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Abstract

With the decrease in feature size of CMOS integrated circuits, intercon-
nect design has become an important issue in high speed, high complexity
integrated circuits (IC). Different design methodologies have been proposed
to improve circuit performance. Wire sizing, driver sizing, and wire shaping
are common techniques to enhance circuit performance.

With increasing signal frequencies and the corresponding decrease in sig-
nal transition times, the interconnect impedance can behave inductively. Dif-
ferent design methodologies under an inductive environment are described in
this dissertation. Including line inductance in the design process can enhance
both the delay and power as well as improve the accuracy of the overall design
process.

Line inductance introduces new tradeoffs in interconnect and driver siz-
ing to decrease the circuit delay. An accurate solution for the optimum line
width is described that minimizes the total transient power dissipated by a

CMOS circuit. Furthermore, interconnect inductance introduces a shielding



vil

effect which decreases the effective capacitance seen by the driver of a cir-
cuit, reducing the gate delay. Ignoring the line inductance overestimates the
circuit delay, inefliciently oversizing the circuit driver. Considering line in-
ductance in the design process also saves gate area, reducing the dynamic
power dissipation.

An alternative technique to reduce the propagation delay in long inter-
connects is non-uniform wire sizing or wire shaping. In this dissertation,
the optimum wire shape for the minimum signal propagation delay across an
RLC line is shown to have a general exponential form. The line inductance
makes exponential tapering more attractive in RLC' lines than in RC lines.
Wire tapering can reduce both the propagation delay and the power dissipa-
tion. This technique is used to size the interconnect lines within an H-tree
clock distribution network. Exponentially tapered interconnect is shown to
reduce the dynamic power dissipation while preserving the signal characteris-
tics within clock distribution networks. Furthermore, the inductive behavior
of the interconnects is reduced, decreasing the inductive noise.

On-chip inductance should be included in the design process in high fre-
quency circuits. By including the on-chip inductance, the efficiency of dif-
ferent circuit design techniques such as wire sizing, driver sizing, and line

tapering can be greatly enhanced.
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Chapter 1

Introduction

On-chip interconnects are now the primary bottleneck in the flow of signals
through high complexity, high speed integrated circuits (ICs). Operating an
IC at high frequency while dissipating low power is the primary objective
for many modern circuit applications. The frequency at which ICs operate
increases each year. In order to satisfy these performance objectives, the
feature size of CMOS circuits is decreased for each advanced generation of
technology. The reduction in feature size reduces the delay of the active
devices. The effect on the delay due to the passive interconnects, however,
has increased rapidly as described in the National Technology Roadmap [1].

Low power dissipation is another increasingly important design objective
in current (and future) ICs. With shrinking feature size, the number of wires
grows exponentially [1, 2]. The interconnect capacitance often dominates the

total gate load [3]. On-chip interconnects therefore dissipate a large portion of



the total power dissipation. Long interconnects that distribute clock signals
and power can dissipate up to 40% to 50% of the total power of an IC [4].
Additional interconnect layers may enhance circuit speed while increasing
the power dissipation. Interconnect design has, therefore, become a domi-
nant issue in high speed ICs. Some insight into the complexity of modeling
multilayer interconnects at high frequencies is presented in this chapter.
Interconnect wires can be classified into two categories, local wires and
global wires. Local wires are those interconnects within logic units that con-
nect the active devices. The delay of the local wires decreases with feature
size since the distances among the devices decreases. Global wires are those
interconnects that connect different logic units (e.g., busses) or distribute
signals across the die (e.g., clock distribution networks). As shown in Fig.
1.1, the delay of local wires decreases while the delay of global wires increases
with advancing technology nodes [4]. Despite the reduction in feature size,
the die size has tended to increase. The die size has historically doubled every
ten years, as shown in Fig. 1.2. The length of the global wires does not scale
with technology, while the cross section decreases. The reduction in cross
section increases the line resistance and, consequently, the delay required for
a signal to propagate along a line. The increase in die size further increases

the length of the global lines [6, 7] which further increases the delay. Special



attention should therefore be placed on the global lines, since these lines can
limit the overall speed of a circuit [6]-[15].

In order to cope with these trends in advanced technologies, different
design methodologies have been developed to decrease the time required for
a signal to propagate through a long line. In section 1.1, different models for
on-chip interconnect are described. The increasing importance of considering

line inductance in the interconnect model is discussed in section 1.2.

100

Gate Delay
Local

Global with Repeaters
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0.1

250 180 130 90 65 45 32
Process Technology Node (nm)
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Figure 1.1: Relative delay for local and global wiring versus feature size [4]
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Figure 1.2: Die size for different generations of Intel microprocessors [5]

1.1 Interconnect Modeling

Modeling on-chip interconnect is fmportant to determine the signal char-
acteristics of a line. Accurate modeling enhances both the design and analysis
processes. Local lines can often be modeled as a single lumped capacitor, as
shown in Fig. 1.3a. If the line capacitance is much smaller than the load
capacitance, local lines can be neglected in the delay analysis. Modeling local
interconnect by a capacitive load becomes more important as the line ca-
pacitance becomes comparable to the load capacitance. Signal propagation
through these lines is negligible as compared to the gate delay [16]. Since these
lines are short, the resistance is typically negligible. The contribution of the

line resistance to the degradation in the signal propagation characteristics is



therefore not significant.

The line resistance impedes the signal propagation in long lines. The de-
lay through these lines can be comparable to or greater than the gate delay.
Modeling a global line as a lumped capacitor is often highly inaccurate. Dif-
ferent models have been proposed to model RC lines. The simplest model is a
lumped RC model as shown in Fig. 1.3b. In order to capture the distributed
nature of the line impedance, RC' lines are often divided into sections of dis-
tributed impedances [17]-[19]. Each section is modeled as an equivalent RC
circuit. The T and II circuits, shown in Figs. 1.4a and 1.4b, respectively,
are widely used in modeling long interconnects. The accuracy of the model
depends upon the number of sections used to model the interconnect. An
RC model is adequate at low to medium frequencies (up to a few hundred
MHz). However, at high frequencies (on the order of a GHz), the RC model is
inadequate to accurately characterize the signal. An RLC model is necessary
to accurately characterize these interconnects.

Global lines are usually wide, exhibiting low resistance. With the reduc-
tion in line resistance and the increase in clock frequencies, the line inductance
has begun to affect the signal propagation characteristics [20]. The inductance
should therefore also be considered in the interconnect model. A first order

approximation of an inductive interconnect is shown in Fig. 1.3c. The T and



IT equivalent distributed models for an RLC line are shown in Figs. 1.4c and

1.4d, respectively [21, 22].
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Figure 1.3: Different lumped interconnect models a) C model b) RC model c)

RLC model

1.2 Importance of On-Chip Inductance

Many studies have been made to determine the conditions at which the
line inductance should be considered in an interconnect model [23]-[25]. The
work described in [20] determines the limits on the line length and transition
time at which the line inductance should be considered. As the equivalent
output resistance of the gate that drives the interconnect decreases, the limits

presented in [20] become more accurate. The lower limit on the line length
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Figure 1.4: Distributed model for an interconnect a) RC T model b) RC' II model

c) RLC T model d) RLC II model

beyond which the line inductance should be considered is shown in Fig. 1.5 for
different line impedance parameters (L is the inductance and C' is the capac-
itance per unit length, respectively). Increasing signal frequencies typically
require faster signal transition times. As the signal transition time decreases,
the lower limit on the line length also decreases, making shorter on-chip in-
terconnects behave inductively. Medium length lines which do not behave
inductively at low frequency, behave inductively as the frequency increases.
Alternatively, the number of long interconnects has increased rapidly [26].

For example, an IC today may have only 10,000 to 20,000 global nets. This



number, however, is expected to grow to more than 100,000 [27]. Considering
the line inductance is, therefore, becoming more crucial in high speed, high

complexity integrated circuits [28]-[40].
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Figure 1.5: Lower limit of interconnect length above which the inductance should

be considered in the line model

Another factor which increases the importance of line inductance is the
introduction of new materials. New metal and dielectric materials have been
introduced to reduce interconnect delay. Low-k dielectrics can decrease the
line capacitance to half the capacitance of SiO,. Furthermore, replacing alu-
minum lines with copper can also reduce the line resistance by a factor of

two to three. These new materials increase the importance of considering the



line inductance. As described in [20], the damping factor ¢ can be used to
characterize the significance of the inductance. For ¢ < 1, the line is under-
damped, causing ringing in the signal. As shown in Fig. 1.6, when advanced
materials are used, the damping factor decreases, increasing the importance

of considering the line inductance.
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x  Low-Kand Al
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Interconnect Inductance (nH)

Figure 1.6: Damping factor as a function of the line inductance for different di-

electric and metal materials

Different techniques to drive long interconnects are reviewed in Chapter
2. In order to drive global interconnects, many design methodologies have
been proposed. Different design techniques have been developed to reduce the

propagation delay along long resistive line. These techniques ignore the line
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inductance, which may lead to area and/or power inefficient circuits. In this
chapter, efficient techniques to drive global RC interconnects are reviewed.

In Chapter 3, different aspects regarding the complexity of extracting cir-
cuit parameters at high frequencies are discussed. On-chip inductance extrac-
tion and analysis are becoming more critical at higher frequencies and smaller
feature sizes. Extracting on-chip inductance in large circuits is a complicated
process. An overview of inductance extraction importance and difficulties is
presented in this chapter. Furthermore, the most widely used techniques to
simplify the extraction process are also summarized. A comparison between
the most efficient techniques is provided.

Resistive power dissipation in CMOS circuits is characterized for both RC'
and RLC lines in Chapter 4. Interconnect resistance dissipates a portion of
the total transient power in CMOS circuits. Conduction losses increase with
larger interconnect resistance. It is shown in this chapter that these losses do
not add to the total power dissipation of a CMOS circuit through I2R losses.
Interconnect resistance can, however, increase the short-circuit power of both
the driver and load gates. The effects of interconnect line resistance on the
primary components of the transient power dissipation are described in both
RC and RLC lines.

In Chapter 5, power characteristics of an inductive interconnect are de-
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scribed. The width of an interconnect line affects the total power consumed
by a circuit. The effect of wire sizing on the power characteristics of an
inductive interconnect line is presented in this chapter. The matching con-
dition between the driver and the load affects the power consumption since
the short-circuit power dissipation may decrease and the dynamic power will
increase with wider lines. A tradeoff therefore exists between short-circuit
’and dynamic power in inductive interconnects. The power characteristics of
inductive interconnects therefore may have a great influence on wire sizing
optimization techniques. An analytic solution of the transition time of a sig-
nal propagating along an inductive interconnect is presented. The solution
is useful in wire sizing synthesis techniques to decrease the overall power dis-
sipation. The optimum line width that minimizes the total transient power
dissipation is determined. An analytic solution for the optimum width is pre-
sented. Considering the driver size in the design process, the optimum wire
and driver size that minimizes the total transient power is also determined.
For long lines, repeaters are usually used to drive the interconnect. Power
and delay characteristics of a long inductive interconnect driven by a re-
peater system are presented in Chapter 6. Repeaters are often used to drive
high impedance interconnects. These lines have become highly inductive and

can affect signal behavior in long interconnects. The line inductance should
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therefore be considered in determining the optimum number and size of the
repeaters driving a line. The optimum repeater system uses uniform repeater
insertion in order to achieve the minimum propagation delay. A tradeoff
exists, however, between the transient power dissipation and the minimum
propagation delay in sizing long interconnects driven by the optimum repeater
system. Optimizing the line width to achieve the minimum power delay prod-
uct, however, can satisfy current high speed, low power design objectives. The
Power-Delay-Area-Product criterion is introduced as an efficient technique to
size the interconnect within a repeater system.

In Chapter 7, the shielding effect of line inductance is introduced. Inter-
connect inductance introduces a shielding effect which decreases the effective
capacitance seen by the driver of a circuit, reducing the gate delay. A model
of the effective capacitance of an RLC load driven by a CMOS inverter is pre-
sented. The interconnect inductance decreases the gate delay and increases
the time required for the signal to propagate across an interconnect, reducing
the overall delay to drive an RLC load. Ignoring the line inductance overesti-
mates the circuit delay, inefficiently oversizing the circuit driver. Considering
line inductance in the design process saves gate area, reducing dynamic power
dissipation. An accurate model for a CMOS inverter and an RLC load is used

to characterize the propagation delay.
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The optimum interconnect shape that minimizes the signal propagation
delay along RLC lines is determined in Chapter 8. The optimum wire shape
to produce the minimum signal propagation delay across an RLC' line is
shown to have a general exponential form. The line inductance makes ex-
ponential tapering more attractive for RLC' lines than for RC' lines. For
RLC lines, optimum wire tapering achieves a greater reduction in the signal
propagation delay as compared to uniform wire sizing. Wire tapering can
reduce both the propagation delay and power dissipation. For RLC lines,
exponential tapering outperforms uniform repeater insertion. As technology
advances, wire tapering becomes more effective than repeater insertion, since
a greater reduction in the propagation delay is achieved. Wire tapering can
also improve signal integrity by reducing the inductive noise of the intercon-
nect lines. Wire tapering reduces the effect of impedance mismatch in digital
circuits.

In Chapter 9, the optimum tapered structure for an RLC interconnect
to minimize transient power dissipation of a circuit is determined. An ana-
lytic solution to determine the optimum tapered structure is provided in this
chapter. Wire tapering can reduce the power dissipation of a circuit. Wire
tapering is more efficient than uniform wire sizing in reducing the transient

power dissipation. Optimum wire tapering can reduce the power dissipation
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as compared to uniform wire sizing.

In Chapter 10, a practical implementation for the optimum interconnect
shaping is applied to the H-tree clock distribution networks. Exponentially
tapered interconnects can reduce the dynamic power dissipation of clock dis-
tribution networks. A criterion for sizing H-tree clock networks is proposed.
The technique reduces the power dissipated for an example clock network
while preserving the signal transition times and propagation delays. Further-
more, the inductive behavior of the interconnects is reduced, decreasing the
inductive noise. Exponentially tapered interconnects decrease the difference
between the overshoots in the signal at the input of a tree. As compared to a
uniform tree with the same area overhead, overshoots in the signal waveform
at the source of the tree are reduced.

The dissertation is concluded in Chapter 11. In Chapter 12, other aspects
which should be considered when developing design methodologies in the

future are discussed.
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Chapter 2

Design Methodologies to Drive
RC Interconnects

2.1 Introduction

As interconnect has become a dominant issue in high speed ICs, different
design methodologies have been developed to improve the performance of
long interconnects. These methodologies have historically concentrated on
the distributed resistance of a long line. The most effective techniques used
to drive long RC interconnect are discussed in the following sections. In
section 2.2, wire sizing is presented as an effective technique to increase circuit
speed. Uniform repeater insertion is another effective technique as described
in section 2.3. In section 2.4, optimum wire shaping for minimum signal

propagation delay is discussed.
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2.2 Wire Sizing

Interconnect widening decreases the interconnect resistance while increas-
ing the capacitance. Many algorithms have been proposed to determine the
optimum wire size that minimizes a target cost function. Some of these algo-
rithms address reliability issues by reducing clock skew. Most of the previous
work concentrate on minimizing delay [41]-[46]. The results described in [47]-
[561] consider simultaneous driver and wire sizing based on the Elmore delay
model with simple capacitance, resistance, and power models. As the in-
ductance becomes important, specific algorithms have been enhanced that
consider RLC impedance models [52]-[55].

Previous studies in wire and driver sizing have not considered changes
in the signal characteristics accompanied with changes in the characteristics
of the line impedance. The interconnect impedance characteristics are more
sensitive to the wire size in long, inductive interconnects. The work described
in [48, 51] considers power dissipation while ignoring the inductive behavior
of the interconnect and, therefore, the effect of line inductance on the power
characteristics. In Chapter 5, the power characteristics of an inductive inter-
connect are described. Changes in the matching characteristics are discussed

in terms of sizing the inductive interconnect for minimum power and delay.
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2.3 Repeater Insertion

Uniform repeater insertion is an effective technique for driving long inter-
connects. The objective of a uniform repeater insertion system is to minimize
the time for a signal to propagate through a long interconnect. Based on a dis-
tributed RC interconnect model, a repeater insertion technique to minimize
signal propagation delay is introduced in [56]. Uniform repeater insertion
techniques divide the interconnect into equal sections, employing equal size
repeaters to drive each section as shown in Fig. 2.1. Bakoglu and Meindl
developed closed form expressions for the optimum number and size of the
repeaters to achieve the minimum signal propagation delay in an RC intercon-
nect [56]. A uniform repeater structure decreases the total delay as compared
to a tapered buffer structure when driving long resistive interconnects while
buffer tapering is more efficient for driving large capacitive loads [57]. Adler
and Friedman developed a timing model of a CMOS inverter driving an RC
load [58, 59]. The authors used this model to enhance the repeater insertion
process for RC' interconnects. Alpert considered the interconnect width as
a design parameter [60]. He showed that, for RC lines, repeater insertion
outperforms wire sizing. As shown in Chapter 6, this behavior is not the case
for an RLC' line. The minimum signal propagation delay always decreases

with line width for RLC lines if a repeater system is used.
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Figure 2.1: Uniform repeater system driving a distributed RC interconnect

The delay can be greatly affected by the line inductance, particularly for
low resistance materials and fast signal transitions. Ismail and Friedman
extended previous research in repeater insertion by considering the line in-
ductance [61]. The authors showed that on-chip inductance can minimize the
speed, area, and power of the repeater insertion process as compared to an
RC line model. Banerjee and Mehrotra developed an analytic delay model
and methodology for inserting repeaters into distributed RLC interconnect
which demonstrated the importance of including line inductance as technolo-
gies advance [62]-[65].

With increasing demands for low power ICs, different strategies have been
developed to minimize power in optimizing the repeater insertion process.
Power dissipation and area have been considered in previous work. The line
inductance, however, has yet to be considered in the optimization process
of sizing a wire driven by a repeater system. Tradeoffs in repeater systems

driving inductive interconnect are described in Chapter 6.
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2.4 Interconnect Shaping

Another technique to reduce the signal propagation delay is to shape the
interconnect line. Interconnect shaping changes the interconnect width from
the driver to the load as shown in Fig. 2.2. As described in [66, 67], the
optimum interconnect shape which minimizes the signal propagation delay in
an RC interconnect is an exponential function. Different extensions to this
work have been applied to consider other circuit parameters such as fringing

capacitance [68]-[83].

Figure 2.2: Tapered RC interconnect

The research described in [60] shows that wire tapering improves the speed
by only 3.5% as compared to uniform wire sizing if an optimum repeater sys-

tem is used to minimize the propagation delay of an RC' line. The inductance,
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however, has not been considered in the line model described in [60]. The
inserted repeaters increase the dynamic power due to the additional input
capacitance of the repeaters. In Chapter 8, the optimum shape of an RLC

line that minimizes the delay is determined.
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Chapter 3

Inductance Extraction

3.1 Introduction

In order to consider line inductance in the design process, an accurate estimate
of the line inductance needs to be determined. Determining the inductance
of an interconnect surrounded by a complicated metal structure is not an
easy process. Inductance extraction is the process of computing the complex
frequency-dependent impedance matrix of a multi-terminal conductor, such
as an electrical interconnect, under the magneto-quasistatic approximation
(84].

Inductance extraction is significantly more difficult than either resistance

and capacitance extraction. If skin and proximity effects are neglected, the
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line resistance is independent of the geometric structure of the surrounding
interconnects [85]. The resistance depends only on how current flows through
the interconnect line. As shown in Fig. 3.1, the interconnect capacitance
is typically highly localized. The line capacitance depends on the geometric
structure of the interconnect line and the adjacent lines. The electric field
lines terminate at the nearest metal surface, binding the capacitive coupling
to the adjacent metal structure.

Unlike electric field lines, magnetic field lines extend to infinity, making
the mutual inductive coupling with distant lines significant and potentially
important in determining the line inductance. Inductance calculations require
determining the current return path which is difficult in non-systematic and
complicated structures [86].

At high frequencies, non-uniform current distribution flows through the
interconnect cross section, causing a change in the conductor inductance due
to proximity and skin effects [87]. Also, increasing circuit size requires con-
siderable time to analyze and determine the inductance of each conductor in
a circuit.

Different techniques have been developed to simplify the extraction pro-
cess [88]-[113]. Most of these techniques are based on the partial element

equivalent circuit (PEEC) to create an inductance matrix for a target net-
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Figure 3.1: Example of electric and magnetic field lines to illustrate the difference

among resistive, capacitive, and inductive extraction

work. This matrix is usually dense which requires sparsification to accelerate
the extraction process. The most efficient sparsification approaches can be
partitioned into four techniques; shell technique, hierarchical technique, halo
technique, and K Matrix technique. Each of these techniques are briefly

summarized in the following sections.
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3.2  Shell Technique

This technique was first proposed by Krauter and Pileggi [89]. The authors
assume that all of the current return paths are at a finite and constant radius
7o from the origin as shown in Fig. 3.2. No inductive coupling is assumed
outside of this radius. The inductance values of the segments within the
radius are shifted to account for those entries that have been dropped as a
result of truncation. This shift-truncate method can guarantee that positive
definite sparse approximations of the original matrix are always produced.
An extension of this technique is an ellipsoid shell, which is more suitable for
conductor filament structures [90]. The primary difficulty with this technique

is determining the appropriate radius rg.

3.3 Hierarchical Technique

The hierarchical technique was first proposed by Beattie et al. [91]. Two
auxiliary nodes are introduced to model the coupling between two groups of
conductors by a single value. The new global circuit node variables represent

the averaged source and potential values over an entire group of conductors
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Figure 3.2: Spherical shell of return current 4 at a radius rq [89]

as shown in Fig. 3.3
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Figure 3.3: Example system: A ,B- aggressor groups; G,H- victim groups [91]

As an example, groups A and B are considered the aggressor groups and
G and H are the victim groups. To calculate the flux induced on a specific

conductor in group G, (3.1) and (3.2) are used. Without calculating the flux
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induced from each conductor element in A and B, the flux can be calculated
in a hierarchical fashion. This approach avoids calculating the flux induced
from each conductor in the system, but adds an overhead to the simulation

runtime and memory.

dcH,A = Z[ U | * Lag, (3.1)

i€A jEGH

bGj,aB = PcjaB * [z Lji/ Z [U L] * Lag)- (3.2)

iCAB iCAB jEG

3.4 Halo Technique

Another approach for limiting the inductive interaction was proposed by
Shepared and Tian [88]. This approach introduces return-limited inductances
for sparsification and the use of ”halos” to limit the number of mutual induc-
tances. The technique separately performs inductance modeling of the signal
and power/ground lines. The technique assumes a halo region surrounds the

ground lines as shown in Fig. 3.4.

No mutual inductance should be considered between two conductors sep-

arated by a halo region. This approach exploits the power and ground distri-
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Figure 3.4: The halo of a target segment consisting of six semi-infinite regions

[88]

bution networks to localize the inductive coupling.

3.5 K Matrix Technique

The authors in [92] noticed the relation between the inductance and ca-

pacitance of a transmission line represented by

[L Loop] = t0 €0 [Co] ™" (3.3)
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For a sparse capacitance matrix, Devgan, Ji, and Dai expected that if the in-
ductance matrix is dense, the inverse matrix should be sparse. They proposed

a new circuit matrix,

[K]=[L]™, (34)

where K is the inverse of the partial inductance matrix. The K matrix
has locality and sparsity normally associated with a capacitance matrix. A
simulator called KSim has also been developed [93]. The simulator is used to
directly analyze the RKC circuit rather than the RLC equivalent circuit by
inserting the transient model of K into SPICE. This technique requires the
partial inductance matrix to be inverted and a special simulator to analyze

the circuit.

3.6 Comparison between Different Inductance
Extraction Techniques

In this subsection, some observations and comments are provided that de-
scribe the strengths and weaknesses of each technique. The primary difficulty
with the shell technique is determining the radius of the shell [95]. If the ra-

dius is too large, the solution may be inefficient as the inductance matrix will
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be quite large. Alternatively, if the radius is too small, the solution may be
inaccurate because some important elements may have been neglected. The
shell technique includes any inductance within a certain geometric distance
from the origin whether the included inductance is significant or not. Many
mutual inductances may be included which have no significant effect on the
signal behavior.

The halo technique is more efficient. By assuming the current return path
is in the nearest ground lines, the technique exploits the shielding effect of
the power and ground traces. This technique can be highly inaccurate and
strongly depends on the nature of the geometric structures. Three circuits
are used to compare the two techniques. The number of nonzero elements in

the inductance matrix is listed in Table 3.1.

Table 3.1: Number of nonzero elements in the inductance matrix

Shell radius

Circuit || 50 pm | 25 ym | 10 ym | Halo Technique

1 3297 1297 465 132

2 3075 1427 859 178

3 6103 2513 681 597
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The accuracy of the shell technique does not achieve that of the halo technique
until the shell radius reaches 50 um, which greatly increases the number of
elements included in the matrix, thereby requiring larger memory and CPU
time.

One of the most promising techniques is the K matrix method. Since
the K matrix is sparse, no additional steps are required to determine which
inductance should be considered. To compare the K matrix with the shell
technique, the CPU time and memory required for both techniques are listed
in Table 3.2. If the special simulator, which considers the K element rather
than the L element, becomes more popular, this technique has significant

potential.

Table 3.2: CPU time and memory usage for different inductance extraction

methods
Method CPU time (s) | Memory (MB)
Full L Matrix 734 20
Shell method 144 6
K matrix method 17 3

The work described in [94] is a table based inductance extraction method

which considers the common structure of the N conductors in the metal layers
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of an IC. Techniques such as hierarchical and table based techniques are
not widely used. The hierarchical technique requires significant overhead in
both CPU time and memory, and is therefore unacceptable in large circuits.
Table based techniques are not applicable to any structure. Only symmetric
structures can be evaluated, making these approaches not generally useful.
Different design methodologies to drive long, inductive interconnect are
discussed in following chapters. At high frequencies, long interconnects should
be treated as lossy transmission lines. Transmission line properties affect the
signal characteristics and change the nature of the circuit design methodolo-
gies. In the following chapters, different design methodologies are reevaluated

assuming an inductive environment.
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Chapter 4

Resistive Power in CMOS
Circuits

4.1 Introduction

Power dissipation has become a primary design constraint in modern
CMOS integrated circuits. Several methods have been introduced to estimate
the transient power dissipation where the circuit load is modeled as a single
lumped capacitor [114]-[120]. This interconnect model, however, neglects in-
terconnect resistance and inductance. As the feature size is scaled, the effects
of interconnect resistance and, more recently, inductance have increased.

Various components of power dissipation have been studied for different
line models [121]-[125]. As the resistance of the interconnect has become
significant, a portion of the total transient power dissipation is consumed

as conduction loss within the line. The results described in [124] show that
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conduction losses can reach 54% of the total transient power dissipation. A
closed form expression for the resistive power dissipation of a CMOS inverter
driving a resistive-capacitive load is presented in [121]. Confusion, however,
exists as to whether and how to consider resistive 2R power losses within
the interconnect line. Conduction losses have been incorrectly represented
as an additional transient power component [121, 126]. It is shown here
that this conclusion is incorrect. Conduction losses do not add to the total
transient power dissipation of a CMOS circuit. Regardless of the magnitude
of the line resistance, the conduction loss does not change the total transient
power dissipation of a CMOS circuit. This conclusion is applicable to any
interconnect line whether modeled as a resistive-capacitive line or as a lossy
RLC transmission line.

The effects of interconnect line resistance on the primary components of
the transient power dissipation are described in section 4.2. In section 4.3,

some simulation results are provided. The chapter is concluded in section 4.4.

4.2 Effect of Interconnect Resistance on the
Transient Power Dissipation

The effect of interconnect resistance on the transient power dissipation
is discussed in this section. Transient power dissipation has two primary

components, dynamic and short-circuit power. It is shown in subsection 4.2.1
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that conduction losses within the interconnect line are already included in
the dynamic power dissipation of a circuit. Furthermore, increasing the line
resistance may reduce the dynamic power dissipation of the line driver under
specific conditions. Greater line resistance can also increase the short-circuit
power dissipation of the driver and the load gate. These topics are described

in subsection 4.2.2.

4.2.1 Conduction Losses in Resistive Interconnect

To determine the process in which conduction losses are included in the
transient power dissipation, the CVy4% f dynamic power dissipation of an in-
verter driving a capacitive load is first considered, where short-circuit power
is neglected. In order to properly evaluate the circuit, the PMOS and NMOS
transistors are replaced with an equivalent variable resistance R, and R,,
respectively.

To charge the load, an energy e drawn from the power supply is

T/2
e:/ ViaIdt = Via Q, (4.1)
0

where I is the charging current and @ is the charge placed on the load ca-
pacitor, where @ = CjpaqVya [127]. The energy drawn from the supply is

CloaaVaa® and the dynamic power dissipation is CjoeqViq’f, where f =1 /T is
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the switching frequency.

As the load capacitor is charged from 0 to V4, the energy stored in the
capacitor is %—C’load‘/}idz. From conservation of energy, the remaining half of
the energy is dissipated in R,. During the period the load is discharged,
the energy stored in Cj.,g is dissipated in R,,. Note that the dynamic power
dissipation does not depend upon the magnitude of R, and R, (which are
dependent upon the size of the driver transistors). Note also that the power
is dissipated in the resistors, R, and R,.

If a line resistance is included in the interconnect model, the equivalent
circuit for both switching polarities is shown in Figs. 4.1a and 4.1b. The

total resistances are

R.gp = Ry + Ryipe (4.2)

Reqn = Rn + Rline . (43)

The power supply charges the load capacitance Cj,eg to the supply voltage

Vaa- The amount of charge ) drawn from the source is
Charge (@) = Capacitance (Cj,qq) ® Voltage across capacitance (V). (4.4)
The energy drawn from the source is the same as (4.1),

Energy (e) = Voltage supply (Vyq) - Charge (Q). (4.5)
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The capacitive-resistive line, therefore, dissipates the same dynamic power
CioadVad’f as a capacitive line.

When the voltage across the load capacitor reaches the supply voltage
Vad, the energy stored in the load capacitor is independent of the resistance,
current, or time. The energy stored in the load capacitor is half the energy

drawn from the supply and is

1
E, = EcloadV;idZ- (4.6)

From conservation of energy, the energy dissipated in the equivalent resistance
R, is the remaining half and is

Er

€qp

1
= ’Z'Cloadvdd2- (47)

During the discharge phase, the charge on the capacitor is moved to ground.
Regardless of the resistance, current, and time, the energy dissipated in R4,

is

1
EReen = §Cloadvdd2- (4.8)

The total dynamic power dissipation is twice the energy dissipated in one of

the resistances %CloadVddQ per clock period, leading to
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PDynamic - Cload‘/ddzf' (49)

RI"
R, vV,
line o
Rline Vo

: Ry c load

I C load
a)

Figure 4.1: Equivalent circuit model including line resistance during a) charg-

b)

ing, b) discharging

The conduction losses are, therefore, included in the dynamic power com-
ponent and should not be considered separately [128]. In both of the ca-
pacitive and capacitive-resistive interconnect models, the power is dissipated
in the resistances. In a simple capacitive interconnect model, the dynamic
power is dissipated in the transistors. In a capacitive-resistive interconnect
model, the dynamic power is divided between the interconnect resistance and
the transistors, but the sum remains ClopgVia’f.

Once the voltage across the load capacitor reaches the supply voltage, the

dynamic power does not change with the line resistance. The interconnect
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resistance reduces the charging (discharging) currents, increasing the time
required to charge (discharge) the load.

A second observation can be noted. The interconnect resistance can ac-
tually reduce the dynamic power dissipation. If the final voltage Viina across
the load capacitor does not reach the supply voltage (i.e., 90% of Vyq) due to
the interconnect resistance, while the circuit continues to function properly,
the dynamic power dissipation of the driver decreases with increasing line re-
sistance. The energy drawn from the power supply, therefore, decreases with
increasing line resistance. The difference in energy AFE between these two
cases is proportional to the difference between the square of the final voltage

at the load and the supply voltage,

AFE = C’loa.d (V;id2 - Vfinalg)- (410)

The energy drawn from the source is divided equally, each half is dissipated
in one of the two switching resistances. Although an increase in the inter-
connect resistance may cause a reduction in the dynamic power dissipation,
a degradation in the signal increases the sensitivity of the signal to noise. An
increase in the signal transition time with greater line resistance increases
the short-circuit power within the load gate as well as the signal delay along

the line. Furthermore, increasing the line resistance will likely increase the
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short-circuit power dissipated by the driver as discussed in subsection 4.2.2.

4.2.2 Effect of Line Resistance on Short-Circuit Power
within the Driver Gate

The line resistance can increase the short-circuit current within the line
driver. The short-circuit power P,. depends upon the period during which
both of the driver transistors are simultaneously on and the value of the

short-circuit current I,

Po=Vif / I,.dt. (4.11)

The period during which both of the driver transistors are simultaneously
on depends upon the input signal transition time and is independent of the
load at the output of the gate. The short-circuit power changes with the
load characteristics due to the change in the voltage drop across the driving
transistors which changes the short-circuit current.

In Fig. 4.2, different current components are shown for an input signal
transitioning from high to low. The short-circuit current is illustrated in
the equivalent circuit shown in Fig. 4.2. The source current is divided into
two components, the charging current I qrging and the short-circuit current
I,.. For increasing line resistance, the charging (and discharging) current

decreases. A more highly resistive line increases the portion of the source
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current that flows through the NMOS transistor to ground, thereby increas-
ing the short-circuit current and, consequently, the short-circuit power dis-
sipated within the driver gate. An increase in short-circuit power is due to
a limited increase in the short-circuit current with higher load resistance as

demonstrated in section 4.3.

Vad

j I source
RP

R line j{l charging
\/\/\/\——

Rn j Isc — Cload

NI

Figure 4.2: Equivalent circuit including short-circuit current for an input

signal transitioning from high-to-low

The interconnect inductance of a lossy RLC' interconnect is a lossless el-
ement, and, therefore, does not contribute to the transient power dissipation
of a line. As described in [123], the dynamic power dissipated by a lossless
transmission line equals the dynamic power dissipated by the total line ca-
pacitance. As described in subsection 4.2.1, the dynamic power of a lossy

transmission line equals the dynamic power of a lossless line with the same
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line capacitance. Similar to the previous discussion, the resistance of a lossy
transmission line may also increase the short-circuit power dissipation of both

the driver and the load as presented in section 4.3.

4.3 Simulation Results

To verify the observations presented in section 4.2, a CMOS inverter driv-
ing either a capacitive-resistive line or a lossy transmission line has been in-
vestigated. A 0.24 ym CMOS inverter is loaded by a lumped RC impedance
with an equivalent line capacitance of Ciypr = 50fF', and an equivalent line
resistance is varied from 0.25  to 20 K. The magnitude of each of the

power components is determined by SPICE and listed in Table 4.1.

