
Analytical Signal Integrity Verification Models for
Inductance-Dominant Multi-Coupled VLSI Interconnects

Seongkyun Shin
ECE Department

Hanyang Univ., Ansan,
Kyungki-Do, Korea
+82-31-400-5295

ssk@giga.hanyang.ac.kr

Yungseon Eo
ECE Department

Hanyang Univ., Ansan,
Kyungki-Do, Korea
+82-31-400-5295

eo@giga.hanyang.ac.kr

William R. Eisenstadt
ECE Department

University of Florida,
Gainesville, FL32603,
USA, 352-392-4946

wre@tec.ufl.edu

Jongin Shim
ECE Department

Hanyang Univ., Ansan,
Kyungki-Do, Korea
+82-31-400-5179

jishim@giga.hanyang.ac.kr

ABSTRACT
Novel signal integrity verification models for inductance-
dominant RLC interconnect lines are developed by using a
traveling-wave-based waveform approximation (TWA) tech-
nique. The multi-coupled line responses are decoupled into
the eigenmodes of the system in order to exploit the TWA
technique. Then, the response signals are mathematically
represented by the linear combination of each eigenmode
response based on TWA, followed by reporting the signal
integrity models for the multi-coupled lines. The signal
integrity of VLSI circuit interconnects has a strong corre-
lation with input signal switching-patterns in the multiple
lines. With the proposed analytic signal integrity models,
the switching-dependent signal delay, crosstalk, ringing, and
glitches of the inductance-dominant RLC interconnect lines
can be accurately as well as efficiently determined. It is
shown that the models have excellent agreement with SPICE
simulations.

Categories and Subject Descriptors
B.7.2 [Hardware]: Integrated circuits Design Aids [Simu-
lation, Verification ]

General Terms
Signal integrity verification.

Keywords
Crosstalk, delay, glitch, ringing, signal integrity, transmis-
sion line, traveling-wave, TWA, VLSI interconnect.

1. INTRODUCTION
Tomorrow’s high-performance VLSI circuits may require

a clock signal with several 10’s picosecond edge rate and in-
tegrate more than a billion transistors [1]-[3]. As the speeds
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and level of integration of the VLSI circuits so dramatically
increase, the signal integrity degradation due to the inte-
grated circuit interconnects becomes one of the critical issues
[2]-[7]. That is, long interconnect line length and tight phys-
ical spacing significantly degrade the signal integrity due to
signal delay, crosstalk, ringing, and glitches [5]. Particularly,
the high-speed operation makes the interconnect lines to be
inductance-dominated rather than capacitance-dominated.
The signal integrity problems are much more complicated
in the inductance-dominant RLC lines than in capacitance-
dominant RLC lines since the system step response may
be non-monotonic oscillating-waveshape contaminated with
spurious noise spikes. That is, not only may the response sig-
nals of the inductance-dominant lines oscillate until they set-
tle down at the final value but they may also contain many
spurious glitches. Moreover, unlike capacitive coupling, the
inductive coupling may have a substantial effect over a larger
area of the system. Consequently, future VLSI system de-
signers may be victims of inconceivably complicated signal
integrity problems due to the inductance-dominant inter-
connect lines. Thus, efficient signal integrity verification
methodologies for such inductance-dominant RLC lines are
essential for future VLSI circuit designs. The inductance-
dominant lines cannot be simply modeled with dominant
poles as in capacitive lines since the high-frequency effects
have to be taken into account [7]. To date, there have been
many analysis techniques and models for RLC lines [7]-[16].
However, they need to be improved in their computation
time and accuracy [17]. Further, multi-coupled line models
more than 3-lines are required since the inductive coupling
due to far-away lines may be substantial. In this work,
novel closed form models for the signal integrity verifica-
tion of the inductance-dominant multi-coupled RLC lines
are presented. The models are based on the traveling-wave-
based waveform approximation technique. With these sim-
ple models, the signal delay, crosstalk, ringing, and glitches
for the inductance-dominant multi-coupled RLC lines are
accurately as well as efficiently determined.

