former objective
is specified by minimizing the average delay at each leaf node while the latter
objective function minimizes the standard deviation of the predicted delay minus
the target delay at each leaf node. In the example RC tree shown in Figure 5.1
and in the example RC trees listed in Tables 5.1 and 5.2, the chosen objective
function is minimizing the average of the delays from the root of the tree to each
of the leaf nodes of the RC tree. This objective function tends to minimize the
delay through the trunk of the RC tree.

The results of the downhill simplex optimization method on uniform repeater
insertion in an RC tree are summarized in Section 5.3. The downhill simplex
optimization produces a repeater implementation between 10 to 20% faster (with
respect to the total path delay) than the application of the locally optimal re-
peater insertion methodology. In addition, the accuracy of the system of inserted
repeaters implemented by the downhill simplex method is generally within 10%
of SPICE. The RC tree shown in Figure 5.1 is also shown in Figure 5.7 after
the global insertion algorithm has been performed. Note the decrease in circuit

area (i.e., the total number of repeaters) and an approximately 20% decrease in
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path delay as compared to the circuit implemented by the local repeater insertion

methodology as shown in Figure 5.5.
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Figure 5.7: The RC tree shown in Figure 5.1 synthesized by the global 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. :

The downhill simplex algorithm utilizes a “greedy” methodology. Therefore,
the solution process can become trapped in a local minimum. Even a modestly
sized RC tree may contain many minima, some solutions of which may be quite
distant from the globally optimal solution. However, many minima may be quite
close to the global minimum. Regardless, one method of compensating for the
greediness of the downhill simplex optimization algorithm is through the applica-
tion of simulated annealing [69)].

The downhill simplex method has been integrated with a simulated annealing
algorithm, permitting the repeater insertion algorithm to search for alternative
solutions to the nearest local minimum. In order to implement the simulated

annealing algorithm, a random thermal excitation is added (subtracted) to (from)
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the objective function. In this manner, a local minimum can be avoided due to the
added excitation that moves the next possible choice to a different region within
the design space. If the initial annealing temperature is set to zero, the simulated
annealing method reduces to the original downhill simplex method as described
above. For this reason, the simulated annealing method can be considered a
superset of the downhill simplex method. Another issue in simulated annealing is
that an optimal non-zero initial annealing temperature is difficult to determine.
However in these analyses, the initial annealing temperature is set to one-third of
the output of the objective function of the first initialization vector.

A second important aspect of simulated annealing is the annealing schedule,
the rate at which the thermal excitation is reduced to zero. A constant rate of
decrease of the temperature is chosen as a simple annealing schedule. The anneal-
ing schedule is set to cool to zero degrees in 1000 uniform steps. In general, the
simulated annealing method shows little to no delay improvement over the down-
hill simplex method. Simulated annealing, however, appears to be useful in those
cases where several outstanding minima exist between many other ordinary min-
ima. Examples of two contrasting minima configurations are shown in Figure 5.8.
Specifically, a function in which the minima are similar is shown in Figure 5.8a.
No great improvement can be achieved by applying simulated annealing to this
type of function. However, for the function shown in Figure 5.8b, several out-
standing minima among many ordinary minima are apparent. The application
of simulated annealing to this function may be effective in order to reach these
minima. With several outstanding minima, a high probability exists that the so-
lution determined from the application of simulated annealing may be better than

that derived from the application of the downhill simplex method. However, the
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number and character of the minima characterizing a possible solution of a system

of inserted repeaters is typically unknown beforehand [69].
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Figure 5.8: Two possible solution spaces for a non-convex function. (a) An ob-
jective function with nearly equivalent minima. (b) Several outstanding minima
among many ordinary minima.

5.3 Effectiveness, Accuracy, and Applications of
Repeater Insertion Methodologies

A comparison of the local and global repeater insertion methodologies is pre-
sented in this section. The effectiveness of these repeater insertion algorithms are
compared to both a classical cascaded buffer system and a completely passive RC
tree (no buffers or repeaters). The system of inserted repeaters within the RC tree
is also compared to SPICE to quantify the accuracy of the timing model. Circuit

applications of the local and global optimization algorithms are also discussed.

5.3.1 Applications

As mentioned previously, achieving a specific target delay may be the desired
goal rather than minimizing the path delay. The downhill simplex algorithm can
be used to determine a repeater insertion implementation for targeting a specific

final leaf node delay. The objective function for this case minimizes the sum
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of the squares of the difference between the analytically determined delay and
the desired target delay. Alternatively, targeting individual branch delays may
be desired. In this case, the local optimization algorithm is preferable because
the individual branch delays cannot be controlled within the global optimization
algorithms. However, the optimization criteria may be significantly more complex
than targeting a global delay depending upon how many internal branches exist
compared to the number of leaves.

An example of global targeting of delay is implemented on the RC tree shown
in Figure 5.1. The target delay from the root node to each of the leaves as specified
in the objective criteria is 2.0 ns. The results of the branch target delays are shown
in the next section. In some cases, the analytic model is able to effectively satisfy
the branch target delay (within 5%), and in other cases, the branch target delay is
satisfied within 15%. Once again, this satisfaction of the target delay is due to the
greediness of the downhill simplex optimization method. Either a more restrictive
objective criterion and/or a different starting point are required to more closely
approach the target delay of each branch.

