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Frequency- and Time-Domain Analyses of
Nonuniform Lossy Coupled Transmission

Lines with Linear and Nonlinear Terminations
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Abstract—A new technique for the frequency- and time-do-
main characterization of nonuniform coupled transmission
lines is presented in this paper. In the frequency domain, a
method-of-moments-based approach is used to compute the
2 2 scattering parameter matrix of the -coupled lines
using special frequency-dependent basis functions that give good
accuracy over very large bandwidths. In the time domain, the
structure’s -parameters are used as its Green’s function and
are combined with source and terminating load conditions to
obtain its transient response. The proposed method can account
for loss and is particularly suitable for wide-band microwave
component designs and ultrahigh-speed/large-bandwidth digital
interconnects, including nonlinear terminating loads. A detailed
formulation of both the frequency- and time-domain approaches
is presented. Several examples of two- and three-line structures
are analyzed and the results are compared to published results
and other computer-aided-design simulations.

Index Terms—Coupled lines, nonuniform lines, transient anal-
ysis, transmission lines.

I. INTRODUCTION

T ODAY’S technological trend towards higher performing
microwave and digital circuits at increasingly smaller

sizes poses new challenges to both the microwave and
high-speed VLSI designers. One aspect of these challenges lies
in the fact that nonuniform transmission structures must often
be used to reduce circuit sizes, to increase circuit bandwidth,
to reduce discontinuity effects, and to optimize the overall
circuit performance. While several alternative techniques
are available for modeling and analyzing single nonuniform
lines, the same cannot be said of multiple coupled lines where
significantly less work has been carried out and where no
computer-aided-design (CAD) suitable methods are currently
available. In fact, aside from [1], where several piecewise
uniform multiconductor transmission-line segments have been
cascaded, or [2] and [3], where a moment-method approach
with spatially fixed basis functions has been suggested, little
other literature is available on the subject. Moreover, both of
these approaches have limitations that make them impractical
CAD tools, particularly when analyzing a large number of lines
and at high frequencies. This latter problem is of particular
interest to high-speed digital-circuit designers who deal with
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Fig. 1. N -coupled nonuniform transmission lines.

(a)

(b)

Fig. 2. Circuits for: (a)S-parameter calculation and (b) transient response with
arbitrary loads calculation of a multiport network.

very short fast-rising pulses, i.e., wide-band frequency content,
in multiconductor interconnects.
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In this paper, two new efficient and robust approaches for the
frequency and transient analysis of multiple-coupled nonuni-
form transmission lines are proposed. In the frequency domain,
a method-of-moments approach is used to compute the scat-
tering parameters of the nonuniform structure under an arbitrary
reference impedance system. This approach uses basis functions
derived from the structure’s own propagation characteristics;
hence, building-in the proper frequency dependence. The ac-
curacy of this technique is demonstrated by several examples
and its efficiency is shown through an optimization of an ul-
trawide-band coupler design. In the time domain, the coupled
nonuniform transmission lines are subject to arbitrary wave-
form excitations and linear or nonlinear terminating loads. For
this analysis, the time-domain scattering parameters, obtained
by a Fourier transform of the frequency-domain data, are used
in a convolution algorithm to obtain the transient behavior of
the structure. Since the frequency-domain-parameters include
loss, dispersion, and discontinuity effects, the transient response
will also include these effects without any particular effort. Sev-
eral examples are provided to validate the proposed approach,
and the results are compared to those in the literature or obtained
by commercial software packages.

II. THEORY

Consider the section of -coupled nonuniform transmission
lines shown in Fig. 1. In general, this structure could repre-
sent part of a multiport microwave circuit or interconnection
lines used in a high-speed digital circuit. Since it is a passive

-port network, this structure is accurately and conveniently
characterized by its frequency-domain-parameters. Fig. 2(a)
shows a typical setup for -parameter calculation. Once the
frequency-domain -parameters are known, they can be trans-
formed to the time domain and used to simulate the transient
response of the structure, as shown in Fig. 2(b). The following
sections detail the formulations used for both the frequency- and
time-domain analyses of the nonuniform structure.