2. THEORETICAL BACKGROUND FOR
TWA TECHNIQUE

The physical phenomena of the transient signal of a trans-
mission line can be efficiently characterized by using a trav-
eling wave-based waveform approximation (TWA) technique
which combines the frequency-domain approximation for low
frequency characteristics with the time-domain approxima-
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Figure 1: Transient signal characterization based on
TWA.

tion for high-frequency characteristics of the system response
[7]. In TWA, assuming a step input, the low-frequency
transient signal is represented with only 3-dominant poles.
The 3-pole-based frequency domain response function can be
transformed back into the time-domain without any numer-
ical integration. Then, the high-frequency characteristics of
the transient signal are incorporated into the approxima-
tion function by exploiting the traveling wave characteris-
tics and modified-RC-response approximation technique in
the time-domain as follows. Right before the first incident
wave arrives at the load, the time of the flight of a wave
is given by t−f ≈ √

LlineCline. Including the load capaci-

tance CL, an effective time of flight (tf0) is approximately

tf0 ≈ √
Lline (Cline + CL). The instant right before an in-

cident wave is reflected and the instant right after an in-
cident wave is reflected at the load can be represented by
t−f = tfo − δ and t+f = tfo + δ, respectively. The quantity δ
is defined as

δ ≡
√

Lline (Cline + CL) −√
LlineCline. (1)

The δ denotes the time difference between the flight time
of the pure (unloaded) line and that of the line including
the loading effect. It can be approximately assumed that
the signal will reach the load at roughly (2n − 1) tfo −δ and
the reflection is completed at (2n − 1) tfo + δ, where n is
the reflection count. Until t = t−f , there is no reflection due

to the load discontinuity. In contrast, at t = t+f , the sig-
nal definitely experiences an abrupt change due to the load
discontinuity. Thus, in this abrupt transient time interval,
the waveform is approximated with a linear function. Ex-
cept for the linear approximation time intervals, they are
modeled with an RC-like response, i.e., the modified RC
approximation technique [7]. Thereby the accurate time do-
main response signal can be approximately determined. The
TWA technique is summarized in Fig. 1. This technique can
provide the analytical signal integrity models of the RLC
interconnect lines, i.e., signal delay, crosstalk, ringing, and
glitches which may have strong correlation with input signal
switching-patterns in the multiple lines.

3. TWA-BASED SIGNAL-TRANSIENTS
FORMULATION

The traveling waves of n-coupled lines (i.e., a transmission
line system including n-signal lines) can be decoupled into
the linear combination of the n-eigenmodes by using modal
analysis technique in the frequency-domain [9][14][17]. Then,
the incident waves in each line can be determined as

[W (x, ω)] = [S] [E] [B] , (2)

where [S] is the normalized n×n voltage eigenmatrix of the
system and [B] is a column vector describing the boundary
conditions. The [E] is a diagonal matrix correlated with the
propagation mode (i.e., eigenmodes) of the waves

[E] =




e−γ1x · · · 0
...

. . .
...

0 · · · e−γnx


 , (3)

where the subscript n indicates the number of the lines.
Note, the γi (ω) is a function of ω. At x = 0, the incident

wave vector is [W (x = 0, ω)] = [vs1 · · · vsn]T , where vsi is
the input voltage at the i-th input port. Thus, the boundary
condition vector is given by

[B] = [S]−1 [W (x = 0, ω)] . (4)

Now, representing the inverse matrix of [S] as follows

[S]−1 ∆
=




s
′
11 s

′
12 · · · s

′
1n

s
′
21 s

′
22 · · · s

′
2n

...
...

...

s
′
n1 s

′
n2 · · · s

′
nn


 , (5)

the k-th element of [B] vector can be represented by

bk =
n∑

j=1

s
′
kjvsj . (6)

Therefore, the i-th incident wave can be represented by

Wi (x, ω) =

n∑
k=1

(
Z0k

RSi + Z0k

)
sike−γkxbk, (7)

where sikbk is the magnitude corresponding to the k-th
mode. The e−γkx is the k-th modal incident wave. There-
fore, assuming the line length is “�”, the voltage signal of
the i-th line can be derived as follows,

Vi (x, ω) =
n∑

k=1

(
Z0k

RSi + Z0k

)
sikbk

(
e−γkx + Γkeγk(x−2�)

)
,

(8)

where Γk is the reflection coefficient of the k-th mode at the
load. The frequency domain waveform of the k-th modal

wave, “ Z0k
RSi+Z0k

(
e−γkx + Γkeγk(x−2�)

)
”, can be approximated

by using a 3-pole approximation function, Qk (x, ω). Thus,
the i-th line wave can be approximately modeled as

Vi (x, ω) ≈
n∑

k=1

sikbkQk (x, ω). (9)