A comparison of run times or order of operations is important. In order to
minimize the final branch delay using the local optimization method, a tree with
n total branches results in n 3 x 3 matrices, resulting in a complexity of O(n). For
the downhill simplex method for global optimization, an n x n matrix is required,
resulting in a complexity of O(n?). However, a limit on the rate of convergence
of the simplex can be set to reduce the computational run time. The currently
implemented version of the simulated annealing algorithm is impractical on very
large RC tree topologies since the algorithm exhibits a complexity of O(kn?),

where £ is related to the annealing schedule.



5.3.2 Accuracy and Effectiveness

The path delay tpp from the root node to the end of each branch for three
different trees is listed in Tables 5.1 and 5.2. The depth and impedance charac-
teristics of each branch of these three trees are listed in the first three columns.
The topology of each tree is characterized by the branch naming convention and
indentation in the first column. In the fourth column of Table 5.1, the path delay
tpassive from the source to the end of each branch is listed. The RC impedances
within the passive RC tree are modeled as a w3 distributed load. In the fifth
column, the cascaded buffer delay te,sfer from the tree source to each branch is
listed. The cascaded buffer system is a series of optimally tapered buffers placed
at the input of each branch so as to drive the capacitive load of each branch (with-
out considering the interconnect resistance) [66]. This delay assumes the cascaded
buffer system uses a tapering factor of three [60, 65, 66].

The next superior column in Table 5.1 lists similar information for the local
branch repeater insertion methodology described in Section 5.1. The results of the
downhill simplex and simulated annealing methods described in Section 3.2 are
shown in Table 5.2. For the local optimization, the predicted path delay is shown
in column six, and the SPICE simulation and the associated error for the repeater
insertion implementation are shown in columns seven and eight, respectively. The
number and size of the repeaters are shown in columns nine and ten. Note that
the maximum deviation of the analytic result from SPICE is 10% with a typical
error of 5% or less.

The signal waveforms at the final branch output of the locally optimized re-
peater system and the optimally tapered buffer system are shown in Figure 5.9.

The performance improvement of the repeater system over the tapered buffer sys-



71

tem 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 expected
propagation delays and slower rise times are generated, particularly for highly

resistive branches such as, for example, branch (2,2,1).

5 T T T
3.L1) — r
Q21 -

¥
)

1r ': s
0 1 ! v ‘Ll

0 Se-10 le-09 1.5¢-09

Figure 5.9: The delay from the input of the RC tree to specific leaves of the tree
based on the repeater insertion system as compared to applying optimally tapered
buffers. Triplets indicate the leaf nodes as labeled in Figure 5.5.

For the downhill simplex method, similar information is in Table 5.2. A com-
parison of SPICE simulations of the downhill simplex method exhibits branch
delay improvements of up to 25% over the application of the local optimization
method. Performance improvements derived from using the downhill simplex
method over the local branch optimization algorithm is guaranteed if one of the
points of the initial simplex is the final result of the local optimization method.
This improvement can be attributed to the reduction in the size of the repeaters
which reduces the load capacitance at the branching nodes. Hence, not only is
the delay decreased by globally optimizing the system, but the total area (and
power) required by the repeater system is reduced when the downhill simplex

method is applied as compared to the local branch repeater insertion algorithm.
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Note that, on occasion, branches with similar impedance characteristics and par-
ents can have different repeater implementations. This behavior is explained by
the simplex solution falling into a nearby minimum, creating a slightly different
repeater implementation.

Results of the simulated annealing method are listed in the final five columns
of Table 5.2. Although the circuit delay is often smaller using simulated annealing
versus the downhill simplex method, there is insufficient evidence to strictly rec-
ommend using simulated annealing as the primary repeater optimization method.
Rather, simulated annealing is best used to evaluate a specific repeater imple-
mentation or to determine other possible repeater implementations. The compu-
tational run time required by the current implementation of the simulated anneal-
ing algorithm also far outweighs the delay improvements achieved. The run time
of various implemented algorithms is discussed below.

The results of the global delay target implementation are shown in Table 5.3.
Analytically, the repeater implementation shown in Table 5.3 comes within 10%
of the target and under a 10% deviation from SPICE simulations. Simulated an-
nealing is no more effective than the downhill simplex method. Different starting
points of the downhill simplex method can be attempted to determine a preferable

target implementation.

5.3.3 Comparison of Global Optimization to Exhaustive
Search

A comparison of the downhill simplex method to an exhaustive search has

been performed. The RC tree used for comparison is shown in Figure 5.10 and

is a three branch section of the tree shown in Figure 5.1. A relatively small tree

is used for comparison due to the number of possible repeater implementations.
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A tree with b branches has (n x w)® different possible implementations, where n
is the different number of repeaters that can be implemented within each branch
and w is the number of different possible sizes of each of the uniformly sized
repeaters. The number of possible implementations can therefore be enormous,
thus the comparison to an exhaustively evaluated solution has been restricted to
a tree with three branches. In the exhaustive search, the number of repeaters in
each branch ranges from one to ten, and the repeater size in each branch ranges
from 1.0 ym to 25.0 um in increments of 0.5 pum.

The results of the exhaustive search and the global repeater insertion using
the downhill simplex method are shown in Table 5.4. The position of each branch '
within the tree and its RC characteristics are described in columns one through
three. The results of applying repeater insertion based on the objective function
for the global optimization are shown in columns four through six. The same
results for the exhaustive search are shown in the last three columns. The objective
function minimizes the average root-to-leaf delay. In this comparison, the results
derived from the exhaustive search match almost exactly the results derived from
the heuristic search given the restrictions of the repeater size applied during the

exhaustive search.

