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Effects of Inductance on the Propagation Delay and
Repeater Insertion in VLSI Circuits

Yehea I. Ismail and Eby G. Friedman, Fellow, IEEE

Abstract—A closed-form expression for the propagation delay
of a CMOS gate driving a distributed line is introduced
that is within 5% of dynamic circuit simulations for a wide range
of loads. It is shown that the error in the propagation delay
if inductance is neglected and the interconnect is treated as a
distributed line can be over 35% for current on-chip inter-
connect. It is also shown that the traditional quadratic dependence
of the propagation delay on the length of the interconnect for

lines approaches a linear dependence as inductance effects
increase. On-chip inductance is therefore expected to have a
profound effect on traditional high-performance integrated circuit
(IC) design methodologies.

The closed-form delay model is applied to the problem of
repeater insertion in interconnect. Closed-form solutions
are presented for inserting repeaters into lines that are
highly accurate with respect to numerical solutions. models
can create errors of up to 30% in the total propagation delay of a
repeater system as compared to the optimal delay if inductance
is considered. The error between the and models in-
creases as the gate parasitic impedances decrease with technology
scaling. Thus, the importance of inductance in high-performance
very large scale integration (VLSI) design methodologies will
increase as technologies scale.

Index Terms—CMOS, high-performance, high-speed intercon-
nect, propagation delay, VLSI.

I. INTRODUCTION

I T HAS become well accepted that interconnect delay dom-
inates gate delay in current deep submicrometer very large

scale integration (VLSI) circuits [1]–[8]. With the continuous
scaling of technology and increased die area, this behavior is
expected to continue. In order to properly design complex cir-
cuits, more accurate interconnect models and signal propaga-
tion characterization are required. Historically, interconnect has
been modeled as a single lumped capacitance in the analysis
of the performance of on-chip interconnects. With the scaling
of technology and increased chip sizes, the cross-sectional area
of wires has been scaled down while interconnect length has
increased. The resistance of the interconnect has therefore in-
creased in significance, requiring the use of more accurate
delay models [5].
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Currently, inductance is becoming more important with faster
on-chip rise times and longer wire lengths. Wide wires are fre-
quently encountered in clock distribution networks and in upper
metal layers. These wires are low-resistance wires that can ex-
hibit significant inductive effects. Furthermore, increasing per-
formance requirements are pushing the introduction of new ma-
terials for low-resistance interconnect [9]. With these trends, it is
becoming more important to include inductance when modeling
on-chip interconnect. Criteria to determine which nets should
consider on-chip inductance have been described in [10]–[13].

The focus of this paper is to provide an accurate estimation
of the propagation delay of a CMOS gate driving adistributed

line as well as to develop design expressions for optimum
repeater insertion to minimize the delay of a signal propagating
along a distributed line. Repeaters are often used to min-
imize the delay required to propagate a signal through those
interconnect lines that are best modeled as animpedance
[14]–[19]. Thus, the objective of this paper is to highlight the
significance of increasing inductance effects in current VLSI
circuits with respect to on-chip interconnect and repeater inser-
tion in lines.

The paper is organized as follows. In Section II, a simple yet
accurate propagation delay formula describing a gate driving a
distributed load is presented. In Section III, the propa-
gation delay formula is used to develop design expressions for
optimum repeater insertion to minimize the propagation delay
of a distributed line. Some conclusions are offered in Sec-
tion IV. Practical industrial numbers are used to characterize the
importance of inductance in current VLSI circuits in Appendix
A. A mathematical proof of the expressions for optimum re-
peater insertion in an line is provided in Appendix B.

II. PROPAGATION DELAY OF A CMOS GATE

DRIVING AN LOAD

A simple yet accurate formula characterizing the propagation
delay of a CMOS gate driving an transmission line is pre-
sented in Section II-A. The closed-form solution for the prop-
agation delay is shown to be within 5% error of AS/X1 [20]
simulations for a wide range of lines. In Section II-B, the
closed-form solution for the propagation delay is shown to ac-
curately describe the special case of an line as The
solution for the propagation delay including inductance is com-
pared to the case where inductance is neglected and the line is
treated as an line, permitting the error due to neglecting in-
ductance to be quantified. In Section II-C, the dependence of the

1AS/X is a dynamic circuit simulator developed and used by IBM. AS/X is
similar to SPICE, but has a specific emphasis on transmission line networks and
uses the ASTAP language for describing the circuit in the input files.
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propagation delay on the length of an interconnect line is inves-
tigated. It is shown that the traditional quadratic dependence of
the propagation delay on the length of the interconnect for an

line tends to a linear relation as inductance effects increase.

