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Abstract—In today’s high-speed/high-density very large scale
integrated (VLSI) circuit designs with coupled interconnect lines,
signal transients are strongly correlated with the input switching
patterns. Signal-delay variations due to the input-switching
patterns may be more than 50% of the delay of an iso-
lated single line. Thus, blind static timing-analysis techniques
without consideration of the detailed switching effects may not
be accurate enough to meet tight timing margins for today’s
deep submicron (DSM)-based VLSI circuits. In this paper, the
signal-transient responses of multicoupled interconnect lines due
to various input-switching patterns are analyzed in terms of the
effective capacitances and effective inductances. Thereby, the
critical delay line of multicoupled interconnect lines is decoupled
into an effective single-isolated line. With the proposed novel
decoupling technique for multicoupled interconnect lines, the
accurate dynamic delay of strongly coupled interconnect lines
can be readily determined with physical layout information. For
example, in switching patterns, the paper shows that the signal
delays calculated by using the effective single-line models have
excellent agreement with SPICE simulations using the generic
coupled interconnect circuit models. That is, the accuracy for
both RC-dominant lines and RLC lines is within 10% error (but
often within 5% error). Thus, without any significant modification
of existing IC computer-aided design frameworks, the technique
can be directly as well as usefully employed for accurate timing
verification of DSM-based VLSI designs.

Index Terms—Delay, interconnect, signal integrity, signal tran-
sient, switching pattern, timing uncertainty, very large scale inte-
grated (VLSI) circuits.

I. INTRODUCTION

WITH THE continued improvement of semiconductor
process technology, the switching speed and the level

of very large scale integrated (VLSI) circuit integration has
dramatically increased [1]–[3]. In high-performance VLSI
circuits, signal integrity deteriorates during circuit switching or
signal propagation [4]–[6]. The signal integrity of many VLSI
circuits is degraded mainly by interconnect lines. In fact, inter-
connect lines can play a dominant role in determining circuit
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performance as opposed to logic gates [4]–[6]. Maintaining a
high-level of VLSI circuit-signal integrity becomes one of the
crucial circuit-design issues [7]–[48], particularly, in today’s
high-performance VLSI circuits based on ultra deep submicron
(DSM) process technology. Tighter physical spacing between
the lines, more noise-prone layouts, and dynamic timing un-
certainty make static timing verification more problematic
[39]–[45].

Regardless of the physical layout structure of IC logic cir-
cuits and interconnects (including termination conditions), the
electromagnetic field distributions of a multicoupled intercon-
nect line system vary substantially with the input switching
patterns. Thus, signal transient responses of multicoupled
interconnect lines have a strong correlation to the switching
patterns of the input signals. In practice, signal transient char-
acteristics of the coupled lines may be totally different from
physically related single isolated line responses due to the input
switching-patterns. For example, in triple-RC-coupled lines,
the signal propagation delay of the center line may be 50%
longer or 50% shorter than that of a single isolated line with the
same physical structure. Since the input switching patterns vary
somewhat randomly with circuit operation, they may be consid-
ered to be essentially probabilistic in nature. Thus, the effects
may result in a significant (deterministic) circuit timing jitter,
thereby leading to the significant timing skew. Unfortunately,
since signal coupling between IC lines becomes much more
significant with DSM processes, the input-switching-pattern
dependency of the signal-transient characteristics will cause
many more critical timing problems [40]–[45]. In addition to
conventional layout-based signal-integrity characterizations,
input-switching pattern-dependent signal-transient characteris-
tics have to be incorporated as a crucial part of signal-integrity
verification of dynamic circuit behavior in the circuit design
phase.

Many waveform-approximation techniques or model-order
reduction algorithms for the signal-integrity verification of
the general RC/RLC-coupled interconnect lines have been
developed [12]–[31]. These techniques require frequency-do-
main characterization or time-domain characterization of
interconnect lines for the time-domain signal transient extrac-
tion. Although such techniques are very accurate, they are
not efficient enough to verify the timing of a complex VLSI
circuit full of interconnect nets. Static timing verification
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is efficient enough to do so. Various closed-form intercon-
nect timing models and noise models for isolated lines are
reported for more efficient timing verification [32]–[36].
However, in today’s DSM-based ICs, coupling effects will
have a substantial effect on the circuit timing [37]–[45].
Models for isolated lines have a fundamental limitation since
they cannot take multiline input switching-patterns into ac-
count. For crosstalk-induced timing verification, Sakurai [36]
derived a step-response-based delay model for two coupled
RC-lines by solving Telegrapher equations. Further, Kahng
[38] derived a ramp-response-based timing model for RC-cou-
pled lines. Much more rigorous analytical signal-integrity
analysis for three RLC-coupled lines have been developed
[34], [35]. Gross et al. [39] presented an iterative algorithm
to find the gate delay by approximating the gate response
waveform and RC interconnect response without considering
input-switching-pattern-dependence. Many papers have fo-
cused on techniques to directly decouple multicoupled lines
into an equivalent isolated line by using a switching factor
(SF) (i.e., Miller factor) [36], [38], [40]–[43]. Kawaguchi
and Sakurai derived the step-response-based delay and noise
models for more than two-coupled RC lines in analytical
manner [40]. Pamunuwa [41] split the coupling capacitances
into an equivalent ground capacitance for three-coupled lines
by using an empirical fitting technique. In fact, their model
result is very close to Kawaguchi’s analytical model. That
is, the effective SF is in the range of 3.77 (Pamunuwa)–4.4
(Kawaguchi) for three-coupled lines. Thus, the equivalent SF
in terms of two-coupled lines can be considered to be half the
three-coupled line case (i.e., 1.885-2.2). Alternatively, Tehrani
et al. [42] proposed that although the coupling capacitances
are split into SF bounds of {0, 2} almost all the SFs are
less than two and thus the factor of two may result in the
pessimistic results. However, their results may underestimate
the worst-case delay (i.e., in cross-coupled switching case).
Further, if one takes the slew rate effect into account, the SF
definitely becomes higher than two. Unlike the aforemen-
tioned papers, there have been many reports that switching
slew rate may have a strong relationship with the next stage
gate delay. Blaauw et al. [44] proposed that there is a crit-
ical need to address the issue of propagation slope in static
timing analysis. Kahng et al. [38] assumed purely capacitive
lines, derived the equivalent capacitances corresponding to
the switching patterns and proposed that the SF of the worst
case is not two but three, which occurs in the cross-coupled
switching case with timing skew between the lines. Nonethe-
less, their delay model underestimates the worst-case delay
since a negative glitch effect for the cross-coupled switching
case is not properly considered. Similarly, Chen [43] found
the upper bound of Miller factor is three and the lower bound
of Miller factor is by using the iterative method for
adjusting to the glitch effect (negative voltage effect). How-
ever, the SF of three may not really be the worst-case SF. As
shown in [38], the authors suggested that even the SF of three
may underestimate the worst-case delay. These techniques

