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Power Characteristics of Inductive Interconnect

Magdy A. El-Moursy and Eby G. Friedman, Fellow, IEEE

Abstract—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 paper. The matching condition 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 short-circuit power
increases with wider linewidths only if the line is underdriven.
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 signal propagating
along an inductive interconnect with an error of less than 15% is
presented. The solution is useful in wire sizing synthesis techniques
to decrease the overall power dissipation. The optimum linewidth
that minimizes the total transient power dissipation is determined.
An analytic solution for the optimum width with an error of less
than 6% is presented. For a specific set of line parameters and
resistivities, a reduction in power approaching 80% is achieved
as compared to the minimum wire width. Considering the driver
size in the design process, the optimum wire and driver size that
minimizes the total transient power is also determined.

Index Terms—Characteristic impedance, dynamic power,
inductive interconnect, short-circuit power, transient power dis-
sipation, underdamped systems.

1. INTRODUCTION

ITH the decrease in feature size of CMOS integrated cir-

cuits, interconnect design has become an important issue
in high speed, high complexity integrated circuits (IC). With
increasing signal frequencies and the corresponding decrease
in signal transition times, the interconnect impedance can be-
have inductively [1], increasing the on-chip noise. Furthermore,
considering inductance within the design process increases the
computational complexity of IC synthesis and analysis tools.
However, inductive behavior can also be exploited. As shown in
[2], a properly designed inductive line can reduce the total power
dissipation of high speed clock distribution networks. Further-
more, on-chip inductance may affect certain design techniques
such as repeater insertion [3], [4]. 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% [5]-[7].
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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 dissipation characteristics of high performance ICs. In-
terconnect design has, therefore, 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 [8]-[13]. Simultaneous driver and wire sizing
is presented in [13]-[15] as an efficient technique to design
an optimum interconnect network with minimum propagation
delay.

The work described in [14] and [15] considers power dissi-
pation as a cost function in the delay optimization process. The
power minimization criterion used in these previous techniques
[14], [15] minimizes the interconnect and gate area in order to
reduce the capacitance of both the passive interconnects and ac-
tive gates, thereby reducing dynamic power. The dynamic power
dissipated in the load capacitance represents a large portion of
the total transient power dissipated in a digital circuit. As shown
in [2], however, the short-circuit power of some digital circuits
may exceed the dynamic power. As described in [2], on-chip in-
ductance can improve circuit speed while reducing the short-cir-
cuit power dissipation. Wire sizing can increase the inductive
behavior of the signal, possibly lowering the total power dissi-
pated by a circuit. The interconnect inductance should, there-
fore, be included in the power minimization process.

Buffers and repeaters are widely used in interconnect net-
works (e.g., clock distribution networks) for different design ob-
jectives (e.g., reducing delay or clock skew). Wider wires are
used in [2] to reduce power dissipation while neglecting the ef-
fect of the line driver on the signal characteristics. It is shown
in this paper 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 nonoptimal circuits.

As interconnect inductance becomes important, specific wire
sizing optimization algorithms have been enhanced that con-
sider RLC impedance models [16]-[19]. Previous studies in
wire and driver sizing do not consider changes in the signal char-
acteristics accompanied with a change in the line impedance
characteristics. The interconnect impedance characteristics are
more sensitive to wire size in long, inductive interconnects. The
research described in [17] considers line inductance, however,
the optimization criteria minimize delay using an unrealistic
inductance model and do not consider power dissipation. The
work described in [20]-[22] considers dynamic power dissipa-
tion while ignoring the short-circuit power of the load gate. The
work described in [14], [15] considers power dissipation while
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ignoring the inductive behavior of the interconnect and, there-
fore, the effect of line inductance on the power characteristics.

In this paper, the power characteristics of an inductive inter-
connect 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. Further-
more, repeaters dissipate power and increase the area of the cir-
cuit. The power characteristics of a long, inductive interconnect
driven by a repeater system are described in [23]. In this paper,
the effect of sizing an inductive interconnect on the signal char-
acteristics is described. It is shown that the signal characteristics
of an inductive interconnect line are sensitive to changes in the
linewidth. As the short-circuit power depends directly on the
signal transition time, the effect of sizing an inductive intercon-
nect line on the signal transition time is discussed.