Note, since Qk (x, ω) is determined with 3-dominat poles, it
can be represented with partial-fractional forms [7]. Thus,
the Qk (x, ω)’s time domain counter part, qk (x, t), can be
readily determined without any integral calculation. How-
ever, since the high-frequency effects are not considered in
Qk (x, ω), its time domain counter part, qk (x, t), does not
model any high-frequency effects. As an example, the 3-
pole-based response signal and eigenmodes for 3-coupled
lines are illustrated in Fig. 2. The 3-pole-based response
signal is not accurate enough to be useful for the timing
verification. Thus, high-frequency effects have to be incor-
porated into the qk (x, t). Now, denote TWA-based the k-th
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eigenmode function as pk (x, t) that incorporates the high-
frequency characteristics into qk (x, t). This is done by ex-
ploiting the traveling wave characteristics and the modified
RC-approximation technique. The time-domain response of
the i-th line response vi (x, t) can be approximated by

vi (x, t) ≈
n∑

k=1

sikbkpk (x, t). (10)

The TWA-based response signal and pk (x, t) for the same
test circuit as in Fig. 2-(a) are illustrated in Fig. 3. Un-
like the previous 3-pole-based response, TWA-based vi (x, t)
can accurately represent the system time-domain response.
Thus, plugging (6) into (10), the closed-form estimation of
the voltage signal in multiple lines becomes

vi (x, t) ≈
n∑

k=1

{
sik

(
n∑

j=1

s
′
kjvsj

)
pk (x, t)

}
. (11)

Equation (11) is a fundamental expression for analytic signal
integrity modeling of mutli-coupled RLC transmission lines.

4. SIGNAL INTEGRITY MODELING
The 50% delay of the i-th line can be determined by letting

the response signal be 0.5vsi in (11). That is,

vi (t) =
n∑

k=1

{
sik

(
n∑

j=1

s
′
kjvsj

)
pk (t)

}
= 0.5vsi. (12)

Note, the signal voltage is composed of a linear combination
of n eigenmodes of the system. However, since the signal
delay of the system is dominated by the last mode of the
system, the 50% signal delay occurs after the time of flight
tf(n) of the n-th mode. Thus, the 50% delay of the signal
can be approximated under a linear approximation. A lin-
ear approximation can be readily performed since the two

key points, i.e., α
(
t−f(n), vi

(
t−f(n)

))
and β

(
tf0(n) + δ(n),

vi

(
tf0(n) + δ(n)

))
, of the approximation function are known

values. Thus, if the β is greater than the 50% of the final
value, the expression for the i-th line signal delay can be
represented as

vi (t) ≈
vi

(
tf0(n) + δ(n)

) − vi

(
t−f(n)

)
2δ(n)

(
t − t−f(n)

)

+ vi

(
t−f(n)

)
.

(13)

Therefore, the 50% delay time of the i-th line can be ap-
proximated by

t50%delay =
2δ(n)

vi

(
tf0(n) + δ(n)

) − vi

(
t−f(n)

)

·
(
0.5vsi − vi

(
t−f(n)

))
+ t−f(n).

(14)

The delay determination procedures are graphically described
in Fig. 4. However, since the signal transients are strongly
dependent on driver size and load capacitance, the response
waveforms may not be a stair-case as shown in Fig. 3-(b).
In this case, the β may be less than the 50% of the final
value. Thus, if the β is less than the 50% of the final value,
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Figure 2: The 3-pole-based response signal and
eigenmodes of the 3-coupled line system. The re-
sponse signal is investigated in the center line. The
line lengths are 10mm and the input switching pat-
tern for respective lines is assumed as “010” with a
step input in the center line. (a) test circuit config-
uration. (b) cross-section. (c) low frequency wave-
forms at distance.

the delay expression has to be modified to be able to include
RC-like smoother waveform. The modified delay waveforms
can be determined by linear approximation up to a time,
ttest. The ttest is the 50% value which is determined by the
linear approximation of RC-like response region. Note, it is
guaranteed that the signal at ttest is always greater than the
50% of the final value. Thus, the modified delay expression
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Figure 3: TWA-based time domain response signal
for the 3-coupled lines. The test circuit is the same
as in Fig. 2-(a). (a) stair-case response and eigen-
modes. (b) response signals dependent on the driver
size and load capacitance. A circuit response with
large driver and large load capacitance may be RC-
like smoother waveform.