5.4 Power Dissipation of Repeaters in RC Trees

Transient power dissipation in repeaters is composed of two components: the
dynamic power dissipated by switching the capacitance of the interconnect and
the repeaters and the short-circuit power dissipated when an input signal simul-
taneously turns on both the P-channel and N-channel transistors [14]. Both of

these power components are examined in this section.
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Figure 5.10: A section of the RC tree shown in Figure 5.1 used to compare the
global optimization algorithms versus the exhaustive search.

The dynamic power dissipation is quantified by
CV1yf, (5.3)

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 being
charged and discharged. In the case of a repeater system driving an RC tree, C
is the sum of the capacitances 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 approxi-
mated by [62]

1
Psc = 3 peaktoaseVDDSf - (5.4)

Ipeak is the maximum short-circuit current sourced by the inverter. fpqsse is the time
that the input waveform is switching from the threshold voltage of the P-channel

transistor to the threshold voltage of the N-channel transistor and is [62]

Vrwn | C + U4RC

5.5
Vbop + Vrp (6P (5:5)

toase = Iln(
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Therefore, the short-circuit power is

C + Ug4,RC
Ouao

Psc=|1n( Vrn )I

Vop . .
Vop + Vop Loeak fVDD (5.6)

The value of I,.q is based on (12) from [71] and is

Voo - Vo(tinv) (VDD - VO(t’”V)) (5.7)
Vbsar, Vbsar, . .

Ipeak = IDsaT(2 —

Ipsar is the saturation current at the saturation voltage Vpsar. Vo(t/av) is the
output voltage when the input reaches the logic threshold voltage Viyv. 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 and the geometric widths of the transistors making up the repeater are
designed to be the same for each stage.

The total power dissipated by the RC tree with inserted repeaters as shown in
Figure 5.5 is 30.3 mW when operating at a frequency 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 dissipated power. 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.

5.5 Conclusions

A design system for determining the optimal number and size of uniform re-
peaters to insert into an RC tree has been described. An accurate timing model
based on a short-channel I-V model which considers the shape of the signal wave-

form is used within this system to achieve a more accurate and efficient repeater
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implementation. Analytical estimates of the total propagation delay of example
RC trees with inserted repeaters agree within 10% of SPICE. One local optimiza-
tion method and two global optimization methods have been implemented. The
global optimization method utilizes the downbhill simplex algorithm in conjunction
with simulated annealing to increase the size of the design space.

Depending upon the application, either delay targeting or delay minimization
of the interconnect in RC trees may be appropriate goals. Both of these goals can
be accomplished by the application of the repeater insertion methods presented
in this chapter. The global repeater insertion algorithm is applied to the total
path delay, or the root-to-leaf delays, while the local repeater insertion algorithm
is applied to satisfy a specific branch delay objective. Simulated annealing for
repeater insertion is discouraged except for small RC tree topologies due to the
significant increase in computational run time.

Delay improvements of 25% to 60% over a typical cascaded buffer insertion
methodology are achieved by inserting repeaters. The global repeater insertion
methodology reduces the propagation delay, circuit area, and power dissipation
as compared to the local optimization method. The power dissipation of the
inserted repeaters is also examined. The analytically derived estimate of the
sum of the dynamic and short-circuit power is within 16% of the total power
dissipation derived from SPICE. Thus, an integrated design system for effectively

and accurately inserting repeaters into an RC tree is presented in this chapter.
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Table 5.1: The size and number of repeaters as determined by the local optimiza-
tion algorithm for three different RC tree topologies. (The propagation delay is
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 is 3:1.)

Local Optimization
Branch R C  |tpassive | touffer tpp tpp |Error|#|Size
Passive|Buffersi{Analytical|SPICE Lm
(1,1,0) 1KQ|{1pF| 9.0 1.95 1.05 1.16 | 9%
(2,1,1) | 40092 |.05 pF| 9.7 1.73 1.51 1.54 | 2%
(3,1,1)] 2002 | .5 pF| 9.75 | 2.41 1.77 1.70 | 4%
(3,2,1)] 2009 {.5 pF| 9.75 | 2.41 1.77 1.70 | 4%
(3,3,1) 2000 | .5 pF| 9.75 | 2.41 | 1.77 | 1.:0 | 4%
(2,2,1) | 7000 |1 pF | 945 | 2.98 | 1.71 | 1.67 | 2%
(2,3,1) [ 5002 |.5 pF| 9.28 | 2.46 1.51 1.48 | 2%
(3,1,3)| 300Q [ .1 pF| 9.3 | 2567 | 1.70 | 1.67 | 2%
(3,2,3)] 30092 | .1 pF'| 9.3 | 2.57 1.70 1.67 | 2%