An analytic solution for the transition time at the far end of a
long inductive interconnect is provided. These results are used
to determine an analytic solution for the width of an inductive
interconnect line that minimizes the total transient power dissi-
pation. 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 paper that simulta-
neous 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 paper
is organized as follows. In Section II, the transient power char-
acteristics 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 III. The
effect of line material and length on the signal characteristics of
an inductive line is discussed in Section IV. In Section V, circuit
simulations are used to demonstrate the accuracy of the analytic
solutions for the transition time and the optimum linewidth. Ad-
ditional results are provided that compare the power of an opti-
mally sized line for different interconnect materials and lengths.
Some conclusions are discussed in Section VI.

II. TRANSIENT POWER CHARACTERIZATION

The transient power characteristics of inductive interconnect
are discussed in this section. The research described in [2] uses
the concept of wire sizing to reduce the total transient power dis-
sipated by a clock distribution network, but does not provide an
analytic solution to determine the optimum interconnect width.
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Inductive interconnect characteristics versus width for different lengths (a) self-inductance and (b) inductive time constant.

The change in circuit behavior that occurs when the width of the
line is increased is also ignored in [2]. The matching response
between the line and the driver plays an important role in the
transient power dissipation as discussed in Section III. In [2],
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 Section II-A. In Section II-B, the tradeoff between
dynamic and short-circuit power dissipation in inductive inter-
connect is described. Transient power optimization criteria are
presented in Section II-C.

A. Effect of Wire Sizing on Interconnect Line
Impedance Characteristics

Neglecting the dielectric losses of the line, a lossy transmis-
sion line can be represented by the line resistance R, inductance
L, and capacitance C, all per unit length. R is expressed in terms
of the line dimensions

p

R=———
Wint T

ey
where p, T, and Wit are the line resistivity, thickness, and
width, respectively. C' is expressed in terms of the line dimen-
sions for different line structures in [31]. Note that C' increases
with the linewidth, which increases the dynamic power Py 4.

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 dimensions and the
separation between the line and the ground lines is obtained
from [32]. This shielded structure is commonly used in high
speed clock distribution networks [33]-[37] and many global
interconnects. For a fixed separation between the signal and
shield line, the total line inductance primarily depends on the
self-inductance of the line. The line self-inductance decreases
monotonically with increasing linewidth. The line inductance
decreases with increasing linewidth, as shown in Fig. 1(a).

The ratio L/ R characterizes the significance of the line in-
ductance [3]. For different line lengths, this ratio increases with
wider lines as shown in Fig. 1(b). The reduction in line resis-
tance is greater than the reduction in line inductance. An in-
crease in the ratio L/ R and the interconnect capacitance affects
the transition time as described in Section III.

Not only the line dimensions but also the switching frequency
increase the importance of considering the line inductance. A
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higher clock frequency typically implies shorter signal tran-
sition times. Shorter transition times increase the number of
on-chip interconnects that behave inductively. As shown in [1],
for line lengths [ > ¢,/ VLC where t, is the signal transition
time, the inductance of the line should be considered in the in-
terconnect model.

The limit on the interconnect length that produces inductive
behavior is shown in Fig. 2. If the interconnect is longer than
this limit, the line inductance should be considered in the line
model [1]. For shorter signal transition times, the limit decreases
for any value of line capacitance and inductance per unit length
(as shown in Fig. 2). This characteristic increases the number
of interconnect lines which behave inductively and increases
the importance of line inductance to accurately characterize the
signal behavior.

B. Transient Power of Inductive Lines

The power dissipation is affected by a change in linewidth
as described in this section. 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. 3 [24]-[26]. As the line inductance-to-re-
sistance ratio increases, the short-circuit power decreases with
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Fig. 4. CMOS gates connected by an RLC' interconnect line.

wider interconnect. If the interconnect exceeds a certain width,
the short-circuit power increases. The dynamic power increases
with linewidth as the line capacitance increases. As shown
in Fig. 3, an optimum interconnect 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 III.