As the line resistance increases, the conduction loss also becomes larger
but does not increase the total transient power dissipation. Any increase in
the total transient power is due to an increase in the short-circuit power.
For all values of load resistance the dynamic power dissipation is 15.62 uW.
The ratio of the conduction loss to the total power dissipation increases from
0.02% to about 40% for an increase in load resistance from 0.25 2 to 20 KQ.
More power is dissipated in the load resistance as compared to the power

dissipated in the charging (or discharging) transistor.
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Power (uW) Ratio of

Line Short-circuit | Total | Dynamic | Conduction | Conduction Loss
Resistance (2) Loss to the Total (%)

0.25 18.66 34.28 15.62 0.0038 0.01

2.5 18.66 34.28 15.62 0.0381 0.11

25 18.76 34.38 15.62 0.3759 1.09

250 19.52 35.14 15.62 3.36 9.29

2500 21.79 37.41 15.62 12.24 32.74

20000 22.711 38.33 15.62 15.21 39.69

For a resistive-capacitive load, the short-circuit current for interconnect

line resistances Ryyr = 0.25 , 250 2, and 20 K is shown in Fig. 4.3. As

shown in the figure, the short-circuit current increases as the load resistance

increases. The maximum short-circuit current increases by around 33% for

about a five order of magnitude increase in the line resistance. The increase in

short-circuit and total power dissipation is about 21% and 12%, respectively.

The lossy transmission line is modeled by adding a lumped inductance

of 10nH in series with the line resistance. The same power components are

listed in Table 4.2. Since the inductance is a lossless element, the dynamic
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Figure 4.3: Short-circuit current waveform for different load resistances of a

resistive-capacitive load

power remains the same. For a lossy transmission line, the short-circuit cur-
rent for interconnect line resistances Ryyr = 0.25 €2, 250 €2, and 20 K2 is
shown in Fig. 4.4. The load resistance has the same effect on the short-
circuit current and, consequently, on the short-circuit power. Note from the
data listed in Table 4.2 that the addition of a resistance in the lossy transmis-
sion line also does not change the total transient power other than producing

a small increase in short-circuit power.
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Table 4.2: Power components for lossy transmission line

Power (uWW) Ratio of

Line Short-circuit | Total | Dynamic | Conduction | Conduction Loss
Resistance (£2) Loss to the Total (%)

0.25 19.57 35.19 15.62 0.0067 0.02

2.5 19.55 35.17 15.62 0.0649 0.18

25 19.62 35.24 15.62 0.6016 1.71

250 20.17 35.79 15.62 4.08 11.41

2500 21.89 37.51 15.62 12.48 33.29

20000 22.71 38.33 15.62 15.22 39.71

4.4 Conclusions

The effects of interconnect line resistance on the total transient power dis-
sipation of CMOS circuits are discussed in this chapter. As the line resistance
is increased, the conduction loss becomes a larger portion of the total tran-
sient power dissipation. The conduction loss of an interconnect line should,
therefore, not be considered separately in estimating the total transient power
dissipation. Conduction losses are included as part of the dynamic power dis-

sipation. The magnitude of the dynamic power dissipation of a circuit is
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Figure 4.4: Short-circuit current waveform for different load resistances of a

lossy transmission line

independent of the resistance of the interconnect line. A small increase in the
short-circuit power dissipation within the driver gate occurs with a several
orders of magnitude increase in the interconnect resistance. The increase in
short-circuit and total power dissipation, for a five times magnitude increase
in the load resistance, is about 21% and 12%, respectively. The line resistance
has the same effect on the conduction loss of an interconnect line whether the

line is modeled as a resistive-capacitive line or as a lossy transmission line.
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Chapter 5

Wire Sizing for Inductive
Interconnects

5.1 Introduction

With the decrease in feature size of CMOS integrated circuits, interconnect
design has become an important issue in high speed, high complexity inte-
grated circuits (IC). With increasing signal frequencies and the corresponding
decrease in signal transition times, the interconnect impedance can behave
inductively [20], increasing the on-chip noise. Furthermore, considering in-
ductance within the design process increases the computational complexity
of IC synthesis and analysis tools. However, inductive behavior can also be
exploited. As shown in [129], a properly designed inductive line can reduce
the total power dissipation of high speed clock distribution networks. Fur-

thermore, on-chip inductance may affect certain design techniques such as
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repeater insertion [61, 130]. Clock distribution networks can dissipate a large
portion of the total power dissipated within a synchronous IC, ranging from
25% to as high as 70% [131]-[133]. The technique proposed here can be used
to reduce the overall power being dissipated by long nets such as a high speed
clock distribution network.

On-chip interconnect now dominates the circuit delay and power dissipa-
tion characteristics of high performance ICs. Interconnect design has, there-
fore, become an important issue in the IC design process. Many algorithms
have been proposed to determine the optimum wire size that minimizes a
target cost function. Some of these algorithms address reliability issues by
reducing clock skew. Most of the previous work concentrate on minimizing
delay [41]-[47]. Simultaneous driver and wire sizing is presented in [47]-[51]
as an efficient technique to design an optimum interconnect network with
minimum propagation delay.

The work described in [48, 51] considers power dissipation as a cost func-
tion in the delay optimization process. The power minimization criterion used
in these previous techniques [48, 51] minimizes the interconnect and gate area
in order to reduce the capacitance of both the passive interconnects and active
gates, thereby reducing dynamic power. The dynamic power dissipated in the

load capacitance represents a large portion of the total transient power dissi-
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pated in a digital circuit. As shown in [129], however, the short-circuit power
of some digital circuits may exceed the dynamic power. As described in [129],
on-chip inductance can improve circuit speed while reducing the short-circuit
power dissipation. Wire sizing can increase the inductive behavior of the
signal, possibly lowering the total power dissipated by a circuit. The inter-
connect inductance should, therefore, be included in the power minimization
process.

Buffers and repeaters are widely used in interconnect networks (e.g., clock
distribution networks) for different design objectives (e.g., reducing delay
or clock skew). Wider wires are used in [129] to reduce power dissipation
while neglecting the effect of the line driver on the signal characteristics. It
is shown in this chapter that this technique may, in certain cases, actually
increase power dissipation. The width of the interconnect also affects other
impedance parameters which can change the signal characteristics, leading to
non-optimal circuits.

As interconnect inductance becomes important, specific wire sizing opti-
mization algorithms have been enhanced that consider RLC impedance mod-
els [52]-[55]. Previous studies in wire and driver sizing do not consider changes
in the signal characteristics accompanied with a change in the line impedance

characteristics. The interconnect impedance characteristics are more sensitive
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to wire size in long, inductive interconnects. The research described in [53]
considers line inductance, however, the optimization criteria minimize delay
using an unrealistic inductance model and do not consider power dissipa-
tion. The work described in [134]-[136] considers dynamic power dissipation
while ignoring the short-circuit power of the load gate. The work described
in [48, 51] considers power dissipation while ignoring the inductive behavior
of the interconnect and, therefore, the effect of line inductance on the power
characteristics.

In this chapter, the power characteristics of an inductive interconnect are
presented. No repeaters are assumed along the line. Repeaters can be used
to reduce the signal propagation delay. Inserting repeaters, however, is not
always practical. Furthermore, repeaters dissipate power and increase the
area of the circuit. The power characteristics of a long, inductive intercon-
nect driven by a repeater system are described in [137]-[139]. In this chapter,
the effect of sizing an inductive interconnect on the signal characteristics is
described. It is shown that the signal characteristics of an inductive inter-
connect line are sensitive to changes in the line width. As the short-circuit
power depends directly on the signal transition time, the effect of sizing an
inductive interconnect line on the signal transition time is discussed.

An analytic solution for the transition time at the far end of a long induc-
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tive interconnect is provided. These results are used to determine an analytic
solution for the width of an inductive interconnect line that minimizes the to-
tal transient power dissipation. A tradeoff between short-circuit and dynamic
power in inductive interconnect is introduced.

The line driver has a significant effect on the signal and power dissipation
characteristics. It is shown in this chapter that simultaneous sizing of the
driver and the line is important to minimize the total power dissipation. An
analytic solution for the simultaneous driver and wire sizing problem that
minimizes the total transient power dissipation assuming an RLC line is
presented. The chapter is organized as follows. In section 5.2, the transient
power characteristics of an inductive interconnect line are discussed and a
power optimization criterion is formulated. The signal behavior at the far
end of an inductive line is described in section 5.3. The effect of line material
and length on the signal characteristics of an inductive line is discussed in
section 5.4. In section 5.5, circuit simulations are used to demonstrate the
accuracy of the analytic solutions for the transition time and the optimum
line width. Additional results are provided that compare the power of an
optimally sized line for different interconnect materials and lengths. Some

conclusions are discussed in section 5.6.
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5.2 Transient Power Characterization

The transient power characteristics of inductive interconnect are discussed
in this section. The research described in [129] uses the concept of wire
sizing to reduce the total transient power dissipated by a clock distribution
network, but does not provide an analytic solution to determine the optimum
interconnect width. The change in circuit behavior that occurs when the
width of the line is increased is also ignored in [129]. The matching response
between the line and the driver plays an important role in the transient power
dissipation as discussed in section 5.3. In [129], the driver size is also not
considered as a design variable.

Issues that affect wire sizing are discussed in this section. The effects of
wire sizing on the line impedance characteristics are discussed in subsection
5.2.1. In subsection 5.2.2, the tradeoff between dynamic and short-circuit
power dissipation in inductive interconnect is described. Transient power

optimization criteria are presented in subsection 5.2.3.

5.2.1 [Effect of Wire Sizing on Interconnect Line Impedance
Characteristics

Neglecting the dielectric losses of the line, a lossy transmission line can

be represented by the line resistance R, inductance L, and capacitance C, all
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per unit length. R is expressed in terms of the line dimensions,

p
R=—" . 5.1
Wint T (5-1)

where p, T, and Wiyt are the line resistivity, thickness, and width, respec-
tively. C' is expressed in terms of the line dimensions for different line struc-
tures in [140]. Note that C increases with the line width, which increases the
dynamic power Pyq.

An expression for the line inductance requires information characterizing
the current return paths. For an interconnect shielded by two ground lines,
a closed form expression for the line inductance in terms of the line dimen-
sions and the separation between the line and the ground lines is obtained
from [103]. This shielded structure is commonly used in high speed clock
distribution networks [100, 141] and many global interconnects. For a fixed
separation between the signal and shield line, the total line inductance pri-
marily depends on the self-inductance of the line. The line self-inductance
decreases monotonically with increasing line width. The line inductance de-
creases with increasing line width, as shown in Fig. 5.1a.

The ratio L/R characterizes the significance of the line inductance [61].
For different line lengths, this ratio increases with wider lines as shown in Fig.
5.1b. The reduction in line resistance is greater than the reduction in line

inductance. An increase in the ratio L/R and the interconnect capacitance
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Figure 5.1: Inductive interconnect characteristics versus width for different
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affects the transition time as described in section 5.3.
Not only the line dimensions but also the switching frequency increase
the importance of considering the line inductance. A higher clock frequency

typically implies shorter signal transition times. Shorter transition times
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increase the number of on-chip interconnects that behave inductively. As

shown in [20], for line lengths [ > \/%c" where ¢, is the signal transition time,

the inductance of the line should be considered in the interconnect model.

16.0
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L (nH/mm) L=05,C=0.1
12.0 C (pF/mm)
Minimum
interconnect
Length
(mm)

—

( 5 30 55 80 105 130 155 180 205
Transition Time (psec)

Figure 5.2: Lower limit on the interconnect length above which the line in-

ductance should be considered

The limit on the interconnect length that produces inductive behavior
is shown in Fig. 5.2. If the interconnect is longer than this limit, the line
inductance should be considered in the line model [20]. For shorter signal
transition times, the limit decreases for any value of line capacitance and in-
ductance per unit length (as shown in Fig. 5.2). This characteristic increases

the number of interconnect lines which behave inductively and increases the
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importance of line inductance to accurately characterize the signal behavior.

5.2.2 Transient Power of Inductive Lines

The power dissipation is affected by a change in line width as described in
this subsection. A tradeoff exists between dynamic and short-circuit power
in sizing inductive interconnect. The dependence of the power dissipation
on the interconnect width is illustrated in Fig. 5.3 [142]-[146]. As the
line inductance-to-resistance ratio increases, the short-circuit power decreases
with wider interconnect. If the interconnect exceeds a certain width, the
short-circuit power increases. The dynamic power increases with line width
as the line capacitance increases. As shown in Fig. 5.3, an optimum inter-
connect width at which the total transient power is a minimum exists for
overdriven lines. This tradeoff does not occur if the line is underdriven, as
described in section 5.3.

For the circuit shown in Fig. 5.4, a long interconnect line between two
CMOS inverters can be modeled as a lossy transmission line. A change in
the line width primarily affects the dynamic power P4 of Invy, and the short-
circuit power Ps,. of Invy. The dynamic power of Invy depends on the load
capacitance, and is not affected by the wire size. The change in the short-

circuit power of Inv; is negligible, assuming a fixed signal transition time
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Figure 5.3: Dynamic, short-circuit, and total transient power as a function

of the interconnect line width

at the input of Inv,. For a large driver driving a long line (large capacitive
load), the short-circuit power of the driver is only about 2% of the total power
dissipation of the driver. For a change in the line width from 0.1 ym to 20
wm, the dynamic power of the driver increases by 400%, while the reduction
in short-circuit power is less than 10%.

Py can be described as Py = fVy? C1, where f is the operating fre-
quency, C] is the total capacitance driven by Invy, and V4 is the supply
voltage. The dynamic power dissipated by a lossy transmission line equals
the dynamic power dissipated by the total capacitance of the line [128]. The

short-circuit power dissipated within the load gate Pj,. is directly propor-
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tional to the input signal transition time, which is the signal transition time
at the far end of an interconnect line. Regardless of the load characteristics,

Ps,. can be represented as

Py = G(Vdda Wi, K, CL) To f, (5-2)

where 7, is the transition time of the input signal at the load gate, and
G(Vya, Vi, K, C1) is a function of Vg4, threshold voltage V;, transconductance
K of the load gate, and capacitive load Cp. Different techniques have been
developed to characterize G under different load models. The general form of
(5.2) is valid whether the load is modeled as a capacitive load [120], a lossless
transmission line [123], or a lossy transmission line [125]. G is also a function

of 79; however, the dependence of G on 7 is small.

RLC Interconnect

—> A >—

Inv Inv,
1 2 Load

i

Figure 5.4: CMOS gates connected by an RLC interconnect line

Only C) and 7y are affected by a change in the line width. Changing

the line width has a significant effect on the transition time as described in
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section 5.3.

5.2.3 Transient Power Optimization Criteria

Criteria for optimizing the interconnect width to minimize the transient
power dissipation is presented in this subsection. The tradeoff between the
primary transient power dissipation components (short-circuit and dynamic)
suggests an optimum line width at which the total transient power dissipation
is minimum.

Previous research in wire sizing has not considered the change in short-
circuit power with a change in the line width. The short-circuit power has not
been considered as a part of the optimization process. A change in the line
impedance characteristics affects the power dissipation of the circuit (specif-
ically, the short-circuit power). Ignoring the interconnect matching charac-
teristics between the driver and load may therefore lead to a non-optimal
solution (dissipating excessive power).

The effective output impedance of the driver also plays an important role
in the matching response and total transient power dissipation. Two comple-
mentary effects occur. As the driver size increases, the transition time of the

output signal decreases and, consequently, the short-circuit power dissipated
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by the load gate decreases. Simultaneously, the input capacitance of the
driver gate increases since a larger inverter is used to drive the load, increas-
ing the power required to charge the gate capacitance. The total transient
power can be expressed in terms of two design parameters, the interconnect
width and the driver size.

For an inverter driving N gates, as shown in Fig. 5.5, the total transient
power dissipation Pgripe(WinT, W,,) is a function of the line width Wyt and
the NMOS transistor width W,, which represents the driver size (assuming a

symmetric CMOS inverter as the driver),

Driver Load

Figure 5.5: Inverter driving N logic gates

PrariveWint, Wy) = PlaWint) + N Pose (Wint, Wa) + Pariver(Wh), (5.3)

where Pyiyer (W) is the dynamic power required to charge the gate capaci-
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tance of the driver.

Pdriver(Wn) - f Vdd2 CdriverWna (5'4)
_ Hn

Cdriver - a’(l + '_‘)anowa (55)
Hp

where ’;—: is the electron to hole mobility ratio, L, is the feature size, C,; is
the gate oxide capacitance per unit area, and « is a constant characterizing
the effective gate capacitance during different regions of operation.

The dynamic power of the driving inverter P4(W;yr) is a function of the

interconnect width.

Piu(Wint) = [ Vai® Ct(Wint), (5.6)

where

Ci(Wint) = NCsy + Crnt(WinT), (5.7)

Cy, is the gate capacitance of the load inverter, and Cryr(Wiyr) is the total
interconnect capacitance which is a function of the interconnect width.

To achieve the global minimum for the transient power dissipation, the
wire and driver size are simultaneously determined. Differentiating (9.1) with

respect to Wiyt and W, and equating each expression to zero, two nonlinear
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equations in Wiyt and W, are obtained,

8P tdrive

OCivr  NfG [ ot ot
9 OCINT 10% 90%
_ _ ~0, 5.8
OWinT fVaa OWinT 0.8 ( OWinr  OWint ) (5:8)
aljtdrive NfG ath% a7590% Hn
= —_ ]_ _— Ln ox — O, 5-9
oW, 08 ( aw, ~aw, ) Telt ) aC (5.9)

where B?/VHIOI?T’ 0?,:,91"13*;, %t;[‘}?, and %tg—w‘}‘f’ are described in Appendix A and g—VCVL,%
is obtained from [140].

Numerical techniques are used to solve these two expressions. The two
equations are solved simultaneously to determine the optimum solution. Us-
ing specific technology parameters, an analytic solution is compared to simu-
lation results in subsection 5.5.2. In section 5.3, a change in the interconnect

impedance characteristics, which directly affects the short-circuit power, is

described.

5.3 Transition Time for a Signal at the Far
End of an RLC Interconnect Line

From subsection 5.2.2, the short-circuit power is linearly dependent upon
the input signal transition time. The effect of the wire size on the line
impedance matching characteristics and the transition time is described in

this section.
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Wire sizing techniques to date have not considered the line matching char-
acteristics as the line width changes. For inductive interconnect, the matching
response plays an important role in the signal characteristics. It is shown in
this section that, for an underdriven line, the transition time increases as
the line becomes wider. An analytic solution of the signal transition time
at the far end of an interconnect line is presented in subsection 5.3.1. The
effect of wire sizing on the line matching characteristics and transition time

is described in subsection 5.3.2.

5.3.1 Analytic Solution for the Transition Time

An analytic solution for the signal transition time at the far end of an
inductive interconnect line is presented. The signal is assumed in this solution
to behave as a ramp signal as the signal transitions from high-to-low. After
the PMOS transistor of the driving inverter turns off, an expression for the

signal at the far end of the line is

V(t) = ‘/C(TIJOFF) 6—a"(t_TpOFF), (510)

where 7,0 is the time at which the PMOS transistor of the driver turns off,

and o, is a constant that depends upon R, C, L, and the transistor charac-
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teristics of the driver such as the transconductance, mobility, and threshold
voltage. V.(7porr) is the voltage across the load capacitance at morr. A
derivation of this relation is presented in Appendix A. The transition time is
expressed by 79 = 3“”’%’-’0—%, where 99 and tggy, are the times at which the
signal reaches 10% and 90% of the final value, respectively.

The transition time based on this analytic solution is shown in Fig. 5.6.
The change in the matching condition between the driver and the load which
leads to this shape is described in subsection 5.4. As the line width in-
creases, the signal transition time decreases until a minimum transition time
is reached. The signal transition time increases after exceeding a certain line

width. The transition time based on this analytic solution is compared to

SPICE in subsection 5.5.1.

5.3.2 Dependence of Line Characteristics on Intercon-
nect Width

Increasing the inductance-to-resistance ratio of the line by widening the
line changes the matching characteristics. For line widths at which the line
inductance dominates the line resistance, the matching condition plays an
important role in the signal characteristics. For an inductive environment,

the matching condition between the driver and the load affects both the power
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Figure 5.6: Transition time as a function of interconnect width for different
impedance matching conditions. Note the minimum transition time at the

ideally matched condition.

and speed characteristics as shown in section 5.5.

To better understand the signal behavior in terms of the interconnect
width, an equivalent circuit of an inverter driving an inductive interconnect
line is shown in Fig. 5.7a. The characteristic impedance of a lossy line

can be described by the well known formula, Zjpss = 1/5H%E. Different

jwC -
approximations have been made to estimate Zj,s,, in terms of the per unit

length parameters [147]-[149]. A general form of Zj,ssy is Zg+g R where g is a

constant which depends on the line parameters. At the end of the high-to-low
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Figure 5.7: An inverter driving an RLC interconnect line (a) circuit diagram

(b) equivalent circuit of inverter at the end of the high-to-low input transition

input transition, the NMOS transistor is off. With the input low, the inverter
can be modeled as an ideal voltage source with a variable output resistance

Ry, as shown in Fig. 5.7b.

At small interconnect widths, the characteristic line impedance is large as
compared to the equivalent output resistance of the transistor. Thus, the line
is overdriven (the underdamped condition). Zj,s, decreases with increasing
line width. The line remains underdamped until Z,,,, equals R,,. A further
increase in the line width underdrives the line as Z;,,5, becomes less than R,,
[150]. As the line width is increased, the line driving condition changes from
overdriven to matched to underdriven.

Increasing the line width makes an overdriven line behave more induc-
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tively. The resistance decreases linearly with a linear increase in width while
the inductance decreases sublinearly [103]. As described in [129], the line
approaches a lossless condition, where the attenuation constant approaches
zero at large line widths. This effect further reduces the signal transition
time. As the line width increases, Z,5, decreases until the line impedance
matches the driver impedance. At this width, the transition time is minimum
as shown in Fig. 5.6. A further increase in the width underdrives the line. At
these widths, the capacitance begins to dominate the line impedance. With
wider lines, the line becomes highly capacitive which increases the transition
time, thereby increasing the short-circuit power dissipated in the load gate.
For an overdriven line, the short-circuit power dissipation changes with line
width as shown in Fig. 5.3. For an underdriven line, however, an increase
in the line width increases the short-circuit power. If the line is underdriven,
the line should be as thin as possible to minimize the total transient power
by decreasing both the dynamic and the short-circuit power.

A CMOS inverter driving a capacitive load of 250 fF through a 5 mm
long interconnect line is chosen to demonstrate the signal behavior. Twenty
RLC distributed impedance elements are used to model the interconnect line.
The input signal V},, is a ramp signal with a 100 psec transition time. The

signal V, across the load capacitance is illustrated by the waveforms depicted



68

in Fig. 5.8. In Fig. 5.8a, the line is thin. The line inductance does not
affect the signal waveform as the resistance dominates. As the line width
increases, overshoots and undershoots appear in the waveform. As shown in
Fig. 5.8b, the line inductance affects the signal characteristics and the signal
transition time decreases (the overdriven condition). A further increase in
the width matches the load with the driver and the overshoots disappear (see
Fig. 5.8¢c). The signal transition time is minimum at this condition. As the
wire is widened, some steps start to appear in the waveform (the underdriven

condition) and the transition time increases (see Figs. 5.8d to 5.8f).
5.4 Signal Transition Time Characteristics

In this section, the signal characteristics at the far end of an inductive
interconnect line for different line parameters are presented. The line param-
eters have an effect on the characteristics of the signal propagating along the
line. Different interconnect lines with different line lengths and materials are
discussed. The sensitivity of the signal characteristics to changes in the line
width varies for different line lengths as described in subsection 5.4.1. In sub-
section 5.4.2, the effect of different line materials (and, therefore, resistivities)

on the signal behavior is reviewed.



69

5.4.1 Effect of Interconnect Length

As the interconnect line becomes more inductive, the change in the line
impedance characteristics becomes more significant with changing line width.
Different interconnect line lengths are examined using Cadence SPICE. The
lines are modeled by twenty distributed RLC impedance elements. The signal
transition time at the far end of the line with a load capacitance of 250 fF is
shown in Fig. 5.9. For a short line, the change in the signal transition time is
less significant, as the line is not significantly inductive. As the interconnect
becomes longer, increasing the inductive behavior, the signal characteristics
become more sensitive to changes in the line width. This effect places addi-
tional emphasis on determining the optimum line width in longer lines that

minimize the total transient power dissipation.

5.4.2 Effect of Interconnect Resistivity

Different interconnect line materials have different resistivities. An in-
crease in the line inductance-to-resistance ratio associated with an increase
in the width makes the signal characteristics more sensitive to the matching

condition between the driver and the line. Simulations are used to examine
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Figure 5.9: Signal transition time versus interconnect width for different line

lengths

different interconnect lines with different line materials.

As shown in Fig. 5.10, for wider lines the line resistivity has no effect on
the signal characteristics. After exceeding a specific line width (e.g., 3 um
in the specified example), the signal transition time is the same for all line
resistivities. For wide lines, the losses along the line are negligible, however,
the signal transition time increases. This behavior shows that the increase
in the transition time is caused by a change in the matching characteristics
and is not due to signal degradation due to resistive losses. When the line

inductance dominates the line resistance, the matching characteristics have a
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more significant effect on the signal behavior.

2500
o p= 1.7 puQcm (Copper)
2000 x  p=2.5pQcm (Aluminum)
* p = 3.8 uQcm (Brass)
0O  p=35.8 uQcm (Tungsten)
Signal 1500
Transition
Time 1990
(psec)
500 L
0 L 1
101 100 10

Interconnect Width (um)

Figure 5.10: Signal transition time versus interconnect width for different

materials (i.e., resistivities)

5.5 Simulation Results

Some simulation results are presented in this section to verify the analytic
expressions described in section 5.2. In subsection 5.5.1, the accuracy of the
analytic solution for the signal transition time at the far end of an inductive
interconnect is examined. The expression for the total transient power dis-

sipation is evaluated in subsection 5.5.2. In subsection 5.5.3, the effects of
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interconnect resistivity and length on reducing power dissipation is verified.

5.5.1 Transition Time

The analytical solution presented in subsection 5.3.1 is compared with
SPICE in this subsection. A 0.24 pm CMOS inverter with W, = 15 ym and
W, = 30 um is assumed. As listed in Table 5.1, the transition time is deter-
mined from (5.10) and compared with SPICE. The line width is varied from
0.1 pm to 20 ym. The maximum error in the analytic solution as compared
to SPICE is less than 15% and typically is around 7%. The transition time

based on this solution is compared to SPICE in Fig. 5.11.

2000
Transition
Time

(psec) 1500

1000+

500t \ )
10! 100 10!
Interconnect Width (um)

Figure 5.11: Analytic solution of the transition time as compared with SPICE

for different line widths
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Table 5.1: Simulation and analytic transition times of a signal at the far end

of an inductive interconnect line

70

Wint(wm) || R (Q) | Ly (nH) | C, (fF) || Spice | Analytic | Error (%)
0.1 1250 9.62 628.10 || 2386.25 | 2510.71 5.22
0.2 625.00 9.53 652.02 | 1349.13 | 1431.80 6.13
0.3 416.67 9.45 670.56 || 999.88 | 1050.92 5.11
0.4 312.50 9.37 686.80 || 826.25 | 870.73 5.38
0.5 250.00 9.30 701.72 725.00 761.57 5.04
0.6 208.33 9.24 715.80 || 657.50 | 688.53 4.72
0.7 178.57 9.18 729.27 || 614.00 | 636.50 3.66
0.8 156.25 9.12 742.30 582.44 597.86 2.65
0.9 138.89 9.07 754.98 || 559.66 | 568.38 1.56
1 125.00 9.02 767.38 || 543.03 | 545.54 0.46
1.1 113.64 8.97 779.56 | 531.04 | 528.12 -0.55
1.2 104.17 8.92 791.55 || 521.84 | 513.78 -1.54
1.3 96.15 8.88 803.37 915.50 501.13 -2.79
14 89.29 8.83 815.06 511.04 490.85 -3.95
1.5 83.33 8.79 826.63 | 508.09 | 482.50 -5.04
1.6 78.13 8.75 838.10 || 506.38 | 475.75 -6.05
1.7 73.53 8.72 849.47 || 505.63 | 470.36 -6.97
1.8 69.44 8.68 860.76 || 505.69 | 466.11 -7.83
1.9 65.79 8.65 871.98 | 506.44 | 462.86 -8.61
2 62.50 8.61 883.13 507.73 460.45 -9.31
3 41.67 8.32 991.97 || 537.98 | 465.83 -13.41
4 31.25 8.10 1097.83 || 581.59 | 497.43 -14.47
) 25.00 7.92 1202.00 || 629.75 538.98 -14.41
6 20.83 7.76 1305.00 || 678.75 584.86 -13.83
7 17.86 7.63 1407.40 || 729.79 632.80 -13.29
8 15.63 7.51 1509.10 | 782.50 681.79 -12.87
9 13.89 7.41 1610.00 || 835.13 731.34 -12.43
10 12.50 7.31 1711.30 || 886.04 | 781.18 -11.83
20 6.25 6.67 2709.85 || 1411.56 | 1273.64 -9.77

Maximum Error 14.47
Average Error 7.2
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5.5.2 Minimizing the Transient Power

The transient power components can be expressed in terms of the line
width. A criterion for determining the interconnect width that minimizes the
total transient power is applied in this subsection to a simple example circuit
and compared with SPICE.

Using closed form expressions for the line impedance parameters in terms
of the line width, the transition time 7o(Wrnr, W,,) as a function of W,, and
Wint is obtained. From (5.8) and (5.9), the short-circuit power of the load
inverter Pos.(WinT, Wy) can be expressed in terms of the design parameters
to obtain an analytic solution for the optimum width so as to minimize power.

For a specific driver size, the total simulated power dissipation for N =
1,2,5, and 10 is shown in Fig. 5.12. As the number of load gates increases,
the total short-circuit power dissipation over a practical range of interconnect
widths increases. Determining the optimum width becomes more efficient,
since the dynamic power can be traded off with the short-circuit power.

A comparison between the analytic solution and simulation is listed in
Table 5.2. The number of load gates is provided in the first column. The
effect of applying the optimization criterion on the signal propagation delay is

also determined. The optimum interconnect width obtained from the analytic
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Figure 5.12: Total transient power dissipation for an inverter driving N logic

gates as determined by SPICE

solution and simulation is listed in the second and third columns, respectively.
A numerical method is used to solve (5.8). The error between the analytic
solution and SPICE for the target range of values is less than 6%. The
optimum width for minimum power is compared with the optimum width for
minimum delay. The per cent increase in signal propagation delay, when the
optimum width for minimum power is used, is listed in the last column of

the table. The maximum per cent increase in the propagation delay is about
21%.

For N = 10, the total transient power dissipation of a symmetric driver is
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Table 5.2: Simulation and analytic results of the optimum width with different

loads

Number of Loads || WinT, .imum (kM) | Error (%) Increase in the delay
N Analytic | SPICE from minimum value (%)
1 0.51 0.50 +2.0 21.0
2 0.72 0.70 +2.0 10.8
) 1.06 1.00 +6.0 3.2
10 1.34 1.30 +3.1 4.2

shown in Fig. 5.13. Considering the driver size as a design variable, a different

local minimum for the transient power dissipation exists for each driver size.

Furthermore, for each line width, a minimum transient power dissipation also

exists at a specific driver size. A global minimum for the transient power is

obtained by simultaneously solving (5.8) and (5.9) to determine the optimum

value for each design variable. For the example circuit shown in Fig. 5.5, the

global minimum power of 942 uW is achieved at Wiy = 2.8 um and W,, =

57 uym. The reduction in power dissipation is 28%. Rather than minimizing

the total transient power, an expression for the propagation delay [61] is

used to minimize the power-delay product. The global minimum power-delay
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product of 91.4 uW nsec is achieved at Wiy = 2.0 um and W,, = 54 um.

Ptdrive ( HW)

Figure 5.13: Total power dissipation with different wire and driver sizes. The
number of load gates N is 10. Note that the minimum power occurs at W,, =

57 Mmm and WINT =28 Hm.

5.5.3 Effects of Interconnect Resistivity and Length
on Transient Power Dissipation

The proposed criteria for interconnect width optimization is applied to

different target circuits. The total transient power dissipation is obtained
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using three different interconnect widths; thin, optimum, and wide. Different
case studies show the importance of the optimization process for reducing
power. The optimum width is obtained for two line lengths, | = 1 mm (more
resistive) and 5 mm (more inductive). For short (resistive) lines, the signal
characteristics are not particularly sensitive to the line width. The optimum
width, however, achieves a greater power reduction in more inductive lines.

Using the optimum width rather than the minimum width defined by the
technology, the total power dissipation is decreased by reducing the short-
circuit power. As listed in Table 5.3, the optimum width of a copper line
reduces the total transient power by 68.5% for [ = 5 mm as compared to
28.6% for I = 1 mm. For aluminum, a reduction of 77.9% (for I = 5 mm)
is achieved as compared to 37.8% (for I = 1 mm). The more inductive the
interconnect, the more sensitive the power dissipation is to a change in the line
width (and the signal characteristics). Wire width optimization is, therefore,
more effective for longer, more inductive lines.

A ten times wide line is used rather than the optimum line. The opti-
mum width reduces the total power dissipation as compared to a wide line.
A reduction occurs in both transient power components (short-circuit and
dynamic). The per cent reduction in power is listed in the last column of Ta-

ble 5.3. For both line lengths, the reduction in copper interconnect is higher
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Table 5.3: Power reduction for different line parameters

Total Transient Power Dissipation (uW)

Resistivity p Resistive Line (1 =1 mm )
Sl em Optimum | Thin | Reduction | Wide | Reduction
1.7 (Copper) 583 817 28.6% 808 27.8%

2.5 (Aluminum) || 606 976 | 37.8% | 813 | 25.4%

Inductive Line (1 = 5 mm )

1.7 (Copper) 1121 3563 68.5% 1931 41.9%

2.5 (Aluminum) | 1236 | 5592 | 77.9% | 1973 | 37.4%

than the reduction in aluminum interconnect. For [ = 5 mm, the per cent
reduction in power is 27.8% for copper interconnect as compared to 25.4%
for aluminum interconnect. A reduction in copper interconnect of 41.9% is
obtained versus 37.4% in aluminum interconnect for [ = 1 mm. This result
1s nonintuitive as the line resistance is higher for aluminum and both lines
have the same capacitance and inductance. The absolute value of the power
dissipation is actually higher for aluminum interconnect than for copper in-
terconnect. The inductance-to-resistance ratio % of the copper interconnect
is higher, increasing the importance of the optimum width for less resistive

(highly inductive) lines. Alternatively, for thin lines, the line resistance has a
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greater effect on the signal characteristics. The reduction in power is higher
for aluminum interconnect than for copper interconnect (note the reduction

in Table 5.3).

5.6 Conclusions

It is shown in this chapter that the power characteristics of inductive
interconnects may greatly influence wire sizing optimization techniques. In-
creasing the interconnect width can decrease the total transient power since
the short-circuit power becomes smaller in inductive interconnect. A trade-
off therefore exists between dynamic and short-circuit power in choosing the
width of inductive interconnects. This tradeoff is not significant in resistive
lines as the signal characteristics are less sensitive to the line dimensions.
The short-circuit power of an overdriven interconnect line decreases with line
width, while the dynamic power increases. When the line exceeds the matched
condition, not only the dynamic power but also the short-circuit power in-
creases with increasing line width. Interconnect optimization criteria should
consider changes in the matching characteristics between the line and the
driver to achieve optimum circuit performance.

The matching condition between the driver and the load has an impor-
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tant effect on the line impedance characteristics. If the line is overdriven,
the short-circuit power decreases with increasing line width. When the line
exceeds the matched condition, the short-circuit power increases with increas-
ing line width (and signal transition time). To achieve lower transient power
dissipation, the minimum line width should be used if the line is underdriven.
For a long inductive interconnect line, an optimum interconnect width exists
that minimizes the total transient power dissipation.