[36]–[45] have made significant contribution to the efficient
timing verification of the strongly coupled interconnect nets,
but these models still have some limitations. That is, they
did not consider the self-capacitance modulation due to the
crosstalk and their models were based on RC-coupled lines,
neglecting the inductance effects. However, the self-capaci-
tance modulation and the inductance may change the signal
delay and the edge rate significantly [9], [46], [47]. In [47],
Cao et al. determined effective transmission line parameters
for multicoupled RLC lines by using the precharacterized
look-up tables in order to match the timing model with the
existing computer-aided design (CAD) frameworks. However,
this technique requires precharacterizations, look-up tables,
and a fitting process, and needs to be proven for large VLSI
circuits. More recently, Cao et al. developed a more phys-
ical as well as more accurate switching-factor-based delay
model for RLC coupled lines which takes the inductive effect
(i.e., RLC line model) and the finite rise time effect into
account [48]. However, since the negative notch signal due to
cross-coupled switching and asynchronous switching effect
are not suitably considered, it may not be accurate enough
if the negative crosstalk effect due to the cross-coupled
switching is large (e.g., in the interconnect structures with
tight metal spacing and large aspect ratio) or if the switching
times between the lines are asynchronous.

The authors developed more accurate, as well as more ef-
ficient, analytical signal-transient characterization techniques
for strongly coupled interconnect lines that are able to di-
rectly reflect the switching-pattern-dependent transient-signal
variations. In this work, assuming interconnect lines as
RC/RLC-distributed circuits, the signal transient variations due
to input-switching patterns are investigated in an analytical
manner. Simple effective capacitances and effective induc-
tances representing the effects of input switching patterns
for multicoupled lines are presented, thereby decoupling the
strongly coupled interconnect lines into an effective single-iso-
lated line model. Thus, the dynamic signal transient of the
strongly coupled interconnect lines can be very efficiently as
well as accurately determined. It is shown that the models
have excellent agreement with the generic coupled line circuit
models.

II. SIGNAL-TRANSIENT UNCERTAINTY IN

MULTICOUPLED LINES

In the time-domain, interconnect lines can be mathematically
represented by using Telegrapher equations such as

(1)

(2)

where and are the series-impedance matrix and par-
allel-admittance matrix of the lines, respectively. They are rep-
resented with per-unit-length resistance, inductance, conduc-
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Fig. 1. Coupled interconnect-line structure and equivalent circuit models.
(a) Coupled interconnect structure. (b) Equivalent RC-distributed circuit model
and effective single-line model. (c) Equivalent RLC-distributed circuit model
and effective single-line model.

tance, and capacitance. Assuming RLC transmission lines and
negligible resistive coupling, they are as follows:

(3)

(4)

Note that the capacitive coupling-parameter matrix is not a
physical capacitance but an admittance-based short-circuit ca-

pacitance. The components (i.e., ) are related with the phys-
ical capacitances as follows:

for (5)

Thus, the th line voltage can be written as

(6)

In order to make the problem simpler, the three-coupled line
case is considered here. Of the three-coupled lines, the center
line is the most significant line since the coupling effect is the
largest. The center line (i.e., and ) voltage is

(7)
Assuming for

(8)

In contrast, the voltage in a single isolated line is

(9)

Clearly, unlike the single isolated transmission line of (9), the
line-voltage variation of the three-conductor line system is a
strong function of adjacent line switching conditions as shown
in (8). That shows that a signal in multicoupled lines will have
different transient characteristics depending on the adjacent line
switching-patterns. The switching-pattern-dependent transient-
characteristics are illustrated with triple-coupled lines as shown
in Fig. 1.

