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Dispersion and Leakage Characteristics of Coplanar
Waveguides

Jeng-Yi Ke, I-Sheng Tsai, and Chun Hsiung Chen

Abstract—The spectral-domain approach is utilized to discuss the
dispersion and leakage phenomenon in a coplanar waveguide structure
caused by the substrate surface wave. In this study, the effective di-
electric constant and the attenuation constant due to surface wave leak-
age are presented and discussed in detail.

I. INTRODUCTION

Recently the coplanar waveguide structure receives increased at-
tention due to its potential applications in millimeter wave spec-
trum. With all three conductors on the same side of the substrate,
the coplanar waveguide is easy in adaptation to active and passive
components in shunt and series configurations and hence becomes
a useful component of millimeter-wave integrated circuits.

The coplanar waveguide structure was proposed by Wen [1] as
a transmission medium in microwave circuits. Its dispersion char-
acteristics were studied, using the full-wave analyses such as spec-
tral-domain approach [2] and hybrid approach [3].

The possibility of leakage in coplanar waveguide structure
through substrate surface-wave modes was discussed and estimated
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by a simplified theory based on reciprocity [4], [5]. Leakage to
substrate surface-wave modes was also observed in other structures
such as the coplanar stripline [6], the slot line [7], [8], the micro-
strip on an anisotropic substrate [9], and the conductor-backed co-
planar waveguide [5]. Recent leakage study on coplanar wave-
guides of finite and infinite widths revealed several interesting
behaviors such as sharp and deep minima and narrow sharp peaks
[10]. Since power leakage through surface waves may produce un-
desired cross talk and package effects, there is a need of detail
leakage analysis for the coplanar waveguide structure.

In this study, the spectral-domain analysis will be utilized to dis-
cuss the leakage phenomenon in an open coplanar waveguide struc-
ture caused by the substrate surface wave. The dispersion and leak-
age characteristics of the coplanar waveguide will then be discussed
in detail, which include typical numerical results such as the effec-
tive dielectric constant and the attenuation constant due to surface
wave leakage.

II. SPECTRAL-DOMAIN ANALYSIS

Consider the coplanar waveguide structure (insert of Fig. 1) with
strip width w, slot width, s, and a substrate of thickness # and
relative dielectric constant ¢,. It is assumed that all field quantities
are of the form exp [ j(wt — k,2)]. To conduct the spectral-domain
analysis, the Fourier transformation pair is introduced as

Ak = S A(x)e 7 dx
1 S e .

A(x) = — Ak)e™ dk,. (1)
27[' —co

Then a relation which relates electric currents (J,, J,) to electric
fields (E., E,) in the spectral domain can be established [11]

jz G~ZZ GZX EZ
<’~ > - < ¢ 5 > < ) > ~ (2)
].r Gx: er Ex

Here G,,, G,,, G.., and G,, are the transformed Green’s functions
whose poles may be identified with the characteristic surface wave
modes of the dielectric slab with back-side metallization.

In this analysis, the tangential electric fields on the slot are ex-
panded as

Ex) = X CI oIk
E() = 2 CL&x), 3)

where C; and C} are unknown coefficients to be determined and
® 7 (x) and ®}(x) are known basis functions as suggested by [12].
By applying the Galerkin’s procedure in the spectral domain, the
following matrix equation can be derived

[Z}1IC] =0 C3]
where

[C1=[C:CiT

' = ng & G & dk,, i,je{x, z}. 4
The propagation constant k, is then obtained by requiring the de-
terminant of the Z-matrix be zero, and the effective dielectric con-
stant e, = (k./ko)” can be achieved.

