
Efficient Signal Integrity Verification of Multi-Coupled Transmission Lines with 
Asynchronously Switching Non-Linear Drivers 

Taeyong Je 
Dept. of Electrical and Computer Engineering, 

Hanynag Univ., Ansan, Kyunggi-do, Korea 
urabahn@giga.hanyang.ac.kr 

Yungseon Eo 
Dept. of Electrical and Computer Engineering, 

Hanynag Univ., Ansan, Kyunggi-do, Korea 
eo@giga.hanyang.ac.kr 

Abstract 

A non-linear driver is modeled as a simple equivalent 
linear circuit which can be represented with pre-
characterized driver model parameters, i.e., a driver 
input rise time modulation, a driver switching delay, 
effective-driver resistance, and effective transmission line 
capacitance. Thereby, an efficient linear-driver-based 
simulation algorithm for multi-coupled interconnect lines 
can be directly exploited. In this work, a traveling-wave-
based waveform approximation technique which is a 
linear-driver-based simulation algorithm for the efficient 
signal integrity verification of multi-coupled transmission 
lines is combined with the developed driver model. Then it 
is shown that the signal integrity of asynchronously 
switching interconnect nets with non-linear drivers can be 
accurately as well as efficiently verified. 

1. Introduction 

With the possibility of nano-scale-based ultra-high 
density and ultra-high speed integrated circuit design, 
interconnect lines are crucial design issues since today’s 
integrated circuit performance is dominated not by gates 
but by interconnect nets. Much tighter physical spacing 
between the lines and much longer interconnect line 
length make circuit timing and noise margin be more 
stringent [1]. Not only does the capacitive and inductive 
coupling between neighbor lines result in a significant 
crosstalk noise, but also the timing variation due to the 
coupling effect may be larger than conventional RC time 
delay. To make matters worse, asynchronous switching 
between the line drivers makes conventional monotonic-
waveform-based timing models and crosstalk models be 
useless since there is a significant slew rate modulation 
due to the neighbor line coupling effect [2]-[5].  

In practice, interconnect nets are driven by non-linear 
circuits. The non-linear driver switching may be the major 
source of an input rise time modulation, thereby leading 
to the asynchronous switching between the lines. The 
asynchronous circuit switching of multi-coupled lines 
leads to non-monotonic output wave-shape that makes the 
timing and noise analysis of the multi-coupled lines be 
inherently difficult [6][7]. Therefore, without taking the 
non-linear driver effect into account, the signal integrity 

analysis of the strongly coupled interconnect nets may not 
be assured. 
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Figure 1. A transmission line driven by a 100x 
driver using 0.18um CMOS process. 

Up to date, a non-linear driver is simply modeled as a 
linear Thevenin equivalent circuit ( ),th thV R that is based 
on empirical k-factor-based model [8], look-up table with 
effective capacitance [9][10], or alpha power low[11]. 
However, these models are not accurate enough to 
efficiently verify the signal integrity of today’s integrated 
circuits. 

In this work, at first, a non-linear driver is modeled 
with a compact linear circuit by employing a driver input 
rise time modulation, driver switching delay, effective-
driver resistance, effective transmission line capacitance, 
and neighbor-line coupling effect. Then, multi-coupled 
interconnect nets with non-linear drivers are represented 
with a compact linear equivalent circuit. Next, the 
accuracy and efficiency of the model is verified by 
combing the developed non-linear driver model and 
traveling-wave-based waveform approximation (TWA) 
technique [12] which is an efficient signal integrity 
verification algorithm based on the linear driver circuits 
[13][14]. 