For the circuit shown in Fig. 4, a long interconnect line be-
tween two CMOS inverters can be modeled as a lossy transmis-
sion line. A change in the linewidth primarily affects the dy-
namic power P4 of Invy, and the short-circuit power Psg. of
Invs. The dynamic power of Inv, depends on the load capac-
itance, 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 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 linewidth from 0.1 to 20 pm, the
dynamic power of the driver increases by 400%, while the re-
duction in short-circuit power is less than 10%.

Py 4 can be described as Py = f ded C1, where f is the oper-
ating frequency, C is the total capacitance driven by Invy, and
Vaq 1s the supply voltage. The dynamic power dissipated by a
lossy transmission line equals the dynamic power dissipated by
the total capacitance of the line [27]. The short-circuit power
dissipated within the load gate P is directly proportional 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, Pas. can be represented as

PQSC = G(Vd(b‘/hK? CL) 70 f (2)

where 7y is the transition time of the input signal at the load gate,
and G(Vqq, V4, K, Cp) is a function of Vyq, threshold voltage
V;, transconductance K of the load gate, and capacitive load
C. Different techniques have been developed to characterize
G under different load models. The general form of (2) is valid
whether the load is modeled as a capacitive load [28], a lossless
transmission line [29], or a lossy transmission line [30]. G is
also a function of 79; however, the dependence of G on 7 is
small.

Only C; and 7y are affected by a change in the linewidth.
Changing the linewidth has a significant effect on the transition
time as described in Section III.

C. Transient Power Optimization Criteria

Criteria for optimizing the interconnect width to minimize
the transient power dissipation is presented in this section.
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The tradeoff between the primary transient power dissipation
components (short-circuit and dynamic) suggests an optimum
linewidth 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 linewidth.
The short-circuit power has not been considered as a part of the
optimization process. A change in the line impedance charac-
teristics affects the power dissipation of the circuit (specifically,
the short-circuit power). Ignoring the interconnect matching
characteristics between the driver and load may therefore lead
to a nonoptimal solution (dissipating excessive power).

The effective output impedance of the driver also plays an im-
portant role in the matching response and total transient power
dissipation. Two complementary effects occur. As the driver size
increases, the transition time of the output signal decreases and,
consequently, the short-circuit power dissipated by the load gate
decreases. Simultaneously, the input capacitance of the driver
gate increases since a larger inverter is used to drive the load,
increasing the power required to charge the gate capacitance.
The total transient power can be expressed in terms of two de-
sign parameters, the interconnect width and the driver size.

For an inverter driving N gates, as shown in Fig. 5, the total
transient power dissipation Pidyive(WinT, W,,) is a function of
the linewidth Wiyt and the nMOS transistor width W,, which
represents the driver size (assuming a symmetric CMOS inverter
as the driver)

Piarive(WinT, W)
= Pld(WINT) + NPZSC(WINT7 Wn) + Pdriver(Wn) (3)

where Pyyiver(Wh) is the dynamic power required to charge the
gate capacitance of the driver

Pdrivor(Wn) = f V(?dcdrivchn (4)
Cdrivor =« (1 + M_n> anox (5)
Hp
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where pu,, /11, is the electron to hole mobility ratio, L,, is the
feature size, C,x 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 P;4(WinT) is a
function of the interconnect width

Pry(Wint) = fViC1(Wint) (6)
where
Ci(Wint) = NCyy + Cint(WinT) @)

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

To achieve the global minimum for the transient power dissi-
pation, the wire and driver size are simultaneously determined.
Differentiating (3) with respect to Wiyt and W, and equating
each expression to zero, two nonlinear equations in Wit and
W,, are obtained

IPidrive _ 41,0 90wr  NfG < Otioy,  Otooy, ):0
OWiNT YWoWint 0.8 \OWint Wit
(8
OParive N fG (Otion,  Otgoy Hn
= — 1+— ) L,Cox =0
oW, 08 \ow, oaw, ) T\
)

where atlg%/8WINT, atgo%/8WINT, 8t10%/8Wn, and
Oty |OW,, are described in the Appendix and OCiNT /OWiNT
is obtained from [31].