A. Frequency-Domain Analysis

Consider the section of -coupled nonuniform transmission
lines shown in Fig. 2(a). Such a structure is of interest in many
microwave applications, such as couplers, filters, and matching
circuits, where frequency bandwidth and smooth transitions are
of particular importance. As a passive -port network, this
structure is best characterized by its frequency-domain-pa-
rameters. Considering quasi-TEM mode propagation, the dis-
tributions of the current and voltage waves in the coupled lines
are governed by the well-known telegrapher’s equations, which
relate the individual line voltages and currents
by

(1a)

(1b)

Fig. 3. Tapered microstrip line geometry:W (0) = 10 mil, W (l) = 40 mil,
" = 9:9, H = 10 mil, andl = 5 mm.

(a)

(b)

Fig. 4. Frequency-domain analysis of a linear microstrip taper. (a) Return loss.
(b) Insertion loss.
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(a)

(b)

Fig. 5. Shielded asymmetric coupled microstrip lines. (a) Front view:" =
3:4, H = 10 mil, Hl = 50 mil, D = D = 1 m, T = 1 �m, � =
10 
 m, tan � = 0:001. (b) Top view:W (z) = 150(1� 2z=3l) �m,
W (z) = S(z) = 50(1 + z=l) �m.

where is the frequency, is the direction of propagation,
and are the entries of the frequency and

position dependent per-unit length impedance and admittance
matrices , . These entries are given in terms of
the coupled lines’ matrices by

and with .
In general, these matrices are obtained by a two–dimensional
(2-D) solution of Maxwell’s equations at some positions along
the propagation axis. Depending on the nature and geometry
of the structure being analyzed and the desired accuracy, one
of several alternatives quasi-static or full-wave solution tech-
niques may be used. These techniques will not be discussed in
this paper and we will simply assume that these matrices are
known at some discrete positions along the propagation axis.

In previous works [2]–[5], (1a) and (1b), without any further
manipulations, were solved by a method-of-moments approach,
where both of the unknown current and voltage distributions
on all lines were expanded in terms of a set of suitable basis
functions. In [2] and [3], Chebyshev polynomials were used for
this purpose, while in [4] and [5], a set of forward and back-
ward propagating waves were used as the basis functions. The
fact that both and are independently expanded in terms
of basis functions introduces redundancy in the system since
both quantities are already coupled through the telegrapher’s
equations. The redundancy thus introduced leads, as expected,
and as shown in [6], to ill-conditioned matrices. Therefore, in
order to make full use of the coupling betweenand in a
method-of-moments formulation, (1a) and (1b) are manipulated
as follows: first, multiplying (1b) by and taking the

derivative of the resulting expression with respect to, the fol-
lowing equation is obtained:

(2)

where the derivatives of the matrix and vector quantities are
given by the derivatives of each of their entries. Next, expressing

in terms of by using (1a), the following second-
order differential equation for the complex voltage vectorcan
be obtained:

(3)

where , , and are frequency- and-dependent quantities.
Note that an alternative option would be to use the identity that
would yield to a differential equation of the form

Equation (3) has been retained because it results in a computa-
tionally more efficient implementation. This equation can now
be solved for the voltage distribution, from which the current
distribution can be computed as per (1b). To perform this
solution, a method-of-moments approach is used where only

is expanded in terms of forward and backward
propagating waves as follows:

(4)

where and are the unknown coefficients associated with
the th basis function on theth line, and is the number
of forward and backward waves used for the computation. The
frequency-dependent basis functions are given by

and , where , and
are defined over the entire domain . The set of
values represents the propagation constants of the modes sup-
ported by the -line structure computed at specified points
along the -axis of propagation. They can be computed from the

and matrices by [8]

(5)

where and are the eigenvectors of the and ma-
trix products, respectively. By computing the vectorat an ad-
equate number of points along the-axis, and interpolating the
resulting values, any desired number of basis functions can be
formed.