An analytic solution of the signal transition time at the far end of an
inductive interconnect line is presented and exhibits an error of less than
15%. The solution can be used to optimize the power dissipated by high
speed CMOS circuits. An analytic solution is presented for determining this
optimum width. This solution has high accuracy, producing an error of less
than 6%. The optimum line width is more effective in reducing the total
transient power as the line becomes longer. With aluminum interconnect, the
power is reduced by about 80% and 37% as compared to thin and wide wires,
respectively. For copper interconnect, the power is reduced by 68% and 42%
for the same conditions. Greater power reduction is achieved for optimally
sized lines with higher resistivity interconnect as compared to minimum width
lines. The optimum interconnect width depends upon both the driver size and

the size of the load. With this solution, the optimum driver and wire size that
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dissipate the minimum transient power can be simultaneously determined.
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Chapter 6

Wire Sizing Within a Repeater
System

6.1 Introduction

Interconnect design has become a dominant issue in high speed integrated
circuits (ICs). With the decreased feature size of CMOS circuits, on-chip
interconnect now dominates both circuit delay and power dissipation. Many
algorithms have been proposed to determine the optimum wire size that min-
imizes a cost function such as the delay [46].

The number of long interconnects doubles every three years [26], further
increasing the importance of on-chip interconnect. The behavior of inductive
interconnect can no longer be neglected, particularly in long, low resistance
interconnect lines [20]. As on-chip inductance becomes important, some wire

optimization algorithms have been enhanced to consider RLC impedances
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[53, 54]. Previous work has not considered the effect of the interconnect
width on the repeater insertion process for long inductive lines.

Uniform repeater insertion is an effective technique for driving long inter-
connects. Based on a distributed RC interconnect model, a repeater insertion
technique to minimize signal propagation delay was introduced in [56]. A uni-
form repeater structure decreases the total delay as compared to a tapered
buffer structure when driving long resistive interconnects while buffer taper-
ing is more efficient for driving large capacitive loads [57, 156]. Different
techniques have been developed to enhance the model of a repeater system
that considers a variety of design factors [157]-[163]. The drain/source capac-
itance of each repeater and multistage repeaters are considered in [164]. Noise
aware techniques for repeater insertion and wire sizing have been described
in [165]-[168]. In [169, 170], signal integrity and interconnect reliability and
manufacturability issues are discussed.

The work described in [171] assumes that increasing the interconnect
width while maintaining the thickness, spacing, and height from the sub-
strate does not reduce the signal delay since the resistance decreases and the
capacitance increases. This assumption is not accurate. Different factors af-
fect the total delay such as the coupling capacitance, the driver size, and the

load capacitance. Furthermore, with increasing inductive impedances, trends
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in the propagation delay with changing line width depend upon the number
of repeaters and the size of the inserted repeaters.

For an RC line, repeater insertion outperforms wire sizing [60]. It is
shown in this chapter that this behavior is not the case for an RLC line.
The minimum signal propagation delay always decreases with increasing line
width for RLC lines if an optimum repeater system is used.

With increasing demand for low power ICs, different strategies have been
developed to minimize power in the repeater insertion process. Power dissi-
pation and area overhead have been considered in previous work [172]-[177].
The line inductance, however, has yet to be considered in the optimization
process of sizing a wire driven by a repeater system. As shown in Fig. 6.1,
the minimum delay for a signal to propagate along an RLC line decreases

while the power dissipation increases for wider interconnect [144].

In this chapter, the tradeoff between signal propagation delay and tran-
sient power dissipation in sizing a long interconnect driven by a repeater
system is discussed. The minimum power delay product is used as a crite-
rion to size long interconnects. Both line inductance and short-circuit power
are considered. A new criterion, the Power-Delay-Area-Product (PDAP),

is introduced as an efficient criterion to size interconnect within a repeater
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Figure 6.1: Minimum signal propagation delay and transient power dissipation as

a function of line width for a repeater system

system.

The chapter is organized as follows. In section 6.2, an overview of a
repeater system is presented. The minimum signal propagation delay as a
function of interconnect width is described in section 6.3. In section 6.4,
the dependence of the transient power dissipation on wire size is discussed.
The area of a repeater system is characterized in section 6.5. In section
6.6, different criteria to size an interconnect within a repeater system are
presented. These criteria are applied to different example circuits in section

6.7. Some conclusions are provided in section 6.8. In Appendix B, closed form
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expressions for the line impedance parameters of a shielded interconnect line

are provided.

6.2 Overview of the Repeater Insertion Pro-
cess

The primary objective of a uniform repeater insertion system is to mini-
mize the time for a signal to propagate through a long interconnect. Uniform
repeater insertion techniques divide the interconnect into equal sections and
employ equal size repeaters to drive each section as shown in Fig. 6.2. In
some practical situations, the optimum location of the repeaters cannot be
achieved due to physical space constraints. Changing the repeater size can
compensate for a change in the ideal physical placement. Bakoglu and Meindl
have developed closed form expressions for the optimum number and size of
repeaters to achieve the minimum signal propagation delay in an RC inter-
connect [56]. Adler and Friedman characterized a timing model for a CMOS
inverter driving an RC load [58, 59]. They used this model to enhance the
accuracy of the repeater insertion process in RC interconnects. Alpert con-
sidered the interconnect width as a design parameter [60]. He showed that,
for RC lines, repeater insertion outperforms wire sizing.

The delay can be greatly affected by the line inductance, particularly

low resistance materials with fast signal transitions. Ismail and Friedman
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Figure 6.2: Uniform repeater system driving a distributed RLC' interconnect

extended previous research in repeater insertion by considering the line in-
ductance [61]. They showed that on-chip inductance can decrease the delay,
area, and power of the repeater insertion process as compared to an RC line
model [130]. Banerjee and Mehrotra developed an analytic delay model and
methodology for inserting repeaters into distributed RLC interconnect which
demonstrated the importance of including line inductance as technology ad-
vances [62]-[65].

Interconnect sizing within a repeater system affects two primary design
parameters, the number of repeaters and the optimum size of each repeater
as shown in Fig. 6.3. Different tradeoffs in sizing long inductive interconnect
driven by an optimum repeater system are investigated in this chapter. Design
criteria are developed to determine the optimum width, while considering

different design objectives, such as the delay, power, and area.
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Figure 6.3: Wire sizing in a repeater insertion system

6.3 Propagation Delay

The interconnect resistance decreases with increasing line width, increas-
ing %, the ratio between the line inductance and resistance. An increase in %
decreases the number of inserted repeaters to achieve the minimum propaga-
tion delay. For an RLC line, the minimum signal propagation delay decreases
with wider wires until no repeaters should be used. Wire sizing outperforms
repeater insertion in RLC lines.

Expressions for the optimum number of repeaters kop:—rrc and the opti-

mum repeater size houe—prre [61] are
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K (Wine) = Rint(Wint) Cint(Wint) 1
opt—RLC int 23ROCO [1 + 0~16(TLint/Rint (Wint))3]0.24 ’
(6.1)
hopt——RLC’(VVint) - s t( t) (62)

Rint(Wing)Co [1 + 0.18(T ;... /Rins (Wint) )]

int

where

TLmt/Rint(VVint) = \/ t( ;%)()/C() t( t) . (63)

Coy and R, are the input capacitance and output resistance of a minimum

size repeater, respectively. Rini(Wint), Cint(Wint), and Lyn:(Wiye) are the in-
terconnect line resistance, capacitance, and inductance as a function of the
interconnect width. Closed form expressions for the line impedance parame-
ters as a function of the interconnect width are provided in Appendix B.
For copper interconnect line, low k dielectric material, By = 2 K¢2, and
Co = UF, kopt—rLc is determined from (6.1). For different line lengths /, the
optimum number of repeaters kqy_grc is illustrated in Fig. 6.4. It is shown
in the figure that for an RLC line, the optimum number of repeaters which
minimizes the signal propagation delay decreases with an increase in the line

width for all line lengths. The number of repeaters reaches zero (or only one
driver at the begining of the line) for an interconnect width = 3 ym and 4

pm for I = 5 mm and 10 mm, respectively. For widths greater than 4 pm,
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the wire should be treated as one segment. A repeater system should not be

used above a certain width for each line length.

35
o I=5mm
0T x 1=10mm
* 1=15 mm
25 a 1=20 mm
0
l(opt-RLC
15
10 |
5
0 ) L
0.1 1 10

Interconnect Width (um)

Figure 6.4: Optimum number of repeaters for minimum propagation delay for

different line widths

The line capacitance per unit length increases with line width. As the
number of inserted repeaters decreases with wider lines, a longer line section
is driven by each repeater. An increase in the section length and width
increases the capacitance driven by each repeater. To drive a high capacitive
load, a larger repeater size is required to decrease the overall delay. As shown
in Fig. 6.5, the optimum repeater size hop—rrc is an increasing function of

line width.
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Figure 6.5: Optimum repeater size for minimum propagation delay for different

line widths

The minimum signal propagation delay of an optimum repeater system
decreases with increasing line width as the total gate delay decreases. For an

inductive interconnect line, the total signal propagation delay is

tpd—total (W/mt) = kopt—RLC’(Wint) tpd——section(VVint)a (64)

where tyq—section(Wins) is the signal delay of each RLC section as a function

of the interconnect width.
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—2.9¢1:35
tpd—section(Wint) € w + 0-74(Rtr(Wint)csection(vvint) + Rsection(Wint)CL(I/Vint)
+ Rtr(Wint)CL(Wint) + O-5Rsection(Wint)osection(vvint)), (65)
where
C - %(O-SCsection(Wint)Rsection(Wint) + Csection (Wint)Rtr (Vth)
+ CL(Vth) (Rsection(vvint) + Rtr(Wint)))a (66)
Wy = ! : (6.7)
\/Lsection(vvint) (Osection(Wint) + CL(I/th))
CL(Wint) = Csection(Wint) + hopt—RLC(VVint)CO- (68)
RO(VVint)
R T VVm = ) 6.9
ir(Wine) hopt—rrc(Wint) (6.9)
Riine(Wing)
Rsec ion I/Vm = y 6.10
ton (W) kopt—rrc(Wint) (6.10)
Lline(Wint)
Lsec ion I/Vm = s 6.11
’ ( t) ko;ot—RLC(Wint) ( )
Cine I/Vm
Csection(Wint) = l ( t) . (612)

kopt—RLC(VVint)

The minimum delay [obtained from (6.4)] is shown in Fig. 6.6 as a func-
tion of interconnect width. An increase in the inductive behavior of the line
and a reduction in the number of repeaters decreases the minimum signal

propagation delay that can be achieved by a repeater system.

The signal delay for different line lengths is shown in Fig. 6.7. The lower

limit in the propagation delay decreases with increasing line width until the
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Figure 6.6: Minimum signal propagation delay as a function of interconnect width

({ =5 mm)

number of repeaters is zero. For a system of repeaters, there is no optimum
width at which the total propagation delay is minimum. Rather, the delay
is a continuously decreasing function of the line width. The propagation
delay with no repeaters in an RLC line produces a smaller signal propagation
delay than using any number of repeaters with any repeater size. For RLC
interconnect, wire sizing outperforms repeater insertion, producing a smaller
signal propagation delay. This characteristic is an important trend when

developing a wire sizing methodology for a repeater system.
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Figure 6.7: Minimum signal delay as a function of interconnect width for different

line lengths

6.4 Power Dissipation

The power characteristics of a repeater insertion system is discussed in
this section. The work described in [172]-[177] considers power and area as
design constraints. The line inductance, however, has not been considered.
In subsection 6.4.1, the factors that affect the short-circuit power while con-
sidering the line inductance of an interconnect driven by a repeater system
is discussed. The dependence of the dynamic power on wire size is described
in subsection 6.4.2. The total transient power dissipation characteristics are

summarized in subsection 6.4.3.
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6.4.1 Short-Circuit Power Dissipation

Short-circuit current flows when both transistors within an inverting re-
peater are simultaneously on. Thin lines cause less dynamic power and higher
short-circuit power to be dissipated. For thin resistive lines, the number of
repeaters can be large. The short-circuit power dissipation in all repeaters
along a line is considered. Short-circuit power depends on both the input
signal transition time and the load characteristics. A simple and accurate
expression for the short-circuit power dissipation of a repeater driving an RC

load has been presented in [58],

1
Psc—section = 5 Ipeak thase Vdd f7 (613)

where ., is the peak current that flows from Vg4 to ground, tp,se is the time
period during which both transistors are on, Vg, is the supply voltage, and f
is the switching frequency.

Tang used this expression to characterize the short-circuit power of an
RLC load [125]. A closed form expression for the signal transition time at
the far end of an RLC line has been described in [142]-[146]. Increasing the
line width has two competing effects on the short-circuit power. As described
in [144], the short-circuit power decreases when a line is underdamped. For

wide interconnect, the short-circuit power increases as the line capacitance
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becomes dominant. Furthermore, increasing the length of the section by
reducing the number of repeaters increases the short-circuit power of each
section due to the higher section impedance.

The total short-circuit power of a repeater system is

Psc——total - kopt—RLC Psc——section- (614)

Equation (6.14) is used in subsection 6.4.3 to characterize the power dissipa-

tion in terms of the interconnect width.

6.4.2 Dynamic Power Dissipation

The dynamic power is the power required to charge and discharge the
various device and interconnect capacitances. The total dynamic power is the

summation of the CV?2f power from the line capacitance and the repeaters.

den—total = den—line + den—repeatersa (615)

where

den—repeate'rs = kopt—RLC’ hopt—RLC CO ‘/dd2 fa (616)

den—line = Cint Vdd2 f (617)
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Cy and Cj,; are the input gate capacitance of a minimum size repeater and
the interconnect capacitance, respectively. Pyyn_repeaters depends on both the
number and size of each repeater. While the number of repeaters decreases,
the repeater size increases.

The dynamic power dissipated by a line increases with greater line capac-
itance (as the line width is increased). The dynamic power of the repeaters,
however, decreases since fewer repeaters are used with wider lines. As shown
in Fig. 6.8, the total dynamic power is a minimum for thin interconnect.
The effect of sizing the interconnect on the total transient power dissipation

is discussed in subsection 6.4.3.

6.4.3 Total Power Dissipation

In order to develop an appropriate criterion for determining the optimal
interconnect width between repeaters, the total transient power dissipation
of a system needs to be characterized. The total transient power can be

described as

1
Ptotal(VVint) = ‘/ddf[kopt—RLC(Wint) (§Ipeak(I/Vint) tbase(Wint)

+  hopt—rrc (Wing) Vaa Co) + Vg Cintg(Wing)]. (6.18)
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Figure 6.8: Dynamic power dissipation as a function of interconnect width for 1 =

20 mm

All of the terms in (6.18) are functions of the line width except V4, Cy, and f.
As described in subsections 6.4.1 and 6.4.2, both transient power components
decrease with increasing line width, thereby decreasing the total power until
the line capacitance becomes dominant.

For an RLC interconnect, fewer repeaters are necessary to drive a line
while achieving the minimum propagation delay [61]. For an inductive in-
terconnect, the interconnect capacitance is typically larger than the input
capacitance of the repeaters. Increasing the width reduces the power dissi-

pation of the repeaters and increases the power dissipation of the line. The
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reduction in power dissipated by the repeaters overcomes the increase in the
interconnect power until the line capacitance dominates the line impedance.
After exceeding a certain width, the total power increases with increasing line
width.

The total power dissipation as a function of line width for different inter-
connect lengths is shown in Fig. 6.9. As the line width increases from the
minimum width (i.e., 0.1 pm in the example technology), the total power
dissipation is reduced. A minimum transient power dissipation therefore oc-
curs with thin interconnect (see Fig. 6.9). The minimum transient power

dissipation is obtained from

total

(mW)

Interconnect Width (um)

Figure 6.9: Total transient power dissipation as a function of interconnect width
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6Ptotal
aI/Vint

=0, (6.19)

where %—Pvﬁaf is a nonlinear function of Wj,;. Numerical methods are used to
obtain values of W;,; for specific interconnect and repeater parameters.
Over a range of practical interconnect width, the total transient power
increases as shown in Fig. 6.9. As the line length increases, the total power
dissipation rapidly increases with increasing line width as the interconnect
capacitance becomes dominant. In section 6.6, the tradeoff between signal

delay and power dissipation is considered in the development of a criterion

for interconnect sizing.
6.5 Area of the Repeater System

For a specific interconnect width within a repeater system, the optimum
number and size of the repeaters can be determined. Previous studies on
repeaters have considered the silicon area, ignoring the metal layer resources
[172]-[177]. Long global interconnects are typically wide and require shielding
[178]-[181]. In order to develop appropriate criteria for considering the area
overhead, both the silicon and interconnect area need to be characterized

[10]-[12]. The area of the interconnect metal can be described as
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Aline(Wint) = Wint l. (620)

The interconnect metal area is illustrated in Fig. 6.10 as a function of the

interconnect width. For CMOS inverters used as repeaters, the total silicon
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Figure 6.10: Interconnect area as a function of interconnect width for different

line lengths

area of the active repeaters is

Arepeater(Wint) =3 kopt—RLC(VVint) hopt—RLC(Wint) ana (621)

where L,, is the feature size. The PMOS transistor of each repeater is assumed

to be twice the size of the NMOS transistor to achieve a symmetric transition.
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For an RLC line, fewer repeaters are needed to minimize the propagation

delay, reducing the silicon area as shown in Fig. 6.11.

140

120

100 |

Repeater
Area 80 r
(um?)

40 |

TN T

0

0.1 1
Interconnect Width (um)

Figure 6.11: Total area of the repeaters as a function of the interconnect width

for different line lengths

The active repeaters and the passive interconnects utilize different layers,
making the area overhead of both elements independent, particularly for in-
terconnects routed on the upper layers. A weighted product in (6.22) is used

as a criterion to consider both area parameters in sizing the interconnect,

Aproduct (Wznt) = Arepeater (Wint)WT Aline (Wint)w 3 (622)

where w, and w; are the weights of the two cost functions.
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For w, = w; = 1, the area product of the system increases with different
interconnect widths as shown in Fig. 6.12. Despite the reduction in repeater
area with increasing interconnect width, the increased area occupied by the
interconnect increases the overall area of the repeater system. In section
6.6, different design criteria are developed to size an interconnect within a

repeater system.

X 1086

Area
Product

(um*)

Interconnect Width (um)

Figure 6.12: Product of interconnect and silicon area as a function of the inter-

connect width for different line lengths
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6.6 Design Criteria for Interconnect Within
a Repeater System

In this section, different design criteria to size interconnect within a re-
peater system are developed. The optimization criteria have been applied
to different repeater systems. The results are summarized in section 6.7.
In subsection 6.6.1, a constrained system is considered. Application to an

unconstrained system is discussed in subsection 6.6.2.

6.6.1 Constrained Systems

For a constrained system, there is a delay target (minimum speed or max-
imum delay) and/or a limit on the power dissipation. The minimum signal
propagation delay determines a lower limit on the line width while the max-
imum power dissipation determines the upper limit.

If the minimum limit on the line width obtained from (6.4) is greater than
the maximum width obtained from (6.18), both limits cannot be simultane-
ously satisfied and one of the design constraints needs to be relaxed. If the
minimum limit is lower than the maximum limit, both constraints can be
satisfied.

For a constrained system, the silicon or metal area has an upper limit. The
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two factors change differently with the width; therefore, there is a tradeoff

between the two area components.

6.6.2 Unconstrained Systems

For an RLC line, there are four criteria to size interconnect in an uncon-
strained system. The first criterion is for minimum power while sacrificing
speed. The optimum solution for this criterion is obtained from (6.19).

The second criterion is for minimum delay. As no optimum interconnect
width exists for minimum propagation delay, the practical limit is either the
maximum repeater size or no repeaters, whichever produces a tighter con-
straint. The constraint in this case is either the maximum repeater size or
the maximum line width. The optimum number of repeaters for a target line
width is determined from [61]. If not possible, no repeaters should be used
and the design problem reduces to choosing the width of a single section of
interconnect [144].

The third and fourth criteria are presented in the following subsections.
In subsection 6.6.2, the power-delay-product (PDP) as a criterion to size an
interconnect within a repeater system is described. The power-delay-area-
product (PDAP) is introduced in subsection 6.6.2 as an alternative design

criterion.
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Power-Delay-Product Design Criterion

The PDP criterion satisfies both the power dissipation and speed with no
constraints on the area. From the discussions in sections 6.3 and 6.4, the min-
imum signal propagation delay of an RLC interconnect driven by a repeater
system decreases with increasing line width. Alternatively, the total transient
power has a global minimum at a narrow width. Over the entire range of line
width, the total transient power increases with increasing line width. At a
line width smaller than the line width for minimum power, the power and
delay both increase. An upper limit on the line width is reached where the
minimum propagation delay of a repeater system is attained. Beyond that
limit, a single segment sizing criterion should be used to optimize the width
according to a cost function (i.e., delay [46] or power [142]-[146]). Between
these two limits, a tradeoff exists between the power dissipation and signal
propagation delay. A single expression for the power-delay-product (PDP) as

a function of the interconnect width is

PDP(Wmt) = Ptotal(Wint)wp tpd—total(Wint)wda (6-23)

where w, and wy are the weights of the cost functions. A local minimum
for the power delay product exists for each line length. The minimum power

delay product is obtained by numerically solving the nonlinear equation,
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OPDP _

= 0. .24

The weights w, and wq describe which design objective is more highly valued.

Power-Delay-Area-Product Design Criterion

The criterion described in section 6.6.2 does not include the area of the
system as a design parameter. In order to include the area of the system,
the PDAP criterion is introduced. This criterion satisfies both the power
dissipation and speed while considering area. The Power-Delay-Area-Product
(PDAP) can be used as a criterion to size the interconnect. A single expression

for the PDAP as a function of the interconnect width is

PDAP(Wint) = Piotat(Wint)™ tpa—totat(Wint)“® Arepeater(Wint)™™ Atine Wine)™"

(6.25)

A local minimum for the PDAP exists for each line length. The minimum
PDAP is obtained by numerically solving the nonlinear equation,

___6183 Iﬁip = 0. (6.26)

In the following section, different criteria are applied to different systems

to size the interconnect within a repeater system. Different tradeoffs among
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the delay, power, and area are discussed.

6.7 Application of Interconnect Design Method-
ology

The four criteria are applied to a 0.24 um CMOS technology to determine
the optimum solution for different line lengths. No limit on the maximum
buffer size is assumed. In order to characterize the line inductance in terms of
the geometric dimensions, an interconnect line shielded by two ground lines
is assumed. An interconnect line with resistance per square Rg = 25 mQ/A,
capacitance per unit length for minimum width Cypin = 66 fF/mm, and
inductance per unit length for minimum width Lw.i, = 1 nH/mm is used.
For a repeater system with the following characteristics, Cy = 1 fF and
w, = wq = 1, the optimum solution for each criterion is listed in Table 6.1.
A clock signal with a 20 psec transition time ramp input signal and 250 MHz
frequency is used to determine the propagation delay and power dissipation.

The optimum line width for each design criterion is listed in the first row
for each line length. The optimum number and size of the repeaters for each
line width is listed in the second and third row of each line length. The per
cent increase in the minimum propagation delay based on the optimum power
and PDP as compared to no repeaters is also listed. The per cent increase in

the total transient power dissipation is provided.
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For an [/ = 5 mm line, the optimum interconnect width for both minimum
PDP and no repeaters is the same, producing a 14.5% increase in power as
compared to the optimum width for minimum power and a reduction of 68%
as compared to the optimum width for minimum signal propagation delay.

For short interconnects, few repeaters are necessary to produce the min-
imum propagation delay. For longer interconnect, an increase in the line
capacitance rapidly increases the power dissipation, while the minimum prop-
agation delay decreases more slowly.

For | = 15 mm, the optimum solution that minimizes PDP increases the
delay by 1.26 rather than 20 times for the solution for minimum power. The
power increases by 45% rather than 3.1 times for the no repeater solution.
Optimizing the interconnect to produce the minimum power delay product
produces a smaller increase in both the power and delay as compared to
separately optimizing either the power or delay. A reduction in the minimum
propagation delay of 89% and in the power dissipation of 65% is achieved if
the optimum width for the minimum PDP is used rather than the optimum
width for either minimum power or no repeaters.

In order to consider the area of a repeater system, the PDAP criterion
is used to size the interconnect. For w; = w, = 1, the minimum intercon-

nect width is determined from the optimum solution for the minimum area
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product. The optimum solution for each criterion is listed in Tables 6.2 and
6.3.

For an [ = 5 mm line, the optimum interconnect width for both minimum
PDP and PDAP is the same, producing the same reduction in delay and
increase in power as compared to the criteria listed in Table 6.1. However,
both design objectives (delay and power) are decreased as compared to the
minimum width. A reduction in delay of 90% and total power dissipation of
14% is achieved when the PDAP criterion is used. Furthermore, the silicon
area is decreased by 67% while the interconnect uses more metal resources.

For | = 15 mm, a design based on the minimum PDAP criterion dissi-
pates more power as compared to a design based on the PDP criterion. A
reduction in power of 23% is achieved with a negligible increase in the prop-
agation delay. Moreover, the interconnect area decreases from 39 times to 21
times the area of the minimum width, achieving a reduction of 46% in the
metal area occupied by the interconnect line. As the interconnect line length
increases, the PDAP criterion becomes more efficient if area is considered in

the optimization process.



112

6.8 Conclusions

Repeater insertion outperforms wire sizing in RC' lines. However, for RLC
lines the minimum signal propagation delay always decreases with increasing
wire width if an optimum repeater system is used. In RLC lines, wire sizing
outperforms repeater insertion as the minimum signal propagation delay with
the optimum width using no repeaters along the line is less than the mini-
mum signal propagation delay using any number of repeaters. The minimum
signal propagation delay always decreases with wider lines until the number
of repeaters equals zero. In RLC lines, there is no optimum interconnect
width for minimum signal propagation delay.

The total transient power dissipation of a repeater system driving an RLC
line is minimum at small line widths. Below the width for minimum power,
both the signal delay and the power dissipation increase. Increasing the line
width above the width for minimum power reduces the number of repeaters
and the minimum signal propagation delay while increasing the total transient
power dissipation. A tradeoff between the transient power dissipation and the
signal propagation delay, therefore, exists in sizing the interconnect width.

Optimizing the interconnect for minimum power delay product produces a
much smaller increase in both the power and delay as compared to separately

optimizing for either the power or delay. As the interconnects becomes longer,
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the difference between the optimum width for minimum power and the opti-
mum width for minimum delay increases, further enhancing the effectiveness
of the proposed criterion. A reduction in power of 65% and minimum delay of
97% is achieved for an example repeater system driving a long interconnect.

A criterion, Power-Delay-Area-Product (PDAP), is introduced as an effi-
cient technique to size an interconnect within a repeater system if the system
area is considered in the design process. A greater reduction in power dis-
sipation of around 23% is achieved with a negligible increase in propagation
delay if the line width is optimized for minimum PDAP rather than minimum
PDP. Furthermore, a reduction in silicon area of 67% and metal area of 46%

is achieved if the PDAP criterion is used.
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Table 6.1: Uniform repeater system for different optimization criteria

{ =5 mm Minimum Power | No Repeaters | Minimum PDP
Wins (um) 0.8 2.1 2.1
Number of Repeaters 1 0 0
Repeater Size (of minimum) 43.3 61.2 61.2
Minimum Total 0.157 0.051 0.051
Delay (nsec) | Increase (times) 2 1 1
Power (mW) Total 1.73 1.98 1.98
Increase (%) 0% 14.5% 14.5%
[ =15 mm Minimum Power | No Repeaters | Minimum PDP
Wint (m) 0.8 20 3.9
Number of Repeaters ) 0 1
Repeater Size (of minimum) 43.2 225.6 80.7
Minimum Total 3.87 0.19 0.43
Delay (nsec) | Increase (times) 19.36 1 1.26
Power (mW) Total 5.2 21.31 7.58
Increase (%) 0% 310% 45.7%
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Chapter 7

Shielding Effect of On-Chip
Interconnect Inductance

7.1 Introduction

With the decrease in feature size of CMOS circuits, on-chip interconnect
dominates both circuit delay and power dissipation. Interconnect resistance
increases the importance of modeling the interconnect as a distributed load.
Based on different RC models, the signal propagation delay through a resis-
tive load has been characterized [182]-[188]. These models consider the delay
of the passive load, ignoring the delay of the gate which drives the load. Fur-
thermore, the effect of the load resistance on the gate delay is not considered.
The driver gate should also be included in the delay model for enhanced de-
lay estimation [189]-[191]. Based on a reduced order model of the driving

point impedance [192, 193], the concept of an effective capacitance has been
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introduced in [194] to better determine the gate delay. An iterative approach
is proposed to determine the delay of a gate driving an RC tree. It has been
shown that the effective capacitance of a distributed load is less than the total
load capacitance, effectively reducing the gate delay. An enhanced method
has been developed to replace the iterative approach [195]. As shown in [196],
an effective capacitance improves the accuracy of the delay model.

In order to determine the effective capacitance seen by a driver, a reduced
order model for the driving-point admittance is required. An efficient model
for the driving-point characteristics of resistive interconnects is presented in
[192, 193, 197, 198]. An accurate approximation is provided to estimate the
delay of a gate driving an RC load [194]. The inductive behavior of in-
terconnect, however, can no longer be neglected, particularly in long, low
resistance interconnect lines [20, 199]. The inductive interconnect increases
the on-chip noise as well as the computational complexity of the design pro-
cess. Furthermore, the on-chip inductance affects certain design techniques
such as repeater insertion [61]. It is shown in this chapter that the on-chip
inductance can also decrease the signal propagation delay. The concept of

an effective capacitance based on a high order model for the driving point
admittance can be used to determine the gate delay of an RLC' load.

The propagation delay of an inductive load has been previously analyzed
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in the literature. Most of these investigations replace the driver with a linear
resistance [61], [200]-[207]. The accuracy of these models depends upon the
ratio between the driver impedance and the load impedance and the accuracy
of the model used to represent the equivalent impedance of the driver. The
work described in [125] uses a more accurate driver model, with a lumped
model for the load. A more accurate model for both the driver and the load
is used in this chapter to demonstrate a new concept, the shielding effect of
the load inductance. The shielding effect of the load inductance is used to
characterize the effective capacitance of an RLC load. In order to determine
the effective capacitance of an RLC load, a realizable reduced order model is
used to characterize the load [208]-[210].

As shown in this chapter, the line inductance decreases the delay of the
gate driving the load, increasing the interconnect delay. The total circuit
delay may decrease with higher inductance as shown in Fig. 7.1. This result is
the first to show (to the authors’ knowledge) that interconnect inductance can
decrease the delay of a circuit. The minimum delay occurs when the load is
matched with the driver. From a noise perspective, the line inductance should
be suppressed. As described in this chapter, however, the line inductance can
save power and area. Furthermore, if the line is matched with the driver, any

ringing effects are eliminated in the signal waveform.
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The chapter is organized as follows. In section 7.2, the effective capaci-
tance of an RLC load as compared to an RC load is presented. The effect
of inductive shielding on the total propagation delay is discussed in section
7.3. In section 7.4, a comparison between inductive shielding and resistive
shielding is described. An analytic solution for the signal propagation delay
of an inverter driving an inductive load is provided in section 7.5. In section
7.6, a comparison between the analytic model and simulation is presented.

Some conclusions are offered in section 7.7.

Delay Line Delay

Total Delay

Gate Delay

Line Inductance

Figure 7.1: Propagation delay as a function of the line inductance
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7.2 Effective Capacitance of RLC Intercon-
nect

Reduced order models are used to increase the computation efficiency of
the timing analysis process. A lumped model of an RLC load which uses the
first two moments of the transfer function is shown in Fig. 7.2a. The lumped
model suffers from significant inaccuracy. Furthermore, the shielding effect
of the load inductance is not considered. A circuit representation of a three

moment reduced order model (my; model) is shown in Fig. 7.2b [192, 193].

b)

Figure 7.2: Reduced order model for a general RLC tree a) Lumped model

b) 21 model

An efficient technique is presented in [208] to determine the values of R,
L,, Cy, and C, for a general RLC load. If the interconnect inductance is not
considered, the m9; RLC model reduces to an my; RC model with the same

values of R,, C, and C; [209, 210].
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Intuitively, the effective capacitance is the equivalent capacitance which
replaces the reduced order my; model while producing the same delay at the

load (as shown in Fig. 7.3). The effective capacitance of an RLC load is

C, C, \Y C utric

L ©L

Figure 7.3: Effective capacitance of my; RLC model

Cesr-rrc = C2 + Co_ric, (7.1)

where Cy_grrc is characterized in Appendix C. C,_grc is less than Cj, re-
ducing the total capacitance seen by the driver for the my; model as compared
to a lumped model. C,_gc is determined for an RC load in [194]. C._gLc
is less than C,_gc for an inductive load. C,_grpc decreases with increasing
load inductance since the inductive shielding effect increases. The gate delay
is proportional to the effective capacitance seen at the driving point. Since
the effective capacitance decreases for larger inductances, the gate delay de-
creases. The interconnect inductance shields part of the load capacitance,
reducing the gate delay.

For a total load capacitance and resistance of 400 fF and 100 §2, respec-
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tively, the impedance parameters of the m; model are R, = 48 §2, Cy = 67
fF, and C; = 333 fF [209]. As shown in [209, 210], L, is linearly dependent
on the load inductance. In order to characterize the effective capacitance for
different load inductances, the ratio between the effective capacitance of an
RLC model and an RC model is determined. The ratio between the effective
capacitance of the 7y RLC and RC models for different load inductances is
shown in Fig. 7.4. The effective capacitance decreases as the load inductance

increases.

Ceterre
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096 |
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0.84 1

082 L . . . . R . .
12 3 4 5 6 7 8 9 10
Line Inductance
(nH)

Figure 7.4: Ratio between the effective capacitance of an RLC and RC load

The shielding effect of the interconnect inductance increases the impor-
tance of including the line inductance in the delay analysis [211, 212]. Ignor-
ing the inductance overestimates the circuit delay, requiring a larger buffer to

drive the load. The effect of the interconnect inductance on the total signal
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propagation delay is discussed in section 7.3.

7.3 Effect of Line Inductance on the Delay
Model

The effective capacitance can be used to characterize the gate delay. The
signal propagation delay depends upon the active gate and passive intercon-
nect components of the signal path. The gate delay is the time required to
charge the capacitance seen through the equivalent resistance of the driver.
The interconnect delay is the time required for the signal to propagate along
the line. These two components cannot be separated as the driver and load
represent a single system. The interconnect inductance reduces both the ca-
pacitance seen by the driver (as described in section 7.2) and the equivalent
output resistance of the driver by increasing the period during which the
driving transistors operate in saturation, reducing the overall gate delay.

For an ideal source driving a distributed RLC line, however, the signal
delay is primarily due to the line delay. The line inductance increases the
signal propagation delay. For an ideal source driving an RLC line, the line

delay can be modeled as [61]
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_2'94-1.35

tpd—RLC = + 0-74Rline(CL + 0.5011'”8), (72)

Wn

where

Rine n
C = 1—2&)—(0.50”7“3 + OL),

1
a v/ Liine(Cline + C1)’

Wn

C, is the load capacitance driven by the line and R;,;, Cint, and L;,; are the
total line resistance, capacitance, and inductance, respectively.

The line delay increases with the line inductance as described in Appendix
D. As the line inductance increases, two competing effects change the total
delay of the signal as shown in Fig. 7.1. The delay due to the active transistor
decreases while the delay due to the passive interconnect increases.