A. Propagation Delay Formula

A gate driving an transmission line representation of
an interconnect line is shown in Fig. 1. and are
the total resistance, inductance, and capacitance of the line, re-
spectively. The line parameters and are given by

and respectively, where
and are the resistance, inductance, and capacitance per unit
length of the interconnect andis the length of the line. The
conductance of the line is neglected since at current oper-
ating frequencies the capacitive impedance dominates the par-
allel semiconductor conductance. is the equivalent output
resistance of the gate driving the interconnect. is the input
capacitance of the following gate at the end of the interconnect
section. A minimum size buffer has an output resistanceand
an input capacitance The input voltage is a fast rising
signal that can be approximated by a step signal. is the far
output voltage at the end of the interconnect section.

From the basic principles of a transmission lines [21], the
transfer function of a lossy transmission line with a source
impedance and a load impedance is
given by

(1)

where and are the propagation constant and the character-
istic impedance of the line and are given by

(2)

(3)

For a CMOS gate driving another CMOS gate at the end of the
line, and A time scaling is applied by
substituting for each where

(4)

From the characteristics of the Laplace transform, the complex
frequency is substituted by With this time scaling, the
variables and are transformed to and respec-
tively, which can be evaluated by substituting for each
and are

(5)

(6)

Fig. 1. A gate driving anRLC transmission line.

(7)

where

(8)

(9)

Using the above expressions, the impedance ratios describing
the transfer function in (1) become

(10)

(11)

where

(12)

Referring to the transfer function in (1), (5), (10), and (11), the
scaled transfer function in terms ofis a function of only three
variables: and The canonical number of vari-
ables to characterize the scaled transfer function in terms of
is three. There are numerous ways to select the three variables
that characterize the scaled transfer function. Three variables are
chosen to simplify the process for determining the 50% delay
point, which is the target of this analysis. Thus, the three vari-
ables, and , are chosen to describe the transformed
transfer function, where

(13)

The variables, and , characterize the relative significance
of the gate parasitic impedances with respect to the parasitic
interconnect impedances. Increasing and demonstrates
that the gate parasitic impedances further affect the propagation
delay. To clarify the process for selecting the third variable
the transfer function is expressed as a series in the powers of

The exponential functions in the transfer function in (1) are
replaced by a series expansion, resulting in (14), given at the
bottom of the next page. The first few terms of the series ex-
pansion in powers of are given in (15), also at the bottom of
the next page. The third variableis the coefficient of in the
denominator of the transfer function.is chosen as the third
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variable since the 50% delay is primarily dependent on the co-
efficients of in the denominator and the numerator [22]. This
characteristic is used to reduce the number of variables that af-
fect the propagation delay from three to one Note that the
three variables, and , are not independent sinceis
a function of and Note also that (14) and (15) show
the first terms of the series expansion of the transfer function in
powers of and do not represent any truncation in the transfer
function. The coefficients of powers of are functions of only
the three variables, and , for any power as described
by (1), (5), (10), and (11).

For a unit step input function, the output voltage wave-
form is also a
function of the three variables, and The scaled
50% propagation delay can be calculated by solving

which means that is only a
function of and Thus, the propagation delay of an

line with a source resistance and a load capacitance
has the form

(16)

The scaled propagation delay is dimensionless since has
the units of 1/time. Note that this solution is a characteristic of
an line and that no approximations have been made in
deriving this result.

As described in (16), the same value of the scaled 50% delay
results in many different transmission line configurations

driven by a step input supply with a source resistance and a
load capacitance. The value of remains constant as long
as and scale such that and

are constant. Thus, simulations are used to characterize
as a function of and based on the parameters,

and The resulting expression for
is guaranteed to correctly characterize any combination of the
parameters and AS/X [20] simulations
of the time-scaled 50% propagation delay of a gate driving
an transmission line as a function of and are
shown in Fig. 2. The simulations depicted in Fig. 2 for the curve
with and are performed with

pF, and and is varied to vary
AS/X is used to determine the 50% delay for each value
of The result is multiplied by in (4) to determine

Fig. 2. Comparison of the accuracy of (18) to AS/X [20] simulations of the
time-scaled 50% propagation delayt of anRLC transmission line with a
source resistanceR and a load capacitanceC : The propagation delay is
plotted versus� for different values ofR andC :