(1,1,0) |700Q |.8pF| 7.95 | 1.36 || .91 1.02 [10%
(2,1,1) | 100Q |.5 pF| 7.98 | 1.70 1.12 | 1.09 | 3%
(2,2,1) | 200Q |.7 pF| 8.18 | 1.86 127 | 1.23 | 3%
(3,1,2)] 700Q | .6 pF| 8.44 | 3.02 1.77 | 1.66 | 7%
(3,2,2) 1009 |.1 pF| 8.19 | 2.14 142 | 140 | 1%
(2,3,1) | IKQ |1.6 pF| 9.70 | 3.87 202 | 1.97 | 2%
(3,1,3)] 300Q | .5 pF| 9.79 | 3.72 233 | 222 | 5%
(3,2,3)] 600Q | .1 pF| 9.74 | 3.39 2925 | 2.16 | 4%

(1,1,0) 2002 | 5 pF | 5.73 | 2.14 .85 .88 | 3%

[y
[oery
—
o]

(211) |[IKQ|1pF| 9.34 | 362 | 187 | 1.90 | 2% |9] 19
(3,1,1)] 400 | 8 pF| 954 | 3.95 | 2.30 | 2.17 | 6% |5 22
(3.21)[T5 KQ|.1 pF| 943 | 345 | 218 | 2.08 | 5% |5] 4

)

)
(3,31)[1.5 KQ| .1 pF| 9.43 | 3.45 || 2.18 | 2.08 | 5%

)| 400Q | 8 pF| 9.54 | 3.95 | 2.30 | 2.17 | 6%
(22.1) |2KQ | 5pF| 745 | 361 | 1.79 | 1.82 | 2%
(3,1,2)[ 800Q | .2 pF| 7.55 | 3.67 | 210 | 2.05 | 2%
(3,2,2)[ 8000 | .2 pF| 7.55 | 3.67 | 210 | 2.05 | 2%
231) |2KQ |5pF| 745 | 361 | 179 | 1.82 | 2%
(3,1,3)[ 800Q | 2 pF| 7.55 | 3.57 | 210 | 2.05 | 2%
(3.2,3)[ 800Q | 2 pF| 7.55 | 3.57 | 210 | 2.05 | 2%
(241) |IKQ|1pF| 9.34 | 362 || 187 | 1.90 | 2%
(3,1,4) 400Q | 8 pF| 9.54 | 3.95 | 230 | 2.17 | 6%
(3,2,4)|15 KQ| .1 pF| 9.43 | 3.45 | 2.18 | 2.08 | 5%
(334)15 KQ| .1 pF| 943 | 345 | 218 | 2.08 | 5%
(3,4,4) 400 | 8 pF| 9.54 | 3.95 | 230 | 2.17 | 6%

oo oolojoolujojolayact o] nlw]o U\U\:U\CHCJ'!U\(D Wy O O 3| Gy v v n
-\]
{e}
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Table 5.2: The size and number of repeaters as determined by the global optimiza-
tion (downhill simplex and simulated annealing) algorithms for three different RC
tree topologies. (The propagation delay is 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 is 3:1.)

