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Abstract—This paper presents a full-wave analysis of a variety
of coplanar waveguide discontinuities using the frequency domain
TLM method. The finite metallization thickness is taken into
account as well as metal losses and the interaction of funda-

mental and higher order modes between cascaded discontinnities.
Numerical results are presented for the frequeucy-dependent

s-parameters of transitions between CPW and slotliue, CPW and
microstrip line and CPW-microstrip overlap transition. The effect

of interactions between the CPW discontiuuities and the CPW
airbridges is also investigated.

I. INTRODUCTION

c OPLANAR WAVEGUIDES (CPW) are widely used in

monolithic microwave integrated circuits (MMICS) and

miniaturized MICS on alumina substrate. The knowledge of

transmission line parameters like propagation constant and

characteristic impedance alone is not sufficient any longer to

design CPW circuits because the high circuit density of active

and passive devices may lead to electromagnetic interference

between circuit parts. Instead the scattering parameters of

hybrid modes at discontinuities is important as well as the

interaction between fundamental and higher order modes be-

tween discontinuities. While many papers have been published

dealing with propagation constant, characteristic impedance,

and losses on straight line CPWS i.e., [1] –[8], there are

only few contributions characterizing CPW discontinuities,

i.e., [9]–[11], [19]. The most general papers so far are by

Huang and Itoh [12] and by Jin and Vahldieck [13]. In [12],

a combination of the spectral domain approach and mode

matching method has been utilized to analyze s-parameters

for CPW to slotline transitions including the effect of finite

metallization thickness. In [13], s-parameters for CPW dis-

continuities and airbridges including metal thickness ad losses

have been analyzed using the frequency-domain TLM method.

Both papers have shown that the finite metallization thickness
should be taken into account as well as the mode interaction

between cascaded discontinuities.

Since MMICS are typically composed of a variety of differ-

ent types of transmission lines, low loss connection between

the different propagation media, i.e., CPW to slotline or CPW

to microstrip, is of considerable concern in the design of com-
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ponents like balanced mixers, multipliers, switches etc. In this

paper, the frequency-domain TLM (FDTLM) [15] method is

used to investigate a variety of CPW discontinuities including

the overlay transition between a CPW and a microstrip line

and to characterize the effects of changes in the structural

dimensions. The close proximity of a CPW discontinuity

to an airbridge as well as a discontinuity in an airbridge

bridging the center conductor instead of the groundplane, is

also investigated.

The FDTLM method is a new and very powerful 3-D full-

wave analysis technique which has been described by the au-

thors in detail in [14], [15]. Therefore only a brief description

of this technique is given in Section II. Although dielectric and

metallic losses as well as isotropic and anisotropic dielectric is

automatically taken into account in this approach, the analysis

presented in this paper is only focused on the s-parameters of

discontinuities versus circuit dimensions and frequency. The

interaction of fundamental and higher order hybrid modes

at discontinuities and between cascaded discontinuities is

included in the algorithm.

II. THEORY

In the FDTLM method, the space to be analyzed is dis-

cretized by a transmission line network, as in the conventional

time domain TLM (TDTLM) method. However, instead of ex-

citing the network with a single impulse, the excitation used in

the FDTLM is an impulse train with its magnitude sinusoidally

modulated so that the magnitudes of the impulses vary with

time as e~wNAt, where w is the modulation frequency, N the

time step, and At the time interval between impulses. This

impulse train is assumed to be injected into the TLM network

at the time t= — m. At present time t, a steady-state impulse

distribution is observed and the magnitudes of subsequent
impulses at any node are related by a factor of e~”’A~.

Therefore, if the magnitude of the impulse at a particular

reference time is known, the magnitude of the impulse at

any other time step can be readily found by multiplying with
e@NAt, where ANAt is the total time interval between

the reference time step and the time when the observation

takes place. Thus, the time iteration procedure necessary in

the conventional TDTLM method is no longer needed in the

FDTLM method. For the actual realization of the computer

aIgorithm no impulse excitation is required. The assumption

of an excitation as described before is just to simplify the
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algorithm and to provide the transition between the TDTLM

and the FDTLM [15]. As shown in [15], the FDTLM algorithm

operates within one time step at an arbitrary time instance.

