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Compact Distributed RLC Interconnect Models—Part
IV: Unified Models for Time Delay, Crosstalk, and

Repeater Insertion
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Abstract—Using a new physical model for the transient response
of a distributed resistance-inductance-capacitance (RLC) inter-
connect with a capacitive load, novel compact expressions have
been derived for the 1) time delay, 2) peak crosstalk for coupled
lines, 3) optimum number and size of repeaters, and 4) time delay
for repeater-inserted distributed resistance–capacitance (RC) and
RLC lines. These new models are used to define a design space
that illustrates the tradeoff between the number of repeaters and
wire cross-section for specified delay and crosstalk constraints.

Index Terms—Crosstalk, delay effects, inductance, interconnec-
tions, repeaters, RLC circuits, time domain analysis, transmission
line theory.

I. INTRODUCTION

EARLIER work on distributed resistance-inductance-ca-
pacitance (RLC) interconnect models [1], [2] is extended

in a companion paper [3] that describes a new physical model for
the transient output voltage of a distributed RLC interconnect
with a step input and a capacitive load. The inclusion of a load
capacitance and wire inductance allows application of this model
to evaluate effects of repeaters in high-speed global wires. The
crosstalk models described in this work focus on modeling
state-of-the-art global interconnect structures, where one or
two signal interconnects are flanked by shielding power/ground
lines and sandwiched between ground planes [3, Fig. 2.].

The comprehensive model for the transient response of a dis-
tributed RLC interconnect is derived in [3]. This model has been
compared to H-simulation program with integrated circuit em-
phasis (HSPICE) simulations and is shown to have negligible
error for a wide range of line parameters. It has also been ex-
tended to describe transient waveforms induced in two-coupled
lines. The complete transient model can be expressed using just
four normalized ratios (basis variables), which are defined as
follows:

line resistance
characteristic impedance

load capacitance
line capacitance
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driver output resistance
characteristic impedance

(1)

where the time-of-flight (ToF) is the time taken
by a signal travelling at the speed of light in that medium to
cover a distance equal to the length of the line. Interconnects
with quite different line parameters such as length, size of driver,
load and resistance, capacitance, and inductance per unit length
may yet have similar basis variables. Hence, their transient char-
acteristics will also be similar when represented using the nor-
malized ratios. These dimensionless ratios will be used in this
paper to describe interconnect properties such as time delay and
crosstalk.

II. UNIFIED TIME DELAY MODEL

The voltage at the end of a finite line with a capacitive termi-
nation for time is given by [3, (75)], and is rewritten as
shown in (2) at the bottom of the next page, where

(3)

Using the simplifications described in the Appendix, (2) can be
approximated as

(4)

Setting in (4), . This observation vali-
dates the theory that the presence of a load capacitance prohibits
the voltage at the end of the line from changing instantaneously.
The 50% time delay is calculated by solving

(5)

i.e.,

(6)
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The expression in (6) is an implicit equation for calculating
the 50% time delay. Some special cases and further simplifica-
tions of this implicit expression are considered in the following
sections.

A. Open Circuit Termination

The open circuit termination time delay can be calcu-
lated by setting in (6)

(7)

The equality sign in (6) has changed to an inequality in (7) be-
cause the absence of a load capacitance does not prevent the
voltage from rising instantaneously. Therefore, at ,

.
For , (7) can be simplified to

(8)

Since the left side of (8) is always non-negative, the following
additional constraint is automatically imposed

(9)

Equations (8) and (9) are the same conditions derived in [1]
for ToF operation of a distributed RLC interconnect with an
open-circuit termination.

B. Lossless Line With a Load Capacitance

The time delay of a lossless line can be calculated by
setting in (6)

(10)

Fig. 1. Normalized time delay (t =t ) versus normalized load capacitance
(C =cL) for different values of normalized driver impedance (R =Z ) for a
lossless line (rL=Z = 0).

that can be simplified to

(11)

Using a linear best-fit curve, (11) can be approximated as

(12)

that can also be written using the “ratio notation” of (1) as

(13)

Equations (12) and (13) give the time delay of a lossless line
(“ ” line) with a load capacitance, and they are compared to
HSPICE simulations in Fig. 1.

C. Lossy RLC Line With Load Capacitance

The normalized time delay, computed using the complete
transient expressions in [3], is plotted against the normalized

(2)
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Fig. 2. Normalized time delay versus normalized line resistance for
R =Z = 0:5 and different values ofC =cL, calculated using the complete
transient model of [3].

line resistance in Fig. 2, showing an almost linear relationship
between the two quantities. Therefore, the time delay expres-
sion in (13) can be rewritten for a lossy RLC line as

(14)

or

(15)

where is the magnitude of the slope of the curves in
Fig. 2.