Substituting (4) in (3) leads to the following equation:

(6)
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where . Testing (6) with
and leads to a matrix equation
whose entries are given in terms of the following inner products:

(7)

with the inner product being defined by

(8)

where is the length of the structure. Using the above definition,
the terms of (7) are easily calculated from knowledge of
and at discrete -points with linear interpolation in between,
i.e., and for

. With this interpolation, and
in the interval . Finally, the matrix equation obtained
after testing (6) can be written in two blocks as follows:

(9a)

(9b)

where

(10a)

(10b)

(10c)

(10d)

with

(11a)

(11b)

(11c)

and

(12)

Since there are unknowns and only
equations (9), additional equations are needed to
solve the system. These equations are derived from
the additional boundary conditions imposed on struc-
ture. Let and

be the normalizing impedance

matrices at and , respectively. To compute the
scattering parameters, as shown in Fig. 2(a), the structure is
excited by two voltage vectors and

through the and
port impedances, respectively. Thus, the equations obtained are

(13a)

(13b)

Using the expansion of described in (4) and combining (13)
with (1) leads to a set of equations as follows:

(14a)

(14b)

By exciting only one port at a time, the system of linear
equations given by (9) and (14) is solved for the voltage vector

. Once the voltage is known at all ports of the structure,
the -parameters can be extracted using the definition

(15)

where is the angle of , is its real part, is the
voltage at port when the port is excited, and is the
excitation voltage used. when and zero when

.

B. Time-Domain Analysis

Consider the section of -coupled nonuniform transmission
lines shown in Fig. 2(b). Such structures arise frequently in
high-speed digital circuits where bus lines have to be deformed
to meet spatial constraints imposed by chip sizes and pin-to-pin
spacing. In this case, the interest is in the transient response of
the structure to various combinations of excitation pulses and ar-
bitrary terminating loads at its ports. This transient response will
be computed based on the time-domain-parameters resulting
from a Fourier transform of the corresponding frequency-do-
main data, which, in turn, are computed using the above-de-
scribed technique. While a general approach can be developed
for this purpose, it is much more efficient to consider the two
types of terminating loads, namely, the linear and nonlinear, sep-
arately. The following sections present the detailed formulation
for the transient analysis of each of these two cases.

1) Linear Terminations:When dealing with linear loads, it
is possible to do much of the work in the frequency domain since
their frequency-domain impedances are readily available. For
this reason, we start by finding a frequency-domain representa-
tion of the transient excitation signal. This is a relatively easy
task since, in most cases, the Fourier transformation of
the transient voltage source can be calculated analytically.
For example, the frequency representation of a pulse with
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amplitude , delay time , rise time , fall time , and width
is given by

(16)

for and . Referring to
Fig. 2(a) and denoting the incident waves vector by and
the reflected waves vector by , we can write the following
equations for the total voltage and current values at the various
ports:

(17a)

(17b)

where is the diagonal
normalizing impedance matrix used for the-parameter com-
putation. is the complex conjugate of
and is the real part of . On the other hand,
from the definition of the -matrix, and must also
satisfy

(18)

where is the frequency-domain -parameter matrix of
the structure. In theory, the only requirement in computing the

-matrix is that all entries of have positive real parts. This
condition will ensure time-domain computational stability.
Equations (17) and (18) hold for any passive multiport network.
To include the effects of the sources, given by the vector ,
and terminating loads, given by the diagonal matrix , the
following additional equation can be obtained using Kirchov’s
law at the ports:

(19)

Substituting (17) in (19) gives

(20)

where

(21a)

is a diagonal matrix of transmission coefficients and

(21b)

is a diagonal matrix of reflection coefficients. Combining (18)
and (20) with (17a) and solving for gives

(22)

The transient response of the multiport structure can now
easily be recovered from by an inverse Fourier transfor-
mation.