Therefore, in the computation, the common time-dependent

factor e~wNAt can be omitted. This is an analogy to other

frequency-domain methods where a sinusoidal excitation is

assumed and the steady-state response is simply the product

of a space-dependent quantity and the time factor e~ut, which

is also omitted for practical computations. The only difference

is that, for ordinary frequency-domain methods, the time-

dependent factor is a continuous function of time (e@), while

for the FDTLM it is a discrete function (e~WNAt ) of time

because the TLM network always discretizes space and time

simultaneously regardless of the kind of excitation. This leads

to a slightly different representation for Maxwell’s equation

in the FDTLM where the time axis is discretized on the

right-hand side of the equation as followed:

By

we

eMN+l)At — e~~NAt
V x He~wNAt = ~

At
E. (1)

omitting the common factor eiWNAt on both sides of (1)

yield

‘wAt

VxE=–jw/L~’
–1

H
jwAt

‘wit–1
VXH=jWE%— E.

y/)At
(2)

Comparing (2) with the time-harmonic representation of

Maxwell’s equations [17], we fincl that there is an additional

factor on the right-hand side of (2). This additional factor

approaches unity if wAt approaches zero. It is obvious from

(2) that the additional factor from the time discretization leads

to the dispersion problem in the TLM network. In the FDTLM,

this dispersion problem can be easily eliminated by modifying

the material permittivity and permeability in the follow-

ing way:

VxE=–jZ~

8E

‘x H= F-z
(3)

with p = p(jwAt)/(e~WAt –1) and E = &(’jwAt)/(e~WAt – 1).

Hence, after the time axis is discretized, (3) becomes identical

to the time harmonic representation of Maxwell’s equations.

The algorithm of the FDTLM is based on the concept of

the intrinsic scattering matrix m, which is, in general, defined

as the coefficient matrix relating the reflected and incident

impulses at the exterior branches of a TLM network. An

explicit expression for the intrinsic scattering matrix m has

been given in [15] in terms of the scattering matrix S and

connection matrix C of the TLM network. Once the intrinsic

scattering matrix is known, all the properties of the structures

can be computed through matrix operations. In the following,

a brief description of the algorithm of the FDTLM will be

given for the case of a two-port discontinuity problem, which
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Fig. 1. Two-port discontinuity problem consisting of a discontinuity region
and two attached semi-infinity waveguides.

consists of a discontinuity region and two attached semi-

infinity waveguides as input and output ports (Fig. 1). First,

we find the intrinsic scattering matrices for the discontinuity

region and the two attached semi-infinity waveguides. They

are denoted m, RI, and R2, respectively. The incident and

reflected impulses al the interfaces to the discontinuity region

and the attached waveguides are related as follows:

where al, bl are the incident and reflected impulse vectors at

the interface of waveguide one and the discontinuity region;

while a2, b2 are the incident and reflected impulse vectors at

the interface of waveguide two and the discontinuity region

(each element of these vectors corresponds to one branch of

the network). The excitation of the system, a lo and blo, which

is obtained from a 2-D analysis [15], is incident at the interface

between waveguide one and the discontinuity region. It should

be noted that vector alo and blo describe the field distribution

over the cross-section of waveguide one. The reflected waves,

a;, b;, at waveguide one are then given by

a; = RI ~~b; (5)

b~ = (1 -- Rj . R1)-l . (R; - RI) . alo (6)

where R;

R; ❑ = mll + m12 . R2 . T’ (7)

T’ == (1 – mzz . Rz)-l . mzl (8)

a2, bz at waveguide two are obtained from

a2=R2. b2 (9)

b2=T’. al=T’. (Rb~+alo)o). (lo)

From (4)–(10), the corresponding s-parameters can be ob-

tained [15].
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III. NUMERICAL RESULTS AND DISCUSSIONS

A variety of structures have been analyzed and the results

from the FDTLM analysis and existing data have been com-

pared in order to validate the accuracy Qf the method. Since

field components for the different modes can be separated in

the FDTLM method, the reference plane for the s-parameter

calculation may be located right in the discontinuity interface.

This is an important advantage of this new method because it

allows to reduce the volume Qf the space to be discretized to

the discontinuity plane. There is no need to perform the Fourier

transform on the output wave. Also, the dispersion effect

resulting from the time discretization in the TLM network can

be easily compensated as discussed before. Thus, truncation

and velocity errors known from the TDTLM no longer exist

in the FDTLM. Furthermore, extensive calculatims show that

the FDTLM is quite robust with respect to the mesh size. For

example, a rectangular waveguide only needs 5 nodes for the

a-dimension and 2 nodes for the &dimension. The numerical

result of the propagation constant with this mesh layout is

within 1% from the exact solution. In addition, the ratio of

mesh sizes of adjacent nodes may change in a wide range from

0.001 to 1000 without causing any numerical problems. Such

a large ratio for the mesh size is often required in cases where

structures have widely varying dimensions. In the calculation,

the coarseness error is reduced by using a nonuniform mesh

layout to provide higher resolution in the non-uniform field

region. To test the accuracy of the results, a structure is

usually analyzed twice with two different mesh layouts. If

the discrepancy between the two results is within 1~0, the

results are considered accurate. The CPU-time required to

compute the following structures is on the average between

2–5 minutes on a SUN SPARC STATION 2.