The triple-coupled interconnect line system can be simply
represented as an RC or an RLC distributed circuit model as
shown in Fig. 1(b) and (c), respectively. Each switching charac-
teristic is symbolized and defined by the three switching sym-
bols as “ ” (switching from logic 0 to logic 1), “ ” (switching
from logic 1 to logic 0), and “0” (the quiet state). Then, the
center line response signals for the representative switching pat-
terns are shown in Fig. 2 for triple-coupled line structure of
Fig. 1.
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Fig. 2. Signal transients of three-coupled lines in the center line corresponding
to representative input switching patterns. (a) Signal transients using the generic
RC-coupled circuit models. Line length is 5 mm. (b) Signal transients using the
generic RLC-coupled circuit models. Line length is 5 mm.

The dimensions of the test structure of Fig. 1 are based on
a DSM technology (0.1 m/low- copper-based process) [2],
[3], [49]. The dimensions and process data for the simulation
are summarized in Table I. The transmission line parameters are
determined by using a commercial field solver. The transmission
line parameters for a 5-mm-long line are shown below

cm

cm

diag
cm

Fig. 2 illustrates different signal-transient responses due to
the switching patterns. The “effective” capacitance and “ef-
fective” inductance for the center line vary with the switching
patterns. That is, and can be considered as
the minimum effective capacitance of the center line and

TABLE I
DSM-TECHNOLOGY-BASED (0.1 �m/LOW k, COPPER-BASED TECHNOLOGY)

INTERCONNECT LINE PARAMETERS [2], [3], [49]. THESE PARAMETERS

ARE USED FOR MODEL VERIFICATION THROUGHOUT THE PAPER

the maximum effective capacitance, respectively. In contrast,
and can be considered as the minimum effective

inductance of the center line and the maximum effective induc-
tance, respectively. Thus, even if the physical layouts of two
interconnects are identical, the system with the “ ” switching
pattern exhibits more “effective” capacitive characteristics,
while the system with the “ ” switching pattern exhibits
more “effective” inductive characteristics. The “ ” switching
pattern may cause more capacitance-based charging delay and
capacitance-based coupling noise, while the “ ” switching
pattern causes more significant inductive effects than other
switching patterns.

When inductance effects can be neglected, the intercon-
nect lines can be very simply modeled with RC-distributed
circuits. For a simple RC interconnect line model with no
higher order coupling effects, the first-order effective-ca-
pacitance for the center line is for the smallest case,

or for the largest case, .
The effective capacitances for other switching patterns are
between the two extreme values. If the line spacing be-
tween the adjacent lines is identical, the worst case
is . Thus, the RC-delay difference between the
largest case and the smallest one due to the switching pat-
terns is substantial. In fact, the delay uncertainty due to the
switching conditions may be larger than . For example,
defining as a delay
uncertainty criterion, the delay variations (uncertainty) for the
representative switching patterns “ ” (e.g., and )
from the nominal switching delay ( ) can be investigated.
The delay uncertainty ( ) for the lines using the data of Table I
is approximately in the range of 50% to 100 %, as shown
in the Fig. 2.

Similarly, as shown in Fig. 2(b), the “effective” inductance
variation due to the switching patterns is also substantial. The
line inductance increases signal-propagation delay while it re-
duces the propagation edge rate. Further, the line inductance is
strongly related to the circuit oscillation (i.e., overshoots and
undershoots). Line inductance is a very difficult parameter to be
simulated in an efficient manner.

In general, interconnect lines have been categorized as
RC-dominant lines and RLC lines. If an interconnect line and
its edge rate ( ) satisfy the following relationships [10]

(10)

the inductance effect has to be taken into account. Many in-
terconnect lines, such as in local interconnect lines, have tight
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physical spacing and a large aspect ratio. Clearly, such inter-
connect lines should be simply modeled with RC-distributed
circuits since capacitances play a dominant role. In contrast,
since global interconnect lines such as clock lines, data bus
lines, and control lines are long and thick, inductance effects in
such interconnect lines cannot be neglected; modeling them as
RLC-distributed circuits is necessary. In the next two sections,
the RC-coupled lines are decoupled in terms of single-line “ef-
fective” capacitances, followed by a section describing the RLC-
coupled lines in terms of single line “effective” inductances.

III. EFFECTIVE SINGLE LINE CAPACITANCE ESTIMATION

FOR RC-COUPLED LINES

The capacitance-dominant interconnect line system can be
simply represented as an RC-distributed circuit model as shown
in Fig. 1(b). In the RC-coupled lines, the second term of (8)
is neglected. In the frequency domain, the first term of (8) is
represented by a time constant, , which is normalized with

(11)

Since varies with the switching patterns, three representative
switching cases for the determination of are considered.

Case 1: “ ” Switching Pattern: In this case, since there is
no capacitive crosstalk, the center line effective capacitance is
the smallest. Thus, simply letting

(12)

Recalling the physical capacitances, ,
, and , the time constant becomes

(13)

Therefore, the equivalent center line capacitance of the
switching pattern of “ ” is

(14)

Case 2: “ ” Switching Pattern: In this case, since the
center line induces the capacitive coupling to the outer lines, the
coupling effect (crosstalk) has to be taken into account. Since
the input signals are

(15)

from (11), the time constant becomes

(16)

However, since only the center line switches from “0” to “1,”
there are crosstalk signals in the first and the third lines (outer
lines). Thus, the crosstalk effects have to be considered. If the
normalized crosstalk signal of the th line due to the th line is

Fig. 3. Definition of the worst-case normalized-crosstalk effect, � .

