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Abstract —In this paper, a novel method is developed to
-reconstruct the physically structures of a nonuniform
couple transmission lines from layer peeling algorithm and
genetic algorithm. Base on the time domain reflection (TDR)
measurement, the impedance profile of the device under
test (D.U.T) is first derived by layer peeling transmission
line synthesis. Then, the genetic algorithm (G.A.) is
employed to  extract the parameter of the
lumped/distributed circuits in high-speed digital circuit. As
a result, the system characteristic can be easily obtained by
the extracted model and SPICE circuit simulation software.

I.INTRODUCTION

Recently, interconnection lines on integrated circuit {(IC),

multichip module (MCM), and printed circuit board {(PCB)
have become critical elements for determining the
performance of current high-speed integrated circuits and
systems. As low-swing components, clock rates and bus
speeds have increased dramatically, packaging and
interconnections have greater importance, and in some cases
they actually limit the system performance. Due to high-speed
signal propagating on these interconnections, electrical design
issues such as signal integrity, delay, via-holes and cross-talk
become critical. In order to accurately model the effect of
interconnection in high-speed system, EDA simulation
software requires more accurate equivalent circuit model of
component to eliminate the debugging procedure and reduce
the EMI/S] problem, as well as to shorten the circuit design
cycle.
Two methods which are in frequency domain and time
domain measurement are currently available for extracting the
equivalent electrical parameters of interconnection based on
measurement data. Base on vector network analyzer (V.N.A),
the problem deals with in frequency domain is to develop an
equivalent circuit of interconnection, which was
approximated the correct frequency domain measurement
data and optimized to fit the corresponding coefficients.
Particularly, an  overly simplified model gives rise to
nonphysical phenomenon.
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In this paper, we use excitation of odd-mode and
even-mode to reconstruct the equivalent circuit model of
nonuniform couple transmission lines, the intercohnecting
discontinuity in high-speed digital circuit is investigated; the
parameters of equivalent circuit model will be generated by
layer peeling transmission line synthesis [1]-[2] and genetic
algorithms [3]-{4], based on the measured data from TDR
[5].The extraction model parameters combined into SPICE
circuit simulation, one can easily obtain system
characteristic. The resuits of this study will help in
understanding the effects of the characteristic of the
interconnection discontinuity on system performance, and
reduce the undesirable ring and/or delay in time.

II. THEORY

Before describing the method for extracting a model for an
actual IC package, it is useful to first develop the method for
the simpler cases of an D.U.T to ground. TDR measurement
system is used to get the transient response (V) df the
unknown circuits. Once V), is obtained, the characteristic
impedance profile of the D.U.T is firstly derived by layer
peeling transmission line synthesis, then the genetic algorithm
is used to find the parameters of the lumped circuit in the
D.U.T.

Let the nonuniform line be represented by a series of N+1
uniform impedance section of equal electrical length, as
shown in Fig.(1). Each scction is characterized by its
impedance Z(x), current /(x,t), and voltage ¥(x,t), then the
incident waves and reflected waves can be expressed as

follows[6]:
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where ai_ and a? are the incident waves at the interféce of
the ith section and (i +1)th section respectively, and the
reflected waves b, and bf are similatly represented. We
solve for the wave variables @, and b as:
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where S ;1s the reflection coefficient. Let the incident waves
and reflected waves at X, be defined as the piecewise constant
functions; then we can represent (1) and (2) in the first section
at X, as follows:
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here j=1,2,3,..N, =z, is the source impedance and
At=Ax/c ¢ being the wave propagation velocity; The time
interval (2 At) is because a change in the reflected wave
caused by the junction {+ loccurs no sooner than 2At
after that due to junction /. We can represent (5) as
following:
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By using the prior equation and lattice diagram analysis
Fig.(1), we can extract the nonuniform transmission line.
Genetic algorithms are the global numerical optimization
methods based on genetic recombination and evolution in
nature. They use the iterative optimization procedures that
start with a randomly selected population of potential
solufions, and then gradually evolve toward a better solution
through the application of the genetic operators: reproduction,
crossover and mutation operators. In this paper, genetic
algorithm is used to find the parameters of the lumped circuit

in the D.U.T by minimizing the following cost function:
17
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where K is the total number of time steps of Vm.r measured
by TDR. ¥5%(¢) and ¥%(r) are the measured voltage and
calculated  voltage, respectively. To  calibrate  the
multi-reflection effect in the TDR measurement data, the
V() is recombined by @ ;and b, at discontinuity
section X; :
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In our problem, parameters L, Lm, C, Cm and R are
caded by the following equations:
- . =1 .
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Where x represents the value of our parameters L, Lm, C, Cm
and R; b, is the /-hit string of the binary representation of
X Pminand p are the minimum and maximum value
admissible for x , respectively. Here, p, .. and p_ . can be
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Fig.1  Lattice diagram analysis for cascaded