To exemplify the effect of the line inductance on the propagation delay, a
CMOS inverter driving a long inductive interconnect with Ry, = 50 Q and
Ciine = 400 fF is considered. The total delay for different driver sizes based
on a 0.24 ym CMOS technology is shown in Fig. 7.5. Different values of the
line inductance with Cj, = 50 fF are considered. Note the general similarity
to Fig. 7.1.

The propagation delay decreases with increasing line inductance until a

minimum delay is reached. The total delay decreases with higher line induc-
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Figure 7.5: Total delay for different values of line inductance and driver
size of a distributed RLC interconnect as determined by the Cadence circuit

simulator

tance over a wide range of driver size (the NMOS transistor size W, ranges
from 10 pum to 50 pm). For small drivers (i.e., W,, < 5 um), the line induc-
tance has no effect on the propagation delay since the delay is dominated
by the driver output resistance. For large drivers (i.e., W, > 50 um), the
line inductance increases the delay.’ The output resistance of these drivers
is small and the interconnect delay dominates the total delay. Large drivers
are not preferred as the decrease in signal delay is not significant, while the
required area and dissipated power are large. Furthermore, the input gate

capacitance is greater with larger drivers, increasing the load and therefore
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the delay of the previous logic stage. Cascaded buffer tapering can be used
for large drivers, but the power dissipation increases due to the additional
inverters (cascaded tapered inverters [57]) employed to reduce the delay.
Curve fitting is used to determine the optimum value of the line inductance
to achieve the minimum propagation delay. The minimum delay is determined
over a wide range of line inductance (from 0.1 nH to 10 nH), load capacitance
(from 10 fF to 250 fF), inverter size (from 5 pm to 50 pm), line capacitance
(from 100 fF to 1 pF), and line resistance (from 25 © to 100 ). The minimum
delay occurs when the ratio between the equivalent output resistance of the
driver R, equals the magnitude of the lossy characteristic impedance of the

line |Zline, or ZT = 1,

Rtr
Ip=—T_ 7.3
T IZlinel ( )
Vaa Via
Rtr = a + 27 ) (74)
ka(Vaa = Vi)™ g, [2(Vdd ~ Vin)Vaa — Y%L]
\/Rlin62 + ((‘ULline)2
Zine - ’ ’
| l | wc’line (7 5)
2
w= t_” (7.6)

where V4 is the supply voltage, k, is the transconductance of the NMOS
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transistor of the driving inverter, V,, is the threshold voltage of an NMOS
transistor, & = 1.3 and models the velocity saturation in a short-channel
transistor, and ¢, is the signal transition time at the output of the driving
inverter. ¢, is iteratively determined based on the concept of an effective
capacitance.

The total propagation delay increases if the line inductance is less than
the matched condition. Ignoring the line inductance overestimates the delay
and the size of the driver. The line inductance is considered in section 7.6 in
the design of an inverter driving a section of RLC interconnect. The savings
in both power and area if line inductance is considered is noted.

Interconnect resistance also has a shielding effect on the gate delay. How-
ever, resistive shielding has a different effect on the total propagation delay.
A comparison between the shielding effect of the interconnect resistance and

inductance is described in section 7.4.

7.4 Inductive Shielding versus Resistive Shield-
ing

The shielding effect, which reduces the effective capacitance seen by a

driver, exists in both RC and RLC loads. The interconnect resistance and/or
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inductance impedes the propagation of the signal along the line, shielding part
of the total line capacitance. The effective capacitance for both RC and RLC
lines is less than the total line capacitance, reducing the gate delay. For RC
interconnects, the line delay is linearly proportional to the line resistance. The
increase in line delay overcomes the reduction in the gate delay. The total
signal propagation delay increases with interconnect resistance as shown in
Fig. 7.6. The propagation delay of a CMOS inverter driving a distributed
RLC line with Lj,. = 2 nH is determined for the line parameters mentioned
in section 7.3. Unlike the line inductance, the propagation delay increases

with line resistance for different driver sizes.
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Figure 7.6: Total delay for different values of line resistance and driver size

for a distributed RLC interconnect (Cadence circuit simulator)
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For highly inductive lines, the line resistance does not significantly af-
fect the signal propagation delay. The propagation delay is o v/LiineCiine in
lossless lines. This limiting case provides intuition describing the sublinear
dependence between the line delay and the line inductance. The line delay
is sublinearly proportional to the line inductance in RLC lines. The reduc-
tion in gate delay, with an increase in line inductance, decreases the total
propagation delay of the signal as described in section 7.3.

As technology advances, new materials are used to reduce the line resis-
tance and therefore the signal delay. These lower resistive materials increase
the importance of considering the line inductance. As interconnect resistance
decreases, the interconnect inductance has a greater effect on the signal char-
acteristics. As shown in Fig. 7.7, the propagation delay decreases as the
line resistance decreases. The reduction in the propagation delay is shown
for different values of line inductance. The propagation delay decreases more
rapidly for those lines with a larger inductance. A greater reduction in prop-
agation delay can be achieved if low resistive materials are used in highly
inductive lines.

For an inductive load, more sophisticated models are required to capture
the effects of the interconnect inductance on the signal characteristics. An

analytic solution characterizing the signal propagation delay of an inverter
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Figure 7.7: Total delay for different values of line resistance and inductance

of a distributed RLC interconnect (Cadence circuit simulator)

driving a reduced order my; model of a distributed RLC line is presented in

section 7.5.

7.5 Propagation Delay of CMOS Inverter Driv-
ing an Inductive Load

Different models have been developed to determine the propagation delay
of a CMOS gate (inverter) driving an RLC load. The propagation delay is
used to refer to the total delay from the input of the gate to the load. Simple

models are used in [61, 125] to simplify the circuit analysis process. A linear



132

model for the driver transistor is not sufficiently accurate to characterize
the propagation delay. The distributed model described in [61] is shown in
Fig. 7.8a. This model replaces the driver of an RLC interconnect with an
equivalent resistance. The accuracy of the model depends upon the accuracy
of modeling the nonlinear element (inverter) with a constant resistance. The
lumped model used to determine the delay expression in [125] is shown in
Fig. 7.8b. This model suffers from inaccuracy since the shielding effect of the

load inductance is not considered.

S
Icn I s :,l: I Tond

;[; (o J:Clnud

Figure 7.8: Interconnect and driver models a) distributed with constant
source resistance [61] b) lumped with nonlinear transistor model [125] ¢) 7y

with nonlinear transistor model

More accurate expressions to calculate the propagation delay of a CMOS
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inverter driving an RLC' load based on the m9; model, which is shown in Fig.
7.8¢c, are provided in Appendix E. As described in section 7.2, the intercon-
nect inductance reduces the effective capacitance seen by the driver, reducing
the gate delay. Furthermore, the inductance decreases the effective resistance
of the driving gate, further reducing the gate delay. The load inductance
impedes the flow of the current to the interconnect load, delaying when the
driving transistor enters the saturation region The reduction in the gate de-
lay contributes to a reduction in the total propagation delay. A comparison
between the three models for different load parameters is presented in section

7.6.

7.6 Simulation Results

Three different models are used to illustrate the importance of an accurate
model to represent both the driver and the interconnect. In Tables 7.1 and
7.2, a comparison between the model described in [61], a lumped RLC model
[125], and the mp; model (described in Appendix E) is listed. The my; model
achieves high accuracy, determining the delay with an average error of less
than 9% for different line parameters.

The line inductance reduces the total signal propagation delay as dis-
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cussed in previous sections of this chapter. Including the inductance in the
interconnect model is important in the design of a line driver. Excluding
the inductance overestimates the delay of the circuit and underestimates the
current sourced by the driver. Including the line inductance can reduce the
driver size, saving both area and power.

A 0.24 pm CMOS technology is used to demonstrate the effect of includ-
ing the line inductance in the design of a line driver. An interconnect line
with Ryne = 10 Q/mm, Cline = 105 fF/mm, and Ly, = 650 pH/mm is as-
sumed to determine the reduction in the size of the line driver if inductance
is considered. A symmetric CMOS inverter is used to drive a line loaded by
a capacitive load of 50 fF to achieve a target delay. The target delay and
the driver size that achieves this delay are listed in Table 7.3. A reduction in
power dissipation of 5% and in gate area of 13% is achieved if line inductance
is considered. As technology advances, different dielectric and line materials
will be used to reduce the interconnect delay. Low-« dielectric materials and
copper interconnect will reduce both the line capacitance and resistance, in-
creasing the effect of inductance on the signal behavior. A 17% reduction in
power dissipation and 29% reduction in gate area is demonstrated for a low-«

copper interconnect example circuit.
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7.7 Conclusions

The shielding effect of interconnect inductance is introduced. The effec-
tive capacitance of an RLC' load decreases with increasing line inductance,
reducing the gate delay of a driver. Furthermore, the line inductance reduces
the equivalent output resistance of a driver, reducing the total propagation
delay. Resistive shielding, however, does not reduce the propagation delay
since the increase in the line delay is typically greater than any reduction in
the gate delay.

A parameter Zr, the ratio between the output driver resistance and the
magnitude of the lossy characteristic impedance of the line, is introduced
to characterize the signal propagation delay of a CMOS inverter driving an
RLC interconnect. The minimum propagation delay is achieved when Z7 =
1, where the driver is matched with the lossy characteristic impedance of the
line.

The line inductance can significantly affect the resulting circuit perfor-
mance. A smaller line driver can be used to drive an interconnect line if the
line inductance is considered, more accurately achieving the target delay than
if the line inductance is ignored. Furthermore, the per cent savings in both

area and power dissipation is expected to increase as technology advances. A
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reduction of 17% in power dissipation and 29% in gate area is achieved for
an example circuit.

An accurate model of the propagation delay of a CMOS inverter driving
an RLC load is provided. An error of less than 9% as compared to dynamic

circuit simulation is exhibited.
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Chapter 8

Optimum Wire Shape of an
RLC Interconnect

8.1 Introduction

With the decreased feature size of CMOS circuits, on-chip interconnect
now dominates both circuit delay and power dissipation. Interconnect design
has become a dominant issue in high speed integrated circuits (ICs). The
interconnect width is a primary design choice in the interconnect design pro-
cess. Many algorithms have been proposed to determine the optimum wire
size that minimizes a cost function such as delay. As shown in [66, 67], the
optimum interconnect shape which minimizes the signal propagation delay in
an RC interconnect is an exponential function. Different extensions to this

work have been applied to consider other circuit parameters such as fringing
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capacitance [68]-[83].

Wire tapering increases the interconnect width at the near end (the driver
end) of the line as shown in Fig. 9.1. Wire tapering is usually applied to long
lines, increasing the importance of including the line inductance [20, 199] in
the optimization process of tapered lines. No previous work has been pub-
lished (to the authors’ best knowledge) that describes the optimum wire shape
to minimize the propagation delay of an RLC' line. Previous work in tapered
RLC lines [72] uses the optimum shape for RC lines without demonstrating
that the shape is optimum for RLC' lines. Furthermore, an analytic solution
to determine the optimum tapering factor has not been presented. Moreover,
additional issues such as the efficiency of wire tapering over other techniques
to drive long interconnect lines and the power dissipation of tapered inter-

connect have not been considered in RLC lines.

Driver

Figure 8.1: Coplanar tapered RLC interconnect
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The research described in [60] shows that wire tapering improves signal
speed by only 3.5% as compared to uniform wire sizing if an optimum repeater
system is used to minimize the propagation delay of an RC' line. Uniform
wire sizing is an efficient technique to improve circuit performance [44]. As
compared to tapered sizing, uniform wire sizing is also easier to implement
if a repeater system is available. The inductance, however, has not been
considered in the line model described in [60]. Furthermore, for practical
reasons, a repeater system is not always possible. Moreover, repeater inser-
tion increases the power dissipation due to the additional capacitance of the
repeaters. It is shown in this chapter that, for minimum signal propagation
delay, exponential wire tapering is the optimum shape for an RLC intercon-
nect. An analytic expression to determine the optimum tapering factor for
minimum propagation delay is also provided. Tapering RLC lines is com-
pared with other performance enhancement techniques in this chapter. As
described here, tapering RLC lines can achieve a greater reduction in delay
as compared to tapered RC lines. Whenever possible, uniform repeater in-
sertion is used as an efficient technique to reduce the signal propagation delay
[56]. Also described in this chapter, wire tapering not only outperforms uni-
form wire sizing but also outperforms uniform (optimum) repeater insertion.

For RLC lines, exponential tapering achieves the lowest propagation delay as
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compared to uniform wire sizing with or without repeaters.

Not only propagation delay but also the power dissipation characteristics
are affected by wire sizing. As described in [143]-[145], wire sizing for RLC
interconnects can decrease the total power dissipated by a circuit. Wire
tapering as a wire sizing technique is shown to reduce power dissipation as
well as the propagation delay [214].

In addition to the reduced propagation delay and power dissipation with
tapered lines, tapered RLC' interconnects may exhibit enhanced signal in-
tegrity, reducing the inductive noise. Noise reduction has become an impor-
tant issue in the design of modern integrated circuits. Particularly for RLC
interconnects, noise can cause signal degradation and even cause a circuit to
malfunction. The line inductance may also produce overshoots and under-
shoots in the signal waveform, increasing the noise in the circuit. This issue
of signal integrity in tapered lines is further discussed in the chapter.

The chapter is organized as follows. In section 8.2, the optimum wire
shape that produces the minimum signal propagation delay of an RLC line
is characterized. Different constraints on interconnect tapering are discussed
in section 8.3. In section 8.4, a comparison between tapered RC and RLC
lines is described. Wire tapering is presented in section 8.5 as an option

to minimize the transient power dissipation of a circuit. In section 8.6, line



144

tapering is compared with uniform repeater insertion. Signal integrity in
tapered RLC networks is discussed in section 8.7. Some simulation results

are presented in section 8.8. In section 8.9, some conclusions are provided.

8.2 Optimum Wire Shape for Minimum Prop-
agation Delay

The signal propagation delay of a distributed RLC' interconnect is de-
scribed in [61, 36]. Two time constants characterize the signal speed and be-
havior in long interconnects, the resistive-capacitive (RC') time constant and
the inductive-capacitive (LC) time constant (or the time of flight through the
line t; = v/LintCint), where Ciyy and Ly, are the line capacitance and induc-
tance, respectively). For highly resistive (less inductive) lines, an RC delay
model is sufficient to characterize the signal delay. The optimum tapering
relation for these lines is an exponential fapering factor [66, 67]. If the induc-
tive behavior of the line dominates the resistive behavior, the time-of-flight
can dictate the time for the signal to propagate through the line [159]. The
optimum shape that minimizes the propagation delay of an LC line is the
shape function that minimizes the time-of-flight.

The line inductance and capacitance per unit length, respectively, can be

expressed in terms of the line width by the following simple relationships,
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Lo

Lin(W) = W)’

(8.1)

where Ly is the line inductance per square, C is the fringing capacitance per
unit length, and Cj is the line capacitance per unit area. W(x) is the line

width as a function of z, the distance from the load as shown in Fig. 8.2.

Figure 8.2: RLC line tapered by a general width tapering function W (z)

The time-of-flight for the signal is

t = \/ [ [ @i+ rpaas (8.3)

where [ is the line length. If functions F’ and u(z) are defined as

F o= g [ cw+opa
uw) = [ Wy
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respectively, and Euler’s differential equation is used to minimize (8.3), as

similarly described in [66], the optimum u(z) should satisfy the differential

equation,
20} Lol
W () = 22000 gy 4 slol (8.4)
C C
Thus,
W(z) = Wye 22, (8.5)

where ¢ = —2%% Wy is obtained by substituting (8.5) into (8.3) and dif-
ferentiating (8.3) with respect to Wy. Setting the result to zero produces a
nonlinear equation which can be solved numerically.

As shown in (8.5), the optimum tapering function of the width of an LC
line is an exponential function. For either an RC' or LC line, the general form
of the optimum shaping function that minimizes the propagation delay is an
exponential function. The RC and LC models are the two limiting cases of
a general RLC interconnect. The optimum tapering function of an RLC line
must satisfy the general exponential form W(z) = geP?, where ¢ is the line
width at the load end and p is the tapering factor. The optimum value of ¢
and p for an RLC line reduces to an RC line [66, 67] if the line inductance

is negligible and to an LC line [with ¢ = W, and p = 2£2% in (8.5)] if the
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line resistance is negligible. The optimum value of ¢ and p for an RLC line
is between these two limits.

As described in [199, 211], for an RLC line, the signal propagation delay is
minimum when the line is matched with the driver. The matched condition,
from [211], is

Rtr - |Zline(Q7p)|> (86)

which can be used to determine the optimum tapering function. Z;,.(q,p) is

the lossy characteristic impedance of a line, where

\/lee q p Wlee(q p))

Zme ’ 8.7

| Ziine(q, P)| (@) (8.7)
2m

W = E'E, (88)

and Ry, is the equivalent output resistance of the driver. Ryine(q,D), Liine(q, P),
and Cine(g, p) are the line resistance, inductance, and capacitance as functions
of ¢ and p, respectively. t, is the signal transition time at the near end of the
line which is determined from the reduced order model described in [211].
As there is one equation, (8.6), and two unknowns, ¢ and p, there are
two degrees of freedom in designing an optimum RLC line tapered for min-
imum delay. For a width ¢, there is an optimum tapering factor p,,: which
satisfies (8.6) and at which the propagation delay is minimum. Other design

constraints, such as the minimum and maximum line width and the power
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dissipation, are discussed in section 8.3 to determine a more power efficient

solution.

8.3 Constraints on Optimum Tapering for
RLC Lines

Tapering an interconnect assigns a smaller width for the line at the far end.
The line width is greater at the near end, as shown in Fig. 8.2. As discussed
in section 8.2, the width increases exponentially to produce the minimum
propagation delay. By choosing ¢ and solving (8.6) as a nonlinear equation
in one unknown, the optimum tapering factor p,,: can be determined. There

are two practical limits for choosing g,

1. ¢ > Winin, where Wy, is the minimum wire width of a target technol-

ogy.

2. ¢ < Wpeee™, where W, is the maximum wire width of a target

technology.

These two constraints should be satisfied when designing a tapered line.
g cannot be smaller than the minimum wire width allowed by the technology.
Alternatively, increasing ¢ may result in a width at the near end (the largest

width of the line) which may be greater than the maximum available wire

width.



149

Another important design constraint is the power dissipation. Wire sizing
affects the two primary transient power components, the dynamic power dis-
sipated in charging and discharging the line capacitance and the short-circuit
power dissipated within the load gate. The short-circuit power is minimum
when the line is matched with the driver [142, 145], which is also the optimum
solution for minimum delay.

The dynamic power is linearly proportional to the line capacitance. To
decrease the line capacitance, the line width should be as narrow as possible,
as the line capacitance increases superlinearly with the width [140]. In order
to satisfy both high speed and low power design objectives, g should be chosen
equal to Wy, The optimum value for the tapering factor p,y: is obtained by
solving (8.6) for ¢ = W,,;,,. Optimum wire tapering is compared in section

8.4 with uniform wire sizing for both RC' and RLC lines.

8.4 Tapering versus Uniform Wire Sizing in
RC and RLC Lines

Interconnect tapering is more efficient in RLC lines than in RC lines. Two
effects reduce the signal propagation delay of an exponentially tapered RLC
line. The first effect is the shape of the line structure which minimizes both

the RC and LC time constants.
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The second effect is an increase in the inductive behavior of the line. Ta-
pering an interconnect line decreases the line resistance, reducing the atten-
uation along the line. This effect increases the inductive behavior of the line.
The inductive behavior of the line can be characterized by ( = &;ﬂi %ﬁf,
the damping factor of a line [20]. As described in [20], when ¢ < 1.0, the
inductive behavior of a line cannot be ignored. As shown in Fig. 8.3, the
damping factor decreases (for different line thickness T' and length {) as the
line tapering factor increases, making the line behave more inductively. For
¢ > 1.0 (the dotted lines), the damping factor does not consider the inductive
behavior of the line since the line is underdamped. The inductive effect of a
line where ¢ > 1.0 is negligible.

The line inductance shields part of the line capacitance and decreases
the equivalent output resistance of the gate that drives the line. The signal
propagation delay decreases as the inductive behavior of the line becomes
more pronounced [211]. This effect makes line tapering more attractive in
long RLC lines.

Another criterion to optimize the interconnect width for minimum propa-

gation delay is uniform wire sizing. A minimum width coplanar interconnect
line is illustrated in Fig. 8.4 for two sizing criteria, uniform sizing and expo-

nential tapering.
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Figure 8.3: Interconnect damping factor as a function of the tapering factor

for different line parameters

Figure 8.4: Coplanar interconnect a) minimum width b) uniform sizing c)

exponential tapering
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A uniform wire size is composed of a constant interconnect width along
the line length. Exponential wire tapering outperforms uniform wire sizing
as discussed in section 8.2. As with wire tapering, uniform wire sizing can
decrease the line resistance, making the inductive behavior greater; however,
the superlinear increase in the line capacitance limits the effect of the line
inductance on reducing the signal propagation delay. Wire tapering, however,
produces a smaller delay than the delay achieved from uniform wire sizing.
Optimum wire tapering produces a greater delay reduction in RLC lines than
in RC lines since the delay is further reduced due to the inductive behavior
of the line as described in [211]. The line inductance makes tapering more
efficient than uniform wire sizing in RLC lines.

For an RLC line, tapering not only reduces the propagation delay, but
also decreases the total power dissipation as compared to uniform wire sizing.
An increase in the inductive behavior of the line reduces the signal transition
time at the load, reducing the short-circuit current and, consequently, the
total transient power dissipation [142, 129]. Simulation results are presented
in section 8.8.1 that illustrate the efficiency of exponential wire tapering on
both the propagation delay and power dissipation of RLC lines. Exponen-
tial tapering is shown in section 8.5 to minimize the total transient power

dissipation of a circuit.
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8.5 Interconnect Tapering for Minimum Power
Dissipation

Wire sizing for RLC interconnects can decrease the total power dissipation
of a circuit since the power dissipated in the load can be traded off with the
power dissipated by the driver [142]-[146]. Uniform wire sizing decreases the
transition time at the load, reducing the short-circuit power of the load gate.
Tapered wire sizing, also, reduces the attenuation along the interconnect line,
decreasing the signal transition time at the load. A tradeoff, therefore, exists
between the short-circuit power of the load gate and the dynamic power of
the driver in long tapered interconnect.

The power components of an inverter driving a load of two inverters
through a long interconnect is shown in Fig. 9.3. As the tapering factor
increases, the power dissipation in the load gates (inverters) decreases. The
signal transition time becomes smaller, decreasing the short-circuit power of
the load gates. The power dissipated by the driver increases, since the inter-
connect line capacitance is larger, increasing the dynamic power dissipated
to charge the line capacitance. An optimum tapering factor, therefore, exists
for minimum total transient power dissipation.

The work described in [145] provides an analytic solution for the optimum

interconnect width for minimum power dissipation. The uniform interconnect
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Figure 8.5: Power dissipation in a load driven by a long tapered interconnect

line

width W;,; is replaced with an exponential function ¢eP*. A minimum inter-
connect width at the load end ¢ = W,,;,, is assumed. The optimum tapering

factor rather than the optimum width is determined from

dP; . 5 dCune  NfG (diion  digon\ _
ap Vi T o ap T ) T (8.9)

where G is a function of Vg, threshold voltage V;, transconductance K of
the load gate, and capacitive load Cr. f is the operating frequency, N is
the number of driven gates, P; is the total power dissipation, t;9% and tgo%
are the times at which the voltage at the load end reaches 10% and 90%,

. i . . o, .
respectively, iég;% and gtd"—? are described in [145], and d—czi%ﬂ& is obtained from
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the capacitance expression described in Appendix F. The analytic solution to
optimize a tapered interconnect line for minimum transient power dissipation
is exemplified in section 8.8.2. In section 8.6, the performance of interconnect

tapering is compared with uniform repeater insertion.

8.6 Interconnect Tapering versus Repeater
Insertion

No repeaters are assumed to be placed along the interconnect line described
in section 8.4. Practical reasons may restrict the use of repeaters along the
interconnect. If practically possible, however, repeater insertion can improve
the circuit performance in RC' lines. Repeater insertion is an efficient tech-
nique to reduce propagation delay for long RC interconnects [58]. Uniform
repeater insertion techniques divide the interconnect line into equal sections
and employ equal size repeaters to drive each section [56, 58]. As compared to
repeater insertion with uniform wire sizing, wire tapering improves the speed
of an RC line by at most 3.5% as described in [60]. Unlike tapered RC lines,
tapering RLC lines can achieve a greater reduction in the propagation delay
as compared to uniform repeater insertion. As described in [137], wire sizing
is more efficient than repeater insertion in RLC lines. In RLC interconnects,
wire sizing decreases the number of repeaters required to achieve the mini-

mum propagation delay. The propagation delay of wide RLC interconnect
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lines with no repeaters is less than the propagation delay of thin lines driven
by an optimum repeater system [137]. Uniform and tapered sizing of RLC
interconnects are two wire sizing techniques which outperform repeater inser-
tion. Exponential wire tapering is more efficient than uniform wire sizing as
presented in section 8.4. Among the three criteria, exponential wire taper-
ing achieves the minimum propagation delay, since the optimum interconnect
shape is exponential and, in general, wire sizing outperforms repeater inser-
tion in RLC lines. Some simulation results are presented in section 8.8.3 that
compare wire tapering with repeater insertion. In section 8.7, an additional

advantage of wire tapering in RLC interconnects is presented.

8.7 Signal Integrity in Tapered RLC Inter-
connects

Signal integrity is an important design issue in integrated circuits. Par-
ticularly for inductive interconnects, the impedance mismatch may cause re-
flections at both the driver output and the load. The impedance mismatch
between the driver and the load in digital circuits may distort the signal, caus-
ing overshoots and undershoots in the signal waveform. Tapered interconnect
lines can enhance signal integrity as compared to uniformly sized lines. Line

Ytapering reduces the magnitude of the reflections, since the line resistance

is higher at the load end. The line resistance dominates the line impedance
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at the load, reducing the inductive noise of the signal propagating along the
line. Moreover, exponential tapering reduces the inductive noise, since the
impedance mismatch is distributed along the line and not concentrated at
the load.

As described in section 8.2, exponential tapering produces a smaller prop-
agation delay as compared to uniform wire sizing. In some interconnect net-
works (such as clock distribution networks), the delay can be increased to
enhance the signal integrity. Line tapering can achieve the same signal char-
acteristics (propagation delay and transition time) of a uniform line while
reducing ringing in the interconnect network. An efficient technique for ta-
pering the interconnect lines of a clock distribution network while maintaining
the same signal characteristics is described in [215]. This technique is used to
demonstrate the efficiency of interconnect tapering to improve signal integrity.

The difference between the first overshoot and undershoot AV,,er—under
at the driving point of an interconnect network is treated as a metric to
characterize the reflections (the ringing effect). An example clock distribution
network is considered in section 8.8.4 to demonstrate the improvements in

signal integrity achieved when tapered interconnect lines are considered.
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8.8 Simulation Results

In order to determine the optimum tapering factor, the line impedance
parameters (Ryine, Liine, and Ciipe) are expressed in terms of the design pa-
rameters g and p. Closed form expressions for the line parameters are provided
in Appendix F.

A 0.24 um CMOS technology is used to demonstrate the efficiency of
tapering an RLC line. A 5 mm long interconnect line with 7' = 0.5 um,
Whin = 0.5pm, Wye = 20pum, and S,;, = 1.0 um is considered as an
example. A long interconnect driven by a CMOS inverter is modeled by
twenty RLC sections. The line is shielded by two 1.0 um wide ground lines,
and loaded with N CMOS inverters. In subsection 8.8.1, tapered wire sizing
is compared with uniform wire sizing. In subsection 8.8.2, the interconnect
line is tapered for minimum power dissipation. A comparison between wire
tapering and repeater insertion is presented in subsection 8.8.3. An example
clock distribution network is used in subsection 8.8.4 to demonstrate signal

integrity in an interconnect network.

8.8.1 Tapering versus Uniform Wire Sizing

As listed in Table 8.1, the effect of tapering on three different circuits is

evaluated. W, and W, are the width of the NMOS transistor of the driving
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and load inverters, respectively. t,_j, is the transition time of the signal at
the input of the driving inverter. As described in section 8.3, ¢ is chosen to
minimize the power dissipation based on the minimum line width W,,;,. The
width of each section and the corresponding line impedance parameters are

described in Appendix F.

Table 8.1: Circuit parameters of example circuits

Wn Wnl tr—In q D

(um) | (um) | (psec) | (um) | (m™)

Circuitl | 15 5 50 0.5 550

Circuit2 | 20 1 50 0.5 600

Circuitd | 15 15 20 1.0 400

The minimum delay is determined for both uniform wire sizing and ex-
ponential line tapering. As shown in Fig. 8.6, wire tapering outperforms
uniform wire sizing for all of the circuits. The reduction in the minimum
delay is greater for an RLC' line as compared to an RC' line, making tapering
more efficient in RLC lines. A 15% reduction in delay for an RLC line as
compared to a reduction of 7% for an RC line is achieved when optimum

tapering is used rather than uniform wire sizing.
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In addition to a smaller propagation delay, the total transient power dissi-
pation is lower. A tapered line with ¢ equal to the minimum width reduces the
total line capacitance, thereby decreasing the dynamic power (as compared to
uniform wire sizing). Furthermore, the power dissipation is further decreased
in an RLC line since the short-circuit power is lower. The reduction in power
dissipation for several RC and RLC lines is shown in Fig. 8.7. A reduction in
power dissipation of as much as 16% for an RLC line as compared to 11% for
an RC line is achieved when optimum tapering is used rather than uniform

wire sizing.

toa-uws -tpa-Tws
tod-uws

Reduction (%)
o N A O O

SIS

Circuit1 Circuit2 Circuit3

Figure 8.6: Reduction in propagation delay. UWS stands for Uniform Wire

Sizing and TWS stands for Tapered Wire Sizing.
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Figure 8.7: Reduction in total power dissipation

8.8.2 Tapering for Minimum Power Dissipation

In section 8.8.1, the optimum wire tapering for minimum signal propaga-
tion delay is determined for several example circuits. As described in section
8.5, line tapering can be used to minimize the power dissipation of a circuit.
The analytic solution presented in section 8.5 is applied to determine the
optimum tapering factor for minimum power dissipation. For W,, = 25 um,
Wn = 15 pm, and W,,;, = 0.1 pwm, the optimum tapering factor is listed in
Table 9.2. A different number N of load inverters is considered to determine
the total power dissipation of the circuit. The total power dissipation for N
=1, 2, and 5 is shown in Fig. 9.5.

As the number of loads increases, the reduction in power dissipation in-
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Table 8.2: Optimum tapering for minimum power dissipation

Optimum tapering for minimum power
Popt—Power (mm™1)
Number of Loads || Analytic Simulation
N
1 0.76 0.75
2 0.83 0.85
5 0.94 1.20

creases with tapered interconnect lines. A higher per cent of the power is
dissipated in the load gates (inverters), decreasing the overall power dissipa-
tion.

The optimum tapering factor for minimum power dissipation is deter-
mined by the analytic expression and simulation as listed in Table 9.2. For
the tapering factor determined analytically and by simulation, the total power
dissipated by the circuit described in section 8.8.1 for a different number of
loads is listed in Table 8.3. The per cent reduction in power for each tapering
factor rather than a uniform (minimum) interconnect width is also listed. The

analytic solution is shown to be highly accurate in determining the optimum
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Figure 8.8: Power dissipation for different number of loads driven by a long

tapered interconnect line

tapering factor for minimum power. The difference between the reduction in
power using the analytic solution and simulation is less than 2%.

Tapering is more efficient in reducing the total power dissipation as the
number of load gates increases (greater power is dissipated in the loads).
For a large number of loads (e.g., N = 5), a significant reduction in power

dissipation of around 65% is achieved.

8.8.3 Tapering versus Repeater Insertion

In order to verify the efficiency of wire tapering as compared to inserting

repeaters in RLC' interconnects, the propagation delay of a uniform repeater
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system is determined. The optimum number of repeaters is determined for
two values of interconnect widths, ¢ = 0.5 ym and ¢ = 1.0 um [61]. The
optimum tapering factor is obtained for different driver sizes based on the
matched condition, (8.6). Equally sized repeaters divide the line into sections
of equal lengths. For ¢ = 1.0 um, the propagation delay at the end of a
uniform line driven by repeaters is listed in the second column of Table 8.4.
For ¢ = 1.0 um, one repeater in the middle of the interconnect line is the
optimum solution to drive the interconnect [61]. As listed in the table, for all
values of the driver (repeater) size, line tapering outperforms repeater inser-
tion. Replacing a repeater system with an optimally tapered line decreases
the overall signal propagation delay. A reduction in delay of up to 24% is
achieved using an optimally tapered line.

The minimum permissible interconnect width decreases with advancing
technology (assumed in this chapter to be 0.5 um). For ¢ = 0.5 um, two
repeaters are required to achieve the minimum propagation delay using op-
timum repeater insertion. The propagation delay of this system is listed in
Table 8.5.

As the interconnect width decreases, more repeaters are required to drive
the more resistive interconnect. Tapering the line, however, achieves a smaller

propagation delay as compared to inserting repeaters. The per cent reduction
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in the propagation delay increases with decreasing line width. With advances
in technology, interconnect tapering will become more effective since a greater

reduction in the propagation delay will be achieved.

8.8.4 Signal Integrity Characteristics in an Example
Clock Distribution Network

An example clock distribution network is used to demonstrate the im-
provement in signal integrity as wire tapering is applied to size the clock
lines. Wide interconnect lines are usually used in clock distribution networks
to improve the signal characteristics (propagation delay and signal transition
time). A clock distribution network with 64 sinks covering a die area of 3.5
X 3.5 mm is modeled as a distributed RLC network. A symmetric capacitive
load is assumed at all of the sinks (no clock skew among the sinks). The delay
is determined at the sinks of the network for minimum width interconnect
lines (¢ = 0.5 pm). The signal waveform at three points; the input and output
waveform of the driver of the tree and the sinks (or load) are shown in Fig.
8.9a. For minimum interconnect width, the line inductance has a negligible
effect on the signal waveform.

Uniform interconnect sizing is used to minimize the propagation delay

and transition time. For wide lines, the interconnect inductance affects the
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signal waveform. Overshoots and undershoots appear in the signal waveform
as shown in Fig. 8.9b.

Wire tapering can be used to achieve the same signal characteristics while
reducing the inductive noise [215]. The propagation delay and the difference
between the first overshoot and undershoot AV, er—under are listed in Table
8.6 for the three example circuits.

As shown in Fig. 8.9¢, the difference between the overshoots and under-
shoots AVyyer—under decreases from 793 mV to 524 mV at the source of the
tree when tapered lines are used. Tapering the interconnects achieves a re-
duction in AV, yer—under Of approximately 34%, reducing the inductive noise,

thereby improving the signal integrity.

8.9 Conclusions

The optimum wire shape that produces the minimum signal propagation
delay in an RLC line is determined in this chapter. It is shown that an
exponentially tapered interconnect minimizes the time of flight of an LC
line. The general form of the optimum shaping function for an RLC line is
qeP®. The optimum tapering factor p which achieves the minimum delay while
lowering the power is determined for different driver and load characteristics.

Optimum wire tapering as compared to uniform wire sizing is more ef-
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ficient in RLC lines than in RC lines. The line inductance makes tapering
more attractive in RLC lines since tapering produces a greater reduction in
delay as compared to uniform wire sizing. A reduction in delay of 15% for
an RLC line as compared to 7% for an RC line is achieved when optimum
tapering is applied rather than uniform wire sizing.