defined as , the coupling-capacitance variation between the
center and the first lines due to the center line switching be-
comes . Similarly, the coupling-capaci-
tance variation between the center line and the third line due to
the center line switching becomes . Note
that and are crosstalk voltages normalized with . Thus,
incorporating the crosstalk effects into (16), the time constant
becomes

(17)

Thus, the effective capacitance becomes

(18)

Clearly, if and , the crosstalk may have a signifi-
cant effect. Under crosstalk conditions, the effective capacitance
of the center line for identical lines is less than “ .”
Since the step input always induces the largest crosstalk, the
crosstalk effect between the two lines ( ) is defined as shown
in Fig. 3. Thus, can be considered to be the worst-case nor-
malized-crosstalk signal. Then, the peak crosstalk voltage in two
RC-coupled lines is given by [36]

(19)

The normalized peak-crosstalk voltage between the two lines is
defined as

(20)

Then, the can be estimated by

(21)
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Thus, the effective capacitance of this switching case with peak
crosstalk becomes

(22)

Case 3: “ ” Switching Pattern: In this cross-coupled
switching case, the center line feels the largest capacitive-cou-
pling effects. Further, in the cross-coupled switching case, the
negatively switching outer lines induce the negative crosstalk
voltages in the center line, while the positively switching
center line induces the positive crosstalk voltages in the outer
lines. Thus, the sign of the crosstalk effect has to be carefully
considered. In this switching case, the input signals are

(23)

The time constant of the switching pattern of “ ” becomes

(24)

Since the center line switches from 0 to 1, the normalized
crosstalk signals due to the center line (i.e., and ) are
positive. In contrast, since the outer lines switch from 1 to
0, they induce negative crosstalk voltage at the center line.
That means the and for the “ ” switching case have
negative potentials (i.e., negative signs). Thus, the coupling-ca-
pacitance variation between the center line and the first line
due to the center line switching is . Similarly, the
coupling-capacitance variation between the center line and the
third line due to the center line switching is . In
contrast, the center line self-capacitance variation due to the
outer line switching becomes . Incorporating
these modulation effects into (24), the time constant becomes

(25)

The effective capacitance of the switching pattern of “ ”
becomes

(26)

where and
. If the lines are identical, this is simpli-

fied as

(27)

Note that, unlike the other switching cases, both the self-capac-
itance [see the first term of (27)] and the coupling capacitance
[see the second term of (27)] are modulated. Thus, the physical

meaning has to be carefully interpreted by using the self-ca-
pacitance as well as coupling-capacitance, since the response
waveform for the switching pattern “ ” may induce a neg-
ative glitch in the center line due to the negative crosstalk. In
practice, it is not possible to directly represent a negative glitch
signal with a single equivalent RC network circuit with which
the response signal becomes always a monotonic function. So,
the physical meaning of the time constant “ ” needs to be
reinterpreted. The first term (i.e., self-capacitance modulation)
of (27) can be rewritten as

(28)

where the self-capacitance modulation factor “ ” is defined as
. Note that the modulation factor (“ ”)

for the other switching patterns “ ” and “ ” is zero. This
self-capacitance modulation effect can be physically considered
to be an time-constant modulation. Since the factor “ ”
is due to the negative crosstalk, it can be considered to be a factor
that effectively shifts the input signal level to a small negative
level. The negative input signal shift due to the self-capacitance
modulation effect can be modified simply as follows. Since the
RC response reaches a final value after roughly three times of
RC time constant, the response signal can be modeled as a linear
function up to that modulated time. Since the linear response
signal is

(29)

until the modulated time, , the negatively shifted
input-voltage level becomes

(30)

Thus, the input-signal shift due to the self-capacitance modula-
tion effect can be simply modeled as a signal which is shifted by
the amount of “ ” instead of “0” at the start of the waveform.
Furthermore, shifting the input signal by “ ”, the effective
capacitance for the switching pattern of “ ” has to be modi-
fied as

(31)

Then, the output response for the cross-coupled switching case
(“ ”) can be represented by a modified-response waveform,
which can be characterized with “ ” and “ ” (see
the Appendix for the derivation)

(32)

where is

(33)

and considering the distributed nature of the line, the time con-
stant can be modeled as [51]

(34)
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Fig. 4. Signal-transient waveforms of three-coupled lines for the
representative switching patterns using the equivalent single RC transmission
line models (solid lines) and the generic RC-distributed circuit models (dotted
lines). They show excellent agreement with the generic coupled RC-distributed
line circuit models.

Now that the effective capacitances corresponding to the
switching patterns are determined, the response waveform of
the critical line due to the switching patterns can be readily
determined by using the single isolated-line model. In order
to show the accuracy of the effective capacitance-based single
line model, the center line step responses using the single
isolated distributed line model with the effective capacitance
are compared with the multicoupled line-based circuit model.
As shown in Fig. 4, they have excellent agreement.

The time delay for a specific level of the output voltage can be
readily determined by using the modified effective capacitance
(31) and a modified response waveform (32). That is, in order
to determine the time delay of the cross-coupled switching case,
the modified output waveform has to be solved in terms of time,
, by letting , where is a specific

voltage level for determining time delay. For example, letting
in (32), the 50% delay time

( ) can be determined by solving the following equation

(35)

Input-switching-pattern-dependent 50% delays for various
circuit design parameters (i.e., driver size, interconnect length,
and load size) were used in simulation to verify the accuracy
of the decoupled line models. The interconnect line parameters
used for the investigation are summarized in Table I. The test
data corresponding to each switching pattern are summarized in
Tables II–IV for the respective switching patterns (i.e., for the
switching patterns of “ ,” “ ,” and “ ,” respectively).
The effective-capacitance-based single line models show ex-
cellent agreement with 500-segment-based SPICE simulations
using the generic coupled-line model for all the parametric
variations as shown in Fig. 5. Varying the metal pitch, the
50% delays based on the effective single-line models due to
the switching patterns are tested with the generic coupled line
circuit models as shown in Fig. 6. They also have excellent
agreement. However, if there is a switching-time difference

TABLE II
50% DELAY COMPARISON FOR THE SWITCHING PATTERN OF “""".”