For the curve with and the same procedure
is used, but with and pF. For the curve
with and and pF.
The specific values of the parameters and

used in the simulations shown in Fig. 2 are not important
as long as the required ranges of and are satisfied.
For the cases where the output response crosses the 50% point
several times due to severe ringing, the propagation delay is
calculated based on the final crossing which represents the
worst case delay. Note in Fig. 2 that the propagation delay
is primarily a function of The dependence on and
is fairly weak. This characteristic does not imply that the
transistor driving the interconnect and the load capacitance has
a weak effect on the propagation delay sinceincludes the
effects of and as given by (13). Only the extra effect
of and that is not included in is neglected. Note
also that this effect is particularly weak in the range where

and are between zero and one. This range is most
important for global interconnect and long wires in current
deep submicrometer technologies. Thus, the propagation delay
is primarily a function of which collects the five parameters
that affect the propagation delay, and
into a single parameter. The time-scaled propagation delay
is considered as a function of onlyin the range where

(14)

(15)
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TABLE I
COMPARISON OFt IN (18) TO AS/X SIMULATIONS CHARACTERIZING THE PROPAGATIONDELAY OF A GATE DRIVING AN RLC TRANSMISSIONLINE. C = 1 pF

AND R = 25 
: THE SHADED ROWS REPRESENT THESIMULATED CASESSHOWN IN FIG. 3

and are between zero and one and the propagation delay is
given by

(17)

Approximating the time-scaled propagation delayas a func-
tion of only one variable allows simple one-dimensional (1-D)
curve-fitting methods to be applied to determine an expression
describing the 50% delay. A curve-fitting method is used to min-
imize the error when and are between zero and one as
shown in Fig. 2, resulting in the following expression for the
50% propagation delay:

(18)

AS/X [20] simulations of the propagation delay of an
transmission line as compared to in (18) are shown in Table I.
Note that the solution exhibits high accuracy (the maximum
error is 4.6% and the average error is 1.65%) for a wide range
of interconnect and and gate impedances
and Values of are calculated and listed in Table I for
the simulated cases, which varies from 3.36 to 0.20. Thus, the
simulation data listed in Table I include those cases with high
inductive effects where the response is underdamped and over-
shoots occur (small) and those cases with low-inductive ef-
fects where the response is overdamped (large). Equation (18)
characterizes the propagation delay accurately for any set of pa-
rameters, and , for which and are
in the range between zero and one and any value ofActu-
ally, (18) suffers high errors only in the region where and

are high and is low. This case can only occur for unrea-
sonably high values of the inductance per unit length of the line
as compared to the resistance and capacitance per unit length
of the line. Such a case does not exist in a practical VLSI cir-
cuit. So the delay model is therefore accurate for any practical
line and gate. Alternatively, as the load capacitance and gate re-
sistance increase (increasing and increases. Note in
Fig. 2 that the error for high is low (below 5%).

The parameter can be used to characterize inductance ef-
fects more accurately and comprehensively than the figures of
merit developed in [10]–[13]. To better explain this point, note
that can be rewritten as

(19)

where is the characteristic impedance of a loss-
less transmission line, is the time constant
for charging the load capacitance through the gate and wire
resistances, and is the time of flight of the sig-
nals propagating across the transmission line. Thus, (19) charac-
terizes three different factors that determine inductance effects
in lines. The first factor is the total line resistance as
compared to the lossless characteristic impedance of the line

If the ratio of the total resistance of the line to the loss-
less characteristic impedance increases, inductance effects can
be neglected. The second factor is the ratio between the driver
resistance and the lossless characteristic impedance of the
line. If this ratio increases, inductance effects can be neglected.
The last factor is the ratio between the time required to charge

through the gate and wire resistances to the time of flight of
the signals propagating across the line. If this ratio increases, in-
ductance effects can be neglected. The three factors are collected
in the single metric which is sufficient to characterize induc-
tance effects exhibited by an line and includes the effects
of the driver output resistance and the load capacitance. The
same three factors are characterized in [12] by three separate
inequalities that have to be simultaneously satisfied for induc-
tance effects to be important.2 The difficulty with this approach
is that certain cases exist where each of these factors separately
tested for inductance effects would predict that the line would
suffer inductance effects while actually the line would suffer no
inductance effects due to thecombinedeffect of the three fac-
tors. The single metric introduced here accurately models the
combined effect of these three factors, which is represented by

2The load capacitor metric in [12] is different from the metric introduced here.
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Fig. 3. Circuit simulations comparing anRLC interconnect model to anRC interconnect model for the shaded cells in Table I. The metric� in (13) is shown
within each individual graph.

the addition in (19). Simulations comparing an to an
interconnect model for the shaded cells in Table I are depicted
in Fig. 3. Note that the error due to neglecting inductance is in-
significant for Note also that the effect of the rise time
of the input signal on the significance of inductance is not con-
sidered here, but is characterized in [13].