2. Problems due to Non-Linear Driver 

If an interconnect line is driven by a non-linear driver 
circuit as shown in Fig. 1, the ramp input signal of a 
driver with the rise time of rt  is modulated at the output 
of the driver (i.e., the input signal of the interconnect line). 
The input signal modulation is implicitly or explicitly 
correlated with the driver size, input slew rate, 
transmission line effect, receiver loading effect, and etc. 
Among them, the driver size and loading effect are more 
prominent than other effects. As illustrated in Fig. 2, the 
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output response slew rate for a driver with an input rise 
time ( rt ) is not a constant but a function of time. The 
input driver slew rate modulation has a substantial effect 
on the signal transients of the multi-coupled interconnect 
lines as shown in Fig. 3. Furthermore, if the input drivers 
of multi-coupled interconnect lines asynchronously 
switch with different slew rates, the signal transients 
become much more deteriorated as shown in Fig. 4. Thus, 
the conventional simple driver circuit model based on the 
delayed input signal and effective driver resistance 
[13][14] may not be accurate enough for the timing and 
noise verification of today’s integrated circuits which 
have very stringent timing and noise margin. 
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Figure 2. Far end signal waveform of Fig. 1 for 
various input signal transition time. The output 
response slew rate for a driver with an input rise 
time ( rt ) is not a constant but a function of time. 
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Figure 3. Input slew rate modulation due to a non-
linear driver when 100rt ps= . Note, the non-linear 
driver has a considerable effect on the transient 
responses. 
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Figure 4. Signal transient deterioration due to the 
cross-coupled switching of neighbor lines with 
asynchronously switching drivers. Note, the 
slew rate of victim line (the center line) and the 
switching time of the aggressor lines (outer 
lines) have a strong correlation. 

3. Non-Linear Driver Model 

The output signal of a non-linear driver (e.g., an 
inverter) can be modeled as a simple linear circuit by 
using delays due to the driver (both 10% and 50% delay), 
the driver resistance, and the driver loading effect as 
shown in Fig. 5, where the non-linear driver, non linear

outV − ,
can be represented with a function of model parameters 

( ) ( )10% 50%

'

, , , ,
delay delay

non linear
out r S eff

in

V f t  t  t  R  C

V

δ− • ≈ ⋅

≡
 (1) 

where rt , 10%
delay

t 50%
delay

t , SR , and effC  are input rise time, 
10% delay of the driver output, 50% delay of the driver 
output, effective driver resistance, and effective load 
capacitance, respectively. The δ  is a sign digit (i.e., -1 
for an inverting logic and +1 for a non-inverting logic). In 
this sub-section, such model parameter determination 
methods concerned with non-linear driver pre-
characterization are described in more detail. 

Figure 5. An equivalent circuit model of a non-
linear driver 

3.1. Effective Capacitance of a Transmission Line 
The effective capacitance ( effC ) of a transmission line 

can be modeled as 

INV

SR

INV′
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0
( )rt

eff
DD

I t dt
C

V
= . (2) 

Thus, it can be approximately determined by solving the 
current equation of numerator [9][10]. The current of a 
transmission line is  

2

1( ) ( ) ( ) ( )DD

r

V
I s V s Y s Y s

t s
= = . (3) 

Neglecting the dielectric loss, the admittance of the 
transmission line can be represented by 

1( ) ,
1 ( )

sC CY s
sL R L R L y

≈ =
+ +

 (4) 

where 1y s= . Then expanding ( )Y s  at 0y =  ( s = ∞ )
with Taylor series, ( )Y s can be represented by 

5 4 3 2 1
1 2 3 4 5

5( ) s m s m s m s m s mCY s
L s

+ + + + +≈ ,  (5) 

where 
[ ]1 1 ( )
!

k k

k

d dy R L y
m

k
⋅ +

= . (6) 

Thus, the effective capacitance ( effC ) can be yielded by 
15

0 ( 2)!

n
r

eff n
n

tCC m
L n

+

=
≈

+
 (7) 
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Thus, 10%
delay

 t  and 50%
delay

 t  can be readily characterized from a 
given driver. 

3.2. Effective Driver Resistance 
Effective driver resistance ( SR ) of the driver can be 

approximately determined with the transistor I-V 
characteristic curve as shown in Fig. 5. As we can see, the 
resistance is not a constant but the variable of DSV  in the 
range of  

0S S S VddR R R −≤ ≤ , (8) 
where 0SR and S VddR − are the resistances at the two 
extreme values of DSV  as shown in Fig. 5. That is, 

( )0 0S S DSR R V= =  and ( )S Vdd S DS DDR R V V− = = . Note, 
the driver output response rapidly changes near the driver 
switching threshold voltage which is approximately 

2DDV . Thus, the driver resistance should be selected 
near the driver switching threshold voltage, 

2
DD

S S DS
V

R R V≡ ≈ . (9) 
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Figure 5. Effective driver resistance ( SR )
determinant from MOS IV curve 