2) Nonlinear Terminations:The main problem with non-
linear terminations resides in the difficulty in modeling their fre-
quency-domain behavior. Therefore, we must characterize such
loads by their time-varying diagonal impedance matrix .
This matrix is commonly obtained from the nonlinearities’–
characteristics using a Newton–Raphson. Note that is not
the Fourier transform of the used in the linear loads case,
but is rather the instantaneous impedance matrix seen at the
ports of the structure. It relates the instantaneous voltage, cur-
rent, and source vectors at the ports by

(23)

At the same time, and satisfy a relationship similar to
that of (20), but at each instant, namely,

(24a)

(24b)

where the normalizing impedance matrix must be real, i.e.,
. Combining (23) with (24), we derive the

basic generalized equation relating the instantaneous incident
and reflected wave vectors as follows:

(25)

Again, note that this equation has the same form as (20), but is
not its Fourier-transformed version since it holds at each instant
in time. The instantaneous transmission and reflection coeffi-
cient diagonal matrices and are found to be

(26a)

(26b)

To solve for and, subsequently , an additional rela-
tionship between and is needed. Here we can make
use of the frequency-domain characterization of the nonuniform
coupled-line structure by writing the time-domain equivalent to
(18), namely,

(27)

where denotes the convolution product defined in discrete
form by

(28)

Using this numerical form of the convolution, (27) becomes

(29)

where is a quasi-independent voltage source vector
considered as a memory term containing the history of the net-
work up to time , and is given by

(30)
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(a) (b)

(c) (d)

(e)

Fig. 6. Analysis of the asymmetric coupled microstrip lines of Fig. 5. (a)z-dependent entries of the inductance and capacitance matrices per unit length. (b)
z-dependent entries of the resistance matrix per unit length. (c) Reflection coefficient at port 1:S . (d) Transmission coefficient between ports 3–1:S . (e)
Isolation coefficient between ports 4–1:S .

where is the time step chosen for the simulation andis the
normalized time variable given by . Next, combining
(25) and (30), the following expression for is derived:

(31)

where the term is given by . With and
given by (31) and (29), respectively, the instantaneous

voltage and current vectors are directly computed using (24).
3) Features of the Proposed Approach:The above formula-

tion offers the following advantages.

• Since the -parameters used in our approach are general-
ized (i.e., not modal), any passive multiport network can
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be easily incorporated in the time-domain simulation. This
is particularly useful for modeling discontinuities, nonuni-
formity, and any configuration where a modal analysis is
not possible. In fact, this technique could be used to sim-
ulate the function of a time-domain reflectometer (TDR)
that can be coupled to full-wave frequency-domain field
solvers in order to locate discontinuities and help optimize
transition designs. Furthermore, by using standard-pa-
rameter cascading techniques, complicated networks can
be modeled by a single equivalent multiport network and
analyzed efficiently in the time domain.

• The fact that the -parameters can be computed under an
arbitrary reference system gives us added flexibility
in the types of passive networks that can be analyzed.
More specifically, although most -parameter calcula-
tions are carried out in a fixed 50-reference system, we
can easily incorporate-parameters under other arbitrary
normalization systems by using the following renormal-
ization formulas. Let be
an arbitrary diagonal normalizing impedance matrix with

and . Suppose that we
have a set of -parameters in this reference system, i.e.,

, and let
be the diagonal impedance matrix of the desired
new reference system with and

. Through matrix manipulations, one
can show that the -matrix in this new reference system

as a function of that in the original reference
system is given by

(32)

where

(33)
and is the identity matrix of order .

• In light of the above discussion, a particular case of in-
terest is the incorporation of measured-parameters of a
passive multiport circuit in a transient analysis involving
the circuit. The approach provides, therefore, a good in-
terface between the time-domain algorithm and measured
data.