With a minimum wire width at the far end of the line and an optimum ta-
pering factor, both the propagation delay and power dissipation are reduced.
Greater line inductance increases the savings in power in an optimally tapered
line as compared to uniform wire sizing. A reduction in power dissipation of
16% for an RLC line as compared to 11% for an RC line is achieved when
optimum tapering is applied rather than uniform wire sizing. Summarizing,
tapering improves both the speed and power characteristics of an RLC line.

An analytic solution for the tapering factor that produces the minimum
transient power exhibits an error of less than 2% as compared to dynamic
circuit simulation. The reduction in power increases as the number of driven
gates increases. A reduction in the total power dissipation of about 65% is
achieved when tapering for minimum power is used rather than uniform sizing
with minimum line width.

Tapered wire sizing outperforms both uniform wire sizing and uniform

repeater insertion. A reduction in the propagation delay of about 36% is
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achieved for an example circuit when optimum tapering is used rather than
uniform repeater insertion. Wire tapering as compared to repeater insertion
becomes more efficient as technology advances, since the reduction in the
delay of tapered lines increases.

Wire tapering can improve signal integrity by reducing the inductive noise.
Tapered interconnect lines in clock distribution networks can achieve the same
signal characteristics of uniformly sized lines, while reducing the reflections
along the line. The difference between the signal overshoots in an example
clock distribution network decreases by 34% when tapered interconnect is
used rather than uniform interconnect that produces the same signal delay

and transition time.
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Figure 8.9: Waveforms at different nodes within the tree using a) minimum

width lines b) uniformly sized lines c) tapered lines
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Chapter 9

Optimum Wire Tapering for
Minimum Power Dissipation of
RLC' Interconnects

9.1 Introduction

Interconnect design has become a dominant issue in high speed integrated
circuits (ICs). As the feature size of CMOS circuits decreases, the on-chip
interconnect now dominates both the circuit delay and power dissipation char-
acteristics of high complexity integrated circuits. Wire sizing has been pro-
posed as a technique to improve circuit performance [144]. Exponential wire
tapering is an efficient technique to decrease signal propagation delay in RC
interconnects [66, 68]. Wire tapering increases the interconnect width at the
driver end of the line as shown in Fig. 9.1.

The inductive behavior of the interconnect can no longer be neglected,
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particularly in long interconnect lines operating at high frequencies. Wire
tapering is usually applied to long lines, further increasing the importance of
including line inductance in the optimization process. In [214], exponential
tapering is shown to be the optimum shape function to minimize propagation
delay in RLC lines.

Wire sizing can also affect the power dissipated by a circuit [129]. Uniform
wire sizing decreases the transition time at the load, reducing the short-circuit
power of the load gate [129]. Uniform wire sizing for RLC interconnects can
decrease the total power dissipation of a circuit since the power dissipated
in the load can be traded off with the power dissipated by the driver [142]-
[146]. As described in [142]-[146], the width of an RLC' interconnect can be

optimized for minimum power dissipation.

RLC interconnect

Figure 9.1: Coplanar tapered RLC interconnect

In this chapter, RLC wire tapering is shown to reduce the power dissipated
by a circuit. An analytic expression to determine the optimum tapering

structure that produces the minimum transient power dissipation is provided.
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Moreover, the efficiency of wire tapering over uniform wire sizing in reducing
the power dissipation is considered.

The chapter is organized as follows. In section 9.2, wire tapering as a
criterion to minimize transient power dissipation is presented. An analytic
solution to determine the optimum wire shape that produces the minimum
power dissipation of an RLC line is characterized in section 9.3. In section
9.4, optimum wire tapering is compared with optimum uniform wire sizing for
minimum power dissipation. Some simulation results are presented in section

9.5. In section 9.6, some conclusions are provided.

9.2 Interconnect Tapering for Minimum Power
Dissipation

Tapering an interconnect line can decrease the signal transition time at
the load, decreasing the short-circuit power of the load gate. As described
in [142]-[146], the reduction in line resistance (with increasing wire width)
decreases the signal attenuation along the line, improving the signal transition
time. The same criterion can be used to reduce the power dissipation of a
load driven by a tapered interconnect line.

Exponential tapering produces the optimum shape to minimize the prop-

agation delay in RLC interconnects [214]. Exponential tapering can also be
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used as a sizing technique to decrease the power dissipation. For the circuit
shown in Fig. 9.1, a long (5 mm) interconnect line is used to connect the load
(a CMOS inverter) with the driver (a CMOS inverter). The interconnect
width is exponentially tapered based on the tapering function W(z) = geP*,
where W(z) is the line width at a distance z from the load, ¢ is the initial
line width at the load, and p is the tapering factor. The signal transition
time at the input of the load as a function of the tapering factor p is shown in

Fig. 9.2. As shown in the figure, the signal transition time decreases as the
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Figure 9.2: Signal transition time at the input of a load driven by a long

tapered interconnect line

tapering factor p increases. The line becomes less resistive (more inductive)

with tapering, reducing the transition time at the load.
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For ¢ = 0.1 ym and 0.2 pm, the power components of the circuit struc-
ture shown in Fig. 9.1 are illustrated in Fig. 9.3. For increasing tapering
factor, the short-circuit power dissipated in the load gate deceases. The
power dissipated by the driver increases, since the line capacitance is greater
with tapering. A tradeoff, therefore, exists between the short-circuit power
dissipated in the load and the dynamic power of the driver in long tapered
interconnects. For high values of p, the increase in the driver power is greater
than the reduction in the load power. An optimum tapering factor that pro-
duces the minimum total transient power dissipation exists in a tapered RLC
interconnect. For each value of g, there is an optimum tapering factor p,,: at
which the total transient power dissipation is minimum.

As ¢ increases, the dynamic power dissipated by the driver increases,
changing the optimum tapering factor that produces the minimum power.
An optimum initial width g, exists that produces the minimum power dis-
sipation. gep: and p,y: should be determined simultaneously. In section 9.3,
an analytic solution that can be used to determine the optimum tapering

structure for minimum power is described.
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Figure 9.3: Power dissipation in a load driven by a long tapered RLC' inter-

connect line

9.3 Optimization Criterion for a Tapered Line

The work described in [144] provides an analytic solution for the optimum
uniform interconnect width that produces the minimum power dissipation.
The total transient power dissipation is presented in terms of the uniform
interconnect width W;,;. The uniform width is replaced here with an expo-
nential function ¢eP*. For an inverter driving N gates, as shown in Fig. 9.4,
the total transient power dissipation P;(g,p) is a function of the initial line

width ¢ and tapering factor p,
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Pt(Qap) = PDriver(q:p) + NPLoa,d(q,p) + Pca (91)

where P, is the summation of the dynamic power of the load gate and the
short-circuit power of the driver and Ppyyer(q, p) and Proeq(q, p) are the dy-
namic power of the driver and the short-circuit power of the load, respectively.
P, is a weak function of ¢ and p. P, is therefore assumed constant, since the
dynamic power of the load gate depends upon the load characteristics and the
short-circuit power of the driver depends primarily upon the signal transition

time at the input of the driver.

'3
I:
7

Figure 9.4: Coplanar tapered RLC' interconnect

To achieve the minimum transient power dissipation, the initial wire size

and tapering factor are simultaneously determined. Differentiating (9.1) with
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respect to ¢ and p and equating each expression to zero, two nonlinear equa-

tions in ¢ and p are

OF, . ,200Cune  NfG (Ot  Otgoy | _
op FVia Op 08 ( Op Op ) =0, (92)
OF, . 20Cune | NfG (Otwy  Otgon\ _
dq IV dq + 0.8 < dq oqg ) 0 (9:3)

where G is a function of V4, threshold voltage V;, transconductance K of the
load gate, and capacitive load Cf, [144], f is the operating frequency, N is
the number of driven gates, t19% and gy are the times at which the voltage
at the load end reaches 10% and 90% of the final voltage, respectively, at(;—;%
and 8%’;7& are described in [144], and a—%%ﬂi is obtained from the capacitance
expression described in [214]. The two nonlinear equations in ¢ and p can
be solved numerically. In section 9.4, tapered wire sizing is compared with
uniform wire sizing to decrease the total power dissipation of a circuit. The
optimum solution is determined for an example circuit and compared with

simulations in section 9.5.
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9.4 Tapering versus Uniform Wire Sizing for
Minimum Power Dissipation

Uniform and tapered wire sizing can be used to minimize the power dis-
sipation of a circuit. As compared to uniform wire sizing, tapered wire sizing
can achieve enhanced signal characteristics with a lower total interconnect
capacitance. As described in [215], for the same signal characteristics (signal
propagation delay and transition time), the capacitance of a tapered inter-
connect line is smaller than the capacitance of a uniformly sized line, since
the coupling component of the line capacitance is less. The reduction in line
capacitance reduces both the short-circuit power of the load gate and the dy-
namic power of the driver, reducing the total power dissipation as compared
to uniform sizing. The total power dissipation of an optimally tapered RLC
interconnect for minimum power is less than the total power dissipation of a
uniformly sized interconnect designed for minimum power. A comparison of
the power components for both tapered and uniform wire sizing is presented

for an example circuit in section 9.5.
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9.5 Simulation Results

In order to determine the optimum tapering factor, the line resistance
Ryine, inductance Ly,., and capacitance Cj;,. are expressed in terms of ¢ and
p. Closed form expressions for the line impedance parameters are provided
in [214]. Since precise tapering is difficult, the interconnect line is divided
into sections. The width of each line section is determined according to the
initial width and tapering factor. Twenty RLC line sections are used to
model the interconnect assuming the line is shielded with two 1.0 um wide
ground lines [216]. A fixed width for each section with an exponential increase
in the section width towards the driver is used, permitting the impedance
parameters of each section to be determined.

A 0.18 um CMOS technology is used to demonstrate the efficiency of ta-
pering an RLC line. A 5 mm long interconnect line with a line thickness T' =
0.5 pm, minimum width W,,;, = 0.1 pum, maximum width W,,,, = 20 um,
and minimum spacing between the line and ground shield S,,;;, = 1.0 ym is
considered. CMOS inverters are used as the driver and loads. In subsection
9.5.1, the analytic solution is used to determine the optimum tapering struc-
ture to minimize the power dissipation. Tapered wire sizing is compared with

uniform wire sizing in subsection 9.5.2.
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9.5.1 Tapering for Minimum Power Dissipation

The analytic solution presented in section 9.3 is used to determine the
optimum tapering factor for minimum power dissipation. The total power
dissipation is determined assuming W,, = 20 pum, where W, is the width of
the NMOS transistor of the driver (for a symmetric CMOS inverter) and
W = 10 pum, where W, is the width of the NMOS transistor of the load
inverter. The total power for ¢ = 0.1 ym and N =1, 2, and 5 is shown in Fig.
9.5. The total power dissipation decreases as the interconnect line is tapered
until the minimum power is achieved. The total power dissipation has a local
minimum for each initial width ¢, which can be obtained by determining pop:
using (9.2). A tradeoff among the power components of the circuit exists in
choosing the initial width gq.

The optimum tapering structure described by po,: and g, is determined
by simultaneously solving (9.2) and (9.3). The optimum solution of the ta-
pered structure and a uniformly sized line is listed in Table 9.1. In section
9.5.1, wire tapering is compared with uniform sizing as criteria to minimize

the total transient power dissipation.
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Figure 9.5: Power dissipation for different number of loads driven by a long

tapered interconnect line

9.5.2 Tapering versus Uniform Wire Sizing

The total power dissipation is determined for different sizing criteria to
evaluate the tapering criteria presented in section 9.5.1. The power dissipa-
tion for the minimum interconnect width is listed in the second column of
Table 9.2 for different number of loads. The power dissipation along with the
per cent reduction using different interconnect sizing techniques are listed in
the table.

The optimum initial interconnect width g,,; and tapering factor p,, are

used to size the interconnect section of a long interconnect line. The total
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Table 9.1: Optimum sizing for minimum power dissipation

Number of || Uniform sizing | Tapered sizing
loads (N) Wopt Qopt Dopt
(um) (um) | (mm™)
1 0.8 0.3 0.45
2 1.2 0.7 0.38
) 2.1 1.2 0.34

power dissipated by the circuit is listed with the per cent reduction in power
as compared to using the minimum interconnect width. Alternatively, circuit
simulation is used to determine the optimum solution for minimum power.
The power dissipation using both an analytic solution and simulation is listed
in the final four columns. As listed in the table, the difference in the amount
of power dissipation and per cent reduction in power is negligible (< 2%).
The analytic solution achieves high accuracy in determining the optimum
tapering solution for minimum power dissipation.

As the number of loads increases, the reduction in power dissipation in-
creases when tapering the interconnect line. A higher per cent of the power is

dissipated in the load gates (inverters), increasing the efficiency of line taper-
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ing as a technique to decrease power dissipation. For a large number of loads
(e.g., N = 5), a significant reduction in power dissipation of around 72% is
achieved.

In the third and fourth columns of Table 9.1, the minimum power obtained
using uniform wire sizing is listed with the per cent reduction in power. A
greater reduction in power dissipation is achieved when an optimally tapered
interconnect line is used rather than a uniformly sized interconnect. A reduc-
tion in power dissipation of 24% is achieved when optimum wire tapering is
used as compared to a 17% reduction when uniform sizing is applied.

In Fig. 9.6, different power components are shown using the optimum
solution for both uniform and tapered lines. The power dissipated by the
driver, one of the loads, and the total power is shown in Figs. 9.6a, 9.6b,
and 9.6¢c, respectively. As described in section 9.4, both power components
decrease, since an optimally tapered line has a lower total line capacitance.
The transient power dissipation is decreased by about 8% if optimum wire

tapering is used rather than uniform wire sizing.

9.6 Conclusions

Interconnect tapering is shown in this chapter to minimize the transient
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power dissipation. Wire tapering reduces the power dissipated by the load
gate and increases the power dissipated by the driver. A tradeoff, therefore,
exists in a tapered line between the power dissipated in the load and the
driver. An analytic solution for the power dissipation with an error of less
than 2% is provided to determine the optimum initial wire width and tapering
factor for a tapered interconnect structure. The reduction in power becomes
greater as the number of driven gates increases. A reduction in total power
dissipation of about 72% is achieved when optimal tapering for minimum
power is used rather than uniform sizing with minimum line width.
Optimum tapering for minimum power dissipation is more efficient than
uniform wire sizing. Tapering lowers the interconnect capacitance, reducing
both transient power components (dynamic and short-circuit). A 24% reduc-
tion in power dissipation is achieved when optimum tapering is applied rather
than a reduction of 17% with uniform wire sizing. For an example circuit,
as compared to uniform wire sizing, optimum wire tapering can reduce the

power dissipation by 8%.
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Figure 9.6: Power components for different number of loads using optimum

tapered and uniform wire sizing a) driver power b) load power c) total power
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Chapter 10

Exponentially Tapered H-Tree
Clock Distribution Networks

10.1 Introduction

With the decrease in feature size of CMOS integrated circuits (IC), inter-
connect design has become a primary issue in high speed ICs. Interconnect
design is most often used to increase circuit speed [44]-[60], however, the in-
terconnect also affects the power dissipated by a circuit [214]. The dynamic
power dissipated in charging the interconnect capacitance represents a large
portion of the total transient power dissipation. Clock networks can dissipate
a large portion of the total power dissipated within a synchronous IC, ranging
from 25% to as high as 70% [132]. Some work has been published that consid-
ers power dissipation in the interconnect design process [48, 129],[142]-[146].

Interconnect shaping has been previously introduced as an efficient technique
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to improve circuit performance [66, 67]. In this chapter, interconnect shaping
is proposed as a technique to reduce the power dissipated by a clock dis-
tribution network as well as the inductive noise. An interconnect shaping
technique is proposed to reduce the power dissipated by an H-tree structured
clock distribution network without degrading the signal characteristics.

H-tree clock distribution networks are widely used [216]-[230]. For global
clock networks, H-trees are highly efficient in reducing clock skew [229]. The
line widths within a standard H-tree are typically divided by two at the branch
points to reduce reflections [231]. This technique matches the impedance
at the branch points to eliminate signal reflections, reducing ringing in the
signal. A matched impedance improves the signal integrity, reducing the
inductive noise. The proposed criterion does not maintain a tapering factor
of two in sizing the interconnects in H-trees. Rather, exponentially tapered
interconnects, as shown in Fig. 10.1, are proposed.

With increasing signal frequencies and a corresponding decrease in sig-
nal transition times, the interconnect impedance can behave inductively [20].
Clock distribution networks, particularly H-trees, are routed on the top metal

layers, using wide interconnect lines. These lines can have considerable induc-
tance [20], requiring a shielding technique to eliminate the inductive noise.

A variety of shielding techniques have been proposed to reduce the inductive
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Figure 10.1: Exponentially tapered H-tree interconnect structure

behavior of the interconnects within a clock distribution network [232]-[235].
Shielding clock lines with two adjacent ground lines is a widely used technique
[232, 178].

The proposed design methodology not only decreases the transient power
dissipation but also reduces the inductive noise of the interconnects. Fewer
reflections occur at the branch points, improving the signal integrity.

The chapter is organized as follows. In section 10.2, a criterion for tapering

an H-tree network is presented. Different issues that affect the proposed
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technique are discussed in section 10.3. In section 10.4, simulation results are

presented. Some conclusions are provided in section 10.5.
10.2 Tapering an H-Tree for Low Power

Exponential tapering has been shown to be the optimum shape function
to produce the minimum signal propagation delay in RLC lines [214]. A ta-
pered line, shown in Fig. 10.2a, can achieve the same signal characteristics
(signal delay and transition time) as the uniform line shown in Fig. 10.2b
with a smaller total line capacitance. Tapering a line reduces the coupling
capacitance between the signal line and the adjacent ground lines, and, conse-
quently, the total capacitance of the signal line. Although the line capacitance
is reduced, the line resistance is greater, thereby maintaining approximately
the same signal characteristics. A reduction in the line capacitance decreases
the dynamic power while an increase in the line resistance decreases the in-
ductive behavior of the interconnect. In section 10.2.1, a criterion is presented
for tapering the interconnects of an H-tree clock distribution network based
on a first order moment approximation of the transfer function characterizing

the clock tree. A second moment approximation is used in section 10.2.2 to
taper the interconnects of a clock distribution network while considering the

interconnect inductance.
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Figure 10.2: Coplanar clock line a) exponential tapering b) uniform (no ta-
pering)

10.2.1 Tapering using First Order Moment Approxi-
mation

An exponentially tapered RLC interconnect line is described in Appendix
G. Due to practical limitations, the line is divided into equal length sections.
A first order approximation of the transfer function of each line section is
used to characterize the signal. As described in section 10.3, the line be-
comes less inductive with tapering, since the line resistance increases. A first
order approximation is adequate to characterize the time constant of each
line section at relatively low frequencies. Additional savings in power can
be achieved if a higher order approximation is used as described in section
10.2.2. If the RC time constants are maintained the same in both techniques
(exponential and uniform), the signal characteristics (propagation delay and

transition time) remain the same. The same signal characteristics are main-
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tained with exponential tapering. The summation of the RC time constants
of an exponentially tapered line along each branch of an H-tree is maintained
equal to or less than the summation of the RC time constants of a uniformly
sized line.

The optimum tapering structure for minimum power satisfies

N N
Z R, 7Ci 7 < Z R yCivy, (10.1)
i=1 i=1

and consequently, achieves the minimum line capacitance, where R;_r and

R,;_y are the resistance of each section in a tapered and uniform line, respec-

tively, C;_7 and C;_y are the capacitance of each section in a tapered and

uniform line, respectively, and IV is the number of sections in each branch.
Two design parameters are used to size the interconnect within the tree;

the initial width W;,;; and the tapering factor p. A practical implementation

for exponential tapering is considered in Appendix G. For the technology

dependent precision of the wire width AW, different values of Wy,;; and p

can satisfy (10.1). Two practical constraints limit the choice of the initial line

width W;,;; and the optimum tapering factor p for each branch level. These

practical limits can be represented by

1. Winie £ Winas, where Wy, is the maximum wire width of a target

technology.
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2.p< g e 1)ln(%ﬁ%), where W,,;,, is the minimum wire width of a target

technology and [ is the length of the line segment.

These two constraints should be satisfied for a tapered line segment. Wi,
cannot be greater than the maximum wire width permitted by the technology.
Alternatively, increasing p may result in the width of the far end of a line being
smaller than the minimum available wire width. Wj;,;; and p are chosen to
satisfy (10.1) and any practical constraints while simultaneously minimizing
the total line capacitance. A C program is used to determine the optimum
tapering structure. Pseudocode for the C program is provided in Appendix
H. In section 10.2.2, the line inductance is considered in the optimization

process.

10.2.2 Tapering using Second Order Moment Approx-
imation

In section 10.2.1, a first order approximation, the RC' time constant, is
used to determine the optimum tapering structure (initial width W;,;; and
tapering factor p) for each segment of an H-tree. Reductions in power dissipa-
tion without any degradation in the signal characteristics are achieved using
the first moment approximation as described in section 10.4.1 [215]. Intercon-

nect lines within H-tree clock distribution networks are often wide and long,
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exhibiting considerable line inductance, particularly at high frequencies. The
optimum tapering structure can therefore be more accurately determined if
line inductance is considered.

An approximation of the second moment of the transfer function of a
signal propagating through an RLC line is used in [154] to estimate the delay
of an RLC tree. The approximation of the second moment m; of an RLC line
[154] is equivalent to the approximation of the first moment m;, the RC time
constant, of an RC line. The approximate second moment of the transfer
function is used to maintain the signal characteristics of a tapered line width.
The line is divided into a number of sections as described in Appendix G.

The second moment of the transfer function at the end of a line section is

2
mgi = (Z CkRzk> - Z CkLik, (10.2)
k k

where C}, is the capacitance of each line section, R, is the summation of the
resistance of all of the line sections from the begining of the line to the target
section, and L;; is the summation of the inductance of all of the line sections
from the begining of the line to the target section.

Equivalent to the Elmore delay, the second moment mo_y_p, is deter-
mined at the end of the line segment. For a uniform line segment in branch

level L,, the second moment is
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Ny, i 2
Mo_y—r, = Z (Ri—U——Ln (E Cr-v-L, + CL—Ln>)

i=1 k=1

- Liy-i, (Z Cr-v-L, + CL—Ln> ; (10.3)

k=1

where Np and C}_j, are the number of sections and the load capacitance
of line segment L,, Cy_y_r, is the capacitance of section k of a uniform
line segment, and R;_y_r, and L, _y_p, are the resistance and inductance of
section ¢ of a uniform line segment, respectively.

The second moment approximation of a tapered line is

Np, i 2
Mo—T-L, = Z (Ri—T—Ln (Z Cr—r-1, + CL-—Ln)>

i=1 k=1

- Lir_p, (Z Cr-1-1, + CL—Ln) , (10.4)

k=1
where Cy_p—p, is the capacitance of section k£ of a tapered line segment
and R;_r_y, and L, p_p,_ are the resistance and inductance of section ¢ of
a tapered line segment, respectively. The second moment for all possible
tapering structures (all possible initial widths W;,;; and tapering factor p as
described in Appendix G) is compared with the moments of a uniform line.
The optimum tapering structure is that structure which satisfies (10.5) and

has the minimum total line capacitance,
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Mo—T-L, < Ma_y—L,- (10.5)

In order to simplify the process of determining the optimum tapering
structure, a hierarchical technique is applied. The optimum tapering struc-
ture of each branch level of a tree is determined separately. Given the load
capacitance at the leaf of an H-tree, the optimum tapering structure for the
last segment (at the last branch level Ly, or the leaf of the tree) is determined,
where M is the number of branch levels. The total capacitance for that seg-
ment is used to determine the optimum structure for the higher branch level
Lps—1. This process is repeated until the optimum tapering structure for the
first level (the root of the tree) is obtained.

Practical constraints on the maximum and minimum line width, which
are presented in section 10.2.1, are used to determine the optimum structure
based on the second moment approximation. The pseudocode for the C pro-
gram is provided in Appendix I. Additional considerations in the design of a

tapered clock tree are discussed in section 10.3.
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10.3 Design Issues in Exponentially Tapered
H-Trees

Different issues that affect the design of an H-tree structured clock network
are discussed in this section. In section 10.3.1, the effect of tapering on the
signal characteristics of an H-tree is described. The area overhead of the
interconnect network of an exponentially tapered tree is discussed in section
10.3.2. The proposed structure is also compared in this section with a uniform
structure with the same area overhead. In section 10.3.3, skew reduction in

an exponentially tapered H-tree network is discussed.

10.3.1 Signal Integrity

The line width of an interconnect within an H-tree is typically divided by
two in a uniformly tapered tree to match the line impedance at the branch
points, as shown in Fig. 10.3a. In a uniformly tapered tree, the interconnect
inductance often cannot be ignored, particularly at the source of the tree
where the line is widest. Matching the impedance reduces reflections and
improves signal integrity [229], decreasing the inductive noise. This charac-
teristic is not maintained in exponential tapering.

The branches of a tree are numbered according to the number of branch
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Figure 10.3: Interconnect in an H-tree a) uniform tapering b) exponential

tapering

points (see Fig. 10.3). As shown in Fig. 10.3b, the initial width of the
interconnect at each branch level W;,;;_r is chosen based on the constraints
described in section 10.2. The tapering factor of each branch level p;_ is
determined by satisfying (10.1) for the first order approximation and (10.5)
for the second order approximation. All of the interconnects in the tree
belonging to the same branch level have the same p;,, and W1, .

With the criterion proposed in this chapter, the impedance mismatch does
not affect the signal integrity of the lines since the interconnect resistance is

greater. If a simple RC' line model is considered, in order to reduce the line
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capacitance (to reduce the dynamic power) while the RC time constant is
maintained the same, the line resistance is increased, reducing the effect of the
interconnect inductance on the signal waveform. Furthermore, this technique
reduces the reflections at the branch point, reducing the inductive noise. The
line resistance dominates the line impedance at the branch points, reducing
the inductive noise along the line. Moreover, exponential tapering reduces
the inductive noise, since the impedance mismatch is distributed along the
line and not concentrated at the branch points. Alternatively, an increase
in the line resistance does not affect the signal characteristics as the line
capacitance decreases. Tapering also reduces the resistance at the source of
the interconnect branch since the width is greater. A reduction in resistance
at the source of the line compensates the signal degradation that occurs due
to the increase in the line resistance at the far end of the line. Moreover, the
total capacitance of each tapered line segment is less than the capacitance of
a uniform segment, reducing the load capacitance at each branch level.

The inductive behavior of the line can be characterized by the line damp-
ing factor { = %ﬂi % [20], where Ryne, Cline, and Ly, are, respectively,
the line resistance, capacitance, and inductance. The inductive behavior de-
creases as the damping factor increases, reducing the importance of matching

the line impedance at the branch points. A mismatch at the branch points
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does not increase the reflections as illustrated in the simulation results pre-
sented in section 10.4. The difference between the first overshoot and un-
dershoot AV,er—under at the driving point of the tree is treated as a metric
characterizing the reflections in the tree, as shown in Fig. 10.4. The area

overhead of the proposed technique is discussed in section 10.3.2.

AV

- >
Time

Figure 10.4: Difference between first overshoot and undershoot for an induc-

tive interconnect

10.3.2 Routing Area

In the proposed H-tree structure, the interconnects comprising the clock

network are assumed to be shielded by two ground lines. Coplanar shielded
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structures are commonly used in industry, particularly in clock networks,
to reduce the interconnect coupling to adjacent lines and to minimize delay
uncertainty of the clock signal [100], [232]-[235]. In the proposed structure,
the interconnect width at the near end is larger, reducing the space between
the signal (or clock) line and the ground shield. The space is assumed to be
minimum in the uniform structure shown in Fig. 10.2b. In order to maintain
the space between the signal and ground shield, the distance between the
ground lines Sj44c is increased by the same amount as the increase in the
initial width W;,,;;, as shown in Fig. 10.5,
Winit — Woriginal

Slarge = 2 + Smm (106)

For wider spacing between the signal and ground shield, the interconnect area
is greater.

For the same area overhead, the line capacitance is reduced by increasing
the space between the shield lines without changing the signal (or clock)
line width, as shown in Fig. 10.5b. The capacitance (and therefore the
dynamic power dissipation) of a line structure with wider spacing and uniform
interconnect width is greater than the capacitance of an exponentially tapered
structure.

Increasing the distance between the ground shield and the signal lines,
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Figure 10.5: Coplanar clock line a) exponential tapering b) uniform line with

wider spacing

as shown in Fig. 10.5, produces a smaller reduction in the line capacitance
(and dynamic power) as compared to exponentially tapering the lines. Fur-
thermore, a wider space between the ground lines increases the inductance of
the line since the area of the current return path is larger. Furthermore, an
increase in the space without a change in the interconnect width, as shown
in Fig. 10.5b, maintains the same resistance as a uniform structure. An
increase in the line inductance (without an increase in the resistance) in-
creases the inductive behavior of the line. In section 10.4, a comparison is
presented between the proposed tapered structure and two alternative non-

tapered structures.
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10.3.3 Clock Skew

H-trees are primarily used in clock distribution networks. An important
issue in the design of a clock distribution network is clock skew. H-trees pro-
vide close to zero skew if the loads at all of the clock sinks are identical [229].
Different techniques have been developed to minimize clock skew in trees
with varying loads. These techniques can be classified into two categories;
(1) techniques that employ active elements (dummy loads or inserted buffers),
[236]-[250], and (2) techniques that passively change the tree structure (the
interconnect width or length or the topology of the tree) [246]-[253].

An exponentially tapered tree structure can be integrated with standard
active skew reduction techniques without adapting the skew reduction phase
of the design process. Active elements, inserted along the tree to reduce the
skew, can be placed at the same locations in a tapered tree. Alternatively,
in passive techniques, a more complicated model should be used to optimize

the tree for low power while simultaneously minimizing the skew.
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10.4 Simulation Results

Different industrial H-tree structured clock distribution networks have been
investigated to evaluate the proposed design technique. The optimum width
Winit—1,, and tapering factor py, for each branch level L, within each tree
are determined. There are six branch levels (M = 6) in this clock tree exam-
ple. Closed form expressions for the line impedance parameters (resistance,
capacitance, and inductance) are used to model the tree interconnect [214].
Each interconnect branch is divided into a number of sections with length
ly = 125 pm. I; is chosen to be greater than [,,;,, the shortest line in the
tree. Two ground lines, with a 1 wm width, shield the tree interconnects.
The minimum distance between the clock line and the ground shield Sy,
is 1 wm. Copper interconnect and low-x dielectric materials are assumed in
order to evaluate the inductive properties of the lines.

A 64 sink clock tree covering a die area of 4.25 X 4.25 mm is modeled
as a distributed RLC network to observe the signal characteristics. A sym-
metric capacitive load is assumed at all of the sinks (no clock skew among
the sinks). In section 10.4.1, a first order approximation is used to determine
the optimum interconnect structure. A second order approximation is used

in section 10.4.2.
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10.4.1 First Order Approximation

used to size the interconnect within the tree as listed in Table 10.1. The
interconnect branch level is listed in the first column. The width of the
uniform wires that achieves the minimum signal transition time at the loads
of the tree is listed in the second column. As listed in the table, for a standard
H-tree, the interconnect width is decreased by half at each branch level to
match the line impedance. An interconnect width of 10 um at the source of
the tree is assumed to minimize the signal transition time at the load end.
The signal characteristics of the overall H-tree are provided in Table 10.2.

In the third and fourth columns, the optimum initial width and taper-
ing factor, respectively, of each branch level are listed for an exponentially
tapered interconnect based on a first order approximation . The optimum
structure (the initial width and tapering factor) is determined from the pro-
gram represented by the pseudocode described in Appendix H.

The ratio between the damping factor of each line segment for a tapered
line and a uniform line is listed in the fifth column. The damping factor
increases as compared to a uniform line, reducing the inductive effects in the
signal waveform. In order to compare the proposed structure with a uniform

structure with the same area overhead, the spacing Sy,n is increased to Sjgrge
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while maintaining the lines unshaped. A uniform line width (listed in the
second column) with a larger spacing (listed in the sixth column) is also
listed in the table as a design choice. Unlike a tapered line, the damping
factor decreases if a larger spacing is used, increasing the inductive behavior

(ringing effects) in the signal waveform.

Table 10.1: H-tree design techniques using a first moment approximation

Interconnect || Uniform Exponential Uniform with
tapering tapering larger spacing
Branch Woriginal Winit b ¢ / Corigmal Slarge ¢ / Coriginal
Level (um) || (pm) | (mm~) (um)
1 10.0 14.7 1.8 1.30 3.4 0.83
2 5.0 8.3 1.8 1.18 2.6 0.80
3 2.5 4.3 3.7 1.14 2.0 0.83
4 1.3 2.6 4.0 1.11 1.7 0.84
) 0.6 0.7 2.5 1.01 1.0 0.98
6 0.5 0.5 0.0 1.00 1.0 1.00

A reduction in the inductive behavior of the line can be observed by a
change in the damping factor of the lines within the tree. As listed in Table

10.1, the damping factor ¢ of an exponentially tapered structure increases
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while the damping factor of a uniform (with wider spacing) structure de-
creases. An increase in the damping factor reduces the inductive behavior of
the interconnects, enhancing the signal integrity.

A 0.24 uym CMOS inverter is used to drive the tree in the example circuit
characterized by Table 10.1. An input ramp signal with a 50 psec transition
time is applied at the input of the driver of the tree. The lines at the source
of the tree are wide (highly inductive), making these lines the most inductive
among all of the interconnect within the tree. The greatest amount of reflec-
tions occurs at the source of the tree. The attenuation of the signal along
the interconnect tree degrades the overshoots at the load end. The differ-
ence between the first overshoot and undershoot is therefore observed at the
source of the tree. The difference between the first overshoot and undershoot
AVyer —under decreases from 683 mV to 675 mV at the first branching point of
a tapered structure. Alternatively, the difference increases to 836 mV when
a larger spacing is assumed without shaping the lines. Tapering the intercon-
nects achieves a reduction in AV,,er _under of approximately 20% as compared
to a uniform design with the same area overhead.

In Table 10.2, the signal characteristics (the propagation delay and tran-
sition time) and the transient power dissipated by a tree are listed for three

interconnect structures. Exponential tapering and uniform tapering with a
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larger spacing maintain the same signal characteristics while dissipating less
power. Exponential tapering, however, further reduces the power. A reduc-
tion in power dissipation of about 12% is achieved as compared to about 3.5%

with no tapering.

10.4.2 Second Order Approximation

With increasing clock frequency, the signal transition time decreases, in-
creasing the importance of considering the interconnect inductance. The
signal transition time at the input of the H-tree described in section 10.4.1 is
reduced to 10 psec. For such a fast transition time, a second order approxi-
mation is more effective as a criterion for tapering the lines within the tree.
The interconnect width for an exponentially tapered line based on a second
moment approximation is listed in Table 10.3. A greater reduction in the
damping factor is achieved using a second moment approximation, reducing
reflections in the tree (compare, for example, column five of Tables 10.1 and
10.3).

The signal transition time, propagation delay, and power dissipation are
listed in Table 10.4. The second moment approximation achieves a greater
power reduction of 15% as compared to the first order approximation.