Numerical techniques are used to solve these two expres-
sions. The two equations are solved simultaneously to determine
the optimum solution. Using specific technology parameters,
an analytic solution is compared to simulation results in Sec-
tion V-B. In Section III, a change in the interconnect impedance
characteristics, which directly affects the short-circuit power, is
described.

III. TRANSITION TIME FOR A SIGNAL AT THE FAR END OF AN
RLC INTERCONNECT LINE

From Section II-B, the short-circuit power is linearly depen-
dent upon the input signal transition time. The effect of the wire
size on the line impedance matching characteristics and the tran-
sition time is described in this section.

Wire-sizing techniques to date have not considered the line-
matching characteristics as the linewidth changes. For induc-
tive 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 be-
comes wider. An analytic solution of the signal transition time at
the far end of an interconnect line is presented in Section III-A.
The effect of wire sizing on the line-matching characteristics
and transition time is described in Section III-B.

A. 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
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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) = Vi(rporr) e~ =mvore) (10)
where T,0FF is the time at which the pMOS transistor of the
driver turns off, and «,, is a constant that depends upon R, C,
L, and the transistor characteristics of the driver such as the
transconductance, mobility, and threshold voltage. VC(TPOFF) is
the voltage across the load capacitance at 7,0rr. A derivation
of this relation is presented in the Appendix . The transition time
is expressed by 79 = (t109% — tooy)/0.8, where t109 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. 6. The change in the matching condition between the driver
and the load which leads to this shape is described in Section IV.
As the linewidth increases, the signal transition time decreases
until a minimum transition time is reached. The signal transition
time increases after exceeding a certain linewidth. The transition
time based on this analytic solution is compared to SPICE in
Section V-A.

B. Dependence of Line Characteristics on Interconnect Width

Increasing the inductance-to-resistance ratio of the line by
widening the line changes the matching characteristics. For
linewidths 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 and speed characteristics as shown in Section V.

To better understand the signal behavior in terms of the in-
terconnect width, an equivalent circuit of an inverter driving an
inductive interconnect line is shown in Fig. 7(a). The charac-
teristic impedance of a lossy line can be described by the well

known formula, Zi,sy, = /R + jwL/jwC. Different approx-
imations have been made to estimate Zjossy in terms of the per
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unit length parameters [45]-[47]. A general form of Zjsy is
Zy+g R where g is a constant which depends on the line param-
eters. At the end of the high-to-low 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 R,
as shown in Fig. 7(b).

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.ss, decreases with increasing
linewidth. The line remains underdamped until Z,ss, equals
Ri;. A further increase in the linewidth underdrives the line
as Ziossy becomes less than Ry, [48]. As the linewidth is
increased, the line driving condition changes from overdriven
to matched to underdriven.

Increasing the linewidth makes an overdriven line behave
more inductively. The resistance decreases linearly with a linear
increase in width while the inductance decreases sublinearly
[32]. As described in [2], the line approaches a lossless condi-
tion, where the attenuation constant approaches zero at large
linewidths. This effect further reduces the signal transition
time. As the linewidth increases, Zjossy decreases until the line
impedance matches the driver impedance. At this width, the
transition time is minimum as shown in Fig. 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 linewidth as shown in Fig. 3. For an
underdriven line, however, an increase in the linewidth 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 Vi,
is a ramp signal with a 100 psec transition time. The signal V..
across the load capacitance is illustrated by the waveforms de-
picted in Fig. 8. In Fig. 8(a), the line is thin. The line inductance
does not affect the signal waveform as the resistance dominates.
As the linewidth increases, overshoots and undershoots appear
in the waveform. As shown in Fig. 8(b), 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. 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 Fig. 8(d)—(f)].

IV. 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 parameters have an effect on the char-
acteristics of the signal propagating along the line. Different
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interconnect lines with different line lengths and materials
are discussed. The sensitivity of the signal characteristics to
changes in the linewidth varies for different line lengths as
described in Section IV-A. In Section IV-B, the effect of dif-
ferent line materials (and, therefore, resistivities) on the signal
behavior is reviewed.