To estimate the value of, consider the resistance–capaci-
tance (RC) delay model of [4] given by

(16)

For a highly resistive line, the distributed RLC line model should
give the same time delay as the RC line model, i.e., the models
in (15) and (16) should converge to the same result. Assuming

and (17)

(15) will reduce to

(18)

and (16) will reduce to

(19)

Comparing (18) and (19), it can be estimated that .
Substituting this value in (15) and simplifying gives the approx-
imate model for time delay of a distributed RLC line with load
capacitance as

(20)

D. Unified Time Delay Model

In order to get a unified time-delay model for RC and RLC
lines, (16) can be modified as

(21)

Fig. 3. Normalized time delay versus normalized line resistance for different
values ofR =Z andC =cL for a step input.

(It was implicitly assumed in [4] that ; the modifica-
tion in (21) has relaxed this assumption.) The actual time delay
for a line is equal to the RC delay if resistance dominates, or
is equal to the RLC delay if inductance dominates. Since every
interconnect has a distributed inductance associated with it, the
terms RC and RLC are only suggestive of whether the line is
dominantly resistive or inductive. Hence, the more general case
is the time delay model that will reduce to the RC delay if resis-
tance dominates or to the RLC delay if inductance dominates.
The time delay of an interconnect is the greater of the RC and
RLC model delay i.e.,

(22)

Therefore, by comparing (20) and (21),the unified expression
for time delay can be written as

(23)

It can be interpreted from (23) that the time delay consists
of two parts: a) time for the signal to reach the load end of the
line, and b) time to charge up the load capacitance to . The
time for signal propagation through the interconnect is dictated
by ToF for RLC lines and by time to charge up the distributed
line capacitance in RC lines. Therefore, in the “ ” function,
if ToF dominates, then the line behavior is inductive. Otherwise,
it is a resistive line. The time taken to charge up the load capac-
itance, given by the second half of (23), is the same for both RC
and RLC lines.

Using the ratio notation of (1), (23) can be rewritten as

(24)

The normalized unified time-delay model (24) is plotted against
the normalized line resistance for two different sets of values
for and in Fig. 3. It is easily deduced that the
new unified time delay model has the best matching to HSPICE
simulations compared to time delay models in [4] and [5]. For

, and
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Fig. 4. Normalized time delay versus normalized line resistance for different
values ofR =Z , C =cL, andT =t for a ramp input.

, the error between the unified models of (23) and (24) and
HSPICE simulations is about 2%.

When the interconnect circuit is excited by a ramp input
waveform with a finite rise time , the unified model for the
50% time delay for RC and RLC lines is given by

(25)

When (for a step input), (25) reduces to (23), as ex-
pected. The derivation of (25) is described in [6]. Using the ratio
notation, (25) can be written as

(26)

The unified time-delay model for a ramp input (26) is plotted
against normalized line resistance for different sets of
line parameters in Fig. 4. The model in (25) has a 2% error when
compared with HSPICE simulations for ,

, and .

III. REPEATERINSERTIONMODELS

Based on an analysis similar to [7], expressions for repeater
insertion in distributed RLC lines are derived in this section.

A. Unified Time Delay Model for Repeater Insertion

Assume that repeaters are inserted in a line of length,
and that the width of each repeater istimes minimum feature
size. Also, let the output resistance and input capacitance of a

Fig. 5. Normalized delay versus number of repeaters for a 3-cm-long line. The
new model has an error of about 2% when compared to HSPICE simulations,
which is much better than models in [5] and [7].

minimum-sized repeater be and , respectively. Using (20),
the time delay (RLC model) of the line is given by

(27)

Simplifying

(28)
Similarly, the RC time delay model for a repeater-inserted line
can be written using (21) as

(29)

Comparing (28) and (29),the unified time delay expression for
a line with repeaters can be written as

(30)

or

(31)

The “ ” function in (31) can be used to distinguish between
the RC and the RLC regions. Therefore, if the ToF for an in-
terconnect segment is greater than the RC charging time for its
distributed line capacitance, i.e.,

(32)

or

(33)

the line behavior is inductive; otherwise, it is resistive, as is
borne out by the “ ” function in (31).

The unified time-delay model in (31) is compared to the delay
models in [5] and [7] in Fig. 5, in which the normalized time
delay is plotted against number of repeaters for a 3-cm-long in-
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terconnect. The delay calculated by HSPICE simulations is also
shown in Fig. 5. The “knee” in the curves of Fig. 5 is the tran-
sition from the RC to the RLC region, which is determined by
the inequality in (33). In the region where RLC models are to
be used, Bakoglu’s models [7] severely underestimate the actual
delay, due to violation of ToF constraint. Ismail and Friedman’s
model [5] for time delay has a good fit to HSPICE simulations
only at the extremities, since it is a curve-fitted model. The best
fit to the HSPICE simulations is given by the new unified model
for repeater insertion in RC and RLC lines, which has a max-
imum error of about 2%. It is evident from Fig. 5 that the delay
is minimized at the boundary between the RC and RLC regions.
This is the “optimal” repeater insertion design, and it is investi-
gated in the next section.