0018-9480/92$03.00 © 1992 IEEE
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III. LEAKAGE BY SURFACE WAVES

The effective dielectric constant of the coplanar-waveguide mode
increases as frequency does, but the effective dielectric constant of
the substrate surface wave increases faster than that of the co-
planar-waveguide mode. Above some critical frequency the effec-
tive dielectric constant of coplanar-waveguide mode may be less
than that of the substrate surface wave which will then be excited.
This substrate surface wave carries a power in the direction other
than z-axis, and the power of coplanar-waveguide mode guided
along z-axis will decay. Therefore, one must regard the propaga-
tion constant of the guided mode as complex and call the mode as
the leaky guided-mode of coplanar waveguide.

In order to solve this leakage problem, one should consider a
current distribution of the form

.73(X, 7)) = js(x)e -8 —je (6)

It is also assumed that this decaying current gives rise to the same
decaying behavior in the fields. Hence, the propagation constant
k. = B — jo is complex, and « corresponds to the attenuation due
to leakage from surface wave.

In the leakage problem the surface wave will excite an exponen-
tial-growth field of the form e””|x|; for instance 4 = ¢ 7 ¥ as x
— oo and A = e "Fasx > —oo where p, = p., + jp., p} and
pL > 0. Following the method presented in [13], [14], the inverse
Fourier transform should be modified as

r{® .
A(x) = — S Atk )e™™ dk,
27T J-o

2% . .
+ 5% (Res [A(k). ~p,] = Res [Ak). p1}. (1)

Mathematically, the complex numbers —p, and p_ are poles of
the complex function A(k), and Res [A(k,), —p.] means the residue

of A(k,) at —p,. In the spectral-domain analysis, since the basis
functions exist only on the slot, the transforms of these basis func-
tions are always analytic over the entire complex spectral plane.
Thus the integration contours are determined by the poles (—p,
and p_) of Green’s functions only. The spectral integrals in (5)
should be modified as

zy = S &) Grdr dk, + 21 {®)(py)

* Res [G;’,”(k(), —D+) (iju(“PJr)
~ &/(—p_) Res [G* (k). p_1®¥(p_)}. (8)

Finally by solving the complex propagation constant k., = 8 — jo
from the equation det [Z] = 0, one may obtain the effective di-
electric constant e = (8 /kg)* and the attenuation constant « due
to surface wave leakage.

IV. NUMERICAL RESULTS

A computer program based on the previous theory is developed
to analyze the coplanar waveguide structure. For a study of leaky
guided-mode. more longitudinal and transverse expansion func-
tions are needed for a convergent result. However, when the sub-
strate wave is not excited, two longitudinal and two transverse ex-
pansion functions are adequate. Presented in this study are just the
numerical results for the fundamental coplanar-waveguide mode.
Although several surface wave modes are excited in the results in
Fig. 1, only one surface wave mode (TM,) is excited in those of
Fig. 2 to Fig. 5.

Fig. 1 compares the normalized attenuation constant « /k, with
that calculated from reciprocity [4]. Note that results of [4] are
under the assumption of infinite substrate thickness and our results
are for finite thickness. Thus, ours will approach those of [4] when
the substrate is thick enough. One interesting observation in Fig.
1 is the slope of the « /k, curve is discontinuous whenever a surface
wave is excited. Besides, the effect on both e, and o /ky curves
due to the excited TE surface wave is larger than that due to the
TM surface wave.

Fig. 2 shows the effective dielectric constant and normalized at-
tenuation constant versus frequency with substrate dielectric con-
stant e, as parameters. In the normalized attenuation curve, a nar-
row small sharp peak and associated narrow sharp minimum are
observed immediately after the onset of leakage. as reported in [10].
It is also found that the «/k, curve approaches another maximum
(a broad and bigger peak) as frequency goes higher and then decays
monotonously. This implies that the coupling between coplanar-
waveguide mode and surface wave reaches a maximum at some
particular frequency.