III. RESULTS

Several nonuniform structures were analyzed in both the fre-
quency and time domains. The results of the frequency-domain
analysis are given in terms of the scattering parameters and are
grouped in Section III-A. The results of transient analysis are
given in terms of the voltage waveforms at the various ports of
each structure considered and are presented in Section III-B.

A. Frequency-Domain Results

To illustrate the accuracy and efficiency of the proposed
approach for the -parameter calculation, several nonuniform
structures were analyzed. A detailed discussion of the robust-
ness of this technique can be found in [6].

Fig. 7. Geometry of the tapered three-line microstrip structure." = 4:2,
H = 20 mil, W (z) =W (1+2z=l),S(z) = 0:5W (1+z=l),W = 0:24
mm, andl = 20 mm.

1) Tapered Microstrip Line:The first structure is a conven-
tional linear microstrip line taper with the dimensions shown in
Fig. 3. This transition has been analyzed by the present approach
using two and three basis functions, as well as by a popular
commercial circuit simulator.1 The results obtained are shown
in Fig. 4(a) and (b). The rapid convergence of the proposed tech-
nique can be seen as excellent agreement with the circuit simu-
lator is obtained over the entire frequency band with only three
basis functions. While these results are indicative of the accu-
racy of the proposed approach, its advantages can be best seen
by considering multiple coupled lines.

2) Nonuniform Asymmetric Coupled Microstrip Lines:To
best illustrate the ability of the proposed method to handle ar-
bitrary coupled transmission lines, including loss, the asym-
metric structure of Fig. 5 is considered. First, the-dependent

matrices of the structure were computed at 21-posi-
tions using a 2-D quasi-static finite-element solution at each po-
sition.2 These same parameters were also computed via the more
rigorous full-wave solver and were found to have very little
dispersion for the and matrices over the fre-
quency range of 0–10 GHz, with having negligible values.
However, conductor losses were found to be significant
and frequency dependent of the form , with
dominant diagonal terms. The-dependant inductance and ca-
pacitance parameters are shown in Fig. 6(a) while the entries of
the symmetric resistance matrix , computed at GHz,
are presented in Fig. 6(b). The structure has then been simulated
using the proposed approach and its-parameters were com-
puted with and without conductor loss included. To validate the
results of the proposed approach, the same structure was approx-
imated by 21 cascaded sections of uniform asymmetric coupled
lines having different strip widths and spacing. The-parame-
ters of each uniform section are computed using (A.2) and the
overall -parameters of the nonuniform structure are obtained
by simple multiplication of the correspondingmatrices. The
magnitude of , , and for both lossy and lossless cases,

1HP Microwave Design System (MDS), Building and Analyzing Circuits,
Hewlett-Packard, Santa Rosa, CA 1990.

2High Frequency Integrated Simulator (HIFIS), Integrated Microwave Tech-
nologies Inc., Montréal, P.Q., Canada, 1997.
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(a) (b)

(c)

Fig. 8. Frequency-domain analysis of a nonuniform three-coupled line structure. (a) Magnitude ofS andS . (b) Magnitude ofS andS . (c) Magnitude
of S andS .

and using the proposed approach as well as the cascading tech-
nique, are shown in Fig. 6(c)–(e). Good agreement between the
two sets of results is observed.

3) Three Nonuniform Coupled Microstrip Lines:To further
illustrate the advantages of the proposed approach, consider
the three-line structure shown in Fig. 7. The choice of this
structure is motivated by the need to compare our results
with those of circuit simulator having a built-in model for
uniform three coupled lines. To analyze this structure, we
first computed the values of the 3 3 and matrices
at ten equidistant points along the-axis using a finite-el-
ement approach. Using these line parameters, the structure
was simulated between 1–10 GHz. The same structure was
approximated in the circuit simulator by ten cascaded sec-
tions of uniform three coupled microstrip lines and analyzed
over the same frequency range. Fig. 8(a)–(c) show various

-matrix entries versus frequency as obtained by our ap-

proach and those of the circuit simulator. Good agreement
between both simulations is seen. It should be noted that
only five basis functions were used in this simulation.

