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Abstract - a traveling-wave-based waveform 
approximation (TWA) technique is presented. The 
technique can be efficiently as well as accurately applied 
for the signal integrity verification of inductance-effect-
prominent multi-coupled RLC transmission lines. The 
method suggests that a steady-state traveling wave is 
approximately determined by a three-pole approximation 
in frequency domain. Then the time-domain response of 
the system is determined by using the traveling waves that 
are modeled by multiple reflections. It is shown that the 
TWA-based signal transients have excellent agreement 
with HSPICE simulation.  

Keywords: signal integrity, multi-coupled transmission 
lines, signal transient, crosstalk 

I. Introduction 

  The operating frequency of today's high-
performance VLSI circuits already exceeds several GHz 
[1]-[3]. Next generation high-performance VLSI circuits 
may require a clock signal with several tens of pico-
second edge rate. In contrast, the continuing technology 
scaling drastically increases the level of integration 
toward SoC (system on a chip) and SoP (system on a 
package) in which interconnect density becomes much 
tighter and interconnect line lengths become much longer 
[4]. In such high-frequency-operating gigantic chip or 
system, it has been well known that interconnect lines 
have a crucial effect on the overall system performance. 
The signal integrity degradation due to uncertain timing 
variations and noises concerned with the complicated 
interconnect nets became the major issues of circuit 
designs.  
 Up to date, many clever techniques concerned with 
the signal transient analysis of the general multi-coupled 
transmission line system have been developed. Basically, 
there have been four representative techniques to 
characterize the general multi-coupled transmission line 
systems. (1) a SPICE-like circuit segment-model, which 
requires a huge computation time due to extra nodes and 
branches, (2) convolution techniques, which also need 
huge computation time due to numerical integration, (3) 
state-based approach, and (4) waveform relaxation 
techniques, which are more efficient in computation time 

than the first two techniques. However, it is known that 
the last two approaches may not be suitable to handle fast-
varying signals. Although a recursive convolution 
algorithm or improved waveform relaxation techniques 
can improve the computation time, it may not be fast 
enough for today’s IC CAD tools since it still includes 
numerical integration algorithms.  Traditional numerical 
integration algorithms (very accurate) may not be 
practical and not efficient enough for the signal integrity 
verification of the complicated VLSI circuits, since they 
require huge amounts of computation time. Fast transient-
signal analysis algorithms which preserve the accuracy 
within allowable bounds, are highly desirable for efficient 
signal integrity verification. Clearly, there exists a trade-
off between the accurate simulation and fast simulation.  
 In TWA technique [5]-[7], the physical phenomena 
of the transient signal of a transmission line were 
characterized by combining the frequency-domain 
approximation technique for slow-transient characteristics 
and the time-domain approximation technique for fast-
transient characteristics of the system response. In the 
frequency-domain, the transient signal is represented with 
only 3-dominant poles which can fairly accurately 
represent its low-frequency characteristics. In contrast, the 
high-frequency characteristics of the transient signal are 
represented with the traveling wave characteristics and a 
modified-RC-response approximation technique in the 
time-domain. This enables the derivation of the accurate 
analytical signal transient waveforms for inductance-
effect-prominent multi-coupled RLC interconnect lines. 

II. Theoretical Background for TWA 
Technique 

  The physical description of the transient signal of a 
transmission line can be efficiently characterized by using 
a traveling-wave-based waveform approximation (TWA) 
technique which combines a frequency-domain-based 
approximation for low-frequency characteristics with a 
time-domain-based approximation for high-frequency 
characteristics of the system response [5]. That is, 
assuming a step input, (1) first, a three-pole-based 
frequency-domain response function is determined, (2) 
next, it is transformed back into the time-domain without 
any numerical integration, and (3) finally, the high-
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frequency characteristics of the transient signal are 
incorporated into an approximation function by exploiting 
the traveling wave characteristics and a modified-RC-
response approximation in the time domain.   
 Then defining an effective time of flight ( 0ft ) and a 
time difference ( δ ) concerned with the wave reflection, 

( )0 ( )f Lt l L l C C≡ ⋅ ⋅ + , (1) 

( )Ll L C C l LCδ ≡ + − , (2) 

where  is the line length, the time domain wave-shape is 
approximately determined as follows.  
 For 0 0(2 1) (2 1)f fn t t n tδ δ− − ≤ ≤ − + , the response 
can be modeled as linear ramp shape, 
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Note, n is the reflection count and LC  is the load 
capacitance of the line. The 3 poleV  is the three-pole-based 
time-domain response.  
 In contrast, for 0 0(2 1) (2 1)f fn t t n tδ δ− + ≤ ≤ + − , the 
response can be modeled as RC-response-like shape 
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III. Signal Transient Formulation 
using TWA 