can be derived as

t
′
50%delay =

ttest −
(
tf0(n) + δ(n)

)
vtest − vi

(
tf0(n) + δ(n)

)
· (0.5vsi − vi

(
tf0(n) + δ(n)

))
+
(
tf0(n) + δ(n)

)
,

(15)

where

ttest =
2t−f(n)

vi

(
3tf0(n) − δ(n)

) − vi

(
tf0(n) + δ(n)

)
· (0.5vsi − vi

(
tf0(n) + δ(n)

))
+
(
tf0(n) + δ(n)

)
,

(16)
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Figure 4: Graphical description for the 50% signal
delay determination. The 50% signal delay is deter-
mined by using the last eigenmode and Eq. (11) in
the linear region as shown in the straight line of Eq.
(13).

vtest = vi (ttest) . (17)

The 50% signal delay for various line lengths and input
switching patterns of Fig. 2-(a) circuits are investigated by
using (14) and (15). The transmission line parameters are
determined by using a commercial field solver. The param-
eters are as follows

[L] =


 7.15 4.94 3.84

4.94 7.01 4.94
3.84 4.94 7.15


 [nH/cm] ,

[C] =


 1.66 0.52 0.04

0.52 1.38 0.52
0.04 0.52 1.66


 [pF/cm] ,

[R] = diag [68.97] [Ω/cm] .

As summarized in Table 1, Table 2, and Table 3, the signal
delays have excellent agreement with SPICE simulation with
approximately 5% error. Further, the RLC line may oscillate
due to impedance mismatch between the line characteristic
impedance and load impedance. Since the peak overshoot
occurs at the instant of the second reflection of the incident
wave at the load, the peak voltage can be readily determined
with the following expression,

vi−peak = MAX (vsi,

n∑
k=1

{
sik

(
n∑

j=1

s
′
kj · vsj

)
· pk

(
3tf0(n)

)})
.

(18)

The peak overshoot determination procedures are graphi-
cally described in Fig. 5. The peak overshoots of the signals
for 3-coupled lines of Fig. 2-(a) are investigated by vary-
ing the line length. As summarized in Table 1 and Table
2, they have excellent agreement with SPICE simulations
within roughly 5% error. The crosstalk noise can also be de-
termined by using (11). Note, there are the negative peaks
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Figure 5: Graphical description for the peak over-
shoot voltage determination. The peak overshoot
voltage is determined by using the last eigenmode
and Eq. (11).
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Figure 6: Graphical description for the crosstalk
noise determination.

Table 1: Line-length-dependent signal transient
characteristics. The test circuit configuration is the
same as in Fig. 2-(a). The input switching pattern
is assumed as “010”.

Line Active Line Active Line Quiet Line
Length Delay [psec] Overshoot [V ] Crosstalk [V ]

SPICE TWA SPICE TWA SPICE TWA
1mm 19.2 17.4 3.5913 3.3854 0.5807 0.6821
2mm 35.5 33.7 3.5868 3.4848 0.5762 0.6592
5mm 85.2 83.6 3.4601 3.4139 0.53 0.5652
10mm 168.8 166.8 3.2548 3.2060 0.5192 0.4446

Table 2: Switching-pattern-dependent signal tran-
sient characteristics. The test circuit configuration
is the same as in Fig. 2-(a).

Line Active Line Active Line Quiet Line
Length Delay [psec] Overshoot [V ] Crosstalk [V ]

SPICE TWA SPICE TWA SPICE TWA
0 ↑ 0 168.8 166.8 3.2548 3.2082 0.5192 0.4446
↑ ↑ ↑ 167.6 165.7 4.0301 3.9860 - -
↑ 0 ↑ 170 165.9 3.5262 3.5822 1.0153 1.0275

Table 3: Driver-size- and load-dependent signal de-
lay characteristics.

items SPICE[psec] TWA-based Error
driver/load [psec] [psec] [%]
50Ω, 0.1pF 168.8 166.8 1.2
100Ω, 0.1pF 203.2 219.5 8
200Ω, 1pF 582.2 589.3 1.2

and positive peaks since the crosstalk signals are also oscil-
lating. The signs may be changed with the opposite switch-
ing condition. Thus, the maximum of the absolute values of
the first two peak points has to be chosen for the maximum
crosstalk. The negative peak occurs at the starting point
of the last eigenmode while the positive peak approximately
occurs at the end of the linear region of the last eigenmode.
Note, the crosstalk is the most significant at the center line
(victim line) when all the outer lines (aggressor lines) are
switching from logic 0 to logic 1. Therefore, the maximum
crosstalk can be readily determined by choosing the larger
value between the negative peak and the positive peak,

MAX

(∣∣∣∣∣
n∑

k=1

{
sik

(
n∑

j=1

s
′
kj · vsj

)
· Tk

(
t−f(n)

)} ∣∣∣∣∣ ,
∣∣∣∣∣

n∑
k=1

{
sik

(
n∑

j=1

s
′
kj · vsj

)
· Tk

(
tf0(n) + δ(n)

)} ∣∣∣∣∣
)

.