Downhill Simplex Simulated Annealing
Branch R C tep tpp |Error|#|Size tep tpp |Error|#|Size
Analytical|SPICE pm [Analytical[SPICE pm
(1,100 |[1KQ|1pF 88 93 | 5% |7[12.7] 9 97 | 7% |815.7
(2,1,1) | 4009 |05 pF|| 1.14 | 1.15 | 1% |2[5.2]] 1.16 | 1.20 | 3% [3[85
(3,1,1)] 2009 [ 5 pF|| 1.53 | 161 | 5% |4[5.7]] 146 | 1.49 [ 4% [2]8.7
(3,2,1) 2000 | .5 pF|| 1.51 | 1.57 | 4% |2|6.0]| 1.44 | 1.48 [ 3% [4]10.6
(3,3,1)[ 200Q |5 pF| 1.51 | 1.58 | 4% |2|5.9] 149 | 1.54 | 3% [2]74
(2,2,1) | 7000 |1 pF || 167 | 1.76 | 5% |6|7.3]| 163 [ 1.69 [ 4% [7]9.1
(2,3,1) | 500Q |5 pF| 1.35 | 145 | 7% |3[7.2]| 1.35 | 1.40 [ 4% [4[10.7
(3,1,3) 3009 | .1 pF| 148 | 1.53 | 3% |2|4.1] 146 | 1.46 | 0% [2]6.6
(3,2,3) 3000 [ .1 pF|| 152 | 1.59 | 4% [2f2.6] 146 | 1.45 [ 1% [2]6.7]
(1,1,0) | 700Q [.8 pF 72 85 [15%|7[16.4] .71 79 110% |7 18.7]
(2,1,1) | 100Q | .5 pF .98 1.08 | 9% |2[8.4 94 101 | 7% |2]9.7
(2,2,1) | 2009 | .7 pF| 1.05 | 1.14 | 8% |3[17.1] 1.08 | 1.14 | 5% [2[15.5
(3,1,2)[ 700Q [ 6 pF || 1.56 | 161 | 3% |5|9.6] 158 | 1.57 | 1% |5]10.8
(3,2,2) 1009 [ .1 pF|| 1.13 | 1.20 | 6% |2]6.4]] 1.17 | 1.15 [ 2% |2]6.3
(2,3,1) | 1KQ |16 pF|| 1.79 | 1.80 | 1% 1172 1.79 | 1.83 | 2% [10]15.3
(3,1,3) 30092 | 5 pF || 210 | 2.11 | 0% |2[11.3] 2.09 | 2.09 | 0% |[2]13.0
(3,2,3) 600 | 1 pF|| 194 | 1.93 | 1% [2]|56] 195 | 1.95 [ 0% |2[5.0
(1,1,0) [200Q ][5 pF 82 86 | 5% |8[75.4] .83 90 | 8% [9163.1
211) |[IKQ|1pF || 172 | 177 | 3% |8)15.4] 1.75 | 1.86 | 6% [8]12.6
(3,1,1)[ 4000 | 8 pF || 219 | 2.22 | 1% |5[10.9]] 2.33 | 2.47 [ 6% |4[7.1
(3,2,1)|1.5 KQ| .1 pF 1.9 1.95 | 3% |3[3.1|| 2.08 | 1.99 | 5% |4[13.1
(3,3,1)[1.5 KQ| .1 pF 1.9 195 | 3% |3[|3.1|] 217 | 2.36 | 8% |8]|1.8
(34,1)[ 4000 | 8 pF || 219 | 222 | 1% |5(10.8] 2.40 | 2.63 [10%[3]5.9
(221) [2KQ|5pF| 1.69 | 1.72 | 2% [8]75 1.9 1.99 | 7% [7]8.0
(3,1,2) 8002 | 2 pF || 1.99 | 2.01 | 1% |4]|47] 2.36 | 2.40 [ 2% [13[8.2
(3,2,2)[ 8000 [ 2 pF | 1.99 | 1.96 | 2% |3[5.1]] 2.18 | 2.02 [ 8% |2]21.6
(2,31) |[2KQ |[5pF| 170 | 174 [3% |8[7.2]] 1.70 | 1.79 | 5% [7]7.2
(3,1,3)[ 80002 | .2 pF || 1.99 | 1.97 | 1% [3]|54] 2.02 [ 2.06 | 2% [5]5.3
(3,2,3)[ 8000 |2 pF || 1.99 | 1.97 | 1% |3]5.3]] 2.001 | 2.06 | 2% [2]46
(24,1) |LRKQ|1pF | 175 | 177 | 1% |8[148] 1.84 | 2.04 |10% [13]15.3
(3,1,4) 400Q | 8 pF || 221 | 221 | 0% |4[11.2] 2.32 [ 2.50 | 7% |8]14.0
(3,24)[15 KQ| 1 pF| 202 | 1.96 | 3% |3[3.0]] 2.23 | 2.19 [ 2% [4]135
(33415 KQ[ .1 pF| 203 | 196 |3% [3[3.0]] 225 | 226 | 0% 6114
(3,4,4) 400Q [ 8 pF || 2.19 | 2.42 [10%|4)10.4] 2.33 | 2.50 | 7% [8]14.1
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Table 5.3: The size and number of repeaters as determined by the global opti-
mization algorithm to meet a terminal branch target delay of 2.0 ns for the given
RC tree topologies. (The propagation delay is 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 is 3:1.)

Downbhill Simplex
Branch R C tpp tpp | Error | # | Size
Analytical | SPICE pm
(1,1,0) 1KQ | 1pF 1.37 1.55 10% | 3 | 5.31
(2,1,1) | 40092 | .05 pF 1.60 1.52 5% | 3 |3.76
(3,1,1) | 200Q | .5 pF 2.05 2.05 0% | 3 |4.39
(3,2,1) | 200Q | .5 pF 2.06 2.07 1% | 3 |4.21
(3,3,1) | 200Q | .5 pF 2.07 2.09 1% | 3 | 4.04
(2,2,1) | 700Q | 1 pF 2.22 2.22 0% |5 |6.34
(2,3,1) | 50092 | .5 pF 1.95 1.92 2% | 4 |4.83
(3,1,3) | 300Q | .1 pF 2.11 2.06 3% | 3 |3.63
(3,2,3) | 3002 | .1 pF 2.11 2.06 2% | 3 13.53

Table 5.4: Repeater insertion as determined by the downhill simplex method and
an exhaustive search for the RC tree shown in Figure 5.10.

Downhill Simplex Exhaustive
Branch R C tpp (ns) # of Size || tpp (ns) # of Size
Analytical | Repeaters | pm || Analytical | Repeaters | um
(1,1,0) 1KQ | 1pF .88 8 15.9 .88 8 16.0
(2,1,1) | 7002 | 1 pF 1.55 7 13.5 1.55 7 13.5
(2,2,1) { 50092 | .5 pF 1.27 4 10.8 1.27 4 10.5
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Chapter 6

Conclusions

The rapid improvement in integrated circuit technology has provided techno-
logical and design challenges at every turn. Transistors have become small and
fast enough that complex functions can be implemented on a single chip. Because
of these increasingly higher levels of integration, on-chip interconnections have
become so long as to limit the operating frequency of circuits.

Although technological improvements such as copper interconnect (72, 73| may
temporarily slow the effect that interconnect delay will impose on integrated cir-
cuits, circuit-level solutions are required to control interconnect delay. In {32],
Bakoglu presents several circuit-level methods to reduce interconnect delay. One
example is the use of a CMOS inverter inserted along the interconnect to reduce
the quadratic increase of the resistive-capacitive impedance characteristics of the
interconnect.

In order to accurately describe the effect of a repeater driving an RC load,
both the interconnect impedance and repeater need to be properly modeled; in
addition, these individual models should be correctly integrated to provide an
overall repeater-interconnect delay model. Furthermore, the short-channel na-

ture of the transistors require a set of I-V equations that are more accurate than
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the classical Shichman-Hodges expressions [31]. The Sakurai a-power law model
[33] can be used to accurately describe short-channel transistors while provid-
ing tractable expressions suitable for developing useful design expressions. The
expressions governing the operation of the repeater have been integrated with
a lumped RC interconnect model to accurately represent a repeater driving a
section of interconnect.