3.3. Rise Time Modulation due to Non-Linear Driver 
A driver input signal with a rise time ( rt ) can be 

represented by 

               ( )
, 0

,

DD
r

rIN

DD r

V
t t t

tV t
V t t

≤ <
=

≤

. (10) 

However, since the input signal will be modulated with 
non-linear driver characteristics, the modulation effect has 
to be taken into account. Once the effective load 
capacitance of the driver is determined, both 10%

delay
t  and 

50%
delay

t  can be readily determined by performing a SPICE 

simulation for the driver with input signal time ( rt ). Since 
a CMOS driver may rapidly switch near the driver 
switching threshold voltage, the modulated input signal 
rise time ( rt ′ ) due to the driver can be approximately 
represented by 

                     50% 10%1.7( )
delay delayrt t t′ ≈ − , (11) 

and the driver time delay due to the driver switching time 
can be fairly well represented by 

                 
( ) 10%

2
delayr th DDt V V t

τ
+

≈ . (12) 

Thus, with rt′  and τ , the modulated input signal ( ( )INV t′ )
can be represented by 

       
( ), 0

( )
,

DD
r

rIN

DD r

V u t t t
tV t

V t t

τ ′− ≤ <
′′ =

′ ≤
. (13) 

The output responses of the model are compared in Fig. 6 
with the SPICE simulation. They show excellent 
agreement.  
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Figure 6. The signal transient response 
comparison of the proposed model and SPICE 
simulation 

3.4. Cross-talk Effect due to Neighbor Line Switching 
In multi-coupled lines, signal coupling between the 

lines (i.e., crosstalk) has a significant effect on the signal 
transient [7]. The amount of the cross-talk depends on the 
switching patterns as shown in Fig. 7. Defining the three 
switching symbols as “ ↑ ” (switching from logic 0 to 
logic 1), “↓ ” (switching from logic 1 to logic 0), and “0” 
(the quiet state), the switching patterns can be represented 
with the arrow symbols. In two coupled lines, there are 
three possible switching patterns (i.e., 0↑ , ↑↑ , ↑↓ ). In 
the switching patterns of “ ↑↑ ”, the effective load 
capacitance ( effC ) is exactly equal to the single isolated 
line capacitance. In contrast, the effective capacitance of 
the switching pattern of “ 0↑ ” can be readily determined 
with (6) by replacing the C  by 11 12C C C= + . However, 
in the cross-coupled switching (↑↓ ), it is not the case. In 
this particular switching case, since the crosstalk induces 
the negative notch in a signal transient wave-shape, the 
effect results in an additional delay. Thus, the effect can 
be approximately modeled with a time delay ( xτ ). 
Assuming the capacitive coupling, the amount of 
crosstalk voltage ( xV ) of two coupled line is given by 
[15]

12

11 12

1
2x DD

CV V
C C

≈
+

. (14) 

Thus, 

( )
' '12

11 122
x

x
DD

V C
V C C

τ τ τ= ⋅ = ⋅
+

 (15) 

Taking the additional time delay into account, the 
modulated input signal (

INV ′ ) of (10) can be modified for 
the cross-coupled switching case as  

( ), 0
( )

,        

DD
x r x

rIN

DD r x

V u t t t
tV t

V t t

τ τ τ

τ

′− − ≤ < +
′′ =

′ + ≤
. (16) 

Although the model is derived with two-coupled lines, it 
can be readily extended into n-coupled lines. 
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Figure 7. Cross-talk effect of 2-coupled lines for 
various switching patterns 

4. Efficient Signal Integrity Verification of 
Multi-Coupled Transmission Lines 

In this section, it is shown that the signal transient 
wave-shapes of multi-coupled transmission lines with 
non-linear drivers can be very efficiently as well as 
accurately determined by combining the developed non-
linear driver model and TWA technique [12] which is 
based on the linear driver model. 