DRIVER-SIZE, LINE LENGTH, AND LOAD SIZE ARE VARIABLES. NOTE

RLC-MODEL-BASED DATA ARE ENCLOSED WITHIN THE PARENTHESIS

TABLE III
50% DELAY COMPARISON FOR THE SWITCHING PATTERN OF “0 " 0.”
DRIVER-SIZE, LINE LENGTH, AND LOAD SIZE ARE VARIABLES. NOTE,
RLC-MODEL-BASED DATA ARE ENCLOSED WITHIN THE PARENTHESIS

between the culprit signals and the victim signal (i.e., the
asynchronous switching), there may be the large deviation
between the two as shown in Fig. 7. Particularly, not only does
the “ ” switching pattern (i.e., the cross-coupled switching
case) generate the worst-case time delay, but also its SF is
much larger than those of the other switching cases [38]. Thus,
under the similar test conditions to [38], the asynchronous
cross-coupled switching case is investigated with two-coupled
lines. That is, a victim line switches with 1 ns rise time, while
a culprit signal aggresses the victim line with 100 ps fall-time
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TABLE IV
50% DELAY COMPARISON FOR THE SWITCHING PATTERN OF “#"#.”

DRIVER-SIZE, LINE LENGTH, AND LOAD SIZE ARE VARIABLES. NOTE

RLC-MODEL-BASED DATA ARE ENCLOSED WITHIN THE PARENTHESIS

Fig. 5. RC model-based 50% delay test of effective single-line model
and generic coupled-line circuit model with the circuit performance
parameter variations (R , C , C , R ). The interconnect-line parameters
summarized in Table I are used for the test.

near the switching threshold voltage of the victim line (i.e., near
0.5 ns). Clearly, in this special case, the real SF is larger than

as shown in Fig. 8. Even with , the 50% delay
is underestimated. In reality, the SF, which is matched with
the delay, is approximately . Cross-coupled switching
may modulate the self-capacitance as well as coupling ca-
pacitance. In addition to the self-capacitance modulation, the
asynchronous cross-coupled switching that has the switching
time difference between the culprit signal and victim signal
further increases the effective coupling capacitance beyond
that of the synchronous switching case. In the asynchronous
cross-coupled switching case, if either of these two effects is
taken into account, the effective signal delay may be underes-
timated. It explains why Kahng’s model [38] does not match
with the worst-case switching delay even with !! That

Fig. 6. RC model-based 50% delay test of effective single-line model and
generic coupled-line model with line-pitch variations.

Fig. 7. RC model-based 50% delay test of effective single-line model and
generic coupled-line model with the finite slew rates (tr is variable while
tr is fixed).

means the worst-case SF for the asynchronously cross-coupled
switching case with the different switching time and the finite
slew rate (of the victim line) may become much larger than

. In summary, in the asynchronous cross-coupled
switching case, besides the self-capacitance modulation effect,
additional effects due to the different switching time and the
finite slew rate of the response signal have to be taken into
account. They will be discussed in the next section in more
detail.

IV. SIGNAL TRANSIENT MODULATION DUE

TO ASYNCHRONOUS SWITCHING

In addition to the switching direction of the input signal, not
only the switching time difference between the culprit signals
and victim signal, but also the finite slew rate of the victim
signal may have a significant effect on the signal transient. In
cross-coupled switching lines, if the culprit signals and victim
signal asynchronously switch and the victim signal has a fi-
nite slew rate, the signal-transient of the victim line response



EO et al.: DECOUPLING TECHNIQUE FOR EFFICIENT TIMING ANALYSIS OF VLSI INTERCONNECTS WITH DYNAMIC CIRCUIT SWITCHING 1329

Fig. 8. Signal transient characteristic for two cross-coupled switching ("#)
lines. SF = 3 is not accurate enough to meet the 50% delay. SF = 6 is
approximately matched with the 50% delay.

Fig. 9. Worst 50% delay for the asynchronous cross-coupled switching (#"#)
lines with the finite input slew rate in the victim line. The worst case 50% delay
of the victim line occurs when the culprit signal with the zero slew rate aggresses
the victim line near the 50% of the final level (V ).

signal is significantly deteriorated. Particularly, when the cul-
prit signals aggress the victim signal near the logic switching
threshold voltage (approximately ), the 50%
delay is substantially increased. Besides the self-capacitance
modulation effect, the additional effects due to the finite slew
rate and the different switching time have to be taken into ac-
count. When the slew rates of the culprit signals are zero and
the victim signal has a finite slew rate, the signal transient of
the victim line is considered to be the worst-case delay due to
the asynchronous cross-coupled switching ( ) as shown in
Fig. 9. In order to analyze the signal-transient modulation ef-
fect due to the asynchronous switching as well as the finite slew
rate of the victim line response signal, the following conditions
are assumed: 1) two outer lines (culprit signals) aggress a center
victim line (victim signal) with the opposite switching direction
( ); 2) the culprit signals aggress the victim signal with zero
slew rate; 3) the input signal of the victim line is a step but the
response signal of the victim line has a finite slew rate; 4) there

Fig. 10. Schematic description of the signal transient modulation due to the
asynchronous switching and the finite slew rate of the response signal.

exists a finite switching time difference ( ) between the culprit
line and victim line. Under these assumptions, the signal-tran-
sient modulation effects of the victim line are investigated as
shown in Fig. 10.