The average error of this model has been demonstrated in this dissertation
to be less than 10% versus SPICE for a wide range of RC loads. This repeater-
interconnect model forms the basis for the repeater insertion methodology and
algorithms used in both RC lines and trees. The transient power dissipation
of the repeater-interconnect model has also been investigated. While dynamic
power dissipation is the straightforward product of the frequency, the square of
the voltage swing, and the load capacitance, the short-circuit power is also strongly
dependent upon the shape of the input signal. An expression describing the short-
circuit power dissipation of a repeater driving an RC load is presented. The error
of this expression is less than 15% for a wide variety of RC loads.

The original model of an inverter driving a section of RC interconnect has
been expanded to describe the delay of a chain of repeaters. The deviation of the
model from SPICE is typically under 10%. Short-circuit power in repeater chains
has also been explored. It is shown that when the size of the repeater is small,
the contribution of short-circuit power versus dvnamic power is between 1% to
5%. Short-circuit power, however, can reach up to 30% of the dynamic power
dissipation in repeater chains. While dynamic power dissipation scales linearly
with repeater size, short-circuit power dissipation changes non-linearly with the

size and number of repeaters in a repeater chain.
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Finally, an expression for the delay of a repeater chain is an integral element
when optimizing the process for inserting repeaters in an RC tree. Local and
global optimization techniques have been developed, and both are described for
minimizing the delay in an RC tree. The local optimization method is useful
for minimizing or targeting the delay on a branch-by-branch basis, an important
capability for building high performance RC trees such as clock distribution net-
works. On the other hand, a global optimization technique is useful for minimizing
or targeting the delay from the source of an RC tree to the leaf nodes of the tree
which are important for circuit structures such as high fanout data networks.
These algorithms exhibit a 25-60% improvement over a typical cascaded buffer
system and a deviation from SPICE typically under 10%.

The research presented in this thesis describes a new method for driving high
speed interconnect. Although there has been previous research in repeater in-
sertion to reduce interconnect delay, to the author’s knowledge, this is the first
research to model repeater insertion with a short-channel transistor model repre-
sentative of current technologies and to apply this model to both RC lines and
trees. The research presented here provides the basis for faster, more energy

efficient CMOS-based integrated circuits.
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Chapter 7

Future Research

The possibilities for future research in repeater insertion in RC trees are many.
In this chapter, possible future work is broken into four categories: improvements
in the circuit model; investigation of different methods of optimization; develop-
ment of cost criteria; and real world implementation issues. Each of these four

categories are discussed below.

7.1 Model Improvements

The tradeoff between model simplicity and accuracy always exists, and the
model presented in this dissertation maintains a good balance between these two
characteristics. However, in order to develop a more general model, several im-
provements to the transistor-interconnect model are necessary. These improve-
ments include: modeling a repeater driving an RC load with a slow ramp in-
put; consideration of the saturation region; and a multi-segment RC interconnect

model.
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7.1.1 Modeling a Repeater Driving an RC Load with a
Slow Ramp Input Signal

The repeater model described in Chapter 3 assumes a step input, or that
the inputs are very fast, approaching a step input signal. This model permits
some further simplifying assumptions to be made to the differential equations
describing the inverter-interconnect interaction. These equations also work with a
fast ramp input signal as well. Previous research has presented analytical solutions
of a slow ramp input signal driving an inverter loaded by a capacitor {33, 74].
These solutions are complex and become analytically intractable with a resistive-
capacitive load. In addition, the a-power law model does not accurately model a
slow input signal. This inaccuracy is caused by both transistors being on during
a slow ramp input signal. Thus, either a different device model such as in [17] is
necessary, or the resulting data would have to be determined numerically.

Although currently the repeater model described in Chapter 3 exhibits ac-
curacy to within 10% of SPICE, future work in repeater models should include
analytical or numerical expressions that describe the output of an RC loaded
inverter with a slow ramp input signal to increase the overall generality of the

repeater delay model.

7.1.2 Consideration of Saturation Region

The Sakurai o-power law I-V equations have been chosen to model the re-
peater system for its ability to accurately describe short-channel operation and
because these equations are relatively tractable in the analysis of more complex
circuits while accurately modeling the large signal I-V behavior of short-channel
transistors. This capability permits the development of a model that character-

izes the system of a repeater driving an RC load. It was shown in Chapter 3
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that with a step input, repeaters driving an RC load operate predominantly in
the linear region. With a ramp input, the repeater is expected to operate in the
saturation region for a longer period of time. Therefore, the repeater operating
in the saturation region may need additional examination.

Although the equation characterizing the saturation region portion of the a-
power law is relatively simple, there is difficulty in using this I-V equation to
analyze the interconnect model presented in Chapter 3. The a-power law equation

that describes the saturation region is

Ves — VT)°
—_— . 7.1
Vop — Vr (7.-1)

Ip = Ioo
Note that Vpg does not appear in this saturation I-V equation. The only output
current dependent bias voltage is the gate-to-source input voltage Vgs. A strategy
is therefore needed to include the effect of the load capacitance and resistance

which is considered in Vps when developing a repeater model that considers the

saturation region, as shown in Figure 7.1.
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Figure 7.1: The N-channel transistor of a CMOS inverter driving a large RC load
representative of a long interconnect. Vpg is the output voltage of the operating
transistor of a repeater.