 In the frequency domain, the voltages and currents 
of multi-coupled transmission lines are represented by a 
matrix form of transmission line equations [6], 
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where [ ] [ ] [ ]Z R j Lω= +  and [ ] [ ] [ ]Y G j Cω= + . [ ]R , [ ]L , 
[ ]G , and [ ]C  are PUL(per unit length) resistance, 
inductance, conductance, and capacitance matrix, 
respectively. The voltage vector and current vector can be 
represented by a linear transform 

   [ ( )] [ ][ ( )]V mV z T V z= , (7) 

   [ ( )] [ ][ ( )]I mI z T I z= , (8) 

where [ ]VT  and [ ]IT  are voltage-transformation matrix 
and current-transformation matrix, respectively. ( )[ ]mV z  

and ( )[ ]mI z  are a modal voltage vector and a modal 
current vector, respectively. Then, combining (6) with (7) 
and (8), the modal voltages and modal currents can be 
represented by 
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If [ ]VT  and [ ]IT  are the eigenmatrices of [ ][ ]Z Y  and 
[ ][ ]Y Z , respectively, both [ ][ ]Z Y  and [ ][ ]Y Z  can be 
diagonalized. Since the system matrix can be diagonalized 
by using such transformation matrices, the primary goal 
of a modal decoupling technique is to find the 
transformation matrix. 
 In the lossy transmission system with negligible 
dielectric loss, the system matrix becomes 

 2[ ][ ] [ ][ ] [ ][ ]Z Y L C j R Cω ω≈ − + . (10) 

The system can be very accurately represented by modal 
decoupling technique. That is, the eigen matrix 
corresponding to the eigen values of ( )1[ ][ ]

eigenvalue
L C − , 

can be exploited for the modal decoupling of the 
physically meaningful practical transmission line system 
regardless of the dielectric media. Thus, defining the PUL 
transmission line parameter matrices 
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Then the voltage of the i-th line can be represented by 
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Note, iW , kb , 0kZ , and kΓ  are the i-th incident wave of 
the transmission line, the k-th modal input voltage, 
characteristic impedance of the k-th modal line, and 
reflection coefficient of the k-th modal line, respectively. 
Using TWA technique, the time domain counter part of 
(15) can be readily determined. In multi-coupled lines, the 
time domain step response of the i-th line can be 
represented by 
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where ( )kp t is the TWA-based 3-pole response of the k-
th mode. Note, a ramp signal can be represented by the 
summation of delayed step signals as follows 
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where N is the number of the delayed step signals. In 
practice, the original ramp signal can be accurately 
represented with approximately 20 to 30 numbers of the 
delayed step signals. Thus, the i-th line ramp signal 
response of multi-coupled lines can be determined by 
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IV. Signal Transient Examples Using 
TWA 

 In order to verify that TWA-based signal transients 
have excellent agreement with SPICE simulation, a triple-
coupled circuit as shown in Fig.1, is tested. As shown in 
Fig. 2, (13) has excellent agreement with SPICE 
simulation. However, its computation time is several 
thousand times faster than that of SPICE simulation. 
 

 
(a) test structure 

 
(b) circuit model 

Figure 1. triple-coupled transmission lines. 
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(a) Switching pattern (↑ ↑ ↑ ) 
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(b) Switching pattern ( 0↑ ↑ ) 
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(b) Switching pattern (↑ ↓ ↑ ) 

Figure 2. signal transients and coupling using TWA. 
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V. Summary and Conclusion 

 A new traveling-wave-based waveform 
approximation technique was presented. Covnentional 
model order reduction techniques cannot accurately 
determine the inductance-effect-prominent RLC 
transmission line responses. In this paper, a new 
waveform approximation technique was introduced for 
finding the time-domain response of general multi-
coupled RLC transmission lines. The steady-state 
traveling waves were determined with a three-pole 
approximation technique for the transmission line system 
function and the abrupt signal variations were determined 
by using the traveling wave concepts. Since the technique 
accurately models the time-domain response, the 
switching-dependent signal trasients of general 
inductance-effect-prominent RLC lines can be accurately 
determined in an analytical manner by using the technique. 
It is noteworthy that the TWA-based signal transients 
have excellent agreement with 500-segment-based 
HSPICE simulation results while its computation time is 
sereral thousand times faster than that of SPICE 
simulation. Thus, the technique can be usefully employed 
for the signal timing verification of today’s high-speed 
VLSI circuits. 
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