B. Comparison to an Model

The propagation delay in (18) can be rewritten as

(20)

To examine how accurately the closed-form solution of the
propagation delay of an transmission line in (20) char-
acterizes the special case of a distributed line, (20) is
evaluated when inductance becomes negligible. As given by
(4) and (13), and as and thus

(21)

which can be rearranged into

(22)

Note the similarity of this expression to the expressions for the
propagation delay of a distributed line in [5] and [16]. Thus,
the general expression for the propagation delay of a CMOS gate
driving an interconnect described by (18) also includes
the special case of an interconnect. Note also that the term

in (18) is Thus, (18) can be viewed as the
traditional delay plus a correction term representing the ef-
fects of inductance.

The error encountered when neglecting the inductance of an
interconnect line and treating the line as an line is quan-
tified by the expression

is given by (18) and is given by
The percent error with these expressions is

Error (23)

Note that the error is only a function of Equation (23) and
AS/X simulations are plotted in Fig. 4. The closed-form solu-
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Fig. 4. Equation (23) as compared to AS/X simulations describing the error
between anRLC transmission line model and anRC transmission line model.
R = 30 
; C = 1 pF,R = C = 0:5; andL is varied to vary�:

tion in (23) accurately anticipates the error in the propagation
delay due to neglecting inductance and can be treated as a useful
metric to determine when inductance should be included in an
interconnect model. Note also that the error is less than 1% for

permitting the model to be applicable with min-
imal error for However, for small the
error rapidly increases (the error is 30% for ). Induc-
tance should be included within the interconnect model to main-
tain sufficient accuracy for small Low-resistance wide wires
(and thus low ) are frequently encountered in clock distribu-
tion networks and certain critical global interconnect (such as
data busses). More accurate models are required for these
global interconnect lines particularly since accuracy is of great
importance for these nets. Typical values of line parameters for
0.25- m CMOS technology are given in Appendix A for dif-
ferent line widths and lengths. Note that lines of widths 2.4 and
7.5 m have a value of significantly less than 1.5 for almost
all wire lengths. These dimensions are common widths of global
wires which can therefore exhibit significant inductance effects.
This characteristic demonstrates that large errors can be encoun-
tered in current VLSI circuits if inductance is neglected. AS/X
simulations of CMOS gates driving copper interconnect lines
from a 0.25- m CMOS technology are shown in Fig. 5. The
simulations in Fig. 5 compare the two cases of modeling an in-
terconnect line as an transmission line and as an trans-
mission line for several driver widths and line dimensions. The
error in the propagation delay due to neglecting inductance can
be as high as 58% for wide drivers and wide wires. What makes
these errors even more serious is that neglecting inductance and
using an model rather than an model always results in
underestimating the propagation delay. Thus, VLSI circuits de-
signed using an interconnect model may not satisfy the as-
signed performance targets despite a worst case analysis being
applied in the circuit design process while maintaining safety
factors.

C. Dependence of Delay on Interconnect Length

An interesting special case occurs when the gate parasitic im-
pedances and are neglected. This case is particularly

important since it describes the propagation delay characteris-
tics of a distributed line without the distortion of the gate
impedances. In this case, the propagation delay in (18) can be
expressed as

(24)

where

(25)

is the asymptotic value at high frequencies of the attenua-
tion per unit length of the signals as the signals propagate across
a lossy transmission line. This expression is given in [13] and
has the dimensions of nepers/cm [21].