A. Effect of Interconnect Length

As the interconnect line becomes more inductive, the change
in the line impedance characteristics becomes more significant
with changing linewidth. 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. 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 linewidth. This ef-
fect places additional emphasis on determining the optimum
linewidth in longer lines that minimize the total transient power
dissipation.

B. Effect of Interconnect Resistivity

Different interconnect line materials have different resistiv-
ities. An increase in the line inductance-to-resistance ratio as-
sociated with an increase in the width makes the signal charac-
teristics more sensitive to the matching condition between the
driver and the line. Simulations are used to examine different
interconnect lines with different line materials.

As shown in Fig. 10, for wider lines the line resistivity has no
effect on the signal characteristics. After exceeding a specific
linewidth (e.g., 3 um in the specified example), the signal tran-
sition time is the same for all line resistivities. For wide lines,
the losses along the line are negligible, however, the signal tran-
sition time increases. This behavior shows that the increase in
the transition time is caused by a change in the matching char-
acteristics and is not due to signal degradation due to resistive
losses. When the line inductance dominates the line resistance,
the matching characteristics have a more significant effect on
the signal behavior.
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Fig. 10. Signal transition time versus interconnect width for different materials
(i.e., resistivities).

TABLE 1
SIMULATION AND ANALYTIC TRANSITION TIMES OF A SIGNAL AT THE FAR END
OF AN INDUCTIVE INTERCONNECT LINE

70
Wint(um) | R () | 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 8.88 803.37 515.50 | 501.13 -2.79
1.4 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
5 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

V. SIMULATION RESULTS

Some simulation results are presented in this section to verify
the analytic expressions described in Section II. In Section V-A,
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 dissipation is evaluated
in Section V-B. In Section V-C, the effects of interconnect re-
sistivity and length on reducing power dissipation is verified.

A. Transition Time

The analytic solution presented in Section III-A is compared
with SPICE in this section. A 0.24 pym CMOS inverter with
W, = 15 yum and W, = 30 um is assumed. As listed in Table I,
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Fig. 11.  Analytic solution of the transition time as compared with SPICE for
different linewidths.
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Fig. 12. Total transient power dissipation for an inverter driving /N logic gates
as determined by SPICE.

the transition time is determined from (10) and compared with
SPICE. The linewidth is varied from 0.1 to 20 gm. The max-
imum 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. 11.

B. Minimizing the Transient Power

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

Using closed form expressions for the line impedance
parameters in terms of the linewidth, the transition time
To(Wint, W,,) as a function of W,, and Wint is obtained.
From (8) and (9), the short-circuit power of the load inverter
Py (WinT, W,,) can be expressed in terms of the design
parameters to obtain an analytic solution for the optimum width
S0 as to minimize power.

For a specific driver size, the total simulated power dissipa-
tion for N =1, 2, 5, and 10 is shown in Fig. 12. As the number
of load gates increases, the total short-circuit power dissipation
over a practical range of interconnect widths increases. Deter-
mining 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 II. The number of load gates is provided in the
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TABLE 1I
SIMULATION AND ANALYTIC RESULTS OF THE OPTIMUM WIDTH
WITH DIFFERENT LOADS

Number of Loads || WiNT,,,imum (#m) | 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
5 1.06 1.00 +6.0 5.2
10 1.34 1.30 +3.1 4.2
Ptdrive ( H-W)

3E5° errh-lm)

Fig. 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 pmand Wint = 2.8 pm.

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 solution and sim-
ulation is listed in the second and third columns, respectively.
A numerical method is used to solve (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 com-
pared 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 sym-
metric driver is shown in Fig. 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 linewidth, a minimum transient power dissipation also ex-
ists at a specific driver size. A global minimum for the transient
power is obtained by simultaneously solving (8) and (9) to de-
termine the optimum value for each design variable. For the ex-
ample circuit shown in Fig. 5, the global minimum power of 942
W is achieved at Wint = 2.8 pum and W,, = 57 um. The re-
duction in power dissipation is 28%. Rather than minimizing the
total transient power, an expression for the propagation delay
[3] is used to minimize the power-delay product. The global
minimum power-delay product of 91.4 W ns is achieved at
Wint = 2.0 pm and W,, = 54 pm.