transmission line

determined by experience and actual physics quantity in the
high-speed digital circuit. Alse, the finite resolution with
which L, Lm, C, Cm, and R can be tuned in practice is
reflected in the number of bits assigned to it. The total
unknown coefficients in (11) would then be described by a
(nxl )bit string (chromosome), where # 1is total number of
unknown parameters in the equivalent circuit of tumped
circuit in the D.U.T.. The G.A. starts with a large population
containing a total of M candidates. Each candidate is
described by a chromosome. Then the initial population can
simply be created by taking M random chromosomes. Finally,
the GA iteratively generates a new population, which is
derived from the previous population through the application
of the reproduction, crossover, and mutation operators[2]. The
new populations will contain increasingly  better
chromosomes and will eventually converge to an optimal
population that consists of the optimal chromosomes. As soon
as the cost function satisfies our condition, the algorithm will
be terminated and a solution is then obtained.

A lossless couple transmission lines circuit, as show in
Fig.(2), the characteristic impedance of a transmission line
can be described using its inductance and capacitance and
conductance per unit length[6]:

c (13)
The electrical length of such a line can be determined by
using: i

t=IJLC

Here [ is the physical length of the line

we can use the even mode and odd mode excitation, as
shown in Fig.(3). The LC matrices can be easily extracted
from the even and odd TDR impedance profiles using:

(14)
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The Ly, Ly C, and C, are self-inductance, mutual-
inductance, self-capacitance and mutual- capacitance,
respectively; the Z.ym Zoga, Teven, @and Toqe are even mode
impedance, odd-mode impedance and even-mode time delay,
respectively. Even-mode and odd-mode impedances for a
differential pair can be computed using layer-peeling
algorithm, Even-mode and odd-mode time delay for a
differential pair can be obtained using SIPCE simulation
output waveform. Finally, SPICE simulation is used to
reconstruct time domain waveform to verify the accuracy of
theorem.
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Fig.2 Couple lossless transmission line circuit
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Fig.3 Even mode and odd mode excitation

II. NUMERICAL RESULTS

By numerical simulating, we illustrate the performance of
the proposed inversion algorithm and its sensitivity to random
error. Let us consider the modeis of interconnection
discontinuity, as shown in Fig.(4). The impedance profile of
distributed circuit in equivalent circuit model will be
determined by layer peeling transmission line synthesis and
the parameters (self inductance, mutual inductance, self
capacitance, mutual capacitance and resistance) of the lumped
circuit in equivaient circuit model will be determined by the
genetic algorithm. We use TDR  to measure those
circuits .The input of TDR is a step-like signal with rising
time 100ps, and its voltage at high state is 0.5V.

In the examples, the couple transmission lines can be easily
analysis by the equation (15)-(18){2][6][7); the self
inductance L;=L,=6nH, self capacitive C,=C,=3pF, mutual
inductance L,=3nH, mutual capacitive C,=lpF and
resistance R=0.05(} are specified in Fig.(4). Fig.(5) shows
the resultant impedance profile of equivalent circuit model ; It
is seen that there is a discontinuous at 0.77ns by even-mode
excitation and one at 0.69ns by odd-mode excitation. Note
that, the time delay is twice of the specified value because of
the round trip time. The characteristic impedance of Z.in)
and Zevem are all 562 shown in Fig. 5.(a), the characteristic
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impedance of Z,g and Zyg are all 46.5{) shown in Fig.
5.(b). .

To get thé parameter of the lumped circuit of this
interconnection discontinuity by genetic algorithm, we select
the population size as 100 (i.e., M =100); the binary siﬁng
length of those parameter are set to be 16 bit (i.e.,/ =16). Note
that there are five unknown parameters (n=5) in Fig.(4) ; As a
result, the bit number of a chromosome is 32 bits in Fig.(4).
The search range for the unknown resistance R is chosen to
be from 0 to 0.1}, the search range for the unknown self and
mutual inductance is chosen to be from 0 to 10 nH, the search
range for the unknown self and mutual capacitor is chosen to
be from 0 to 10 pF. The extreme value of the coefficient of
those parameters can be determined by the prior knowledge.
The crossover probability and mutation probability are set to
be 0.7 and 0.03, respectively. For the equivalent model in Fig.
4.(b), The measurement data of TDR and the reconstructed
resuit are plotted in Fig. (6}. The final solution of parameters
are:  L1=12=5899nH, C1=C2=3.089pF, L,=2.89nH,
C.=0.98pF, R=4.65x107 (), the R.M.S. error of the voltage
is 3.856x107. Here, the R.M.S. error for voltage of TDR is
defined as:

17
2| r2 .
exp cal
1 &V (t)"Vrdr (’j ‘
RMSE =12, : . (19
= exp
= Vldr (tl ;
A ¢ £l
bt ML_L , e ]
OOUME Ci OEFLE
TRARRE LSS M I FEm | TRt
LBt g B L LKE
o b TR -
-*I-cg
(a) couple lump equivalent circuit
P e 1 T
——{ 7 AV m——
L1 :
¥ I o
s &0+ ] _
L& 'é 1 4 1 ] b i

(b) model decomposition lump equivalent circuit
Fig.4 Lump equivalent circuit model

IV. CONCLUSION

Even-mode and odd-mode analysis can be utilized for
characterization of lumped interconnect structures, €ven when
single-ended signaling schemes are utilized. In this paper, we
have presented a study that the novel algorithm and the even
and odd mode analysis are applied to extract the parameters
of equivalent circuit mode! of the DUT. by TDR
measurement. Structures such as high speed connectors,
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ball-grid array packages and high performance automatic test
equipment sockets can be easily modeled using even and odd
TDR measurements. The resultant waveform in time domain
got good agreement between specified circuit models and

extracted one.

Through the extraction modeling of

interconnection, the design engineer will decide the proper
stratagem to improve the signal quality and/or reduce the
electromagnetic interference.

a

140

120

Layer Pealing T-Line Synthesis.

[

25 3 3.5 4

time(sec)

45 5
x10”°

I periece piofile of the e m ode exciiation aqurivelat ciraitm odel

Layer Peasling T-Line Synthesis

E
&%
4
c
io
£ W
40
20+ h
a
[¢] 0.8 1 1.5 2 25 3 3.5 4 45 5
time{sec) X 10°

b} In pecanceprofile of the 03d m ode exciration eguivelmt cinitm odel

Fig.5

(1]

[2]
[3]

(4]

Impedance profile of even and odd mode
excitation equivalent circuit model

V. REFERENCES

S. C Burkhait and R, B. Wilcox “Arbitrary pulse
shape synthesis via nonuniform transmission line”,
IEEE  Trans.  Microwave  Theory  Tech,
vol.38 ,pp.1514-1518,1990
B.Young, Digital Signal
RTP,2000.chapter §.4,5.

C. C. Chiu and W. T. Chen, “Electromagnetic
imaging for an imperfectly conducting cylinder by
the genetic glgorithm”, IEEE Trans. Microwave
Theory Tech. ,vol.48, pp.1901-1905, 2000.

Integrity,Prentice-Hall

Esan mode voitage cure:

z
oz - oo o D e s L
3
[ L T T T R
R e
0.05
. " . L L 2
] [X] 1 15 2 25 3 25 4 45 5
fame{ps} '’
e} Even modeexciation
0o made voitags curve
0.3 T T T L
- wHage by TOA
! . ' — wonage by GA
pap - 2. -ta o Lol e e o oo L,
[ fi . . I
i
)l ' .
N | EO R R
{ o .
P 1 B T T T T U U
gl .
3 |l o .
§o|s| Ifrr - -
g ‘[ T ‘4‘ B T [ T
| ;
oaff - oo oo Ln L il I
-
' ' '
o 05 ) 15 2 25 2

) 0 modeeciain

Fig.6 Compare the measurement data of TDR with the

[5]

[6]

(71

(8]

(9]

[10]

K.Yasumoto and K. Yoshitomi, D.E. Goldgerg,

Gennetic algorithm in search, optimization and
machine learning. Addison-Wesley, 1989,

0-7803-7779-6/03/$17.00 ©2003 IEEE.

307

. Kaladhar

reconstructed results by G.A.

TDR Fundamentals for use with HP54120T digitizing
oscilloscope and TDR,application note 62,Hewlett
Packard company,april 1988.

Aurelian Tolescu and Paul Svasta, “Characterization
of Differential Interconnects from Time Domain
Reflectometry Measurements,” IEEE ISSE pp.
298-301, 2001.

Liang Yin and Lei He, “An Efficient Analytical
Model of Coupled On-chip RLC Interconnects,”
Design Automation Conference, pp. 385-390, 2001.
Stephen H. Hall, Garrett W. Hall and James A.
McCall, High-Speed Digital System Design: a
Handbeok of interconnect theory and design practices.
Chapter 6, 2000.

Radhakrishnan, Yuan-Liang Li, and
William P.  Pinello, “Integrated  Modeling
Methodotogy for Core and IO Power Delivery”,
ECTC Conf., May 2001

Scott Diamond, Bo Janko, “Extraction of Coupled
S8PICE Models for Packages and Interconnects,”
IEEE ITC pp. 436-445, 1993