For the limiting case where (24) reduces to
This expression is the same formula for the prop-

agation delay of a distributed line as described in [1],
[5], and [16]. Also note the well-known square dependence
on the length of the wire. For the other limiting case where

the propagation delay is given by Note the
linear dependence on the length of the line. The solution for
the limiting case where is explained by noting that a
distributed line with zero resistance is simply a lossless
transmission line. For a lossless transmission line, the speed at
which a signal propagates is

(26)

The time of flight of the signals across a lossless transmission
line is [21]. Thus, for a lossless transmission
line, the propagation delay (in the case of is
which is the physically-based minimum limit for the propaga-
tion delay of an line. This agreement between the general
delay model in (18) and an transmission line demonstrates
that the limiting case of an line can also be accurately de-
scribed by (18).

The traditional quadratic dependence of the propagation
delay on the length of an line approaches a linear de-
pendence as inductance becomes more significant. According
to (24), the parameter that describes this dependence on the
interconnect length is As described in [8], [10], and
[23], signals propagate across a transmission line in two pri-
mary modes. The first mode is the propagation mode in
which the signals travel at a constant velocity across the
line and the delay is linear with the length of the intercon-
nect. The second mode is the diffusion mode in which the
signals diffuse through the line and the propagation delay
is quadratic with the length of the interconnect. When there
is no attenuation the signals propagate purely
in the propagation mode as in the case of a lossless trans-
mission line, and, therefore, When the attenuation
is large the signals propagate primarily in the
diffusion mode as in the case of an transmission line and
therefore, Thus, describes the dependence
of the propagation delay on the interconnect length. This
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Fig. 5. AS/X simulations of a CMOS gate driving a copper interconnect line based on 0.25-�m CMOS technology. The lines are modeled asRC lines and as
RLC lines, and the two models are compared to characterize the effects of neglecting inductance. The wire lengthl; widthw; and the size of the driving CMOS
inverter as compared to a minimum size inverterh are shown in Fig. 5(a)–(h). The percent error at the 50% delay point between the two models is also shown.

behavior is illustrated in Fig. 6. Note that for
the dependence on is quadratic for all practical purposes.
For the square dependence is far from accu-

rate which can have a profound effect on determining an
optimum strategy for driving an interconnect line such as
repeater insertion [14]–[17] and transistor sizing [18], [19].
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Fig. 6. Dependence of the propagation delay on the length of the interconnect
l ignoring the effects of the gate impedances. The curves represent� =

0; 0:5; 1:0; and1:5 starting from the top curve.

III. REPEATERINSERTION FOR AN INTERCONNECT

Traditionally, repeaters are inserted into lines to partition
an interconnect line into shorter sections [14]–[19], thereby re-
ducing the total propagation delay. Applying the same idea to
the general case of an line, repeaters are used to divide the
interconnect line into sections as shown in Fig. 7. The buffers
are each uniformly the same size andtimes larger than a min-
imum size buffer. The buffer output impedance is and
the input capacitance of the buffer is The total propa-
gation delay of the repeater system is the sum of the individual
propagation delays of thesections and is a function ofand

for a given interconnect line. The values ofand at which
the total delay is a minimum is determined by simulta-
neously solving the following two differential equations:

(27)

(28)

For the special case of an line the solution for
these equations is

(29)

(30)

These equations are the same as described by Bakoglu in [16].
Solving (27) and (28) for the general case of an line is

analytically intractable. However, as described in Appendix B,
and for an line have the form

(31)

(32)

where and are error factors that account for
the effect of the inductance and is

(33)

The closed-form solution for the propagation delay in (18) is
used to characterize the delay of the repeater system shown in
Fig. 7 as described in Appendix B [see (42)–(46)]. The resulting
expression is partially differentiated with respect toand and
the two derivatives are equated to zero. The resulting two equa-
tions are solved numerically for the optimum values ofand

and The values of and are
found using (31) and (32) as

(34)

(35)

and as functions of are plotted in Fig. 8. The intercon-
nect and device technology parameters used to generate Fig. 8
are pF, and fF,
and is varied to vary Once and are characterized
as functions of based on any interconnect and technology
parameters, and can be used in (31) and (32) with any other
interconnect and technology parameters and

Curve fitting is employed to determine a function that ac-
curately characterizes and These functions are

(36)

and

(37)

These closed-form solutions are highly accurate with an error
in the total propagation delay of the repeater system of less than
0.05% as compared to numerical analysis. These formulas can
therefore be considered exact for all practical purposes.