C. 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 dis-
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TABLE III
POWER REDUCTION FOR DIFFERENT LINE PARAMETERS
Total Transient Power Dissipation (uW)
Resistivity p Resistive Line (1 =1 mm )
1 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%

sipation is obtained using three different interconnect widths;
thin, optimum, and wide. Different case studies show the im-
portance 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 linewidth. The optimum width, however, achieves a greater
power reduction in more inductive lines.

Using the optimum width rather than the minimum width
constrained by the technology, the total power dissipation is
decreased by reducing the short-circuit power. As listed in
Table III, the optimum width of a copper line reduces the
total transient power by 68.5% for I = 5 mm as compared to
28.6% for | = 1 mm. For aluminum, a reduction of 77.9% (for
1 = 5 mm) is achieved as compared to 37.8% (for | = 1 mm).
The more inductive the interconnect, the more sensitive the
power dissipation is to a change in the linewidth (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 optimum width reduces the total power dissipation as com-
pared to a wide line. A reduction occurs in both transient power
components (short-circuit and dynamic). The per cent reduc-
tion in power is listed in the last column of Table III. For both
line lengths, the reduction in copper interconnect is higher 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 is nonintu-
itive 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 inter-
connect than for copper interconnect. The inductance-to-resis-
tance ratio L/ R 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 greater effect on the signal characteristics. The reduction
in power is higher for aluminum interconnect than for copper
interconnect (note the reduction in Table III).

VI. CONCLUSION

It is shown in this paper that the power characteristics of in-
ductive interconnects may greatly influence wire sizing opti-
mization techniques. Increasing the interconnect width can de-
crease the total transient power since the short-circuit power be-
comes smaller in inductive interconnect. A tradeoff, therefore,
exists between dynamic and short-circuit power in choosing the
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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 linewidth, while the dynamic
power increases. When the line exceeds the matched condition,
not only the dynamic power but also the short-circuit power
increases with increasing linewidth. Interconnect optimization
criteria should consider changes in the matching characteristics
between the line and the driver to achieve optimum circuit per-
formance.

The matching 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 in-
creasing linewidth. When the line exceeds the matched condi-
tion, the short-circuit power increases with increasing linewidth
(and signal transition time). To achieve lower transient power
dissipation, the minimum linewidth should be used if the line
is underdriven. For a long inductive interconnect line, an op-
timum interconnect width exists that minimizes the total tran-
sient 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 linewidth is more effective in reducing the total
transient power as the line becomes longer. With aluminum in-
terconnect, the power is reduced by about 80% and 37% as
compared to thin and wide wires, respectively. For copper in-
terconnect, 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 so-
lution, the optimum driver and wire size that dissipate the min-
imum transient power can be simultaneously determined.

APPENDIX
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 [1], [30], [38]—[43]. The total line resis-
tance, capacitance, and inductance are R; = R, C; = C'l, and
L; = LI, respectively, where [ is the line length. Adding the
gate capacitance C, to the line capacitance, the total load ca-
pacitance is C}, = C; + C,. The input ramp signal is

‘/i (t):{%Vdd7 fOI’OStSTT (11)
Vad, fort > 7,

where T,. is the transition time of the input signal. The line is as-
sumed 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 IV. Some of these regions can be of short du-
ration or not occur, but in the general case, all of these regions
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TABLE IV
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 (Vin, > Vin)

Region Condition NMOS PMOS
1 Vaa — Vipl > Vin > Vin | Vo > Vin + |Vip| | Saturation Triode
II Vo > Vi - Vin | Saturation | Saturation
111 Vo < Vin - Vin Triode Saturation
v Vm Z Vdd - |th| Triode Cut-off

may exist. When Vj, transitions from low-to-high, the pMOS
transistor initially operates in the triode region, then enters the
saturation region. When the input signal reaches Vjq — |V;p |, 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 resistances R, = 1/v, and R, = 1/~,, respec-
tively. According to the n,-power law MOSFET model [44],
Yp 18

Yp = ap Ky ([Vasp — Vip|)™” (12)

where K, and m, control the triode region characteristics of
the transistor, ), is a constant between one and two which rep-
resents the dependence of the MOSFET equivalent resistance
on the drain-to-source voltage Vs, and Vg is the gate-to-source
voltage of the transistor. p and n connote the P-channel and
N-channel transistor, respectively.