Shown in Fig. 3 is the effect of increasing substrate thickness on
the effective dielectric constant and normalized attenuation con-
stant. Because the characteristics of the surface waves are mostly
decided by the substrate thickness £, the magnitude of the normal-
ized attenuation constant due to the excited surface wave is strongly
related to A. It is realized that the thicker the substrate is. the smaller
frequency the leaky wave begins, and the larger the maximal at-
tenuation is. Note that two peaks, a narrow sharp peak followed
by a broad peak, are also observed in Fig. 3. The sharp peak in-
creases and the broad peak decreases as the substrate thickness de-
creases, making the sharp peak greater than the broad peak as in
the case of 4 = 0.635 mm.

While increasing the strip width has little influence on the effec-
tive dielectric constant, as is shown in Fig. 4, it does decrease the
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attenuation constant significantly. Thus, one can adjust the strip
width for a smaller o /ky without changing the effective dielectric
constant too much.
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Fig. 5 shows the effective dielectric constant and « /ky versus
frequency with slot width s as parameters. Note that the sharp peak
in the o /ky curve increases and the broad peak decreases as the
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slot width s increases. The sharp peak may again be greater than
the broad peak as indicated by the case of s = 1.00 mm. Again the
effective dielectric constant is not strongly dependent on the slot
width.

One conclusion from Fig. 3 to Fig. 5 is that the thickness of the
substrate is the most important parameter in affecting the leakage
attenuation. The effect of changing slot width is somewhat higher
than that of the changing strip width, but both are minor in com-
parsion with that of substrate thickness.

V. CONCLUSIONS

The dispersion and leakage characteristics such as the effective
dielectric constant and normalized attenuation constant of coplanar
waveguide have been treated using the spectral-domain approach
together with the complex residue technique. To handle the com-
plex propagation constant of the coplanar waveguide, the Fourier
transform and the Parseval’s theorem in complex plane are prop-
erly extended. A number of numerical results, such as the effective
dielectric constant and normalized attenuation constant, have been
presented to illustrate the characteristics of coplanar waveguide.
Sharp peaks just after leakage together with broad peaks are two
interesting phenomena observed in the attenuation characteristics.
The physical mechanism of these peaks and the detail of transition
in ¢y and o /ky curves are still unclear and are worthy of further
study.
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The Scattering Matrix Formulation for Overmoded
Coaxial Cavities

W. Lawson and P. E. Latham

Abstract—The scattering matrix formulation for complex right-cir-
cular cavities is extended to coaxial circuits with variable inner radii.
The modified eigenvectors, which include the TEM wave, and the mod-
ified boundary conditions are presented. The properties of several con-
figurations are examined and transmission measurements are shown to
be in good agreement with theory.

I. INTRODUCTION

The operation of coaxial transmission lines in frequency bands
where only the TEM mode can propagate is straightforward and
widespread. However, some potential applications. including high
power microwave tubes. require highly overmoded coaxial cir-
cuits. Gyrotrons, for example, have utilized coaxial circuits oper-
ating in the TE; , mode [1], and more recently in the TEy ;3 mode
[2]. The principle advantage of coaxial cavities over right circular
cavities is the enhancement in stable operation due to the decrease
in mode density.

This work describes the calculation of resonant frequencies (real
part and diffractive quality factor) for overmoded coaxial cavities.
It is an extension of previous results which utilize the scattering
matrix approach [3]-[7] to analyze right circular cavities [8]. The
addition of the inner conductor results in four complications. First,
coaxial systems can support TEM waves. Second, the radial de-
pendence of the fields involve bessel functions of the second kind.
A consequence of the second fact is that the perpendicular wave
number becomes a complicated function of the inner and outer
radii. Finally, variations in the radius of the inner conductor result
in additional boundary conditions.

In Section II, the analysis is described briefly and the coefficients
of the mode coupling matrix are presented. Typical numerical re-
sults, along with some experimental data, are described in Section
III. The final section summarizes the results of this work.

II. THEORY

Because the scattering matrix approach is described in detail
elsewhere [8]. only a brief outline is given here. In this approach,
a cavity is divided into regions with uniform cross section and the
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