Upon examination of (36) and (37), and are equal
to and in (29) and (30) for the special case
of an impedance where (or A plot
of based on both an model and an model versus

is shown in Fig. 9. Note that the error between the two
cases increases as increases. This behavior is understand-
able since inductance effects are more significant as in-
creases (which increases the error of neglecting Also note
that as increases (or the inductance effects increase), the
number of sections decreases. This behavior is intuitively
understandable by referring to the results of Fig. 6 and noting
that can be expressed as

(38)

Note that as decreases, increases. As shown in
Fig. 6, the dependence of the propagation delay of an line
on the length of the interconnect is linear when (i.e.,
very high inductive effects) and quadratic when
(i.e., no inductive effects). In general, the dependence of the
propagation delay of an line on the length of the inter-
connect is bounded between a linear and quadratic relationship
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Fig. 7. Repeaters inserted in anRLC line to minimize the propagation delay.

Fig. 8. Numerical solutions of (27) and (28) and (36) and (37) for (a)h and (b)k ; respectively. Numerical solutions are shown by the solid line while (36)
and (37) are shown by the dashed line.

Fig. 9. The number of sectionsk that minimizes the propagation delay of
anRLC line as a function ofT : The cases where the inductance is neglected
and where the inductance is included are considered. Note that the error between
the two cases increases asT increases.

depending on the value of . The improvement achieved
by partitioning the line into shorter sections in the case is
primarily due to this quadratic dependence of the propagation
delay on In the other extreme case where the
propagation delay is linear withand therefore no speed im-
provement is achieved by dividing the line into shorter sections.
Actually, adding repeaters in this case would only increase the
total propagation delay because of the additional gate delay of
the repeaters. Thus, as inductance effects increase, the optimum
number of repeaters inserted to minimize the total interconnect
delay decreases.

The percent increase in caused by neglecting induc-
tance and treating an line as an line as compared to

Fig. 10. The increase int if inductance is neglected as a function
of T : Numerical solutions are designated by the solid line while (40) is
designated by the dashed line.

including inductance based on (36) and (37) for and ,
respectively, is

Increase (39)

is calculated by substituting the solution for
and in (29) and (30) into

is calculated by substituting the solution for
and in (36) and (37), respectively, into

The resulting solution is a function of only and can be
accurately approximated by

Increase

(40)
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The percent increase in over the case is plotted
in Fig. 10. Note that is larger compared to

as increases. For
increases by 10%. For increases by 20%.
For increases by 30%.

The total area of the buffers in the repeater system is given by
and

for the and the case, respectively. is the
area of a minimum size buffer. The percent area increase
is characterized by and is

(41)

The percent area increase for is 154% and for
is 435%. Thus, neglecting inductance not only increases the

total delay of the repeater system, but significantly increases
the buffer area as well. This trend is expected since treating the
interconnect as an line and neglecting inductance requires
more repeaters. These extra repeaters add to the total delay and
buffer area without reducing the line delay because inductance
makes the dependence of the delay on the length of the inter-
connect subquadratic. Although the effect of inductance on the
power dissipated by the repeater system has not been quantita-
tively characterized in this paper, it is expected that considering
inductance in the interconnect model would result in a repeater
system that consumes less power due to the decreased buffer ca-
pacitance and width.

As described in Appendix A, is common for a
wide range of on-chip interconnect and approaches ten
for wider interconnects commonly seen in a typical 0.25-m
CMOS technology. Thus, the propagation delay of a repeater
system can increase in a standard 0.25-m CMOS technology
by up to 30% and the buffer area by up to 15 times if induc-
tance is neglected. Note also that increases as de-
creases. This relation means that as the gate delay decreases,
inductance becomes more important. Thus, the effects of induc-
tance in next generation design methodologies will become fun-
damentally important as technologies scale.

This trend can be explained intuitively by examining the spe-
cial case of a line with large inductance effects. As discussed
before, the minimum total propagation delay can be achieved
for such a line by not inserting any buffers independent of the
intrinsic speed of the technology. If inductance is ignored and an

model is used for such a line, the number of buffers that are
inserted will increase as the buffers become faster since there
is less of a penalty for inserting more buffers. Thus, the dis-
crepancy between the buffer solutions based on anand an

model (zero buffer area for dominant inductance effects)
increases as faster buffers are used. In general, the buffer area re-
quired to minimize the total propagation delay based on an
model increases more rapidly when the devices become faster
as compared to an model.