In order to determine the effect of Vps on Ips in the saturation region, the
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following equation may be useful [75],
K a
Ips = —2—(VG5 — VT) [1 + /\VDg] . (7.2)

This equation describes channel length modulation in short-channel transis-
tors. A is known as the the channel length modulation factor and describes the
degree to which channel length modulation affects the current drive capability
of the transistor in the saturation region. Utilizing this expression for the drain
current in the saturation region, the operational characteristics of the transistor
can be better captured in the repeater model. The challenge of integrating the
two expressions, one for linear and one for saturation, into an overall repeater

delay model still remains.

7.1.3 Improved RC Model

Sakurai presents in [26] interconnect models that provide a more accurate
approximation of an interconnect than a lumped load interconnect model. These
interconnect models are described in Chapter 2. Implementing multiple section
RC models result in multiple pole solutions in the time domain. Thus, no direct
analytical expression to determine the output response for a given input signal to
a repeater multi-pole-interconnect section has been found. Possible solutions to
this problem are to use the dominant pole technique used in analysis tools such
as RICE [76] or AWE [77-82] or to determine an “effective capacitance” such
as described in [83]. These methods yield fairly accurate solutions when doing
analysis; however, these methods may be too complex to develop useful closed

form design expressions.
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7.2 Optimization Algorithms

Although optimization is not the primary focus of the research presented in’
this dissertation, an investigation of other optimization methods to accomplish
the repeater insertion task is worthwhile future work. The order of complexity
and robustness of the optimization algorithm are two critical factors in addition to
the ease of implementation in terms of choosing which algorithms are preferable
to accomplish the repeater insertion task.

For example, in order to determine the minimum average delay from the root
node to the leaf nodes of an RC tree, the optimal implementation could be derived
directly from the gradient of the function. However, the gradient is difficult to
determine and does not lend itself well to automatic implementation. In addition,
if the cost criteria (or the objective function) become more complex than the
average leaf delay, then the gradient may be impossible to determine. Thus, a more
flexible optimization method may be necessary to determine the optimal repeater
system. Although there are many optimization algorithms, an improvement to

simulated annealing and dominant frontier are discussed in this section.

7.2.1 Simulated Annealing

Improving the application of simulated annealing to the repeater insertion
methodology is one area for future research. A possible variation on simulated
annealing is Large-Step Markov Chains [84]. In this case, the optimization can be
viewed as a zero or low temperature simulated annealing algorithm over the local
minimum determined by a greedy optimization algorithm. Again, the difficulty
of the “kick move” size, i.e., how large a step toward a different minima, must be

empirically determined.
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7.2.2 Dominant Frontier

The dominant frontier [84] is a pseudo-exhaustive method of optimization in
which the problem is partitioned into discrete sections with each section being
optimized for a condition that describes an interaction with another section. In the
case of the dominant frontier method, each branch of an RC tree is characterized
by a triplet: 1) an upstream capacitance determined by the repeater size inserted
into the branch, 2) a downstream capacitance caused by inserting repeaters in the
child branches, and 3) a delay determined by both the upstream and downstream
capacitances and the optimal repeater insertion. Thus, the triplet is represented
by (CL.,s CLupwn Delay). The goal of this algorithm is to determine a set of triplets

that will optimize the repeater insertion for a given objective function.

7.3 Calculation of the Overall Cost of Inserting
Repeaters

As mentioned previously, high performance VLSI circuits comprise not only
high speed operation but other criteria such as power and area. Expressions for
determining both the dynamic and short-circuit power dissipation are presented
in Chapter 3. Implementation of concurrent optimization of area and dynamic

power dissipation would be a useful improvement upon the existing work.

7.4 Development of a CAD Tool

This section describes several areas of research in which repeaters can be more
effectively inserted to satisfy a target performance goal. In addition, there are
areas of research which are required for implementation in industry. Wire sizing

and simultaneous wire sizing and repeater insertion, placement information, and
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improved reliability are all issues that are applicable to a repeater insertion CAD

tool.

7.4.1 Simultaneous Wire Sizing

Wire sizing is a method to tradeoff the capacitance of a line with the resis-
tance of a line. In particular, wire sizing becomes useful when reducing the fring-
ing/coupling capacitance between adjacent interconnect lines. Wire sizing and
simultaneous repeater insertion and wire sizing have both been discussed within
the literature [51,85-96]; however, the repeaters and wire sizes are typically re-
stricted to discrete library elements or widths, respectively.

In order to implement wire sizing within the framework of a repeater insertion
system, geometric information about the interconnect is required. In addition,
extraction data describing the coupling/fringe capacitances is also necessary. With
this information, simultaneous wiring sizing integrated with repeater insertion

would be a worthwhile research result.

7.4.2 Including Placement Information

It may occur that a repeater, due to lack of physical space, can not be inserted
in a location recommended by the algorithms presented in this paper since a
blockage caused by other circuitry may exist. Given information describing the
blockage circuitry, the repeater could be moved to a different position and resized
to retain acceptable delay characteristics. If a continuous optimization strategy
is used, excessive degrees of freedom may be developed. Therefore the repeater
selection should preferably come from a restricted library.