B. Optimal Repeater Insertion

It can be interpreted from (31) that for a constant size of re-
peaters, it is not desirable to insert a greater number of repeaters
than necessary for ToF operation of the interconnect segments
between each pair of repeaters. This is because adding more re-
peaters increases total time delay by increasing repeater delay
without decreasing interconnect delay. Similarly, it is not desir-
able to increase the size of repeaters for a constant repeater count
once ToF operation is achieved for the interconnect segments.
Therefore, optimal repeater insertion would entail inserting just
the sufficient number (and size) of repeaters to operate at the
boundary of RC and RLC regions.This implies that the condi-
tion for RC and RLC regions of operation (33) should be satis-
fied in the equality, i.e.,

(34)

Solving (34) for , one gets

(35)

Substituting (35) in (31) and setting the derivative of time
delay with respect to equal to 0 gives the optimum number
of repeaters . Substituting this value in (35) gives the
optimum size of repeaters

and (36)

Substituting (36) into (31) gives the optimum time delay as

(37)

Using the ratio notation of (1), the optimum time delay in (37)
can be written as

(38)

The optimum number and size of repeaters derived using RC
models in [7] are given by

and (39)

and the corresponding optimum time delay is

(40)

Fig. 6. Optimum number of repeaters versus normalized line resistance
rL=Z . The smaller number of repeaters predicted by the new model reduces
via blockage and repeater power dissipation.

Fig. 7. Optimum size of repeaters versus normalized line resistancerL=Z .
The smaller size of repeaters predicted by the new model leads to considerable
saving in on-chip repeater area.

If the repeaters are designed using the optimum RC models in
(39), there is a possibility of violating the ToF constraint—in
which case the optimum time delay in (40) will underestimate
the actual delay of the line. The boundary condition for the va-
lidity of the repeater models is obtained by substituting (39) in
(33), giving the following condition for optimum repeater inser-
tion

Condition I: “If use optimum RLC
repeater insertion equations in (36) and (37); otherwise, use
optimum RC repeater insertion equations in (39) and (40).”

Condition I implies that the number and size of repeaters that
will minimize total delay of the interconnect and its repeaters
is either the optimum RC design, or the optimum RLC design,
depending on the line characteristics such as length and resis-
tance per unit length. For example, the optimal RLC design may
result in a greater delay compared to the optimum RC design
for a long and highly resistive line, because of the delay of the
large number of repeaters required to achieve ToF operation for
the interconnect segments. The optimum number of repeaters
and size of repeaters is plotted against normalized line resis-
tance in Figs. 6 and 7, respectively. The new model ad-
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vocates a smaller optimum number and size of repeaters, which
leads to considerable reduction in on-chip repeater area, repeater
power dissipation and via blockage. On the other hand, using
the Bakoglu (RC) optimum size and number for the repeaters
might result in a greater time delay, compared to using the RLC
optimum size and number of repeaters.

IV. CROSSTALK IN TWO COUPLED LINES

A novel combination of the distributed RLC line analysis for
the transient voltage induced in the quiescent line, and a lumped
element circuit representation for the charge up of the load ca-
pacitance is used to derive a compact crosstalk model.

For a simple RC charging circuit [Fig. 8(a)], the output
voltage ( ) and 50% rise time ( ) are given by

(41)

and

(42)

Comparing (20) and (42), the transients induced in the quiescent
distributed RLC line can be approximated as an RC charging
of the load capacitance. The equivalent lumped element circuit
model of the quiescent RLC line can be represented by Fig. 8(b),
where the effective impedance in the current path is

(43)

and the magnitude of the voltage source ( ) is equal to the
voltage induced at a point on the quiescent distributed RLC line
that is just before the load capacitance. This voltage can be mod-
eled as , the voltage induced at in
an infinitely long quiescent line at [2]. It is the differ-
ence between the common and differential mode solutions to the
decoupled partial differential equation system. Therefore,
can be written as

(44)

Therefore, the voltage across the load capacitor of the quiescent
line can be written as

(45)

Assume that the peak crosstalk occurs at , when
the derivative of (45) with respect tois equal to slope . It
was observed experimentally that the error is minimal for

. Solving

(46)

for gives

(47)

Fig. 8. (a) Typical RC charging circuit (b) equivalent circuit representation
used for approximate crosstalk model.