(19)

The crosstalk determination procedures are graphically de-
scribed in Fig. 6. The crosstalk noises for the 3-coupled
lines are investigated and summarized for the input switch-
ing pattern “101” in Table 1 and Table 2. Further, the
crosstalk noise of the 5 coupled lines with input switching
pattern “11011” is also investigated and summarized in Ta-
ble 3. The transmission line parameters are as follows

[L] =




7.46 5.22 4.07 3.35 2.84
5.22 7.26 5.10 4.03 3.35
4.07 5.10 7.21 5.10 4.07
3.35 4.03 5.10 7.26 5.22
2.84 3.35 4.07 5.22 7.46


 [nH/cm] ,

[C] =




1.64 0.52 0.04 0.02 0.01
0.52 1.35 0.51 0.03 0.02
0.04 0.51 1.33 0.51 0.04
0.02 0.03 0.51 1.35 0.52
0.01 0.02 0.04 0.52 1.64


 [pF/cm] ,

[R] = diag [68.97] [Ω/cm] .

As it was shown, the crosstalk noise of the center line is re-
ally significant. The TWA-based crosstalk noise estimation
is a bit larger than SPICE noise simulation although their
differences are small. Further, note, the TWA technique as-
sumes a step input. Thus, the TWA-based crosstalk-noise
can be considered a good conservative design guide line. It
is noteworthy that the crosstalk noise of the 5-coupled lines
(i.e., 11011 switching) is much larger than that of 3-coupled
lines (i.e., 101 switching). That means the inductive cou-
pling due to the far-apart lines cannot be neglected in high
speed interconnect. The TWA models inductively coupled
crosstalk very well.
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Table 4: The crosstalk for 3-coupled lines and 5-
coupled lines.

Line ↑0↑crosstalk[V ] ↑↑0↑↑crosstalk[V ]
Length SPICE TWA SPICE TWA
1mm 1.176 1.5712 1.6705 2.1156
2mm 1.2022 1.5201 1.7357 2.0934
5mm 1.0829 1.3040 1.6241 1.8696
10mm 1.0133 1.0275 1.3867 1.5456

Table 5: Delay and glitch for switching pattern of
“↓↑↓”.

Line Delay [psec] Glitch Peak [V ]
Length SPICE TWA SPICE TWA
1mm 10.7 9.5 2.452 3.0690
2mm 18.9 16.9 2.4743 2.9691
5mm 113 93.5 2.2505 2.5470
10mm 258.4 299.9 1.8435 2.0068

Up to now, we considered only the typical cases in which
the input signals switch from logic 0 to logic 1. However,
there are other cases in which some of the input signals may
switch from logic 0 to logic 1 while rest of them switch from
logic 1 to logic 0. An example case, for 3-coupled lines is
shown in Fig. 7. In this particular case, i.e., the switching
pattern of “↓↑↓”, the signal waveform contains a spurious
glitch rather than being monotonic. In practice, since this
glitch signal may exceed the 50% of the final value, this kind
of waveform should be characterized with both the peak sig-
nal of the glitch and the main lobe of the signal. The an-
alytical waveform determination for this special case is not
simple since the signal variation is not dominated by a sin-
gle eigenmode. Thus, the other eigenmodes, which may be
different in magnitude as well as sign, have to be taken into
account. Note, since the peak of the spurious glitch sig-
nal for the switching pattern of “↓↑↓” occurs at the instant
the last eigenmode occurs, it can be readily determined as
follows

vi−glitch−peak = vi

(
t−f(n)

)

≈
n∑

k=1

{
sik

(
n∑

j=1

s
′vsj

kj

)
pk

(
t−f(n)

)}
.