In region I, after Vj, exceeds the nMOS transistor threshold
voltage V;y,, the saturation current of the nMOS transistor is

where B,, and n,, describe the saturation region characteristics
of the nMOS transistor and 7,,on is given by Vaa(7./Vin). At
the output node of the driver, the KCL and KVL equations are

I+ =1, (14)

Vo=Ve=V, -V (15)

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 (16)—(18), respectively. I,, I,,, and I; are

the currents through the pMOS transistor, the nMOS transistor,
and the load capacitor, respectively

fort > m,0on

Vi (t) =1,(t) Ry (16)
dl;(t
Vi(t) = L, g) (17)
1
Vo(t) = — — I;(t). 18
0=z [10 s

Inregionl, I, I, and V. are given by (19)—(21), respectively

Li(t) =vp(Vaa = Vo),
Li(t)=A+ Bt+ Dye " 4 Dyeo»2?

19)
(20)

1 +2
ch](t) :Vdd_ F|:At+B5+D1(1_e—ap1t)
p

+Dﬂ1—dﬂﬁﬁ} @1
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where A, B, D, F, a1, and app are constants given by
A= — (Dl —|—l)2)7 B = qCth
1

O‘%l(aﬂ — 1)

1

a1 — apa)

Dy =qelon

D2 — qe,ﬁapg

4Ry, | \/(M)z _ _4
Li')’p Lt’Yp Ltcp
(Mpl = 2
LRy, \/(ﬂ)Q 4
Li"/p Lt"/p Ltcp
Oépz = 2

5 = Tr ‘/tn/Vdd» and q = (nn)!(vdd/TT)nn'

Region II starts when V,,(¢) reaches Vi, + |Vi;,|. In this re-
gion, the pMOS transistor is saturated. The output voltage in
this region can be determined using a Newton-Raphson itera-
tion. V.(Tpsat) is determined by (21), where Ts¢ is 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 obtained as in region I, and are
given by (22) and (23), respectively

IIIII(t) :Al + B1t+ El e*()tnlt +E267a"2t (22)
1 t

Van() =Velrpea) = & [ B(dt 23
P J Tpsat

where A1, By, F1, and F» are constants given by

Ay = Lini(Tpsat)
_ (BlTpsat + Ele—ﬂnl"'psac + Eze—mzz?’psac)

b
By =-2C,—,
Tn
2 2 2
B — @ 1Yn Vortt(Tpsat) — 2b — a®bazy — 2abo,
1=
(a2 = an1)vn Ly
2 2 2
By — Oén2’ynV0HI(Tpsat) —2b—a ban2 — 2aba,o
5 =
a1212(an1 - anZ)'}’nLt
2
ItRiyn 4Ry \~ _ _4
Livyn Livn L:C,
pl = B
2
1+ Rivn _ 1+ Rivn _ 4
Liyn Livyn Lf,cp
Qp2 = 2

Via ™"
b=B, <£)
Tr

— (Vdd - Vvtp)Tr
Vaa
Yn = anKn(‘/gsn - ‘/tn)mn -

K,, and m, control the triode region characteristics of the
nMOS transistor, B, and n,, are parameters that determine the
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characteristics of the saturation region of a pMOS transistor,
and «,, is similar to o, for an nMOS transistor.

Once V;, reaches Vaq — |Vyp|, the pMOS transistor turns off,
initiating region IV. The time at which this region begins is
TpOFF = (Vdd - |th|)7'r/vdd, where ‘/o(TpOFF> is obtained
from (15). After the pMOS transistor turns off, the pMOS tran-
sistor continues to operate in the triode region. An expression
for V..() in this region is

Vary () = Ve(rpopp)e 2= rorr), (24)

The transition time is expressed by 79 = (¢109% — to0%)/0.8,
where t19y and tgqy, are the times at which the signal reaches
10% and 90% of the final value, respectively.
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