In the TWA-technique, the output response of the i-th 
line due to the j-th input switching of n-coupled 
transmission lines is represented with the following 
nomenclature. 

d : the number of the decomposed input signals for an 
asynchronously switching input signal 

m : step count of  the k-th mode 
n : the number of delayed step functions for a ramp 

function representation using step functions 
τ : non-linear driver time-delay (see section 3) 

rt ′ : modulated input signal transient time 

kN : the number of  the steps of the k-th mode for a 
single input switching 

jkN : the number of the steps of the k-th mode when j-th 
line causes coupling effects 

iks : the i-th row and the k-th column component of  
normalized n n× voltage eigenmatrix of the 
transmission line system

kb′ : the k-th modal input voltage
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kp′ : the TWA-based 3-pole response of the k-th mode 
when input signal is INV ′

,skew jt : the timing skew of the j-th input switching 
First, in multi-coupled transmission lines, the time 
domain step response of the i-th line can be represented 
by 

             
1

( ) ( )
n

i ik k k
k

v t s b p t
=

′≈ , (17)

where ( )kp t′ is the TWA-based 3-pole response of the k-
th mode which can be readily determined [12]. Next, a 
ramp input can be represented with many delayed step 
function [16].  

     
1 1

( ) ( ) ( ) ,
kNn

ik k r r
i k

k mk k k

s b mt mtv t p t u t
N N N

τ
= =

′
′= − − −  (18) 

Further, the output response of multi-coupled lines which 
are driven by asynchronously switching input signals can 
be represented with the summation of respective input 
signal responses [16]. That is, the output response of the i-
th line due to the j-th input switching can be represented 
by 

,
1 1

,

( ) ( )

( )

jkNn
ik k r

ij k skew j
k mjk jk

r
skew j

jk

s b mtv t p t t
N N

mt
u t t

N
τ

= =

′ ′
′= − −

′
⋅ − − −

. (19) 

Thus, the final output response of the i-th line for all of 
the asynchronous switching inputs can be represented by 

( )
1 1 1 1

( ) ( )   , ,  , ,
jkND D n

ik k
i ij jk

j j k mjk

s bv t v t X t m N
N

τ
= = = =

′
= = (20)

where 

( ) ,

,

, , , ( )

( ).

r
jk k skew j

jk

r
skew j

jk

mtX t m N p t t
N

mtu t t
N

τ

τ

′
′= − −

′
⋅ − − −

 (21) 

Now that the non-linear driver characteristics are 
combined with the transmission line characteristics in 
terms of the mathematical expression in (20), the signal 
integrity of multi-coupled transmission lines with non-
linear drivers can be very efficiently determined. 

In order to investigate the accuracy and efficiency of 
the model, 5-coupled transmission lines with non-linear 
drivers are tested with the worst case switching pattern of 
“ ↓↓↑↓↓ ”. As shown in Fig. 8. the TWA-based signal 
transient wave-shapes for the respective lines have good 
agreement with SPICE simulation. In contrast, its 
computation time is several thousand times faster than 
that of the SPICE simulation. In the 5-coupled lines, 
although the CPU time for the SPICE simulation is 64 
second, the TWA-based calculation time is just 20 

millisecond that is 3200 times faster than that of SPICE 
simulation. 
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Figure 8. Output signal transient waveform of  5-
coupled lines with 100x driver (0.18um process) 
for worst case input switching (a) the most 
outside lines (b) two adjacent lines of center line 
(c) center line 
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5. Conclusion 

In this paper, an efficient signal integrity verification 
method for the multi-coupled lines with asynchronously 
switching non-linear drivers was presented. A non-linear 
driver is characterized with its size, input rise time, driver 
delay, and effective resistance. Taking the transmission 
line effect and receiver loading effect into account, the 
loading effect of the driver is represented with effective 
capacitance, followed by the driver characterization. 
Thereby, the signal transient variations due to the 
asynchronous switching multi-coupled transmission lines 
with non-linear drivers can be very accurately as well as 
efficiently simulated by using a simplified modal 
decoupling algorithm, i.e., traveling-wave-based 
waveform approximation technique (TWA-technique). It 
was shown that the signal transient wave-shapes of multi-
coupled transmission lines with non-linear drivers can be 
very efficiently as well as accurately determined by 
combining the developed non-linear driver model and 
TWA technique. The TWA-based signal transients for the 
multi-coupled transmission lines with the non-linear 
drivers have excellent agreement with SPICE simulation 
using 100 segment RLC circuit model. Its computation 
time is several thousand times faster than that of SPICE.  
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