Finally, in estimating the effects of inductance on the re-
peater insertion process, an equivalent linear resistor is used
to model the nonlinear CMOS transistors. This linearization

TABLE II
INTERCONNECTPARAMETERS FORDIFFERENTLINE WIDTHS [12]

of the transistors results in an overestimation of inductance
effects. This behavior can be understood by noting that a
transistor in a CMOS gate operates partially in the linear re-
gion and partially in the saturation region during switching.
In the linear region, the transistor can be accurately approx-
imated by a resistor. However, in the saturation region, the
transistor is more accurately modeled as a current source with
a parallel high resistance. The Thevenin equivalent of this
circuit is a voltage source with a high resistance in series.
This high resistance in series with an interconnect line over-
rides the series resistance and inductance of the line. Thus,
the interconnect appears predominantly capacitive when the
transistor operates in the saturation region and the effect of
inductance (and resistance) is negligible. If the transistor op-
erates in the saturation region during the entire switching
time, there is very small error due to neglecting inductance
(and resistance). Since the transistor operates partially in the
linear region and partially in the saturation region, the met-
rics presented in this paper represent worst case inductance
effects.

IV. CONCLUSIONS

Closed-form solutions for the propagation delay of a
CMOS gate driving a distributed load are presented
that are within 5% of AS/X simulations. It is shown that
neglecting inductance can cause large errors (over 35%) in
the propagation delay for current on-chip interconnect. It is
also shown that the traditional quadratic dependence of the
propagation delay on the length of the interconnect for
lines tends to a linear dependence as inductance effects
increase. This behavior is expected to have a profound
effect on future high-speed CMOS technologies.

Closed-form solutions are presented for inserting repeaters
into lines that are highly accurate with respect to
numerical solutions. The process of inserting repeaters into

lines increases the propagation delay by up to 30%
if inductance is neglected as compared to applying a dis-
tributed impedance model of the interconnect. Thus,
incorporating inductance into the impedance model of the
interconnect is of crucial importance for estimating and min-
imizing the propagation delay of on-chip interconnect. This
importance is expected to increase as the gate parasitic im-
pedances decrease and as technologies increase in speed.
Future work includes using more accurate gate models, de-
termining delay formulas for trees and characterizing
the effects of inductance on the repeater insertion process
in tree structured on-chip interconnect.
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TABLE III
� AND T FOR DIFFERENTLINE WIDTHS AND LENGTHS IN A CURRENT 0.25-�m CMOS TECHNOLOGY

APPENDIX A
INDUSTRIAL VALUES FOR AND

For a current 0.25-m CMOS technology, experimentally
measured interconnect parameters and are provided
in [12] for different line widths and are listed here in Table II.
These line parameters are used in this paper to evaluateand

for different line geometries as shown in Table III. The
data listed in Table III also include the effects of the driver
output impedance and the load capacitance onand
represents the size of the driver and the load gates (assumed
to be of equal size) and is with respect to a minimum size
buffer. Thus, and Note that is
independent of the length of the wire. Note also that the values
of are significantly less than one for common width wires
which implies that significant errors in the propagation delay
will be incurred. The values indicated for demonstrate
that large errors can be encountered in the repeater insertion
process if an model rather than an model is used.

APPENDIX B
OPTIMUM REPEATERINSERTION IN LINES

As shown in Section II, the propagation delay of a CMOS
gate driving a single section of interconnect with parameters of

and has the form given by (16). If repeaters are in-
serted to divide the line into sections and each repeater is
times greater than a minimum size inverter, the total propaga-
tion delay of the system is the summation of the propagation
delays of each of the sections. Since the delay of each section
is equal, the total delay can be expressed as
where is the propagation delay of a single section. Each
section has interconnect parameters equal to and

Since each repeater istimes larger than a minimum size
buffer, each repeater has an output resistance and a

load capacitance Thus, the total propagation delay
of the repeater system is

(42)

where and are

(43)

(44)

and are

(45)

(46)

The solution for the general case of an interconnect is in
the form of

(47)

(48)

where and are error factors due to the existence of induc-
tance and approach one as the inductance approaches zero. Sub-
stituting these values for and into (43)–(46), the variables

and are

(49)

(50)

(51)
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and

(52)

where is given by

(53)

Substituting (49)–(52) in (42), the total propagation delay has
the form

(54)

Determining the values of and that minimize the total
propagation delay requires the simultaneous solution of the fol-
lowing two differential equations:

(55)

(56)

Thus, the optimum number of sections and the optimum
repeater size to minimize the propagation delay of an
interconnect are only functions of and are

(57)

(58)

Note that this solution is characteristic of an line and that
no approximations have been made in deriving this result.
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