(20)

These are graphically described in Fig. 8. If the vi−glitch−peak

is less than the 50% of the final value, the 50% delay of the
signal can be determined with the RC-like main lobe by
using (15). However, if it is not the case, the signal de-
lay due to the glitch has to be taken into account since the
vi−glitch−peak may exceed the 50% of the final value. The
glitch signal can be approximately linearized as

vglitch (t) ≈ vi

(
tf0(1)

)
δ(1)

(
t − t−f(1)

)
. (21)

Thus, the 50% delay due to the glitch signal for the switching
pattern of “↓↑↓” can be determined as

t50%−glitch = 0.5vsi · δ(1)

vi

(
tf0(1)

) + t−f(1). (22)

In the case of the switching pattern of “↓↑↓”, the signal de-
lays and glitch peaks are investigated by varying the line
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Figure 7: The signal transient for the input switch-
ing pattern of “↓↑↓”. The test circuit configuration
is the same as in Fig. 2-(a).
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Figure 8: The response signal for the input switch-
ing of “↓↑↓”. Note that the glitch may exceed 50%
of the final value.

length. They are summarized in Table 4. It is noteworthy
that the signal delay of this case is approximately two times
larger than the previous nominal switching case (i.e., the
case in which the input switching pattern is “010”). Even
for this case, the TWA-based model can provide an accurate
prediction of signal delay and glitches. In general, the pro-
posed technique can be extended to non-identical line case
with similar accuracy as the identical line cases. In order to
exemplify the case, we consider a non-identical three coupled
line case with the similar structure of Fig. 2-(a). However,
the line widths and line spacings are non-identical. The line
widths are w1 = 2.2µm, w2 = 2.5µm, and w3 = 1.5µm. The
line spacing between w1 and w2 is 1.3µm. The line spacing
between w2 and w3 is 1.8µm. The transmission line param-
eters can be determined by using a commercial field solver
as follows.

[L] =


 6.84 4.50 3.28

4.50 6.65 4.30
3.28 4.30 7.32


 [nH/cm] ,
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[C] =


 1.58 0.49 0.02

0.49 1.49 0.34
0.02 0.34 1.36


 [pF/cm] ,

[R] =


 78.4 0 0

0 69.0 0
0 0 114.9


 [Ω/cm] .

The signal transient waveforms of the non-identical lines are
shown in Fig. 9 and the characteristics are summarized in
Table 6. Consequently, in general, the proposed models are
accurate with approximately 5% error without significant
glitch signals. With the glitch signal, the models are ac-
curate approximately within 10% error. Finally, in order
to show the computation-time-efficiency of the models, we
compared the execution time of the models with SPICE.
SPICE simulations have been performed with 500-segment
model for interconnect lines in SUN Ultra-SPARC 10 work-
station while the model-based calculations have been done
with MATLAB 5.3 program in PC (which employs 750MHz
micro-proscessor). The CPU execution time is compared in
Table 7. As it was shown, the models are 2600 times faster
than SPICE simulation for 3-coupled lines. The difference is
significantly increased with the increase of the line numbers.
That is, it is 3200 times faster than SPICE simulation for
5-coupled lines.

Table 6: Signal transient characteristics of non-
identical lines.

model SPICE TWA-based Error
items

50% delay 158.6psec 155.7psec 1.8%
Overshoot 3.2265V 3.2855V 1.8%
Crosstalk 0.5014V 0.5215V 4.0%

Table 7: Comparison of the execution time of the
models with SPICE simulation.

items 3-lines 5-lines Output
model [sec] [sec]

SPICE 78 197 Waveform
Eq. (14) 0.03 0.06 50% delay
Eq. (18) 0.03 0.06 Overshoot
Eq. (19) 0.03 0.06 Crosstalk

5. CONCLUSION
In this work, new signal integrity models for inductance-

dominant multi-coupled RLC interconnect lines are devel-
oped in an analytic manner by using the TWA technique.
Since they are the closed form models, the signal transient
characteristics of multi-coupled lines such as delay, crosstalk,
ringing, and glitches can be very efficiently as well as ac-
curately determined. In the multi-coupled lines, the sig-
nal transient characteristics are correlated in a complicated
fashion with the input switching patterns. Nonetheless, the
TWA-based models can efficiently provide signal transient
characteristics due to the input switching patterns. It was
shown that the models have excellent agreement with SPICE
simulation.
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Figure 9: The signal transient waveforms of the 3-
coupled non-identical lines. The circuit configura-
tion is the same as Fig. 2-(a).
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