Note that when the culprit signals aggress the victim signal
near the “logic switching threshold voltage” of the victim signal,
the signal transient may be significantly modulated, thereby in-
creasing the considerable amount of the 50% signal delay. Until
the culprit lines (outer lines) aggress the victim line (the center
line), the victim line feels the same switching pattern as that of
“ .” Thus, the response signal of the victim line becomes

(36)

where is the very time when the culprit lines aggress the
victim line (i.e., the switching time difference between the cul-
prit signal and victim signal). Considering the distributed nature
of the line as in the time constant , the time constant
can be modeled as

(37)

In contrast, after the elapse of the time ( ), the response signal
of the victim line is significantly deteriorated. The signal tran-
sient of the victim line becomes rather than

. Note the subscript, means “the modified
response signal due to the asynchronous switching.” Thus, in
the cross-coupled switching case, the propagation-delay mod-
ulation due to the finite slew rate of the victim line response
and the switching-time difference between the culprit line and
victim line is strongly correlated with the slew rate of the victim
line response and the switching time of the aggressor line. In
practice, since the magnitude of the delay modulation due to
the asynchronous switching is approximately inversely propor-
tional to the slew rate of the response signal of the victim line
( ) at

(38)

the delay modulation due to the asynchronous switching can be
fairly well modeled by introducing a similar negative shifting
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factor for the asynchronous switching, as in the previous
synchronous switching (see Section III). Then, the more general
shifting factor taking the asynchronous switching effect into ac-
count can be modeled as

(39)

where is a proportional constant. Note, when all the cross-
coupled signals switch at the same time (i.e., ),

. Thus, can be determined. Then, the
more general negative shifting factor of the input signal,
becomes

(40)

Now, considering the effect due to the different switching time
and the finite slew rate of the response signal, the modulated
signal of the victim line can be derived as follows (see the Ap-
pendix for the derivation)

(41)

where is given by

(42)

Note that without any switching time difference (i.e., ),
(41) becomes the same expression as the synchronously
cross-coupled switching case [see the expression (32) in the
Section III]. That is

(43)

Thus, in the asynchronously cross-coupled switching case, the
time delay (for a specific level) of the modulated response signal
due to the different switching time and the finite slew rate of the
response signal can be determined readily by using the modified
response waveform (41) which implicitly includes the modified
effective capacitance (31). In order to determine the 50% time
delay of the asynchronously cross-coupled switching case, the
modified output waveform has to be solved in terms of time,
, by letting , where is a spe-

cific voltage level for determining time delay. For example, let-
ting , the 50% delay time
( ) can be determined by solving

(44)

In order to verify the accuracy of the effective single line
models, the signal-transients for the asynchronously cross-cou-
pled lines are shown in Fig. 11. Note that the asynchronously
switching culprit signals significantly modulate the monotonic
signal-transient characteristics of the victim line near the .
Nonetheless, the models have excellent agreement with the
SPICE simulations. The 50% delay error of the model is less
than 5% for the worst switching pattern ( ).

Until now, without considering the input rise time of the
victim line (i.e., the step input rather than the ramp input), the
asynchronously cross-coupled switching signal transients are

Fig. 11. RC-model-based signal transient modulation of the victim line due to
the various switching time difference (culprit signals aggress the victim line at
t = t ). V (solid line) shows an excellent agreement with the generic
coupled line circuit model (dotted line).

investigated. Note that if the victim line is not a step-like signal
but a ramp signal with a larger rise time than the fall-time
of the culprit signal, the 50% delay of the victim line for the
asynchronously cross-coupled lines is much larger than that of
the synchronously cross-coupled lines as discussed in previous
section (see Fig. 8). Thus, the rise time of the victim line has
to be taken into account. In reality, the response signal of the
victim line with the ramp input ( ) can be considered
to be “the delayed response” of the step response. That is, the
signal transient of the ramp-input response can be characterized
with combining the step response with the ramp input rise
time (i.e., ). For example, in the two cross-coupled
switching lines, the effective single line response which is
characterized with the effective single line model parameters
(i.e., , , and ) has excellent agreement
with the generic coupled line model as shown in Fig. 12. In
more general, varying the rise time ( ) of the victim
line input signal, the same test results as in the previous section
(see Fig. 8) are shown in Fig. 13.

The delayed responses using the single equivalent line model
with the various input rise times of the victim line have excellent
agreement with the generic coupled line circuit model. Further,
the 50% signal delays of two-cross-coupled lines for the various
circuit design parameters (i.e., SF, , line length, and
load size) were investigated and summarized in Table V. In sum-
mary, under the general asynchronous cross-coupled switching
lines which mean the input signals switch in opposite directions
( ) with a finite switching time difference ( ) as well
as the ramp input signal of the victim line ( ), the
signal transient of the victim line can be well characterized with

, , and .