In the following analysis, the metallization thickness is

always considered and assumed tQ be 3pm. Also, all structures

are placed in a metallic enclosure which is small enough as

to not support waveguide modes but still large enough as to

not influence the CPW (slotline m microstrip mode) mode. The

s-parameters are all normalized to the characteristic impedance

of the connecting lines (which are not necessarily 500). Fig. 2

shows the frequency-dependent s-parameters for a finline tQ

CPW transition considering a quarter wave transformer sectim

for better matching of the finline mode, which is the receive

mode in a front-end application [19]. A significantly improved

match at about 25 GHz is obtained. At this frequency the

propagation constant of the intermediate slotline is ~ = 1.1

(mm-’) and the quarter wavelength is about Ag = 2r/4/3 =

1.43, which is very close to the physical length of the added

section (dl = 1.5 mm). Varying the gap g between the finline

and the CPW, it was found that the results for two different

gaps (g ,= 0.1 mm and g = 3.0 mm) are almost identical,

indicating that this kind of transition is not sensitive with

respect to the distance between the two transmission lines.

Fig. 3 shows a CPW to microstrip transition with an odd

mode excitation. The walls of the metallic enclosure are

2 x S2 + W 1, which means the CPW groundplane and the

backmetallization (the latter one is the groundplane for the

microstrip line) are on the same potential. Due to the additional
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Fig. 2. Frequency-dependent S-parameters of a cascaded CPW-finline tran-

sition (WI = 0.2 mm, S1 = 0.6 mm, W2 = 0.4 mm, Wm = 1.0 mm,
hI = 0.254 mm, h7 = O.-t mm. t = 0.003 mm. E. = 9.6. and the
m&allization u =“ 101)00 s/mm),
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Fig. 3. Frequency-dependent S-parameters of a CPW to microstrip tran-

sition (WI = 0.2 mm, SI = 0.1 mm, sm = 0.2 mm, 52 = 510 mm,
hl = 0.254 mm, hz = 0.2 mm, t = 0.003 mm, E, = 9.6, and the

metallization u = 10000 s/mm).

substrate layer (air Er = 1.0) between the back metallization

and the alumina substrate (ST = 9.6) [18], there are no

higher order modes up to 40 GHz. As expected, the reflection

coefficient increases with frequency because the transition

behaves like a transmission line junction with a parasitic shunt

capacitor. The characteristic impedances are 54Q for the CPW

and 97fl for the microstrip. Also, here the reflection coefficient

can be reduced by introducing a quarter wavelength (CPW)

transformer between both transmission lines. The lowest value

fm S1l in Fig. 4 occurs at about 28 GHz which correspcsnds

to ~ = 1.5 (mm–l) or a quarter wavelength ~g N 1.05 mm,

which is approximately the physical length of the intermediate

section (d = 1 mm).
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Fig. 4. S-parameter versus overlap length d of the CPW to microstrip

overlap transition as shown in Fig. 5. (u = 0.2 mm, s = 0.1 mm,

r% = 0.2 mm, h = 0.254 mm, g = 0.5 mm, Er = 9.6, and the
metallization u = 10000 s/mm).

An overlay transition between a microstrip and a CPW

is shown in Fig. 4. This transition provides electromagnetic

coupling between two transmission lines of 540 characteristic

impedance. As expected, the coupling between both transmis-

sion media increases with overlap area and at the same time

the s-parameters become more frequency dependent.

The interaction effect between an airbridge and a disconti-

nuity in the center conductor of the CPW is shown in Fig. 5.

The characteristic impedance of the CPW is 45 and 50Q,

respectively. As illustrated in the figure, the actual location

of the airbridge with respect to the discontinuity has virtually

no effect on the s-parameters. Similarly Fig. 6 demonstrates

the influence of an airbridge in which the center conductor is

bridged across the groundplane. The characteristic impedance

on either side of the airbridge is 70 and 50fl, respectively. The

step between both impedances takes place within the airbridge.

Also, here the location of this step has little impact on the

overall s-parameters.

IV. CONCLUSIONS

This paper has introduced a rigorous analysis of a

variety of CPW discontinuities using the frequency-domain

TLM method. Numerical results of frequency-dependent

s-parameters have been presented which include the effect

of finite thickness and conductivity of metallization as well

as mode interaction between cascaded discontinuities. Elec-

tromagnetic coupling between microstrip and CPW overlay

couples and the proximity effects of CPW discontinuities

and air-bridges have been investigated. Single-step Ag/4-

wave transformers have been designed to lower the reflection

coefficient between a CPW to micmstrip and slotline to CPW

transition.
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Fig. 6. Airbridge discontinuity connecting a 70f2 and 500 CPW. Fre-
quency = 40 GHz (UJ1 = 10pm, W2 = 21pm, SI = 12.5pm, S2 = 7#m,
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