The signal waveform at three points; the input of the driver, the first
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branching point, and the sinks (or load) is shown in Fig. 10.6. The difference
between the first overshoot and undershoot AV, er—under decreases from 784
mV to 511 mV at the first branching point of a tapered structure. The differ-
ence increases to 854 mV when a larger spacing is assumed without shaping
the lines. Tapering the interconnects achieves a reduction in AV,,er—unger Of
approximately 35%, reducing the inductive noise, thereby improving the sig-
nal integrity. Alternatively, increasing the spacing increases AV,yer—ynder DY
10%, degrading the signal integrity of the H-tree. As compared to a uniform
tree with the same area overhead, the difference between the overshoots is

reduced by 40% in a tapered line.

The aspect ratio (the ratio between the line thickness to the line width)
increases as technology advances, reducing the propagation delay. In order
to demonstrate the effect of a higher aspect ratio on the proposed tapering
technique, exponential tapering, based on a second order approximation, is
compared with uniform tapering in Table 10.5 for an interconnect thickness of
0.1 pm. The signal delay, transition time, and power dissipation are listed in
the table. A higher reduction in power dissipation is achieved (as compared
to Tables 10.2 and 10.4) since the line thickness is larger. For a higher aspect

ratio, the coupling capacitance is greater, increasing the per cent reduction in
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Figure 10.6: Waveforms at different nodes within the tree a) uniform taper-
ing b) exponential tapering using first order approximation ¢) exponential
tapering using second order approximation d) uniform tapering (with large

spacing)

power dissipation in tapered lines. As technologies advance, a higher aspect
ratio and interconnect thickness becomes typical. The proposed tapering

technique will therefore achieve a greater reduction in power with technology

scaling.
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10.5 Conclusions

Exponentially tapered interconnect can reduce the dynamic power dissi-
pated by clock distribution networks. A structure for sizing the interconnects
within an H-tree network is proposed. The structure does not maintain a
tapering factor of two in the line width at the branch points along the H-tree.
The proposed technique reduces the power dissipation while improving the
signal characteristics.

First and second order approximations of the transfer function can be
used to size tapered lines of a clock distribution network. The first order
approximation reduces the power dissipation and inductive noise of an H-tree
structured clock distribution network. Alternatively, a second order approxi-
mation can be used to achieve a greater reduction in both power dissipation
and inductive noise.

Exponentially tapered interconnects based on a first order approximation
are shown to reduce the power dissipated by an industrial clock distribution
network by up to 12% while maintaining the same signal transition times and
propagation delay at the load. A higher reduction in power dissipation of
15% is achieved when the second moment is used in the optimization process.

This exponential tapering technique is expected to be more efficient with



216

advancements in technology.

Furthermore, the inductive behavior of the interconnects is reduced, re-
ducing the inductive noise. Smaller reflections occur in an exponentially ta-
pered tree. A reduction of 35% in the difference between the signal overshoots
at the input of a tree is achieved, increasing the efficiency of using exponential
tapering in propagating signals at high frequencies. As compared to a uni-
form tree with the same area overhead, the difference between the overshoots

is reduced by 40%.
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Table 10.3: H-tree design techniques using second moment approximation

Interconnect || Uniform Exponential Uniform with
tapering tapering larger spacing
Branch Woriginat || Winit D ¢/ Coriginat || Starge | $/Coriginat
Level (um) | (um) | (mm~") (um)
1 10.0 11.6 2.2 1.85 1.80 0.91
2 5.0 8.0 2.3 1.07 2.50 0.82
3 2.5 3.8 4.6 1.56 1.65 0.87
4 1.3 2.1 3.5 1.20 1.40 0.89
o} 0.6 0.73 2.7 1.02 1.05 0.98
6 0.5 0.5 0.0 1.00 1.00 1.00
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Chapter 11

Conclusions

Interconnect design has become significant as operating frequencies have in-
creased since the interconnect affects the two primary design criteria, speed
and power. Furthermore, the line inductance cannot be neglected in next gen-
eration high speed circuits. Including line inductance in the design process
can enhance both the delay and power as well as improve the accuracy of the
overall design process. The line inductance introduces new circuit tradeoffs
and design methodologies.

A tradeoff exists between dynamic and short-circuit power in inductive
interconnects. This tradeoff is not significant in resistive lines as the sig-
nal characteristics are less sensitive to the line dimensions. The short-circuit

power of an overdriven interconnect line decreases with line width, while the
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dynamic power increases. When the line exceeds the matched condition, not
only the dynamic power but also the short-circuit power increases with in-
creasing line width. The matched condition between the driver and the load
has an important effect on the line impedance characteristics. If the line
is overdriven, the short-circuit power decreases with increasing line width.
When the line exceeds the matched condition, the short-circuit power in-
creases with increasing line width (and signal transition time). To achieve
lower transient power dissipation, the minimum line width should be used if
the line is underdriven. For a long inductive interconnect line, an optimum
interconnect width exists that minimizes the total transient power dissipation.

Repeater insertion outperforms wire sizing in RC lines. However, for RLC
lines, the minimum signal propagation delay always decreases with increasing
wire width if an optimum repeater system is used. In RLC lines, wire siz-
ing outperforms repeater insertion as the minimum signal propagation delay
with no repeaters is less than the minirrlum signal propagation delay using any
number of repeaters. The minimum signal propagation delay always decreases
with wider lines until the number of repeaters equals zero (only one driver
at the begining of the line is sufficient). In RLC lines, there is no optimum
interconnect width for minimum signal propagation delay. The total tran-

sient power dissipation of a repeater system driving an RLC line is minimum
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at small line widths. Below the width for minimum power, both the signal
delay and the power dissipation increase. Widening a line beyond the width
for minimum power reduces the number of repeaters and the minimum signal
propagation delay while increasing the total transient power dissipation. A
tradeoff between the transient power dissipation and the signal propagation
delay, therefore, exists in sizing the interconnect width. Optimizing the inter-
connect for minimum power delay product produces a much smaller increase
in both the power and delay as compared to separately optimizing for either
the power or delay. As interconnects become longer, the difference between
the optimum width for minimum power and the optimum width for minimum
delay increases, further enhancing the effectiveness of the proposed criterion.

A criterion, the Power-Delay-Area-Product (PDAP), is introduced as an
efficient technique to size an interconnect within a repeater system if the
system area is considered in the design process. A significant reduction in
power dissipation is achieved with a negligible increase in propagation delay
if the line width is optimized for minimum PDAP rather than minimum PDP.
Furthermore, a reduction in silicon area is achieved if the PDAP criterion is
used.

On-chip inductance shields part of the interconnect capacitance. The

effective capacitance of an RLC load decreases with increasing line induc-
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tance, reducing the gate delay of a driver. Furthermore, the line inductance
reduces the equivalent output resistance of a driver, reducing the total prop-
agation delay. A parameter Zp, the ratio of the output driver resistance to
the magnitude of the lossy characteristic impedance of the line, is introduced
to characterize the signal propagation delay of a CMOS inverter driving an
RLC interconnect. The minimum propagation delay is achieved when Z; =
1 where the driver is matched with the lossy characteristic impedance of the
line. A smaller buffer can be used to drive an interconnect line if the line
inductance is considered, more accurately achieving the target delay than if
the line inductance is ignored.

The optimum wire shape that produces the minimum signal propagation
delay in a distributed RLC line is shown to be an exponential function. An
exponentially tapered interconnect minimizes the time of flight of an LC
line. The general form for the optimum shaping function of an RLC line is
geP®. The optimum wire width at the load end ¢ and the optimum tapering
factor p which achieve the minimum delay and low power are determined for
the driver and load characteristics. Optimum wire tapering as compared to
uniform wire sizing is more efficient in RLC lines than in RC lines. The
line inductance makes tapering more attractive in RLC lines since tapering

produces a greater reduction in delay as compared to uniform wire sizing.
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With a minimum wire width at the far end and an optimum tapering factor,
both the propagation delay and the power dissipation are reduced. The line
inductance increases the savings in power in an optimally tapered line as
compared to uniform wire sizing. An analytic solution for the tapering factor
that produces the minimum transient power is determined.

Tapered wire sizing outperforms both uniform wire sizing and uniform
repeater insertion. A reduction in the propagation delay is achieved when
optimum tapering is used rather than uniform repeater insertion. Wire ta-
pering as compared to repeater insertion becomes more efficient as technology
advances, since the reduction in the delay of tapered lines increases.

Wire tapering can improve signal integrity by reducing the inductive noise.
Tapered interconnect lines in clock distribution networks can achieve the same
signal characteristics of uniformly sized lines, while reducing the reflections
along the line. The difference between the signal overshoots decreases when
tapered interconnect is used rather than uniform interconnect while producing
the same signal delay and transition time.

Exponentially tapered interconnect can reduce the dynamic power dissi-
pated by clock distribution networks. A structure for sizing the interconnects
within an H-tree network is proposed. The structure does not maintain a

tapering factor of two in the line width at the branch points along the H-tree.
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The proposed technique reduces the power dissipation while improving the
signal characteristics.

First and second order approximations of the transfer function can be
used to size tapered lines of a clock distribution network. The first order
approximation reduces the power dissipation and inductive noise of an H-tree
structured clock distribution network. Alternatively, a second order approxi-
mation can be used to achieve a greater reduction in both power dissipation
and inductive noise.

On-chip inductance must be included in the design process in high fre-
quency circuits. By including on-chip inductance, the efficiency of different
circuit design techniques such as wire sizing, repeater insertion, line tapering,

and driver sizing can be greatly enhanced.
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Chapter 12

Future Work

Interconnect inductance has become important in modeling on-chip inter-
connects. Neglecting the line inductance may result in inefficient circuits. It
is shown in this dissertation that different circuit design techniques can be
enhanced when on-chip inductance is included in the design process. Novel
tradeoffs and methodologies have been proposed to achieve efficient circuit
operation at high frequencies. These techniques and methodologies can be
further enhanced to achieve the design requirements of very deep submicrom-
eter (VDSM) circuits.

In the following sections, different approaches are suggested to further
improve existing design methodologies which consider the inductive charac-

teristics of the interconnect lines. In Section 12.1, a reduced order model to
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characterize a tapered interconnect is discussed. This model is important to
characterize the line using fewer elements. In Section 12.2, tapering an in-
terconnect line in three dimensions is proposed. Novel techniques have been
described in [254]-[258] to drive long interconnects. The inductance of these
interconnects should be considered when evaluating the efficiency of these
techniques. In Section 12.3, the importance of line inductance on advanced
circuit techniques for driving long interconnects is discussed. Trends in high
frequencies are described in Section 12.4 to motivate more advanced circuit
design methodologies. In Section 12.5, these suggested topics for future re-

search are summarized.

12.1 Reduced Order Model for Tapered RLC
Interconnect

Interconnect tapering is presented in Chapters 8 and 10 as an efficient
technique to reduce signal propagation delay and power dissipation. Expo-
nential tapering changes the line impedance parameters, affecting the signal
characteristics. Accurate modeling of tapered lines is required in order to
characterize the line impedance in a reduced order model. A reduced order
model of a tapered line also improves the computational speed as compared
to dynamic simulation.

A tapered interconnect is a physically complicated structure which re-
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quires a simplified reduced order model to enhance the circuit simulation
process. A reduced order model at the driving point would be useful to de-
termine the signal characteristics with a fewer number of impedance elements
to model the line. A reduced order model for a tapered line can therefore be

used to increase the efficiency of the design process.

12.2 Interconnect Tapering in Three Dimen-
sions

From the discussion in Chapter 8, tapering is an efficient technique to
reduce signal delay and power dissipation. Moreover, exponential tapering
is shown to be more efficient in RLC' lines than in RC' lines. As technology
advances, interconnect design will become an increasingly important issue in

the IC design process.

w

Figure 12.1: Tapered interconnect line in three dimensions

Exponential tapering can be expanded by tapering the line in three dimen-

sions, as shown in Fig. 12.1. Tapering the interconnect height can improve
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the performance of a circuit. Furthermore, the line capacitance of a tapered
interconnect is less than the capacitance of a uniform interconnect, due to
decreased fringing fields, reducing the dynamic power dissipation. Moreover,
the inductive noise of a tapered line is smaller than in a uniform line. Three-
dimensional tapering, however, greatly complicates the manufacturing pro-
cess. Also, practically, precise tapering is extremely difficult. The optimum
exponential shape can be approximated by dividing the line into sections with

different widths and thicknesses for each section as shown in Fig. 12.2.

Figure 12.2: 3-D tapered interconnect using sections with different widths

and thicknesses

Different techniques can be developed to simplify the fabrication process
for tapering the line thickness. The number of metal layers increases with ad-
vances in technology, and is expected to reach ten layers by 2007 [4]. Certain
upper metal layers can be dedicated to global communication. These lines

can be tapered in three dimensions to improve circuit performance while re-
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ducing power dissipation. In order to simplify the process, interconnect lines
can be categorized according to the line length into a few sets {S;, S, Ss,

...... Sn}. Each set S; contains a range of line lengths /;, where

I <l <l (121)

l(z)g = l(i+1)1. (122)

The tapering factor of each set can be maintained constant, reducing the
variation in the line thickness for different interconnect lines. Long vias can be
used to produce the tapered shape as shown in Fig. 12.3. Different tapering

factors can be achieved by using different lengths for each metal layer.

Via
Metal
Via
Metal
Via
Metal
Via

Figure 12.3: 3-D tapered interconnect using long vias

This technique can potentially enhance circuit performance from 10% to
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20%. Simultaneously, the power dissipation can be decreased by up to 20%

while also decreasing the inductive noise of the line.
12.3 Techniques to Drive Long Interconnects

Many of the more widely used techniques to drive long interconnects have
been described in this dissertation. There are several circuit design techniques
to enhance circuit speed. Current sensing [254]-[256], transparent repeaters
[258], and boosters [257] are examples of these promising design techniques.

Current sensing is a technique for quickly transferring data along long
distances by sensing changes in the current flowing through the intercon-
nect. The data can propagate along these long distances without repeaters.
This technique, however, has been investigated without considering line in-
ductance. Since the technique is based on sensing current, the interconnect
inductance may affect the efficiency and applicability of this technique. Top-
ics such as noise and reliability should also be considered. Furthermore, the
inductive properties of the line could potentially be used to enhance the cur-
rent sensing properties of the design technique.

Capacitive coupling has been considered in current sensing techniques
[255]. As shown in Fig. 12.4, the effect of a switching neighbor on the

operation of a circuit is used to evaluate the effective capacitive coupling.
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Figure 12.4: Capacitive coupling in current sensing technique

The interconnect lines of a current sensing circuit can provide a return
path since there is a direct path to ground. Unlike electric field lines, magnetic
field lines do not vanish at the adjacent interconnect line. The magnetic field
lines can extend in space, affecting both lines of the sensing circuit, as shown
in Fig. 12.5. Inductive coupling can therefore potentially affect the successful
operation of a circuit. Furthermore, the inductance of the lines used to sense
the current may provide a new design opportunity for the sensing circuit.
The shape, width, and/or separation of these lines could improve the circuit
characteristics.

Transparent repeaters (or boosters) are proposed in [257, 258] to drive
long interconnects. The interconnect inductance has also been neglected in
this circuit technique. As described in this dissertation, the line inductance
can introduce new types of design tradeoffs. The interconnect inductance

can, therefore, affect the number and placement of the boosters (or trans-
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Figure 12.5: Inductive coupling in current sensing technique

parent repeaters). The inductive noise can affect the function and limit the
application of these circuits. Despite these limitations, these approaches can

be quite useful in certain applications.

12.4 Design Methodologies for Frequency De-
pendent Interconnect Impedances

With increasing clock frequencies, different mechanisms affect the signal
characteristics in long interconnects. These mechanisms alter the impedance
characteristics of the interconnect. At high frequencies, the current distribu-
tion along the interconnect cross section changes. The change in the current
distribution affects the flow of current due to related phenomena such as skin
and proximity effects [87]. These effects cause a change in the line resistance

and inductance. The skin and proximity effects occur at high frequencies,

increasing the resistance and decreasing the inductance of a line. For small
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spacing between interconnect lines, the proximity effect alters the current
distribution along the cross section of the interconnect. The resistance of a
4 pm wide aluminum line as a function of frequency is shown in Fig. 12.6.
Assuming 1 pm wide ground lines shielding a victim line from both sides, the

line inductance and resistance behave as shown in Fig. 12.6 [112].
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Figure 12.6: Interconnect resistance and inductance with frequency

Advanced design methodologies will be necessary that consider frequency
dependent changes in the line impedance parameters when the frequency
exceeds the limit at which existing interconnect models are no longer accu-

rate. These effects may alter trends and suggest different speed/area/power
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tradeoffs in existing methodologies. Methodologies will therefore need to be
developed that manage interconnects deep into the gigahertz frequency range.

Due to skin and proximity effects, the effective width W.s; (the width
through which the current flows) of the interconnect is less than the actual
(physical) width. The effective width of an interconnect can be expressed in
terms of the line geometry, the distance to the surrounding conductors, and
the signal transition time. The concept of an effective width can simplify the
model of the impedance characteristics at high frequencies.

In order to develop efficient optimization techniques, advanced models of
the line inductance and resistance as a function of the effective width are

required,

Lins = g(Weff)7 (12'3)
Rint = g(Weff)a (124)

where Wess is a function of the interconnect width and thickness, spacing

between the interconnects, and the signal frequency.
12.5 Summary

Different interconnect design methodologies will need to be enhanced to in-

clude the interconnect inductance in interconnect line models. The on-chip in-
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ductance has an increasing influence on existing design methodologies for cir-
cuits operating at high frequencies. More sophisticated design methodologies
that consider line inductance can achieve a target performance while reducing
power dissipation as well as inductive noise. Advanced design methodologies
are therefore required to achieve target performance objectives for circuits op-
erating at gigahertz frequencies. The effects of the on-chip inductance should
therefore be integrated into existing and future CAD tools to improve the

efficiency of high speed integrated circuits.



238

Bibliography

[1]

[2]

[6]

[7]

(8]

(9]

National Technology Roadmap for Semiconductors: Semiconductor Indus-
try Association, 1997.

R. Ho, K. W. Mai, and M. A. Horowitz, ” The Future of Wires,” Proceedings
of the IEEE, Vol. 89, No. 4, pp. 490-504, April 2001.

Y. Shin and T. Sakurai, ” Power Distribution Analysis of VLSI Interconnects
Using Model Order Reduction,” IEEE Transactions on Computer-Aided
Design of Integrated Circuits and Systems, Vol. 21, No. 6, pp. 739-745,
June 2002.

International Technology Roadmap for Semiconductors: Semiconductor In-
dustry Association, Edition 2001.

S. Borkar, ”Obeying Moore’s Law beyond 0.18 Micron,” Proceedings of the
IEEFE International ASIC/SOC Conference, pp. 26-31, September 2000.

K. Lee, ”On-Chip Interconnects - Giga Hertz and Beyond,” Proceedings
of the IEEE International Interconnect Technology Conference, pp. 15-17,
December 1998.

C. S. Chang, ”Interconnection Challenges and the National Technology
Roadmap for Semiconductors,” Proceedings of the IEEE International In-
terconnect Technology Conference, pp. 3-6, December 1998.

M. T. Bohr, ”Interconnect Scaling- The Real Limiter to High Performance
ULSL” Proceedings of the IEEE International Electron Devices Meeting,
pPp. 241-244, December 1995.

F. Caignet, S. Delmas-Bendhia, and E. Sicard, "The Challenge of Signal



[10]

12

[13]

[16]

[17]

[18]

[19]

239

Integrity in Deep-Submicrometer CMOS Technology,” Proceedings of the
IEEE, Vol. 89, No. 4, pp. 556-573, April 2001.

J. A. Davis, V. K. De, and J. D. Meindl, ”A Stochastic Wire-Length Dis-
tribution for Gigascale Integration (GSI) —Part II: Applications to Clock
Frequency, Power Dissipation, and Chip Size Estimation,” IEEE Transac-
tions on Electron Devices, Vol. 45, No. 3, pp. 590-597, March 1998.

D. Pamunuwa, L. Zheng, and H. Tenhunen, "Maximizing Throughput Over
Parallel Wire Structures in the Deep Submicrometer Regime,” IEEE Trans-
actions on Very Large Scale Integration (VLSI) Systems, Vol. 11, No. 2, pp.
224-243, April 2003.

G. A. Sai-Halasz, ”Performance Trends in High-End Processors,” Proceed-
ings of the IEEE, Vol. 83, No. 1, pp. 20-36, January 1995.

D. Sylvester and K. Keutzer, ” A Global Wiring Paradigm for Deep Submi-
cron Design,” IEEE Transactions on Computer-Aided Design of Integrated
Circuits and Systems, Vol. 19, No. 2, pp. 242-252, February 2000.

T. Sakurai, ”Superconnect Technology,” IEICE Transactions on Electron-
ics, Vol. E84/C12, No. 12, pp. 1709-1716, June 2001.

A. V. Mezhiba and E. G. Friedman, ”Trade-offs in CMOS VLSI Cir-
cuits,” Trade-offs in Analog Circuit Design The Designer’s Companion, C.
Toumazou, G. Moschytz, and B. Gilbert (Eds.), Dordrecht, The Nether-
lands:Kluwer Academic Publishers, pp. 75-114, 2002.

H. B. Bakoglu, Circuits, Interconnects, and Packaging for VLSI, Addison-
Wesley Publishing Company, 1990.

T. Sakurai, ” Approximation of Wiring Delay in MOSFET LSI,” IEEE Jour-
nal of Solid State Circuits, Vol. SC-18, No. 4, pp. 418-426, August 1983.

R. Antinone and G. W. Brown, "The Modeling of Resistive Interconnects
for Integrated Circuits,” IEEE Journal of Solid-State Circuits, Vol. SC-18,
No. 2, pp. 200-203, April 1983.

G. Y. Yacoub, H. Pham, M. Ma, and E. G. Friedman, " A System for Criti-
cal Path Analysis Based on Back Annotation and Distributed Interconnect



20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

240

Impedance Models,” Microelectronics Journal, Vol. 19, No. 3, pp. 21-30,
May/June 1988.

Y. I. Ismail, E. G. Friedman, and J. L. Neves, ”Figures of Merit to Char-
acterize the Importance of On-Chip Inductance,” IEEE Transactions on
Very Large Scale Integration (VLSI) Systems, Vol. 7, No. 4, pp. 442-449,
December 1999.

N. Gopal, E. Tuncer, D.P. Neikirk, and L.T Pillage, ” Non-Uniform Lumped
Models for Transmission Line Analysis,” Proceedings of the IEEE Topical

Meeting on Electrical Performance of Electronic Packaging, pp. 119-121,
April 1992.

T. Dhaene and D. D. Zutter ”Selection of Lumper Element Models for Cou-
pled Lossy Transmission Lines,” IEEE Transactions on Computer-Aided
Design of Integrated Circuits and Systems, Vol. 11, No. 7, pp. 805-815, July
1992.

L. Chang, K. Chang, and R. Mathews, ”When Should On-Chip Inductance
Modeling Become Necessary for VLSI Timing Analysis?,” Proceedings of
the IEEE International Interconnect Technology Conference, pp. 170-172,
June 2000.

A. Deutsch etal., ”When are Transmission-Line Effects Important for On-
Chip Interconnections?,” IEEE Transactions on Microwave Theory and
Techniques, Vol. 45, No. 10, pp. 1836-1846, October 1997.

B. Krauter, S. Mehrotra, and V. Chandramouli, ”Including Inductive Ef-
fects in Interconnect Timing Analysis,” Proceedings of the IEEE Custom
Integrated Circuits Conference, pp. 445-452, May 1999.

P. Ghosh, R. Mangaser, C. Mark, and K. Rose, ”Interconnect-Dominated
VLSI Design,” Proceedings of the IEEE Conference on Advanced Research
in VLSI, pp. 114-122, March 1999,

A. Deutsch et al., "Frequency-Dependent Crosstalk Simulation for On-Chip
Interconnections,” IEEE Transactions on Advanced Packaging, Vol. 22, No.
3, pp. 292-308, August 1999.



[28]

[29]

[30]

[31]

(32]

[33]

[34]

135]

[36]

[37]

241

A. Deutsch etal., "High-Speed Signal Propagation on Lossy Transmission
Lines,” IBM Journal of Research and Development, Vol. 34, No. 4, pp.
601-615, July 1990.

A. Deutsch et al., ”Modeling and Characterization of Long On-Chip Inter-
connections for High-Performance Microprocessors,” IBM Journal of Re-
search and Development, Vol. 39, No. 5, pp. 547-567, September 1995.

A. Deutsch, "Electrical Characteristics of Interconnections for High-
Performance Systems,” Proceedings of the IEEE, Vol. 86, No. 2, pp. 313-355,
February 1998.

A. Deutsch et al., " Design Guidelines for Short, Medium, and Long On-Chip
Interconnections,” Proceedings of the IEEE Topical Meeting on Electrical
Performance of Electronic Packaging, pp. 30-32, October 1996.

A. Deutsch et al., ”The Importance of Inductance and Inductive Coupling
for On-Chip Wiring,” Proceedings of the IEEE Topical Meeting on Electrical
Performance of Electronic Packaging, pp. 53-56, October 1997.

A. Deutsch et al., "Functional High-Speed Characterization and Modeling
of a Six-Layer Copper Wiring Structure and Performance Comparison with
Aluminum On-Chip Interconnections,” Proceedings of the IEEE Interna-
tional Electron Devices Meeting, pp. 295-298, December 1998.

P. J. Restle, A. E. Ruehli, S. G. Walker, and G. Papadopoulos, ”Full-Wave
PEEC Time-Domain Method for the Modeling of On-Chip Interconnects,”
IEEE Transactions on Computer-Aided Design of Integrated Clircuits and
Systems, Vol. 20, No. 7, pp. 877-887, July 2001.

Y. L. Ismail and E. G. Friedman, On-Chip Inductance in High Speed Inte-
grated Clircuits, Norwell, Massachusetts:Kluwer Academic Publishers, 2001.

J. A. Davis and J. D. Meindl, ”Compact Distributed RLC Interconnect
Models—Part I: Single Line Transient, Time Delay, and Overshoot Expres-
sions,” IFEE Transactions on Electron Devices, Vol. 47, No. 11, pp. 2068-
2077, November 2000.

J. A. Davis and J. D. Meindl, ”Compact Distributed RLC Interconnect



[38]

[39]

(40]

[41]

[42]

[43]

[44]

[45]

[46]

242

Models—Part II: Coupled Line Transient Expressions and Peak Crosstalk in
Multilevel Networks,” IEEE Transactions on FElectron Devices, Vol. 47, No.
11, pp- 2078-2087, November 2000.

X. Huang, Y. Cao, D. Sylvester, S. Lin, T. King, and C. Hu, " RLC Signal
Integrity Analysis of High-Speed Global Interconnects,” Proceedings of the
IEEFE International Electron Devices Meeting, pp. 731-734, December 2000.

S. V. Morton, ”On-Chip Inductance Issues in Multiconductor Systems,”
Proceedings of the IEEE/ACM Design Automation Conference, pp. 921-
926, October 1999.

A. Deutsch et al., ” On-Chip Wiring Design Challenges for GHz Operation,”
Proceedings of the IEEE, Vol. 89, No. 4, pp. 529-555, April 2001.

T. D. Hodes, B. A. McCoy, and G. Robins, ” Dynamically-Wiresized Elmore-
Based Routing Constructions,” Proceedings of the IEEE International Sym-
posium on Circuits and Systems, Vol. 1, pp. 463-466, May 1994.

M. Edahiro, ”Delay Minimization for Zero-Skew Routing,” Proceedings of
the IEEFE International Conference on Computer-Aided Design, pp. 563-
566, November 1993.

S. S. Sapatnekar, "RC Interconnect Optimization Under the Elmore Delay
Model,” Proceedings of the IEEE/ACM Design Automation Conference, pp.
387-391, June 1994.

J. J. Cong and K. Leung ” Optimal Wiresizing Under Elmore Delay Model,”
IEEE Transactions on Computer-Aided Design of Integrated Circuits and
Systems, Vol. 14, No. 3, pp. 321-336, March 1995.

J. J. Cong, L. He, C. Koh, and Z. Pan ”Interconnect Sizing and Spacing with
Consideration of Coupling Capacitance,” IEEE Transactions on Computer-
Aided Design of Integrated Circuits and Systems, Vol. 20, No. 9, pp. 1164-
1169, September 2001.

J. J. Cong, K. Leung, and D. Zhou, ”Performance-Driven Interconnect
Design Based on Distributed RC Delay Model,” IEEE Transactions on
Computer-Aided Design of Integrated Circuits and Systems, Vol. 14, No. 3,



[47]

[48]

[49]

[50]

[51]

[52]

[53]

(54]

243

pp. 321-336, March 1995.

C. P. Chen and N. Menezes, ”Spec-Based Repeater Insertion and Wire
Sizing for On-Chip Interconnect,” Proceedings of the IEEE International
Conference on VLSI Design, pp. 476-483, January 1999.

J. J. Cong and C.-K. Koh, ”Simultaneous Driver and Wire Sizing for Perfor-
mance and Power Optimization,” IEEE Transactions on Very Large Scale
Integration (VLSI) Systems, Vol. 2, No. 4, pp. 408-425, December 1994.

J. Lillis and C.-K. Cheng, ”Timing Optimization for Multisource Nets:
Characterization and Optimal Repeater Insertion,” IEEE Transactions on
Computer-Aided Design of Integrated Circuits and Systems, Vol. 18, No. 3,
pp. 322-331, March 1999.

J. Lillis and S. S. Sapatnekar, ”Simultaneous Buffer Insertion and Non-
Hanan Optimization for VLSI Interconnect Under a Higher Order AWE
Model,” Proceedings of the ACM International Symposium on Physical De-
sign, pp. 133-138, April 1999.

J. Lillis, C.-K. Cheng, and T.-T. Y. Lin, ”Optimal Wire Sizing and Buffer
Insertion for Low Power and a Generalized Delay Model,” Proceedings of
the IEEE International Conference on Computer-Aided Design, pp. 138-
143, November 1995.

T. Xue, E. S. Kuh, and Q. Yu, ”A Sensitivity-Based Wiresizing Approach
to Interconnect Optimization of Lossy Transmission Line Topologies,” Pro-
ceedings of the IEEE Multi-Chip Module Conference, pp. 117-121, February
1996.

Q. Zhu and W. M. Dai, "High-Speed Clock Network Sizing Optimization
Based on Distributed RC and Lossy RLC Interconnect Models,” IEEE

Transactions on Computer-Aided Design of Integrated Circuits and Systems,
Vol. 15, No. 9, pp. 1106-1118, September 1996.

Q. Zhu, W. M. Dai, and J. G. Xi, "Optimal Sizing of High-Speed Clock
Networks Based on Distributed RC and Lossy Transmission Line Models,”
Proceedings of the IEEE International Conference on Computer-Aided De-
sign, pp. 628-633, November 1993.



[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

244

J. J. Cong and C.-K. Koh, "Interconnect Layout Optimization Under
Higher-Order RLC Model,” Proceedings of the IEEE International Con-
ference on Computer-Aided Design, pp. 713-720, November 1997.

H. B. Bakoglu and J. D. Meindl, ”Optimal Interconnection Circuits for
VLSIL,” IEEFE Transactions on Flectron Dewvices, Vol. ED-32, No. 5, pp.
903-909, May 1985.

B. S. Cherkauer and E. G. Friedman, ” A Unified Design Methodology for
CMOS Tapered Buffers,” IEEE Transactions on Very Large Scale Integra-
tion (VLSI) Systems, Vol. VLSI-3, No. 1, pp. 99-111, March 1995.

V. Adler and E. G. Friedman, ”Repeater Design to Reduce Delay and Power
in Resistive Interconnect,” IFEE Transactions on Circuits and Systems II:
Analog and Digital Signal Processing, Vol. 45, No. 5, pp. 607-616, May 1998.

V. Adler and E. G. Friedman, ?Uniform Repeater Insertion in RC Trees,”
IEEE Transactions on Circuits and Systems I: Fundamental Theory and
Applications, Vol. 47, No. 10, pp. 1515-1523, October 2000.

C. J. Alpert, A. Devgan, J. P. Fishburn, and S. T. Quay, ”Interconnect
Synthesis Without Wire Tapering,” IEEE Transactions on Computer-Aided
Design of Integrated Circuits and Systems, Vol. 20, No. 1, pp. 90-104, Jan-
uary 2001.

Y. L. Ismail and E. G. Friedman, ” Effects of Inductance on the Propagation
Delay and Repeater Insertion in VLSI Circuits,” IEEE Transactions on
Very Large Scale Integration (VLSI) Systems, Vol. 8, No. 2, pp. 195-206,
April 2000.

K. Banerjee and A. Mehrotra, ” Analysis of On-Chip Inductance Effects for
Distributed RLC Interconnects,” IEEE Transactions on Computer-Aided
Design of Integrated Circuits and Systems, Vol. 21, No. 8, pp. 904-915,
August 2002.

K. Banerjee and A. Mehrotra, ” Analysis of On-Chip Inductance Effects us-
ing a Novel Performance Optimization Methodology for Distributed RLC
Interconnect,” Proceedings of the ACM/IEEE Design Automation Confer-
ence, pp. 798-803, June 2001.



[64]

[65]

[67]

68]

(69)

[70]

[71]

[72]

245

K. Banerjee and A. Mehrotra, ” Accurate Analysis of On-Chip Inductance
Effects and Implications for Optimal Repeater Insertion and Technology
Scaling,” Proceedings of the IEEE Symposium on VLSI Circuits, pp. 195-
198, June 2001.

Y. Cao, X. Huang, N. Chang, S. Lin, O. S. Nakagawa, W. Xie, and C.
Hu, ”Effective On-Chip Inductance Modeling for Multiple Signal Lines and
Application on Repeater Insertion,” Proceedings of the IEEE International
Symposium on Quality Electronic Design, pp. 185-190, March 2001.

J. P. Fishburn and C. A. Schevon, ”Shaping A Distributed-RC Line to
Minimize Elmore Delay,” IEEE Transactions on Circuits and Systems I:
Fundamental Theory and Applications, Vol. 42, No. 12, pp. 1020-1022, De-
cember 1995.

C-P. Chen, Y-P. Chen, and D. F. Wong, ”Optimal Wire-Sizing Formula Un-
der the Elmore Delay Model,” Proceedings of the ACM Design Automation
Conference, pp. 487-490, June 1996.

C-P. Chen and D. F. Wong, ”Optimal Wire-Sizing Function with Fringing
Capacitance Consideration,” Proceedings of the ACM Design Automation
Conference, pp. 604-607, June 1997.

Y. Gao and D. F. Wong, ”A Fast and Accurate Delay Estimation Method
for Buffered Interconnect,” Proceedings of the Asia South Pacific Design
Automation Conference, pp. 533-538, January 2001.

Y. Gao and D. F. Wong, ”Shaping a VLSI Wire to Minimize Delay Using
Transmission Line Model,” Proceedings of the IEEE/ACM International
Conference on Computer-Aided Design, pp. 604-607, November 1998.

Y. Gao and D. F. Wong, ”Wire-Sizing for Delay Minimization and Ring-
ing Control Using Transmission Line Model,” Proceedings of the Design,
Automation and Test in Europe Conference, pp. 512-516, March 2000.

Y. Gao and D. F. Wong, ”Wire-Sizing Optimization with Inductance
Consideration Using Transmission-Line Model,” IEEE Transactions on
Computer-Aided Design, Vol. 18, No. 12, pp. 1759-1767, December 1999.



[73]

[74]

[75]

[76]

[77]

[78]

(79]

[80]

[81]

[82]

[83]

246

Y. Gao and D. F. Wong, ”Optimal Shaping Function for a Bi-directional
Wire Under Elmore Delay Model,” Proceedings of the IEEE/ACM Interna-
tional Conference on Computer-Aided Design, pp. 622-627, November 1997.