4) Nonuniform Ultrawide-Band Directional Coupler:Since
the proposed approach is both efficient and accurate, it can
easily be used to optimize the design of nonuniform line
couplers, filters, and matching circuits based on nonuniform
lines. To illustrate this, we consider a nonuniform directional
coupler whose performance is given in terms of its electrical
parameters, namely, coupling profile, characteristic impedance,
phase velocity, and electrical length. The synthesis of such
couplers can be done using the technique described in [7]. The
particular coupler considered here is a 50-14-dB coupler
covering the frequency range of 3–20 GHz. Using a phase
velocity of 0.98 10 m/s the coupling profile, i.e., the
coupling factor as a function of position, and the length

were determined. Given the coupling factor at each position
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(a)

(b)

Fig. 9. Ultrawide-band 14-dB 3–20-GHz directional coupler in edge-coupled
striplines. (a) Simulated coupling coefficient. (b) Layout of the optimized
coupler.

Fig. 10. General description of the excitation pulses used in the transient
simulations.

and a constant 50-characteristic impedance, the 22 and
matrices are computed as follows:

and

where

and

(a)

(b)

Fig. 11. Transient analysis of a linear microstrip taper under: (a) resistive and
(b) reactive terminations.

Fig. 12. Configuration of a nonuniform three-line structure terminated by
reactive loads.

where

and

and is the velocity of light in the vacuum. Once
and are calculated, the present approach is used to compute
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(a) (b)

(c)

Fig. 13. Transient analysis of the configuration of Fig. 12. (a) Response at nodes 1 and 4: near and far ends of the driven line. (b) Response at nodes 2 and5:
crosstalk on middle line. (c) Response at nodes 3 and 6: crosstalk on the far line.

Fig. 14. Configuration of a nonuniform three-line structure terminated by
nonlinear loads (diodes).

the coupling factor as a function of frequency . Fig. 9(a)
shows the results of this analysis as the curve labeled “Uysal”
[7]. It can be seen from this curve that the ripple in the coupling
coefficient is as high as 1.5 dB. To optimize this performance,
the coupling profile must be represented by a polynomial
whose parameters can be subsequently adjusted until the de-

sired frequency response is obtained. The curve labeled
“fitted” in Fig. 9(a) shows the coupling obtained as a result of
a polynomial fitting of . Note that given the limited accu-
racy of this fitting, the resulting coupling deviates slightly from
the original form. By manually adjusting few coefficients in the
fitting polynomial, the performance of the coupler can be im-
proved substantially, as shown by the curve labeled “optimized”
in Fig. 9(a). The layout of this optimized coupler, implemented
in edge-coupled stripline, is shown in Fig. 9(b). Clearly, further
improvements can be achieved if the entire optimization proce-
dure is automated and driven by a good optimization algorithm.

B. Time-Domain Results

To validate the proposed approach for transient response
calculation, coupled- and single-line structures were analyzed
under different excitations and linear and nonlinear termi-
nations. The excitations are all in the form of pulses that
are described by a delay time, rise time , fall time ,
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(a) (b)

(c)

Fig. 15. Transient analysis of the configuration of Fig. 14. (a) Response at nodes 1 and 4: near and far ends of the driven line. (b) Response at nodes 2 and5:
crosstalk on middle line. (c) Response at nodes 3 and 6: crosstalk on the far line.

duration or width , and an amplitude , as shown in Fig. 10.
All results are compared to those obtained by a commercial
time-domain CAD program.

1) Tapered Microstrip Line:This structure is the same as the
one analyzed in Section III-A and shown in Fig. 3. The taper is
excited at the port 1 by a pulse having= 150 ps, = 60 ps,
= 60 ps, = 0.6 ns, and = 1 V. The simulation duration is
set to 1.7 ns with a time step of 10 ps. First, the structure is ter-
minated by resistive loads at both ends and
analyzed by our approach as well as by SPICE, using ten cas-
caded uniform transmission-line sections, and MDS, using its
built-in taper model. The results of these analyses are summa-
rized in Fig. 11(a) and show that all three solutions are virtually
identical. Fig. 11(b) shows similar results, but with the structure
terminated by a reactive load at the second port ( 4
pF). Again, good agreement between the solutions is observed.