V. EFFECTIVE SINGLE-LINE INDUCTANCE ESTIMATION

FOR RLC-COUPLED LINES

In long global interconnect lines, inductive effects becomes
important. Unlike the capacitive coupling, inductances have a
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Fig. 12. Delayed response of the step response for the two cross-coupled
switching lines. The signal transient of the ramp input response can be
determined by combining the step response with the rise time of the victim line
input signal.

Fig. 13. RC-model-based delayed responses of the victim line for the two
cross-coupled switching lines with the variations of the rise time of the victim
line input signal.

long range coupling effect, often more than three-coupled lines
has to be taken into account.

For identical two-coupled lines, the first order effective ca-
pacitance and inductance for the “ ” switching pattern are

(45)

(46)

Similarly, the first order effective capacitance and effective in-
ductance corresponding to the “ ” switching pattern are

(47)

(48)

and the first-order effective capacitance and effective inductance
corresponding to the “ ” switching pattern are

(49)

(50)

TABLE V
50% SIGNAL DELAYS FOR THE TWO CROSS-COUPLED LINES WITH THE

CIRCUIT DESIGN PARAMETERS (SF, v , LINE LENGTH, AND LOAD SIZE

ARE VARIABLES). NOTE SF = 4 OVERESTIMATES OR UNDERESTIMATES THE

DELAY TIME. IN CONTRAST, SF = 6 OVERESTIMATES TOO MUCH

Fig. 14. Schematic description of the magnetic flux generations for the “" 0”
switching in two coupled interconnect lines.

Unlike the capacitive coupling, even for two-coupled lines,
the magnetic coupling effects are too complicated to be treated
in an analytical manner. It is a formidable task to derive an an-
alytical form of the effective inductance corresponding to the
switching patterns. Physically, the magnetic flux induces an op-
posite-direction current which can decrease the magnetic flux
(Lentz’s Law). The induced current again generates the second
magnetic flux and then the second flux induces another oppo-
site-directional current again, and so on. Considering two cou-
pled lines with the switching pattern of “ ” which means that
the line-1 switches from 0 to 1, while the line-2 is in the quiet
state, the magnetic flux generations are described in Fig. 14.
The nomenclature for the description of the induced magnetic
fluxes are defined as follows.
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Fig. 15. Signal transients of three-coupled lines corresponding to the
representative switching patterns for the various line lengths. Solid lines are the
equivalent single-isolated-RLC-transmission-line-model-based simulations and
dotted lines are the generic RLC-distributed-circuit-model-based simulations.
Line length: (a) 2, (b) 5, and (c) 10 mm.

initial magnetic fluxes generated by an input current.
second round magnetic fluxes generated by the cur-
rents due to .

third round magnetic fluxes generated by the cur-
rents due to .
first-order group of magnetic fluxes.
second-order group of magnetic fluxes.
third-order group of magnetic fluxes.

Note that the superscript of , , and
indicates the origin of the flux and the subscript indicates the
cause ( ) and effect ( ). The previous effective inductance ex-
pressions for two-coupled lines, (46), (48), and (50) take only

into account. Thus, the higher order effects such as
and have to be considered. However, in practice, since
higher order effects more or equal to third order are small, only
the second-order coupling effects are modeled here for ef-
fective inductance determination.

Introducing only the first-order magnetic coupling effect (i.e.,
), the magnetic coupling effect between the two coupled

lines can be represented by

(51)

Note that the first-order magnetic coupling effect is the ratio of
the second right-hand term to the first right-hand term of (46),
(48), and (50). Thus, the first order magnetic coupling between
the first line and the second line for the switching pattern of “ ”
is

(52)

Similarly, the first-order magnetic coupling for the other
switching patterns can be determined. The second-order cou-
pling between the lines is approximately proportional to the
first-order coupling. Thus, the second-order magnetic coupling
for multicoupled lines is found by using the first-order mag-
netic coupling parameter of the two lines . For example, the
second-order coupling for the “ ” switching pattern of the
three-coupled lines becomes roughly

(53)

Thus, the effective center line inductance for the switching pat-
tern of “ ” becomes

(54)

Similarly, the effective inductances for the other switching cases
of the 3-coupled lines can be determined. For the switching pat-
tern of “ ,” since there is no second order coupling parameter,

is

(55)
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In contrast, since the second-order coupling parameter of the
switching pattern of “ ” is

(56)

the effective center line inductance of the switching pattern of
“ ” becomes

(57)

In general, the effective single-line inductance for more than
three-coupled lines can be determined by

(58)

(59)

(60)

where the line number, and is a positive in-
teger. The subscript is defined as . In Fig. 15,
using the transmission line parameters of three-coupled lines
that are summarized in Table I, the signal transient waveforms
from an equivalent single isolated RLC transmission-line model
representing the three-coupled lines are compared with SPICE
simulations using the generic coupled-line models. As shown in
Fig. 15, the signal transients for various line lengths using the
equivalent single-line inductance model have excellent agree-
ments with the generic coupled-line models even for the RLC
lines. Further, in Fig. 16, using the effective single line model,
the signal transients for more general five-coupled lines are also

Fig. 16. Signal transients of five-coupled lines corresponding to the
representative switching patterns for the various line lengths. Solid lines are the
equivalent single-isolated-RLC-transmission-line-model-based simulations and
dotted lines are the generic RLC-distributed-circuit-model-based simulations.
Line length: (a) 2 and (b) 10 mm.

compared with SPICE simulation using the generic coupled cir-
cuit model. For the simulations of the five-coupled lines, the
test structure is similar to that of Fig. 1(a). The transmission

cm

cm

cm
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Fig. 17. RLC model-based 50% delay test of effective single-line model and
generic coupled-line model with the circuit performance parameter variations
(R , C , C , R ) using interconnect parameters summarized in Table I.