C. C. N. Chu and D. F. Wong, ”A New Approach to Simultaneous Buffer
Insertion and Wire Sizing,” Proceedings of the IEEE/ACM International
Conference on Computer-Aided Design, pp. 614-621, November 1997.

C. C. N. Chu and D. F. Wong, ”A Quadratic Programming Approach to
Simultaneous Buffer Insertion/Sizing and Wire Sizing,” IEEE Transactions
on Computer-Aided Design, Vol. 18, No. 6, pp. 787-798, June 1999.

C-P. Chen, C. C. N. Chu, and D. F. Wong, "Fast and Exact Simultaneous
Gate and Wire Sizing by Lagrangian Relaxation,” IEEE Transactions on
Computer-Aided Design, Vol. 18, No. 7, pp. 1014-1025, July 1999.

C. C. N. Chu and D. F. Wong, ”A Polynomial Time Optimal Algorithm for
Simultaneous Buffer and Wire Sizing,” IEEE Transactions on Computer-
Aided Design, Vol. 18, No. 9, pp. 1297-1304, September 1999.

C. Chu and D. F. Wong. ”Closed Form Solution to Simultaneous Buffer In-
sertion/Sizing and Wire Sizing” ACM Transactions on Design Automation
of Electronic Systems, Vol. 6, No. 3, pp. 343-371, July 2001.

Y-Y. Mo and C. Chu, ”A Hybrid Dynamic/Quadratic Programming
Algorithm for Interconnect Tree Optimization,” IEEE Transactions on
Computer-Aided Design, Vol. 20, No. 5, pp. 680-686, May 2001.

C. C. N. Chu and D. F. Wong, ”Greedy Wire-Sizing is Linear Time,” IEEE
Transactions on Computer-Aided Design, Vol. 18, No. 4, pp. 398-405, April
1999.

J. S. Roychowdhury, ” Avoiding Dispersion in Distributed RLC Lines by
Shaping,” Proceedings of the IEEE Multi-Chip Module Conference, pp. 111-
116, January 1995.

D. R. S. Cumming, "Improved VLSI Interconnect,” International Journal
of Electronics, Vol. 86, No. 8, pp. 957-965, December 1999.

L. Vandenberghe, S. Boyd, and A. El-Gamal, ”Optimal Wire and Transistor



[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

247

Sizing for Circuits with Non-Tree Topology,” Proceedings of the IEEE/ACM
International Conference on Computer-Aided Design, pp. 252-259, Novem-
ber 1997.

M. Kamon, M. J. Tsuk, and J. K. White, "FASTHENRY: A Multiple-
Accelerated 3-D Inductance Extraction Program,” IEEE Transactions on
Microwave Theory and Techniques, Vol. 42, No. 9, pp. 1750-1758, September
1994.

M. Horowitz and R. W. Dutton, ”Resistance Extraction from Mask Layout
Data,” IEEE Transactions on Computer-Aided Design, Vol. CAD-2, No. 3,
pp. 145-150, July 1983.

K. Gala, V. Zolotov, R. Panda, B. Young, J. Wang, and D. Blaauw, ”"On-
Chip Inductance Modeling and Analysis,” Proceedings of the IEEE/ACM
Design Automation Conference, pp. 63-68, June 2000.

C. Smithhisler, K. Kim, J. Colvin, Y. Ho, and O. Kenneth, ”Design Con-
siderations for Integrated Inductors in Conventional CMOS Technologies,”
International Journal of Solid-State Electronics, Vol. 42, No. 5, pp. 699-704,
May 1998.

K. L. Shepard and Z. Tian, "Return-Limited Inductances: A Practi-
cal Approach to On-Chip Inductance Extraction,” IEEE Transactions on
Computer-Aided Design of Integrated Circuits and Systems, Vol. 19, No. 4,
pp- 425-436, April 2000.

B. Krauter and L. T. Pileggi, ”Generating Sparse Partial Inductance Ma-
trices with Guaranteed Stability,” Proceedings of the IEEE Proceedings of
the International Conference on Computer-Aided Design, pp. 45-52, 1995.

M. Beattie, B. Krauter, L. Alatan, and L. Pileggi, ” Equipotential Shells for
Efficient Inductance Extraction,” IEEE Transactions on Computer-Aided

Design of Integrated Circuits and Systems, Vol. 20, No. 1, pp. 70-79, January
2001.

M. Beattie, S. Gupta, and L. Pileggi, ”Hierarchical Interconnect Circuit
Models,” Proceedings of the IEEE/ACM Design Automation Conference,
pp. 215-221, November 2000.



[92]

93]

94

[95]

[96]

[97]

[98]

[99]

[100]

[101]

248

A. Devgan, H. Ji, and W. Dai, "How to Efficiently Capture On-Chip Induc-
tance Effects: Introducing a New Circuit Element K,” Proceedings of the
IEEE/ACM Design Automation Conference, pp. 150-155, November 2000.

H. Ji, A. Devgan, and W. Dai, "KSim: A Stable and Efficient RKC Sim-
ulator for Capturing On-Chip Inductance Effect,” Proceedings of the IEEE
Asia and South Pacific Design Automation Conference, pp. 379-384, Febru-
ary 2001.

N. Chang, S. Lin, L. He, O. S. Nakagawa, and W. Xie, "Clocktree
RLC extraction with Efficient Inductance Modeling,” Proceedings of the
IEEE/ACM Design Automation and Test in Europe Conference, pp. 522-
526, March 2000.

Z. He, M. Celik, and L. Pileggi, ”SPICE: Sparse Partial Inductance Extrac-
tion,” Proceedings of the IEEE/ACM Design Automation Conference, pp.
137-140, June 1997.

F. Moll, M. Roca, and A. Rubio, "Inductance in VLSI Interconnection
Modelling,” IEE Proceedings on Circuits, Devices, and Systems, Vol. 145,
No. 3, pp. 175-179, June 1998.

M. W. Beattie and L. T. Pileggi, "IC Analyses Including Extracted Induc-
tance Models,” Proceedings of the IEEE/ACM Design Automation Confer-
ence, pp. 915-920, June 1999.

M. W. Beattie and L. T. Pileggi, "Inductance 101: Modeling and Extrac-
tion,” Proceedings of the IEEE/ACM Design Automation Conference, pp.
323-328, June 2001.

K. Gala, D. Blaauw, J. Wang, V. Zolotov, and M. Zhao, ”Inductance 101:
Analysis and Design Issues,” Proceedings of the IEEE/ACM Design Au-
tomation Conference, pp. 329-334, June 2001.

X. Huang et al., " Loop-Based Interconnect Modeling and Optimization Ap-
proach for Multigigahertz Clock Network Design,” IEEE Journal of Solid-
State Circuits, Vol. 38, No. 3, pp. 457-463, March 2003.

B. Kleveland et al., ”High-Frequency Characterization of On-Chip Digital



[102)

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

249

Interconnects,” IEEE Journal of Solid-State Circuits, Vol. 37, No. 6, pp.
716-725, June 2002.

S. Sim, K. Lee, and C. Y. Yang "High-Frequency On-Chip Inductance
Model,” IEEE Electron Devices Letters, Vol. 23, No. 12, pp. 740-742, De-
cember 2002.

E. B. Rosa, ”The Self and Mutual Inductances of Linear Conductors,” Bul-
letin of the National Bureau of Standards, Vol. 4, No. 2, pp. 301-344. Gov-
ernment Printing Office, Washington, January 1908.

H. A. Wheeler, ”Formulas for the Skin-Effect,” Proceedings of the Institute
of Radio Engineers, Vol. 30, pp. 412-424, September 1942.

F. Grover, Inductance Calculations: Working Formulas and Tables, Dover
Publications, New York, 1946.

A. E. Ruehli, "Inductance Calculations in a Complex Integrated Circuit
Environment,” IBM Journal of Research and Development, Vol. 16, No. 5,
pp. 470-481, September 1972.

A. E. Ruehli, ”Equivalent Circuit Models for Three-Dimensional Multicon-
ductor Systems,” IEEE Transactions on Microwave Theory and Techniques,
Vol. MM-22, No. 3, pp. 216-220, March 1974.

A. E. Ruehli, N. Kulasza, and J. Pivnichny, ”Inductance of Nonstraight
Conductors Close to a Ground Return Plane,” IFEE Transactions on Mi-
crowave Theory and Techniques, Vol. MM-23, No. 8, pp. 706-708, August
1975.

W. T. Weeks, L. L. Wu, M. F. McAllister, and A. Singh, ”Resistive and
Inductive Skin Effect in Rectangular Conductors, IBM Journal of Research
and Development, Vol. 23, No. 6, pp. 625-660, November 1979.

Y. Lu, M. Celik, T. Young, L. T. Pileggi, ”Min/max On-Chip Inductance
Models and Delay Metrics,” Proceedings of the IEEE/ACM Design Automa-
tion Conference, pp. 341-346, June 2001.

H. Hu and S. Sapatnekar, ” Circuit-Aware On-chip Inductance Extraction,”
Proceedings of the IEEE Custom Integrated Circuit Conference, pp. 245-248,



[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

250

May 2001.

B. Krauter and S. Mehrotra, ”Layout Based Frequency Dependent Induc-
tance and Resistance Extraction for On-Chip Interconnect Timing Anal-
ysis,” Proceedings of the ACM/IEEE Design Automation Conference, pp.
303-308, June 1998.

M. W. Beattie and L. T. Pileggi, " Efficient Inductance Extraction via Win-
dowing,” Proceedings of the Design, Automation and Test in Europe Con-
ference, pp. 430-436, June 2001.

S. R. Vemuru and N. Scheinberg, ”Short-Circuit Power Dissipation Esti-
mation for CMOS Logic Gates,” IEEE Transactions on Circuits and Sys-
tems I: Fundamental Theory and Applications, Vol. 41, No. 11, pp. 762-765,
November 1994.

S. Jung, J. Baek, and S. Kim, ”Short-Circuit Power Estimation of Static
CMOS Circuits,” Proceedings of the Asia and South Pacific Design Au-
tomation Conference, pp. 545-549, February 2001.

A. Hirata, H. Onodera, and K. Tamaru, ” Estimation of Short-Circuit Power
Dissipation and its Influence on Propagation Delay for Static CMOS Gates,”
Proceedings of the IEEE International Symposium on Circuits and Systems,
Vol. 4, pp. 751-754, May 1996.

A. M. Hill and S. Kang, ”Statistical Estimation of Short-Circuit Power
in VLSI Circuits,” Proceedings of the IEEE International Symposium on
Circuits and Systems, Vol. 4, pp. 676-686, May 1996.

L. Bisdounis, S. Nikolaidis, O. Koufopavlou, and C. E. Goutis, ”Modeling
the CMOS Short-Circuit Power Dissipation,” Proceedings of the IEEE In-

ternational Symposium on Circuits and Systems, Vol. 4, pp. 469-472, May
1996.

L. Bisdounis and O. Koufopavlou, ”Short-Circuit Energy Dissipation Mod-
eling for Submicrometer CMOS Gates,” IEEE Transactions on Circuits and
Systems I: Fundamental Theory and Applications, Vol. 47, No. 9, pp. 1350-
1361, September 2000.



[120]

[121]

[122)

[123]

[124]

[125]

[126]

[127]

[128]

[129]

251

L. Bisdounis, S. Nikolaidis, and O. Koufopavlou, ”Propagation Delay and
Short-Circuit Power Dissipation Modeling of the CMOS Inverter,” IEEE
Transactions on Circuits and Systems I: Fundamental Theory and Applica-
tions, Vol. 45, No. 3, pp. 259-270, March 1998.

V. Adler and E. G. Friedman, ”Delay and Power Expressions for a CMOS
Inverter Driving a Resistive-Capacitive Load,” Analog Integrated Circuits
and Signal Processing, Vol. 14, No. 1/2, pp. 29-39, September 1997.

A. Chatzigeorgiou, S. Nikolaidis, and I. Tsoukalas, ”Modeling CMOS Gates
Driving RC Interconnect Loads,” IEEE Transactions on Circuits and Sys-
tems II: Analog And Digital Signal Processing, Vol. 48, No. 4, pp. 413-418,
April 2001.

Y. I. Ismail, E. G. Friedman, and J. L.. Neves, ”Dynamic and Short-Circuit
Power of CMOS Gates Driving Lossless Transmission Lines,” IEEE Trans-
actions on Circuits and Systems I: Fundamental Theory and Applications,
Vol. 46, No. 8, pp. 950-961, August 1999.

G. Cappuccino and G. Cocorullo, ” Time-Domain Model for Power Dissipa-
tion of CMOS Buffers Driving Lossy Lines,” IEE Electronics Letters, Vol.
35, No. 12, pp. 959-960, March 1999.

K. T. Tang and E. G. Friedman, "Delay and Power Expressions Charac-
terizing a CMOS Inverter Driving an RLC Load,” Proceedings of the IEEE
International Symposium on Circuits and Systems, Vol. II1, pp. 283-286,
May 2000.

A. Chandrakasan, W. J. Bowhill, and F. Fox, Design of High-Performance
Microprocessor Circuits, IEEE Press, 2001.

A. S. Sedra and K. C. Smith, Microelectronic Circuits, Oxford University
Press, 1998.

M. A. El-Moursy and E. G. Friedman, ”Resistive Power in CMOS Circuits,”
Proceedings of the IEEE Midwest Symposium on Circuits and Systems, De-
cember 2003.

Y. L. Ismail, E. G. Friedman, and J. L. Neves, ”Exploiting On-Chip Induc-



[130]

[131]

[132]

[133)

[134]

[135]

[136]

[137]

[138]

252

tance in High Speed Clock Distribution Networks,” IEEE Transactions on
Very Large Scale Integration (VLSI) Systems, Vol. 9, No. 6, pp. 963-973,
December 2001.

Y. L. IsmailLE. G. Friedman, and J. L. Neves, "Repeater Insertion in Tree
Structured Inductive Interconnect,” IEEE Transactions on Clircuits and
Systems II: Analog and Digital Signal Processing, Vol. 48, No. 5, pp. 471-
481, May 2001.

P. E. Gronowski et al., ”"High-Performance Microprocessor Design,” IEEE
Journal of Solid-State Circuits, Vol. 33, No. 5, pp. 676-686, May 1998.

C. J. Anderson etal., "Physical Design of a Fourth-Generation POWER
GHz Microprocessor,” Proceedings of the IEEE International Solid-State
Circuits Conference, pp. 232-233, February 2001.

D. W. Dobberpuhl et al., ” A 200-Mhz 64-b Dual-Issue CMOS Microproces-
sor,” IEEFE Journal of Solid State Circuits, Vol. SC-27, No. 11, pp. 1555-
1565, November 1992.

P. Heydari, S. Abbaspour, and M. Pedram, ”A Comprehensive Study of
Energy Dissipation in Lossy Transmission Lines Driven by CMOS Invert-
ers,” Proceedings of the IEEE Custom Integrated Circuits Conference, pp.
517-520, May 2002.

P. Heydari, ”"Energy Dissipation Modeling of Lossy Transmission Lines
Driven by CMOS Inverters,” Proceedings of the IEEE International Sym-
posium on Circuits and Systems, Vol. IV, pp. 309-312, May 2002.

T. Uchino and J. Cong, ” An Interconnect Energy Model Considering Cou-
pling Effects,” Proceedings of the IEEE/ACM Design Automation Confer-
ence, pp. 555-558, June 2001.

M. A. El-Moursy and E. G. Friedman, ” Optimum Wire Sizing of RLC Inter-
connect With Repeaters,” Proceedings of the IEEE Great Lakes Symposium
on VLSI, pp. 27-32, April 2003.

M. A. El-Moursy and E. G. Friedman, ”Optimum Wire Sizing and Re-
peater Insertion in Distributed RLC Interconnect,” Proceedings of the 26th



[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

253

Annual IEEE EDS/CAS Activities in Western New York Conference, p. 6,
November 2002.

M. A. El-Moursy and E. G. Friedman, "Optimum Wire Sizing of RLC
Interconnect With Repeaters,” Integration, the VLSI Journal (in Press).

N. Delorme, M. Belleville, and J. Chilo, ?Inductance and Capacitance An-
alytic Formulas for VLSI Interconnects,” FElectronics Letters, Vol. 32, No.
11, pp. 996-997, May 1996.

Y. Lu, K. Banerjee, M. Celik and R. W. Dutton, ” A Fast Analytical Tech-
nique for Estimating the Bounds of On-Chip Clock Wire Inductance,” Pro-
ceedings of the IEEE Custom Integrated Circuits Conference, pp. 241-244,
May 2001.

M. A. El-Moursy and E. G. Friedman, ” Optimizing Inductive Interconnect
for Low Power,” System-on-Chip for Real-Time Applications, W. Badawy
and G. A. Jullien (Eds.), Kluwer Academic Publishers, pp. 380-391, 2003.

M. A. El-Moursy and E. G. Friedman, "Power Characteristics of Induc-
tive Interconnect,” Proceedings of the IEEE International Conference on
Electronics, Circuits, and Systems, December 2003.

M. A. El-Moursy and E. G. Friedman, "Power Characteristics of Inductive
Interconnect,” IEEE Transactions on Very Large Scale Integration (VLSI)
Systems, Vol. 12, No. 10, October 2004.

M. A. El-Moursy and E. G. Friedman, ”Inductive Interconnect Width Op-
timization For Low Power,” Proceedings of the IEEE International Sympo-
stum on Circuits and Systems, pp. 5.273-5.276, May 2003.

M. A. El-Moursy and E. G. Friedman, ”Optimizing Inductive Interconnect
for Low Power,” Canadian Journal of Electrical and Computer Engineering,
pp. 183-187, Vol. 27, No. 4, October 2002.

G. Cappuccino and G. Cocorullo, ” A Time-domain Model Power Dissipa-
tion of CMOS Buffer Driving Lossy Lines,” Flectronics Letters, Vol. 35, No.
12, pp. 959-960, June 1999.

T.-C. Chen, S.-R. Pan, and Y.-W. Chang, ” Performance Optimization by



[149]

[150]

(151]

[152]

[153]

[154]

[155]

[156]

[157]

254

Wire and Buffer Sizing Under the Transmission Line Model,” Proceedings
of the IEEE International Conference on Computer Design, pp. 192-197,
November 2001.

P. Heydari and M. Pedram, ” Calculation of Ramp Response of Lossy Trans-
mission Lines Using Two-Port Network Functions,” Proceedings of the ACM
International Symposium on Physical Design, pp. 152-157, April 1998.

J. Wang and W. Dai, "Optimal Design of Self-Damped Lossy Transmis-
sion Lines for Multichip Modules,” Proceedings of the IEEE International
Conference on Computer Design, pp. 594-598, October 1994.

A. B. Kahng and S. Muddu, ”An Analytical Delay Model for RLC In-
terconnects,” IEEE Transactions on Computer-Aided Design of Integrated
Circuits and Systems, Vol. 16, No. 12, pp. 1507-1514, December 1997.

M. Sriram and S. M. Kang, ”Performance Driven MCM Routing Using a
Second Order RLC Tree Delay Model,” Proceedings of the IEEE Interna-
tional Conference on Wafer Scale Integration, pp. 262-267, January 1993.

Y. I. Ismail and E. G. Friedman, "DTT: Direct Truncation of the Transfer
Function - An Alternative to Moment Matching for Tree Structured In-
terconnect,” IEEE Transactions on Computer-Aided Design of Integrated
Circuits and Systems, Vol. 21, No. 2, pp. 131-144, February 2002.

Y. I. Ismail, E. G. Friedman, and J. L. Neves "Equivalent Elmore Delay for
RLC Trees,” IEEE Transactions on Computer-Aided Design of Integrated
Clircuits and Systems, Vol. 19, No. 1, pp. 83-97, January 2000.

D. S. Gao and D. Zhou, ”Propagation Delay in RLC Interconnection Net-
works,” Proceedings of the IEEE International Symposium on Circuits and
Systems, pp. 2125-2128, May 1993.

M. Nekili and Y. Savaria, ”Optimal Methods of Driving Interconnections
in VLSI Circuits,” Proceedings of the IEEE International Symposium on
Circuits and Systems, Vol. 1, pp. 21-24, May 1992.

S. Takahashi, M. Edahiro, and Y. Hayashi, ”Interconnect Design Strategy:
Structures, Repeaters and Materials toward 0.1 pm ULSIs with a Giga-



[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

255

Hertz Clock Operation,” Proceedings of the IEEE International Electron
Devices Meeting, pp. 833-836, December 1998.

Y. Cao, C. Hu, X. Huang, A. B. Kahng, S. Muddu, D. Stroobandt, and D.
Sylvester, ”"Effects of Global Interconnect Optimizations on Performance
Estimation of Deep Submicron Design,” Proceedings of the IEEE/ACM In-
ternational Conference on Computer-Aided Design, pp. 56-61, November
2000.

R. Venkatesan, J. A. Davis, and J. D. Meindl, " Time Delay, Crosstalk, and
Repeater Insertion Models For High Performance SoC’s,” Proceedings of the
IEEFE International ASIC/SOC Conference, pp. 404-408, September 2002.

J. Culetu, C. Amir, and J. MacDonald, ”A Practical Repeater Insertion
Method in High Speed VLSI Circuits,” Proceedings of the ACM Design
Automation Conference, pp. 392-395, June 1998.

M. Nekili and Y. Savaria, "Parallel Regeneration of Interconnections in
VLSI & ULSI Circuits,” Proceedings of the IEEFE International Symposium
on Clircuits and Systems, pp. 2023-2026, May 1993.

L. P. P. P. van Ginneken, ”Buffer Placement in Distributed RC-tree Net-
works for Minimum Elmore Delay,” Proceedings of the IEEE International
Symposium on Circuits and Systems, pp. 865-868, May 1990.

M. Jang etal., ?Optimization of Repeater Size to Minimize Interconnect
Line-Induced Delay Time for High Performance VLSI Circuits,” Proceed-
ings of the IEEE International Conference on VLSI and CAD, pp. 41-44,
October 1999.

S. Dhar and M. A. Franklin, ”Optimum Buffer Circuits for Driving Long
Uniform Lines,” IEEE Journal of Solid-State Circuits, Vol. 26, No. 1, pp.
32-40, January 1991.

C. Chen and N. Menezes, " Noise-Aware Repeater Insertion and Wire Sizing
for On-Chip Interconnect Using Hierarchical Moment-Matching,” Proceed-
ings of the IEEE/ACM Design Automation Conference, pp. 502-506, June
1999.



[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

256

C. J. Alpert, A. Devgan, and S. T. Quay, "Buffer Insertion for Noise and
Delay Optimization,” IEEE Transactions on Computer-Aided Design of In-
tegrated Circuits and Systems, Vol. 18, No. 11, pp. 1633-1645, November
1999.

H. Tenhunen and D. Pamunuwa, ”On Dynamic Delay and Repeater Inser-
tion in Distributed Capacitively Coupled Interconnects,” Proceedings of the
IEEE International Symposium on Quality Electronic Design, pp. 240-243,
March 2002.

D. Li, A. Pua, P. Srivastava, and U. Ko, ” A Repeater Optimization Method-
ology for Deep Sub-Micron High-Performance Processors,” Proceedings of
the IEEE International Conference on Computer Design, pp. 726-731, Oc-
tober 1997.

A. B. Kahng, S. Mudd, and E. Sarto, "Tuning Strategies for Global Inter-
connects in High-Performance Deep-Submicron ICs,” VLSI Design: an In-
ternational Journal of Custom-Chip Design, Simulation, and Testing, Vol.
10, No. 1, pp. 21-34, January 1999.

A. B. Kahng, S. Mudd, E. Sarto, and R. Sharma, "Interconnect Tuning
Strategies for High-Performance ICs,” Proceedings of the IEEE Conference
on Design Automation and Test in Furope, pp. 471-478, February 1998.

A. Naeemi, R. Venkatesan, and J. D. Meindl, ” Optimal Global Interconnects
for GSI,” IEEFE Transactions on Electron Devices, Vol. 50, No. 4, pp. 980-
987, April 2003.

A. Nalamalpu and W. Burleson, ” A Practical Approach to DSM Repeater
Insertion: Satisfying Delay Constraints while Minimizing Area and Power,”
Proceedings of the IEEE International ASIC/SOC Conference, pp. 152-156,
September 2001.

A. Nalamalpu and W. Burleson, ”"Repeater Insertion in Deep Sub-micron
CMOS: Ramp-based Analytical Model and Placement Sensitivity Analysis,”
Proceedings of the IEEE International Symposium on Circuits and Systems,
Vol. I, pp. 766-769, May 2000.

R. Venkatesan, J. A. Davis, K. A. Bowman, and J. D. Meindl, "Minimum



[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

257

Power and Area N-Tier Multilevel Interconnect Architectures Using Opti-
mal Repeater Insertion,” Proceedings of the IEEE International Symposium
on Low Power Electronic Design, pp. 167-172, July 2000.

R. Venkatesan, J. A. Davis, K. A. Bowman, and J. D. Meindl, ”Optimal N-
Tier Multilevel Interconnect Architectures for Gigascale Integration (GSI),”
IEEE Transactions on Very Large Scale Integration (VLSI) Systems, Vol.
9, No. 6, pp. 899-912, December 2001.

J. C. Eble, V. K. De, D. S. Wills, and J. D. Meindl, ”"Minimum Repeater
Count, Size, and Energy Dissipation for Gigascale Integration (GSI) Inter-
connects,” Proceedings of the IEEE International Interconnect Technology
Conference, pp. 56-58, June 1998.

I. Lui, A. Aziz, and D. F. Wong, ”"Meeting Delay Constraints in DSM
by Minimum Repeater Insertion,” Proceedings of the IEEE Conference on
Design Automation and Test in Europe, pp. 436-440, March 2000.

D. W. Bailey and B. J. Benschneider, ”Clocking Design and Analysis for
a 600-MHz Alpha Microprocessor,” IEEE Journal of Solid-State Clircuits,
Vol. 33, No. 11, pp. 1627-1633, November 1998.

H. Fair and D. W. Bailey, ”Clocking Design and Analysis for a 600-MHz
Alpha Microprocessor,” Proceedings of the IEEE International Solid-State
Clircuits Conference, pp. 398-399, February 1998.

M. Mizuno et al., ”Clock Distribution Networks with On-Chip Transmis-
sion Lines,” Proceedings of the IEEE International Interconnect Technology
Conference, pp. 3-5, June 2000.

N. Vasseghi, K. Yeager, E. Sarto, and M. Seddighnezhad, ”200-MHz Super-
scalar RISC Microprocessor,” IEEFE Journal of Solid-State Circuits, Vol. 31,
No. 11, pp. 1675-1686, November 1996.

W. C. Elmore, "The Transient Response of Damped Linear Networks,”
Journal of Applied Physics, Vol. 19, pp. 55-63, January 1948.

N. S. Nagaraj, P. Krivacek, and M. Harward, ” Approximate Computation

of Signal Characteristics of On-chip RC Interconnect Trees,” Proceedings



[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

258

of the IEEE International Symposium on Circuits and Systems, Vol. 1, pp.
109-112, May 1994.

C. J. Alpert, A. Devgan, and C. V. Kashyap, ” RC Delay Metrics for Per-
formance Optimization,” IEEE Transactions on Computer-Aided Design of
Integrated Circuits and Systems, Vol. 20, No. 5, pp. 571-582, May 2001.

C. J. Alpert, A. Devgan, and C. V. Kashyap, ”A Two Moment RC Delay
Metric for Performance Optimization,” Proceedings of the ACM Interna-
tional Symposium on Physical Design, pp. 73-78, April 2000.

R. Bashirullah, W. Liu, and R. Cavin, ” Delay and Power Model for Current-
mode Signaling in Deep Submicron Global Interconnects,” Proceedings of
the IEEE Custom Integrated Circuits Conference, pp. 513-516, May 2002.

A. Brambilla and P. Maffezzoni, ”Statistical Method for the Analysis of
Interconnects Delay in Submicrometer Layouts,” IEEE Transactions on
Computer-Aided Design of Integrated Clircuits and Systems, Vol. 20, No.
8, pp- 957-966, August 2001.

A. B. Kahng and S. Muddu, ” Analysis of RC Interconnections Under Ramp
Input,” Proceedings of the ACM Design Automation Conference, pp. 533-
538, June 1996.

C. J. Alpert, A. Devgan, and S. T. Quay, ”Buffer Insertion With Accurate
Gate and Interconnect Delay Computation,” Proceedings of the ACM/IEEE
Design Automation Conference, pp. 479-584, June 1999.

L. Chen, S. K. Gupta, and M. A. Breuer, ” A New Gate Delay Model for Si-
multaneous Switching and its Applications,” Proceedings of the ACM/IEEE
Design Automation Conference, pp. 289-294, June 2001.

R. Puri, D. S. Kung, and A. D. Drumm, "Fast and Accurate Wire Delay
Estimation for Physical Synthesis of Large ASICs,” Proceedings of the IEEFE
Great Lakes Symposium on VLSI, pp. 30-36, April 2002.

P. R. O’Brien and T. L. Savarino, ”Modeling the Driving-Point Characteris-
tic of Resistive Interconnect for Accurate Delay Estimation,” Proceedings of
the IEEE/ACM International Conference on Computer-Aided Design, pp.



193]

[194]

[195]

[196)

[197]

[198]

[199]

(200]

[201]

259

512-515, November 1989.

P. R. O’Brien and T. L. Savarino, ”Efficient On-Chip Delay Estimation for
Leaky Models of Multiple-Source Nets,” Proceedings of the IEEE Custom
Integrated Circuits Conference, pp. 9.6.1-9.6.4, May 1990.

J. Qian, S. Pullela, and L. Pillage, ”Modeling the "Effective Capacitance’ for
the RC Interconnect of CMOS Gates,” IEEE Transactions on Computer-
Aided Design of Integrated Circuits and Systems, Vol. 13, No. 12, pp. 1526-
1535, December 1994.

A. B. Kahng and S. Muddu, "New Efficient Algorithms for Computing
Effective Capacitance,” Proceedings of the ACM International Symposium
on Physical Design, pp. 147-151, April 1998.

C. V. Kashyap, C. J. Alpert, and A. Devgan, ”"An Effective Capacitance
Based Delay Metric for RC Interconnect,” Proceedings of the IEEE/ACM

International Conference on Computer-Aided Design, pp. 229-234, Novem-
ber 2000.

F. Liu and C. Cheng, ”Extending Moment Computation to 2-Port Circuit
Representations,” Proceedings of the ACM Design Automation Conference,
pp. 473-476, June 1998.

A. Devgan and P. R. O’Brien, ”Realizable Reduction for RC Intercon-
nect Circuits,” Proceedings of the IEEE/ACM International Conference on
Computer-Aided Design, pp. 204-207, November 1999.

B. Krautr, S. Mehrotra, and V. Chandramoouli, "Including Inductive Ef-
fects in Interconnect Timing Analysis,” Proceedings of the IEEE Custom
Integrated Circuits Conference, pp. 445-452, May 1999.

C. V. Kashyap and B. L. Krauter ” A Realizable Driving Point Model for
On-Chip Interconnect with Inductance,” Proceedings of the ACM Design
Automation Conference, pp. 190-195, June 2000.

R. Venkatesan, J. A. Davis, and J. D. Meindl, ” Compact Distributed RLC
Interconnect Models—Part III: Transients in Single and Coupled Lines with
Capacitive Load Termination,” IEEE Transactions on FElectron Devices,



[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

260

Vol. 50, No. 4, pp. 1081-1093, April 2003.

R. Venkatesan, J. A. Davis, and J. D. Meindl, ” Compact Distributed RLC
Interconnect Models—Part IV: Unified Models for Time Delay, Crosstalk,
and Repeater Insertion,” IEEE Transactions on Electron Devices, Vol. 50,
No. 4, pp. 1094-1101, April 2003.

Y. Cao, X. Huang, D. Sylvester, N. Chang, and C. Hu, ”A New Analytical
Delay and Noise Model for On-Chip RLC Interconnect,” Proceedings of the
IEEE International Electron Devices Meeting, pp. 823-826, December 2000.

X. Yang, W. H. Ku, and C. Cheng, "RLC Interconnect Delay Estima-
tion via Moments of Amplitude and Phase Response,” Proceedings of the
IEEE/ACM International Conference on Computer-Aided Design, pp. 208-
213, November 1999.

D. Zhou, S. Su, F. Tsui, "A Simplified Synthesis of Transmission Lines
with a Tree Structure,” Analog Integrated Circuits and Signal Processing,
Volume 5, Numbers 1, pp. 19-30, January 1994.

A. B. Kahng and S. Muddu, " Two-pole Analysis of Interconnection Trees,”
Proceedings of the IEEE Multi-Chip Module Conference, pp. 105-110, Febru-
ary 1995.

A. B. Kahng and S. Muddu, ” Optimal Equivalent Circuits for Interconnect
Delay Calculations Using Moments,” Proceedings of the ACM European De-
sign Automation Conference, pp. 164-169, September 1994.

X. Yang, C-K. Chang, W. H. Ku, and R. J. Carragher, ”Hurwitz Stable
Reduced Order Modeling for RLC Interconnect Trees,” Proceedings of the
IEEE/ACM International Conference on Computer-Aided Design, pp. 222-
228, November 2000.

A. B. Kahng and S. Muddu, ”Efficient Gate Delay Modeling for Large In-

terconnect Loads,” Proceedings of the IEEE Multi-Chip Module Conference,
pp. 202-207, February 1996.

L. Yin and L. He, ”An Efficient Analytical Model of Coupled On-Chip
RLC Interconnects,” Proceedings of the ACM/IEEFE Design Automation



[211]

[212]

[213]

214]

[215]

[216]

[217]

[218]

[219]

[220]

261

Conference, pp. 385-390, January 2001.

M. A. El-Moursy and E. G. Friedman, ”Shielding Effect of On-Chip Inter-
connect Inductance,” Proceedings of the IEEE Great Lakes Symposium on
VLSI, pp. 165-170, April 2003.

M. A. El-Moursy and E. G. Friedman, ”Shielding Effect of On-Chip Inter-
connect Inductance,” IEEE Transactions on Very Large Scale Integration
(VLSI) Systems, Vol. 12, No. 10, October 2004.

T. Sakurai and A. R. Newton, ” A Simple MOSFET Model for Circuit Anal-
ysis,” IEEE Transactions on Electron Devices, Vol. 38, No. 4, pp. 887-894,
April 1991.

M. A. El-Moursy and E. G. Friedman, ”Optimum Wire Shaping of RLC
Interconnects,” Proceedings of the IEEE Midwest Symposium on Circuits
and Systems, December 2003.

M. A. El-Moursy and E. G. Friedman, "Exponentially Tapered H-Tree
Clock Distribution Networks,” Proceedings of the IEEE International Sym-
posium on Circuits and Systems, Vol. II, pp. 601-604, May 2004.

S. Tam et al., ”Clock Generation and Distribution for the First IA-64 Mi-
croprocessor,” IEEE Journal of Solid-State Circuits, Vol. 35, No. 11, pp.
1545-1552, November 2000.

F. E. Anderson, J. S. Wells, and E. Z. Berta, "The Core Clock System
on the Next Generation Itanium Microprocessor,” Proceedings of the IEEE
International Solid-State Circuits Conference, pp. 110-111, February 2002.

M. Mizuno et al., ” On-Chip Multi-GHz Clocking with Transmission Lines,”
Proceedings of the IEEE International Solid-State Circuits Conference, pp.
366-367,470, February 2000.