A possible flow for developing the clock distribution network of an integrated

circuit that includes repeater insertion is show in Figure 7.2. The process would
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be iterative with the first pass providing an estimate of the size and number
of repeaters based on the initial preliminary information provided by the design
system. A second pass of the repeater insertion algorithm would provide more

refined repeater specifications given detailed placement information.

Min/Max Delay Info

Clock Schedule

i Primitive Placement

Clock Tree Synthesis Information

] Repeater Insertion
Automated Layout of
Clock Tree w/Repeaters
No I

Parasitic Extraction Detailed Placement

and Reduction Information

Satisfy Clock Schedule?

Yes

Figure 7.2: The clock distribution network design flow of an integrated circuit
modified to include repeater insertion.
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7.4.3 Clock Signal Variations

Reliable operation of a clock tree with repeaters must consider two important
problems in clock signal distribution: clock skew and clock jitter. The effects of
repeater systems on clock skew and clock jitter are explained below.

Clock Jitter: Reliable synchronous circuit operation depends upon a consis-
tent clock signal frequency. The fluctuation of the clock frequency at a specific
location within an integrated circuit is clock jitter. Formally, the clock signal is a
periodic signal s(t) with period T, such that T is the smallest value for which the

following equation holds,

s(t) = s(t + nT), (7.3)

where n is an integer specifying a period number. Ideally, the clock period T is a
constant value at all times, i.e., % = 0. If the value of this derivative is non-zero,
then the clock signal exhibits a variable period—this phenomenon is known as

clock jitter {97]. A timing diagram of clock jitter is shown in Figure 7.3.

fee Tlﬂ

f— T ——f— T ——f— T —

Figure 7.3: A variation in the period of the clock signal T is clock jitter.

There are several sources of clock jitter. One source of clock jitter is the
off-chip clock source. Another possible source of clock jitter is caused by simulta-

neous switching noise [98-100]. In large CMOS IC’s, thousands of transistors may
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switch almost simultaneously drawing a large current from the power supply. This
L% noise voltage can cause clock jitter in integrated circuits. Furthermore, by
inserting repeaters into the clock distribution system, additional switching noise is
added. The active transistors within the repeaters are also affected by the power
supply noise, thus possibly further increasing jitter.

The repeater models described in this dissertation permit computation of the
maximum current required by the repeater system from the power supply. This
information allows a range of voltages under which the power distribution system
can be designed. However the effect of power supply noise on the switching char-
acteristics of the repeaters is less clear. Future work could include studying the
reliable operation of the active transistors in a repeater system with a noisy power

supply to control clock jitter.
Clock Signal Distribution and Process Parameter Variations

Clock skew: The variation in clock signal arrival times to different clocked
elements is clock skew [57,64]. Furthermore, clock skew can be broken up into
two categories, global (chip-wide) and local. Local clock skew is the clock skew
that occurs between two sequentially adjacent clocked elements [70]. Local clock

skew can cause catastrophic circuit failure when
Tskew = Tetock — TPD (7.4)

or

[ Tskew| > Tpp - (7.5)

In these equations, Tykew is the clock skew, Tyocr is the minimum clock period,
and Tpp is the propagation delay of the logic between the two clocked register

elements [70]. A circuit schematic representing elements affected by global and
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Figure 7.4: Clock signal distribution in integrated circuits: (a) Schematic of the
clock distribution network with three clocked elements x, y, z (b) The variation
in clock arrival times between sequentially non-adjacent registers (x and y) and
(x and z) is global clock skew, between sequentially adjacent registers (y and z)
is local clock skew.

local clock skew is shown in Figure 7.4a with their respective clock signals shown
in Figure 7.4b.

One cause of clock skew is process parameter variations. Process parameter
variations are inevitable in any fabrication process. However, with the addition
of repeaters, process parameter variations may pose a greater problem in clock
signal distribution. With a clock tree composed solely of passive interconnect
(i.e., no repeaters), process parameter variations will affect the clock tree wire
widths, changing the value of the resistance and capacitance of the interconnect
line. However, the effects of process parameter variations on the active repeaters
may be more significant, causing the expected delay of a path in a clock tree to

shift out of the operational bounds dictated by the acceptable clock skew of that

local data path.
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The effect of process parameter variations on clock skew in repeater systems
could be examined through a variety of methods. One method is through Monte
Carlo simulations to determine a typical range of signal delay by a clock tree
utilizing repeaters {101]. Another method is to statistically analyze the results
of a repeater insertion within an RC tree by the methodology presented in this
dissertation. Since the performance of a repeater system can be estimated by an
analytical expression, the parameters that define the performance of the repeater
system can be arranged in a vector x. Each parameter in the vector is composed of
two components: the expected or designed component d, and the process variable

component s. This vector expression can be written as
x=d+s . (7.6)

The design space can be explored by setting d to the desired rnominal values and
varying s from the worst case to the best case values [102]. With this information,
the margin of operation that needs to be satisfied to create a high yield circuit

can be determined.

7.5 Conclusions

There remain a number of research issues to be explored in the area of repeater
insertion with respect to the research presented in this dissertation. This chapter
summarizes future research in the development of repeater insertion for more
general modeling. In addition, other possible optimization methods are presented.
Finally, some of the hurdles of implementing repeater insertion in an industrial

CAD tool are discussed and explored.
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