Fig. 18. RLC model-based 50% delay test of effective single-line model and
generic coupled-line model with the line pitch variations.

Fig. 19. RLC model-based 50% delay test of effective single-line model and
generic coupled-line model with the line finite slew rates (tr is variable
while tr is fixed).

line parameters for the test structures are determined by using
a commercial field solver. As an example, the transmission line

Fig. 20. Edge-rate variation due to the switching patterns. Note the edge rates
of the inductive dominant lines (""") are much less than those of the capacitive
dominant lines (#"#). (a) Pitch = 4:8 �m. (b) Pitch = 6:0 �m.

parameters for 2-mm-long line as shown in Fig. 16(a) are shown
in the equation at the bottom of the previous page.

As shown in Fig. 16, the single effective-line-model-based
signal transient waveforms of the RLC-interconnect lines with
various line lengths also have excellent agreements with the
generic coupled line models. In order to verify the models with
circuit-performance parameter variations, the effective single-
line-based RLC models are compared with the 500-segment-
based generic coupled-circuit models for all the parametric vari-
ations as shown in Fig. 17. Varying the metal pitch and slew rate,
the 50% delays are tested in Figs. 18 and 19, respectively. They
show excellent agreement.

Note that one of the prominent effects of the inductance-
effect-dominant lines is to reduce the propagation edge rate.
As shown in Fig. 20, the propagation edge rates of the induc-
tance-effect-dominant switching lines ( ) are much less than
those of the capacitance-effect-dominant switching lines ( ).
The inductance effect reduces the propagation edge rates by
23% to 80%, depending on the switching conditions. The ef-
fective single-line-based models have excellent agreement with
the generic coupled-line-based circuit models.
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Fig. 21. 50% delay test using the effective single-line model and the
generic coupled-line model for more general interconnect line structures.
(a) Side-shielded line structure. (b) Embedded as well as side-shielded line
structure.

Further, in order to verify the effective single-line models
with more general interconnect lines, shielded line structures
such as bus lines or clock lines are tested in Fig. 21. In such
structures, the effective single-line models have excellent agree-
ment with the generic coupled line model. Finally, the asyn-
chronous switching effects and the finite rise time ( )
effects for the cross-coupled lines are investigated in Figs. 22
and 23, respectively. The model also shows excellent agreement
with the SPICE simulation. Thus, the dynamic timing of the
RLC-coupled lines can be readily estimated by using the effec-
tive single RLC transmission-line models. Note that if the effec-
tive inductance has a negative value, it can be considered to be a
capacitance-dominant line. In such a case, the signal transients
can be very accurately determined with the simple RC-coupled
line model without considering the inductance.

VI. CONCLUSION

The signal transients of coupled interconnect lines may vary
significantly with the input-switching patterns. The multicou-
pled RC/RLC interconnect lines are decoupled into an effective

Fig. 22. RLC-model-based signal transient modulation of the victim line due
to the variation switching time difference (culprit signals aggress the victim line
at t = t ). V shows an excellent agreement (solid line) with the
generic coupled line model (dotted line).

Fig. 23. RLC-model-based delayed responses of the victim line for the two
cross-coupled switching lines with the variations of the rise times of the victim
line input signal.

single line models, which can readily reflect the signal tran-
sient characteristics due to the input switching patterns. For the
RC-dominant coupled lines, modeling three-coupled lines, the
center line is decoupled by employing an effective capacitance.
In contrast, for the RLC-coupled lines, modeling more than three
lines, the center line is decoupled by using an effective capac-
itance and an effective inductance. The effective single-line-
model-based signal transient characteristics for multicoupled
lines show excellent agreements with SPICE simulations using
the generic coupled line circuit models. Thus, with the proposed
multiline decoupling techniques, the dynamic signal timing of
the multicoupled lines due to the input switching patterns can be
accurately as well as efficiently determined. The modeling can
be directly as well as usefully employed for the dynamic timing
verification of today’s strongly-coupled DSM-based VLSI cir-
cuit interconnect nets without significant modification of the ex-
isting IC CAD frameworks.
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APPENDIX

SIGNAL-TRANSIENT MODULATION DUE TO

ASYNCHRONOUS SWITCHING

Considering a simple equivalent RC-circuit model, the step
response of a line that has a time constant ( ) is given by

(A1)

Similarly, defining the step response of a fictitious cross-coupled
line that has the time constant can be formulated as

(A2)

Thus, when the culprit lines and the victim line synchronously
switch (i.e., ), the modulated step response of the victim
line due to the cross-coupled switching can be formulated as

(A3)

Since

(A4)

where

(A5)

Note that (A4) is the expression (32) of the Section III.
In contrast, when the culprit lines and the victim line asyn-

chronously switch (i.e., ), the step response of the victim
line due to the cross-coupled switching may be modulated in a
complicated fashion since the response signal has nonzero slew
rate as shown in Fig. 10. The step response of the victim line
due to the asynchronously cross-coupled switching signals can
be formulated as follows:

(A6)

Since

(A7)

It is the expression (41) in the Section IV. Thus

(A8)
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