Substituting (47) in (45) gives the peak crosstalk

(48)

For distributed RC lines with a load capacitance, Sakurai [4]
provides the following expression for peak crosstalk

(49)

where

(50)

and

and (51)

where is the coupling or mutual capacitance per unit length.
(Note that the negative sign in (49) is missing in the model in
[4].) However, this expression is not very accurate for RC lines
with large load capacitance. In order to get a more accurate ex-
pression, we will use the same method used to get the com-
pact crosstalk expression for RLC lines, but base it on Sakurai’s
models for RC lines. From this analysis, the new RC expression
for crosstalk can be written as

(52)

The RLC (48) and RC (52) crosstalk models are unified by the
following condition:

Condition II: “If , , else
where is the solution of

”. The normalized peak crosstalk is plotted against the normal-
ized line resistance for different values of and
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Fig. 9. Normalized peak crosstalk versus normalized line resistance for
different values ofR =Z andC =Z .

in Fig. 9, which compares Condition II with HSPICE simula-
tions of a distributed RLC line, as well as with a lumped ele-
ment model similar to [8]. The error between Condition II and
HSPICE is less than 10% for practical values of
, , and .

V. DELAY-CROSSTALK DESIGN SPACE

Inserting repeaters in global interconnects can cause 1) an
increase in for each interconnect segment by adding
load capacitance and decreasing the line capacitance (because
the segment length is shorter than total wire length) and 2)
reduce propagation delay. By reducing wire cross-sectional
area (increasing wire resistance), the inductive effects can
be mitigated resulting in a decrease in inductive crosstalk.
However, the higher line resistance causes propagation delay
to increase. An optimal combination of repeater insertion and
reduced wire cross-sectional area would decrease inductive
crosstalk and wiring area, while maintaining constant delay.
In fact, for a target delay and peak crosstalk, there is a range
of permissible wire resistances (cross-sectional areas) for each
number of repeaters (Fig. 10). The upper limit of each range,
determined by the delay constraint, maximizes wiring density
and minimizes crosstalk, while the lower limit, determined by
the crosstalk constraint, minimizes propagation delay. Thus,
the specified design constraints on maximum permissible time
delay and crosstalk delineate a feasible region in the “per unit
length line resistance—repeater count” design plane in Fig. 10.

The other design decision that can be aided by Fig. 10 is deter-
mining how many repeaters to use to balance crosstalk and time
delay, if the interconnect geometries are fixed. Fig. 11 shows
the tradeoff between crosstalk and time delay versus number
of repeaters for a fixed (or wire cross-sectional area). For a
3-cm-long line, inserting two repeaters would decrease time
delay but increase crosstalk (point A). This illustrates the fact
that unless interconnect repeater circuits are carefully designed,
inserting repeaters to reduce delay could increase crosstalk.
However, when ten repeaters are inserted (point B), then the
peak crosstalk decreases by 48% with only a 6% delay penalty,
compared to point A. Table I illustrates a carefully planned
repeater circuit design that inserts eight repeaters in a 3-cm-long
global interconnect, thereby reducing peak crosstalk by 51%,

Fig. 10. Design plane—line resistance versus number of repeaters—for delay
<=1:2t and peak crosstalk<= 15% ofV . For any particular number of
repeaters, there is a range of line resistances that satisfy the delay and crosstalk
constraints. The region of operation is enclosed by an envelope.

Fig. 11. Crosstalk and delay versus number of repeaters, for fixedr =

70 
/cm. Inserting eight repeaters (B) decreases crosstalk by 48% and
increases time delay by 6%, compared to inserting two repeaters (A).

TABLE I
USING REPEATERSDECREASESCROSSTALK (AND INCREASESWIRING

DENSITY) WITHOUT PENALIZING TIME DELAY

and wiring cross-sectional area by 83% without any additional
delay penalty, when compared to a line without repeaters.

VI. CONCLUSION

New compact expressions for time delay, repeater insertion
and crosstalk in distributed RLC lines with capacitive load have
been presented. For some practical ranges of the line parame-
ters, the error is approximately 2%, 2%, and 10% for time delay,
repeater insertion and crosstalk, respectively, when compared
to HSPICE simulations. In addition, it is shown that intelligent
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repeater insertion, with the aid of these new physical models,
can reduce crosstalk by 51% and wiring cross-sectional area
by 83% without increasing delay compared to a reverse-scaled,
single-driver circuit.

APPENDIX

EXPRESSION FOR50% TIME DELAY MODEL

Let , i.e., is the 50% time delay.
Since isclose to .Forsmallarguments ,
the modified Bessel function can be approximated as [9]

(53)

Using (53) and exponential series expansion, the first term in
the parenthesis in (2) can be approximated as

(54)

Similarly, the remaining terms in parenthesis in (2) can be ap-
proximated as

(55)

(56)

and

(57)

Typically, . Therefore, from (3), , ,
and . Since , ,

and , the approximations in (55)–(57) can be neglected
in comparison to (54). Also, . Setting and

, (54) can be used to approximate (2) as

(58)
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