2) Three Coupled Lines with Arbitrary Loads:To further
validate the proposed transient analysis method and its flexi-

bility, we consider an arbitrary three-line structure with the fol-
lowing position dependent and matrices [9]:

where

nH/m

pF/m
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(A.2)

Fig. 12 shows the configuration of the three-line structure with
linear terminating loads at all ports. The first line of this struc-
ture is excited by a pulse described by ns, ns,

ns, ns, and V. The results of this sim-
ulation are shown in Fig. 13(a)–(c) and include a comparison
with a SPICE simulation using 40 cascaded uniform coupled
three-line sections. The SPICE representation of each of these
sections is based on the modal decomposition described in [10].
It should be noted that agreement seen in these figures could not
be achieved until such a high number of sections were used in
SPICE.

Fig. 14 shows the same three-line structure, but terminated
with three nonlinear loads. The structure is excited in a sim-
ilar fashion to the linear termination case, and the results of the
analysis are shown in Fig. 15(a)–(c). These figures also show
the transient responses obtained by using two different SPICE
models. The first model is based on cascading 40 uniform sec-
tions, the minimum required for conversion, as described above.
The second model is based on cascading 40 cells of lumped-
element networks representing the self and mutual terms by
lumped inductance and capacitance elements. It is seen from the
results that while both our approach and the first SPICE model
give comparable results, the second SPICE model fails to con-
verge to these results even when the number of cells is increased.

It should be noted that in the above analyses, the lines were
assumed to be lossless because of the limitation in the SPICE
models. However, our approach can easily account for con-
ductor or dielectric losses in arbitrary nonuniform structures.

IV. CONCLUSION

New formulations for the frequency- and time-domain
analysis of multiple coupled nonuniform lines have been
presented in this paper. The frequency-domain analysis
uses new frequency-dependent basis function in a robust
method-of-moment approach yielding accurate results over
large frequency ranges. Using only a moderate number of
basis functions, illustrative examples of single, coupled, and
three-line structures were successfully analyzed. The efficiency
of the approach was further demonstrated by optimizing the
performance of an ultrawide-band coupler with very little effort.
The time-domain approach uses the structure’s-parameters
in the frequency domain, when only linear terminations are
present, or in the time domain, when nonlinear loads are
used, and the terminating source and load conditions to obtain
its transient response. Since the-parameters used account
for dielectric and conductor losses in the passive structure,
these effects are automatically accounted for in the structure’s
transient response. Results for multiple coupled lines showing
various signal distortion effects, i.e., delay, crosstalk, reflection,
etc., have been presented and compared to SPICE. Several

advantages and features of the current approach have also been
highlighted.

APPENDIX

DERIVATION OF THE GENERALIZED -PARAMETERS FOR

UNIFORM COUPLED LINES

In the case of uniform coupled lines, an analytic solution for
their -parameters can be obtained. In [8], a method for calcu-
lating the modal -parameters has been presented. This method
assumes that the structure is excited by modal voltages and cur-
rents and is terminated by modal matching impedances. Based
on this method, and using a simplified version of the current
technique, one can derive the generalized line-parameters of
uniform coupled lines. For this purpose, (15) can still be used,
except that the port voltages are now simply deduced from
the following equation:

(A.1)

where and are two voltage vectors associated
with the incident and reflected waves, respectively.
It can easily be shown that these vectors satisfy the
system of equations, shown in (A.2), at the top of
this page, where ,

, and and are as defined in
(5). Using the solution of (A.2) under different excitation for
the vectors and in (A.1) and substituting the resulting
expression in (15), the generalized line-parameters of the
uniform coupled lines are obtained.
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