P. J. Restle et al.,, ”A Clock Distribution Network for Microprocessors,”
IEEE Journal of Solid-State Circuits, Vol. 36, No. 5, pp. 792-799, May
2001.

C. F. Webb et al., ”A 400-MHz S/390 Microprocessor,” IEEE Journal of
Solid-State Circuits, Vol. 32, No. 11, pp. 1665-1675, November 1997.



[221]

[222]

223]

[224]

[225]

[226]

[227]

228

[229]

[230]

[231]

262

P. Zarkesh-Ha, T. Mule, and J. D. Meindl, ”Characterization and Modeling
of Clock Skew with Process Variations,” Proceedings of the IEEE Custom
Integrated Clircuits Conference, pp. 441-444, May 1999.

D. F. Wann and M. A. Franklin, ” Asynchronous and Clocked Control Struc-
tures for VLSI Based Interconnection Networks,” IEEE Transactions on
Computers, Vol. C-32, No. 3, pp. 284-293, March 1983.

A. L. Fisher and H. T. Kung, ” Synchronizing Large VLSI Processor Arrays,”
IEEE Transactions on Computers, Vol. C-34, No. 3, pp. 734-740, August
1985.

B. Wu and N. A. Sherwani, ”Effective Buffer Insertion of Clock Tree for
High-Speed VLSI Circuits,” Microelectronics Journal, Vol. 23, No. 4, pp.
291-300, July 1992.

D. C. Keezer and V. K. Jain, " Clock Distribution Strategies for WSI: A Crit-
ical Survey,” Proceedings of the IEEE International Conference on Wafer
Scale Integration, pp. 168-175, January 1991.

M. Nekili, G. Bois, and Y. Savaria, "Pipelined H-Trees for High-Speed
Clocking of Large Integrated Systems in Presence of Process Variations,”
IEEE Transactions on Very Large Scale Integration (VLSI) Systems, Vol.
5, No. 2, pp. 161-174, June 1997.

M. Nekili, Y. Savaria, and G. Bois, ”Design of Clock Distribution Networks
in Presence of Process Variations,” Proceedings of the IEEE Great Lakes
Symposium on VLSI, pp. 95-102, April 1998.

E. G. Friedman, ”Clock Distribution Networks in Synchronous Digital In-
tegrated Circuits,” Proceedings of the IEEE, Vol. 89, No. 5, pp. 665-692,
May 2001.

E. G. Friedman, High Performance Clock Distribution Networks, Kluwer
Academic Publishers, 1997.

E. G. Friedman, Clock Distribution Networks in VLSI Circuits and Systems,
Piscataway, New Jersey:IEEE Press, 1995.

H. B. Bakoglu, J. T. Walker, and J. D. Meindl, ”A Symmetric Clock-



[232]

[233)]

[234]

[235]

[236]

[237]

[238]

[239]

[240]

263

Distribution Tree and Optimized High-Speed interconnections for Reduced
Clock Skew in ULSI and WSI Circuits,” Proceedings of the IEEE Interna-
tional Conference on Computer Design, pp. 118-122, October 1986.

Y. Massoud et al., "Managing On-Chip Inductive Effects,” IEEE Transac-
tions on Very Large Scale Integration (VLSI) Systems, Vol. 10, No. 6, pp.
789-798, December 2002.

Y. Massoud, S. Majors, T. Bustami, and J. White, "Layout Techniques
for Minimizing On-Chip Interconnect Self Inductance,” Proceedings of the
ACM Design Automation Conference, pp. 566-571, June 1998.

T. Xanthopoulos et al., "The Design and Analysis of the Clock Distribu-
tion Network for 1.2GHz Alpha Microprocessor,” Proceedings of the IEEE
International Solid-State Circuits Conference, pp. 402-403, February 2001.

P. J. Restle and A. Deutsch, "Designing the Best Clock Distribution Net-
work,” Proceedings of the IEEE International Symposium on VLSI Circuits,
pPp- 2-5, June 1998.

J. L. Neves and E.G. Friedman, ”Buffered Clock Tree Synthesis with Non-
Zero Clock Skew Scheduling for Increased Tolerance to Process Parameter
Variations,” Journal of VLSI Signal Processing, Vol. 16, No. 2/3, pp. 149-
161, June/July 1997.

J. L. Neves and E. G. Friedman, ”Minimizing Power Dissipation in Non-Zero
Skew-based Clock Distribution Networks,” Proceedings of the IEEE Inter-
national Symposium on Circuits and Systems, pp. 1576-1579, May 1995.

I. Kourtev and E. G. Friedman, ”Simultaneous Clock Scheduling and
Buffered Clock Tree Synthesis,” Proceedings of the IEEE International Sym-
posium, on Circuits and Systems, pp. 1812-1815, June 1997.

J. L. Neves and E. G. Friedman, ”Synthesizing Distributed Buffer Clock
Trees for High Performance ASICs,” Proceedings of the IEEE International
ASIC Conference, pp. 126-129, September 1994.

J. L. Neves and E. G. Friedman, ”Circuit Synthesis of Clock Distribu-
tion Networks based on Non-Zero Clock Skew,” Proceedings of IEEE Inter-



[241]

[242)

[243]

[244]

[245]

[246)

[247]

[248)

[249]

264

national Symposium on Circuits and Systems, pp. 4.175-4.178, May/June
1994.

A. Vittal and M. Marek-Sadowska, ”Low-Power Buffered Clock Tree De-
sign,” IEEE Transactions on Computer-Aided Design of Integrated Circuits
and Systems, Vol. 16, No. 9, pp. 965-975, September 1997.

M. Nekili, Y. Savaria, and G. Bois, ”Minimizing Process-Induced Skew
Using Delay Tuning,” Proceedings of the IEEE International Symposium
on Circuits and Systems, pp. 426-429, May 2001.

J. G. Xiand W. W-M. Dai, ”Buffer Insertion and Sizing Under Process Vari-
ations for Low Power Clock Distribution,” Proceedings of the ACM/IEEE
Design Automation Conference, pp. 491-496, June 1995.

J. L. Neves and E. G. Friedman, ”Automated Synthesis of Skew-Based
Clock Distribution Networks,” VLSI Design An International Journal of
Custom-Chip Design, Simulation, and Testing, Vol. 7, No. 1, pp. 31-57,
1998.

J. L. Neves and E. G. Friedman, ”Design Methodology for Synthesiz-
ing Clock Distribution Networks Exploiting Non-Zero Clock Skew,” IEEE

Transactions on Very Large Scale Integration (VLSI) Systems, Vol. 4, No.
2, pp- 286-291, June 1996.

I. S. Kourtev and E. G. Friedman, ”Synthesis of Clock Tree Topologies
to Implement Non-Zero Skew Schedule,” IEE Proceedings- Circuits, Devices
and Systems, Vol. 146, No. 6, pp. 321-326, December 1999.

I. S. Kourtev and E. G. Friedman, ”Clock Skew Scheduling for Improved
Reliability via Quadratic Programming,” Proceedings of the IEEE Interna-
tional Conference on Computer-Aided Design, pp. 239-243, November 1999.

J. L. Neves and E. G. Friedman, ”Optimal Clock Skew Scheduling Tolerant
to Process Variations,” Proceedings of the ACM/IEEE Design Automation
Conference, pp. 623-628, June 1996.

N-C. Chou and C-K. Cheng, ”On General Zero-Skew Clock Net Construc-
tion,” IEEE Transactions on Very Large Scale Integration (VLSI) Systems,



[250]

[251]

[252]

[253]

[254]

[255]

[256]

[257]

265

Vol. 3, No. 1, pp. 141-146, March 1995.

J. G. Xi and W. W-M. Dai, ”Useful-Skew Clock Routing with Gate Sizing
for Low Power Design,” Journal of VLSI Signal Processing, Vol. 16 , No.
2-3, pp. 163-179, June-July 1997.

T-H. Chao, Y-C. Hsu, J-M. Ho, K. D. Boese, and A. B. Kahng, ” Zero Skew
Clock Routing with Minimum Wirelength,” IEEE Transactions on Circuits
and Systems II: Analog and Digital Signal Processing, Vol. 39, No. 11, pp.
799-814, November 1992.

J. Cong, A. B. Kahng, and G. Robins, ”Matching-Based Methods for High-
Performance Clock Routing,” IEEE Transactions on Computer-Aided De-
sign of Integrated Circuits and Systems, Vol. 12, No. 8, pp. 1157-1169, Au-
gust 1993.

R-S. Tsay, ”On General Zero-Skew Clock Net Construction,” IEEE Trans-
actions on Computer-Aided Design of Integrated Circuits and Systems, Vol.
12, No. 2, pp. 242-249, February 1993.

A. Maheshwari and W. Burleson, ” Current-Sensing Techniques for Global
Interconnects in Very Deep Submicron (VDSM) CMOS,” Proceedings of the
IEEE Computer Society Workshop on VLSI, pp. 66-70, May 2001.

A. Maheshwari and W. Burleson, ”Current-Sensing for Global Intercon-
nects, Secondary Design Issues: Analysis and Solutions,” Proceedings of the
IEEE International Workshop on Power and Timing Modeling, Optimiza-
tion and Simulation, pp. 4.4.2-4.4.10, September 2001.

A. Maheshwari and W. Burleson, ”Quantifying the Impact of Current-
Sensing on Interconnect Delay Trends,” Proceedings of the IEEE Interna-
tional ASIC/SOC Conference, pp. 461-465, September 2002.

A. Nalamalpu, S. Srinivasan, and W. Burleson, ”Boosters for Driving Long
On-Chip Interconnects— Design Issues, Interconnect Synthesis and Com-
parison with Repeaters,” IEEE Transactions on Computer-Aided Design of
Integrated Clircuits and Systems, Vol. 21, No. 1, pp. 50-62, January 2002.



266

[258] R.M. Secareanu and E. G. Friedman, ” Transparent Repeaters,” Proceedings
of the IEEE Great Lakes Symposium on VLSI, pp. 63-66, March 2000.



267

Appendices



268

Appendix A

Transition Time for a Signal at
the Far End of an Inductive
Interconnect

To determine an analytic solution for the signal transition time at the far
end of an inductive interconnect, a lumped RLC model of the interconnect
impedance is assumed. A lumped RLC model is widely used as a simple
reduced order model for inductive interconnects [20], [125], [151]-[155]. The
total line resistance, capacitance, and inductance are R, = RIl, C; = C'[, and
L; = L1, respectively, where [ is the line length. Adding the gate capacitance
Cy to the line capacitance, the total load capacitance is C, = C 4+ Cy. The
input ramp signal is

LV for0< t < 7,

Vad fort > 7,
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where 7, is the transition time of the input signal. The line is assumed
to be driven by a CMOS inverter. For the case where the transition time
of the input and output signals is comparable, the operation of a CMOS
inverter can be divided into four regions as listed in Table A.1. Some of these
regions can be of short duration or not occur, but in the general case, all of
these regions may exist. When V;,, transitions from low-to-high, the PMOS
transistor initially operates in the triode region, then enters the saturation
region. When the input signal reaches Vyq — |V;,|, the PMOS transistor turns
off, and the charge on the capacitive load discharges through the NMOS
transistor. The NMOS transistor initially operates in the saturation region,
then moves into the triode region.

The PMOS and NMOS transistors can be modeled by the equivalent re-
sistances R, = 1/7, and R, = 1/~,, respectively. According to the n,,-power

law MOSFET model [213], v, is

Yo = o Kp (|Vgsp — Vip|)™, (A.2)

where K, and m, control the triode region characteristics of the transistor,
oy, is a constant between one and two which represents the dependence of the
MOSFET equivalent resistance on the drain-to-source voltage V4, and Vg, is

the gate-to-source voltage of the transistor. p and n connote the P-channel
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Table A.1: Different regions of operation for a CMOS inverter with a ramp
input signal for comparable input and output signal transitions after the input

signal exceeds the threshold voltage of the NMOS transistor (V;, > V;,)

Region Condition NMOS PMOS

I Viaa — |Vipl > Vi 2 Vin | Vo > Vi + |Vip| | Saturation |  Triode

II Vo > Vip - Vi | Saturation | Saturation
111 Vo < Vi - Vin Triode Saturation
v Vin = Vad — [Vap| Triode Cut-off

and N-channel transistor, respectively.
In region I, after V},, exceeds the NMOS transistor threshold voltage V;,,

the saturation current of the NMOS transistor is

Int(2) = Bu(Vin(t) — Vi)™ for t > Tow | (A.3)

where B, and n, describe the saturation region characteristics of the NMOS

transistor and 7,0y is given by Vi ‘Z’n. At the output node of the driver, the

KCL and KVL equations are

L+ 1 =1, (A.4)
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Vo=Vc-V, -V, (A.5)

respectively, where V, is the voltage at the output node and V,,V}, and V,
are the voltages across the resistance, inductance, and capacitance, given by
(A.6), (A.7), and (A.8), respectively. I, I,, and I, are the currents through
the PMOS transistor, the NMOS transistor, and the load capacitor, respec-

tively,

Vi(t) = I,(t) Ry, (A.6)
Vo = . 219, (A7)
Vi(t) = —Cip [ 1. (A.8)

In region I, I, I;, and V; are given by (A.9), (A.10), and (A.11), respec-

tively,
Loi(t) = % (Vaa — Vo), (A.9)

Iu(t) :A+Bt+D1 e“o"”t+D2 e“al’”, (AlO)

1 t?
‘/;](t) = Vdd — E [At + B '5 + D1 (1 — e ot t) + Dg (1 — e—apzt)]’ (All)

p
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where A, B, D, E, o, and oy are constants given by

B = qCp Lta (Al-?))
1
Dy = gefor : A.l4
: ! g (op2 — 1) ( )
1
D, = gefor (A.15)

O‘1212 (O‘pl - a;o2) ’

LRy (1+Rt'7p)2_ 4
Liyp Ly LiCyp

Gy = 5 5 (A].G)
LReyp _ \/(i’ﬁlﬂ)Z _ 4
ap = Livp 2Lt’Yp LiCyp : (A17)

8= I"T,;—/dm, and ¢ = (nn)'(vfi)n"

Region II starts when V,(t) reaches Vj, + |V;p|. In this region, the PMOS
transistor is saturated. The output voltage in this region can be determined
using a Newton-Raphson iteration. V,(7psqt) is determined by (A.11), where
Tpset 1S the initial time of this region. Since both transistors have the same
drain voltage, the second region of operation in which both transistors are
saturated is quite short, permitting the change in V, during this region to be
neglected.

During region III, the NMOS transistor operates in the triode region, and

the PMOS transistor is saturated. Expressions for I;(t) and V,(t) are similarly



273

obtained as in region I, and are given by (A.18) and (A.19), respectively.

IlIU(t) =A+Bit+ E; e ontt | E2e—an2t’

1

t
Verrr(t) = Ve(7psar) — 6’—/ L (t) dt,
P

Tpsat

where A, By, £}, and E, are constants given by

Oni

Q2

Yn

—Q Tpsa —Q Tosa
L1 (Tpsat) — (BiTpsat + Ere” 7t  Fope=0n2Tesat)

et
Tn
O‘n127nV;7HI(7'psat) —2b— a2ban12 — 2aboyy
On1%(Qn2 — Q1) VnLi
2 ¥ Vorr1(Tpsat) — 2b — abaya? — 2abay,
an2?(an1 — an2) Yn Ly

14+RiYn \/( 14+Rivn )2 _ _4

)

I

Livn Liyn LiCy
2 Y
1szt1n _ \/( 1‘£Rt’)’n)2 4
tTn tTn LiCyp
2 ?
B Vaa ™
p( T, ) ’
(‘/dd - V;p)'rr
|77

anKn(%sn - ‘/tn)mna

(A.18)

(A.19)

(A.20)
(A.21)
(A.22)

(A.23)

(A.24)

(A.25)
(A.26)
(A.27)

(A.28)

K, and m, control the triode region characteristics of the NMOS transistor,

B, and n, are parameters that determine the characteristics of the saturation

region of a PMOS transistor, and a, is similar to a;, for an NMOS transistor.
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Once V;, reaches Vg — |Vip|, the PMOS transistor turns off, initiating
region IV. The time at which this region begins is 7,0rr = (V‘i—d_vld‘—;i”l)i, where
Vo(Tporr) is obtained from (A.5). After the PMOS transistor turns off, the

NMOS transistor continues to operate in the triode region. An expression for

Ve(t) in this region is

Verv (t) = Ve(rpopr)e 2 morr), (A.29)

The transition time is expressed by 79 = t“’;%o_sfg—%, where t199 and tgqy are the

times at which the signal reaches 10% and 90% of the final value, respectively.
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Appendix B

Expressions for line impedance
parameters of an interconnect
shielded with two ground lines

For an interconnect line shielded with two ground lines, analytic expressions
for the line impedance can be characterized. Closed form expressions for
the interconnect resistance, capacitance, and inductance are provided in this
appendix. Neglecting skin and proximity effects, the line resistance is char-

acterized by the simple relation,

Rline = T3y (Bl)

where p and T are the line resistivity and thickness, respectively. The line

capacitance is [140]

Cz’nt = €oz l (Oa + 2Cb)a (Bz)



where

Win Win s
Ca = Ht +224( Ht)0.0275(1_0.856( 0.621‘3))
S
+ 0.32109(%)(0.15Ee‘1'62% — 0_126(—0.065%)),
_ I T o035 999
Cp = Z+13Uz) (5 +1.38)

+ 0.4log(1 + 5.46W""t)(§ +1.12)7%81,

S "H
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(B.3)

(B.4)

S is the spacing between the signal line ground shield and H is the height

of the metal layer from the substrate. Assuming the return path is in an

adjacent ground line [141], the line inductance is

L, M,

Ling = 1 (Ls = 2.0M + —= + =),

[\S)

Ly = 0-2(log(Wg+T)+0.5+0.22WQZ+T),
My, = 0.2 (109(3—;)—1.0+%),
Moy = 0-2(l09(&2;l;)—1.0+d_79.),
L, = O'Q(ZOg(WmQtTHO'”O”V—VL"f—T

99
0 20

))

(B.6)
(B.7)
(B.8)

(B.9)

where W, is the width of the ground shield, d,4 is the distance between the

center of the signal line and the ground shield, and d,, is the distance between

the center of the two ground shields.
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Appendix C

Effective Capacitance of an
RLC Load

In order to compare the effective capacitance of RC' and RLC' delay mod-
els, the signal transition time at the output of a driving inverter V,, is assumed
equal for both models. The waveform used in [194] is assumed to compare

the effective capacitance of an RLC model with the model described in [194].

Vg — ct? for 0 < t < t,,
Vo(t) = (C.1)
a+b(t—t;) fort, < t< tp,
where b = —0.8‘—;‘?;i and t,, tp, a, and c are constants that characterize the
waveform of V,. ¢, is the transition time of V, which is obtained iteratively
after determining the effective capacitance. The waveform of a signal propa-

gating along an RLC line may be distorted by the inductance. However, the

effect of this distortion on the effective capacitance is not significant. The
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effective capacitance of the m9; model is the capacitance which draws an av-
erage current equal to the average current drawn from both C; and C; in the
mo1 model [194]. The average currents, I.;_q, and I, discharge (for an
output high-to-low transition) the capacitances C; and Cy, respectively, as

shown in Fig. C.1.

C é :L‘c
Yo Ig ' Yo ﬂ 2

Figure C.1: Discharge currents for the 7y RLC model

Laplace transforms are used to obtain an expression for I, _4,. The aver-

age I;_q during a high-to-low transition is

Icl—av—ltx + Icl—av—II(tD - tw)

let—a = , (C.2)
tp
where
-1 t:c2 -t —oat, Vdd
lr-av-1 = t L (AT +Bt,+ D+ Ee =+ Fe z) + C’l—t—(C?))
~1
Icl—-av—[[ = W(Al (tD - tq;) + B1 -+ Dle—al(tn—tz)

¢ Breoattomt) 4 Yokt (©4)
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(C.5)
(C.6)
(C.7)
(C.8)
(C.9)

(C.10)

(C.11)

(C.12)

(C.13)

(C.14)

(C.15)
(C.16)
(C.17)

(C.18)

b — o1a + O!%(kLﬂ-Cl + Rﬂ-ClVCUz) — a‘;’LWCHVCltw, (019)

b— aza+ a3 (kL,C, + R,CiVen,) — a3 L,CiVey,, (C.20)
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1
— _ —ai1ty
k = oL (At, + B — oq Fe )- (C.21)

Equalizing the average current required to drive an effective capacitance
Iceff—qv With the summation of Igi_q, and Igg_gy, the effective capacitance

Cefs—rLc can be expressed as
Cess-rrc = Cy2 + Co_picy (C.22)
where

125)
Co- = ————I1,0 C.23
RLC 2Ctx(tD _ 221) 1a ( )
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Appendix D

Dependence of Delay on Line
Inductance

The delay of a signal propagating through an interconnect line increases as
the line inductance increases. The line inductance impedes the propagation
of the signal through the line. This behavior can be described analytically by
differentiating the delay expression (7.2) with respect to the line inductance.
The sign of the resulting differentiated function describes whether the delay
increases or decreases with inductance. A negative solution means that the
delay decreases with an increase in the line inductance.

By differentiating (7.2), the range of line damping factor ¢ at which the
sign of the differentiation changes is obtained. The delay decreases with
line inductance over the range at which the differentiation is negative. This

condition is satisfied by the differentiation if
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2.8¢ -3

2.86 *
Lline

¢> (D.1)

The differentiation is negative when (D.1) is satisfied. A practical value of
on-chip interconnect inductance is much less than 1 gH. Substituting Ly, =

1 pH into (D.1),

¢ >4X10™", (D.2)

In practical circuits, ¢ is much less than 4X10'*. The line propagation delay
is an increasing function of line inductance as the differentiation is always

positive in practical circuits.
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Appendix E

Propagation Delay based on 9
Reduced Order Model

Figure E.1: CMOS inverter driving a my; interconnect model

In order to determine an analytic solution for the propagation delay as-
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suming the 79 model shown in Fig. E.1, an expression for the signal waveform

across C' during a high-to-low transition is

B,

D3

C

Tn

1
CyCL,

D3ellt=Tneat)), (E.1)

(A2ea(t—7'nsa,t) + B2eb(t“7'nsat)

0+ CVa(aCy + ) (Ry + aLy)

(a=B)(a—d) ’ .
9+0v25202 ﬂ;(%)( " x +bLr)) (E-3)
0+ 0%2((502 T(Zin)(g +dLy) (E.4)
CaVig + CVig, (E:5)
C1 + Croas, (E-6)
6By (Vg — Vi) =0), (E.7)

where «, By, n,, and m, are the nth power law transistor parameters [213].

a, b, and d are the roots of the polynomial,

where

@3 + ez’ + e1z + €9 =0, (E.8)
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CoCR, + vaCL,
= E.9
€o CQCL»,,- ) ( )
_ C+Cys+ CRy
Tn
= . E.11
2 = 0L, (E11)

Ve and Vo are the voltage across Cy and C| respectively, when the PMOS

transistor of the driving inverter turns off. V,, is

Tnsat Mn

Voo = K(——Via = Vin) (E.12)
rin
Tnsat 18 determined by solving
%(Tnsat) — Vpssat = 0, (E13)
where
VDS’Sat = K(V;n - V;n)mna (E14)

and K is an nth power law transistor parameter [213]. V.o and V,(7,s.) are
described in (E.30) and (E.31), respectively. The roots of (E.8) may contain

complex roots. The voltage equation for the complex roots is
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1 hy + , st
Vo(t) = 6'52—2/—7-;((;(]1 cos 11 (t — Thsat) + %sm Li(t— Tnsat) ) €M (E~Tsat)
+  Dyelt=mnsat)), (E.15)
where
fi = Daby = s d‘ h3, (E.16)
g = 2mth-he (E.17)
d
hy = —=2 (E.18)
2
ll = \/h12 + alhl -+ b]_, (E].g)
a; = _27‘1’ (EZO)
b1 - 7‘12 -+ .[12, (E21)
h2 = ‘/CQC(CQRW + Lﬂ'fYn)a (E22)
hs = 0+ VeoCRyyy, (E.23)
92 + C%Q(ng + ’Yn)(Rw + dLﬂ)
D, = E.24
4 (d _ (,l) (d _ b) 7 ( )
r1 = Rl{a}, (E.25)
I, = Im{a}, (E.26)
0y = CyHVye + CVy, (E27)

d is the real root and a and b are complex (conjugate) roots. The propagation



287

delay can be determined by numerically solving the nonlinear equation (E.28)

to determine t5q9;.

Ve(tson) — —- = 0. (E.28)

The propagation delay is
_ lrin
tpd = tso% — o5 (E.29)

where 2,1, is the transition time of the input signal of the driving gate.

A Laplace transform is used to determined voltage expressions for V,(7,54¢)

and ‘/;2.
B
Ve = —21(Tnsat - Tn)2+Dd(Tnsat _Tn) +Ed+Fd€_as(Tnsat_T") +Gd6_a4(msat—rn)a

(E.30)

1 B
V;)(Tnsat) = V:id - 6,— %(Tnsat - Tn)g + CTd(Tnsat - 7-71)2 + Dd(Tnsat - Tn)
2

+ Fde(—a3(Tnsat—Tn)—1) _|__ Gde(_a4(7nsat"7'n)_1)], (E.31)
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(E.32)
(E.33)
(E.34)
(E.35)
(E.36)
(E.37)
(E.38)
(E.39)

(E.40)

(E.41)

(E.42)
(E.43)

(E.44)

and B, is an nth power law transistor parameter [213]. «3; and a4 can be

complex conjugate poles. For complex poles,
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2
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Appendix F

Impedance Parameters of
Tapered RLC Interconnect

Practically, implementing a continuously shaped line is not precisely pos-
sible. However, dividing the line into sections of length [; = %, where n is the
number of sections, effectively approximates a continuous shape. As shown in
Fig. G.1, the width of the line sections decreases exponentially as the section
approaches the far end, producing the optimum shape. For specific geometric
dimensions of the signal line and shield lines, the line impedance parameters
of the line are expressed as functions of the tapering parameters, ¢ and p.

Expressing the line inductance in terms of the dimensions of the wire
structure requires that the current return path be determined. In the copla-
nar structure shown in Fig. G.1, the return path is assumed to be in the
adjacent ground lines. This shield structure is common in important global

interconnects such as clock distribution networks or data busses [216]-[230].
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S
Driver __I——_'_,i s, ' Load

Figure F.1: Coplanar tapered line

For a small number of line sections n, the section length is much larger
than the other physical dimensions (such as the section width W;, the sep-
aration between the section and the ground S;, and the line thickness T').
Tapering is more effective in long (global) lines (e.g., I > 1000 pm) since the
line inductance and resistance are significant. These lines are divided into

several sections (e.g., n < 20), making the ratio between the section length

h

€9 wiT > 100). Neglecting skin and

and the other dimensions large (

proximity effects [?] and for I; > S;, W;, and T, the line inductance is

Liine(q,p) = ILn [n (A + §B(CM)))

2
0.22 < 1 " . ]
_ (i-1)ply
+ a ;Wi(q,p) In (E(qe +T)) , (F.1)
where
l
L, = B (F.2)

o’
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0.11
= 0. - 0. T+ ——— F.3
A 0.8637 — 0.5In(W, + T) + W, + 5T)’ (F.3)
SW,(q,
Blap) = nsW,(g.p) - 2202, (F.4)
SW,(q,p) = 2Smin + W, + e D1, (F.5)
The width of each line section is
W;_1ePr  fori>1,

q fori=1.

The inductance of an exponentially tapered line is determined from (F.1)
and compared with the inductance extracted by the field solver FastHenry
[84]. The error between the two solutions is less than 0.78% for a tapering
factor ranging from 0 to 0.8 mm™1.

The total line resistance is
"1

Riine(q,p) = Rpl Z

—~ W;(g,p)’ (.7

where Rp is the line resistance per square. The total line capacitance is
n
Cline(Qap) = ll Z C.S'eci, (FS)
i=1
where Clg,.; is the capacitance of each section ¢ per unit length. A closed form
expression for Cg,.; in terms of W;(q,p) and Si(¢,p) = Smin + KW—"_—VQﬂﬂD is

obtained from [140].
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Appendix G

Practical Implementation of
Exponential Tapering

Implementing a continuously shaped line is not precisely possible. Divid-
ing a line into sections of length [/;, however, can achieve an effective approx-
imation of a continuous shape. As shown in Fig. G.1, the width of the line
sections decreases exponentially as the section approaches the far end. For an

exponentially tapered interconnect line, the line width satisfies the relation,

W, = Wye P19 for1 <i < N, (G.1)

where Wiy is the line width at the near end of the line, N is the number of

4, and p is the tapering factor.

sections, [; =
The number of sections determines the precision of the exponential taper-

ing factor. Using a large number of sections may not increase the precision

of the tapering since the minimum line width of a specific technology limits
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Figure G.1: Coplanar exponentially tapered interconnect

the precision. N should satisfy

AW < Wiy [ePimin0=3) — eptrin1=)] (G.2)

where l,,;, is the shortest line in the tree, W,,;, is the minimum wire width,
and AW is the technology dependent precision of the wire width. Closed
form expressions for the line impedance parameters (resistance, inductance,

and capacitance) are provided in [214].
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Appendix H

Pseudocode for the C Program
of the Optimum Tapered Lines
using First Order
Approximation

The pseudocode for the C program which determines the optimum initial
interconnect width and tapering factor for minimum power dissipation while
maintaining the signal characteristics using the first order approximation is
as follows

SumRC_Original = SumRC.Org() ;
C_Original = C_Org() ;
for each possible W,;; do
for each possible p do
if Wy > Wy, then

SumRC_Taper = SumRC_Taper() ;
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C_Taper = C_Taper() ;
if SumRC_Taper < SumRC _Original then
C_Possible = C_Taper ;
endif
endif
endfor

endfor

CMin = FindMinC() ;
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Appendix 1

Pseudocode for the C Program
of the Optimum Tapered Lines
using Second Order
Approximation

The pseudocode for the C program which determines the optimum initial
interconnect width and tapering factor for minimum power dissipation while
maintaining the signal characteristics using the second moment approxima-
tion is as follows

m_2-Original = m_2-Org() ;
C_Original = C Org() ;
for each possible Wj,;; do
for each possible p do
if W1 > Wyp then

m.2-Taper = m_2-Taper() ;



C.Taper = C_Taper() ;
if m_2-Taper < m_2-Original then
C_Possible = C_Taper ;
endif
endif
endfor
endfor

CMin = FindMinC() ;

298



299

Publications

Book Chapters

1. M. A. El-Moursy and E. G. Friedman, ”Design Methodologies for
On-Chip Inductive Interconnect,” Interconnect-Centric Design for Ad-
vanced SoC and NoC, J. Nurmi, J. Isoaho, and A. Jantsch (Eds.), Nor-
well, Massachusetts: Kluwer Academic Publishers, Chapter 4, 2004 (in
Press).

2. M. A. El-Moursy and E. G. Friedman, ” Optimizing Inductive Inter-
connect for Low Power,” System-on-Chip for Real-Time Applications,
W. Badawy and G. A. Jullien (Eds.), Norwell, Massachusetts: Kluwer
Academic Publishers, Section 9.2, pp. 380-391, 2003.

Journal Papers

1. M. A. El-Moursy and E. G. Friedman, ” Wire Shaping of RLC' Inter-
connects,” IEEE Transactions on Very Large Scale Integration (VLSI)
Systems (in Review).

2. M. A. El-Moursy and E. G. Friedman, ” Exponentially Tapered H-
Tree Clock Distribution Networks,” IEEE Transactions on Very Large
Scale Integration (VLSI) Systems (in Review).

3. M. A. El-Moursy and E. G. Friedman, ”Shielding Effect of On-
Chip Interconnect Inductance,” IEEFE Transactions on Very Large Scale
Integration (VLSI) Systems, Vol. 12, No. 10, October 2004.

4. M. A. El-Moursy and E. G. Friedman, ”Optimum Wire Sizing of
RLC Interconnect With Repeaters,” Integration, the VLSI Journal (in
Press).



300

5. M. A. El-Moursy and E. G. Friedman, ”Resistive Power in CMOS
Circuits,” Analog Integrated Circuits and Signal Processing (in Press).

6. M. A. El-Moursy and E. G. Friedman, ”Power Characteristics of
Inductive Interconnect,” IEEE Transactions on Very Large Scale Inte-
gration (VLSI) Systems, Vol. 12, No. 10, October 2004.

7. M. A. El-Moursy and E. G. Friedman, ” Optimizing Inductive Inter-
connect for Low Power,” Canadian Journal of Electrical and Computer
Engineering, Vol. 27, No. 4, pp. 183-187, October 2002.

Refereed Conference Papers

1. M. A. El-Moursy and E. G. Friedman, ” Optimum Wire Tapering for
Minimum Power Dissipation of RLC Interconnects,” Proceedings of the
IEEE International Symposium on Circuits and Systems, (in Submis-
sion).

2. M. A. El-Moursy and E. G. Friedman, ”Exponentially Tapered H-
Tree Clock Distribution Networks,” Proceedings of the IEEE Interna-

tional Symposium on Clircuits and Systems, Vol. II, pp. 601-604, May
2004.

3. M. A. El-Moursy and E. G. Friedman, ”Optimum Wire Shaping of
an RLC' Interconnect,” Proceedings of the IEEE Midwest Symposium
on Circuits and Systems, December 2003.

4. M. A. El-Moursy and E. G. Friedman, ”Resistive Power in CMOS
Circuits,” Proceedings of the IEEE Midwest Symposium on Circuits and
Systems, December 2003.

5. M. A. El-Moursy, M. Margala, A. El-Moursy, J. Zhang, and W.
Heinzelman, ”1-V ADPCM Processor for Low-Power Wireless Applica-
tions,” Proceedings of the IFIP International Conference on Very Large
Scale Integration, December 2003.

6. M. A. El-Moursy and E. G. Friedman, ”Power Characteristics of
Inductive Interconnect,” Proceedings of the IEEE International Con-
ference on Electronics, Circuits, and Systems, December 2003.



301

7. M. A. El-Moursy and E. G. Friedman, ” Inductive Interconnect Width
Optimization For Low Power,” Proceedings of the IEEE International
Symposium on Circuits and Systems, pp. 5.273- 5.276 May 2003.

8. M. A. El-Moursy and E. G. Friedman, ”Optimum Wire Sizing of
RLC Interconnect With Repeaters,” Proceedings of the IEEE Great
Lakes Symposium on VLSI, pp. 27-32, April 2003.

9. M. A. El-Moursy and E. G. Friedman, ”Shielding Effect of On-
Chip Interconnect Inductance,” Proceedings of the IEEE Great Lakes
Symposium on VLSI, pp. 165-170, April 2003.

10. M. A. El-Moursy and E. G. Friedman, ”"Optimum Wire Sizing
and Repeater Insertion in Distributed RLC Interconnect,” Proceedings
of the 26th Annual IEEE EDS/CAS Activities in Western New York
Conference, pp. 6, November 2002.

11. M. A. El-Moursy and E. G. Friedman, ” Optimizing Inductive Inter-
connect for Low Power,” Proceedings of the International Workshop on
System-on-Chip for Real-Time Applications, pp. 206-216, July 2002.

12. M. A. El-Moursy, T. M. Kamel, and H. M. El-Sayed, ” Admission
Control and Scheduling of Traffic on ATM Switches: Performance Anal-
ysis,” Proceedings of SPIE: Asia-Pacific Optical and Wireless Commu-
nications, Vol. 4584, pp. 161-176, November 2001.



