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Dispersion Characteristics of
Cylindrical Coplanar Waveguides

Hsin-Cheng Su and Kin-Lu Wong

Abstract— A full-wave analysis of the coplanar waveguide (CPW)
printed on a cylindrical substrate is presented, and the dispersion char-
acteristics of the cylindrical CPW are studied. Numerical results of the
effective relative permittivity are calculated using a Galerkin’s moment-
method calculation. Experiment is also conducted, and the measured data
are in good agreement with the theory.

I. INTRODUCTION

Although coplanar waveguides (CPW’s) provide some advantages
over microstrip lines [1], such as easier connection with integrated
active devices and no via holes for grounding, etc., it is noted that
the studies of conformal CPW’s receive much less attention than
conformal microstrip lines. The microstrip lines mounted on curved
surfaces, such as cylindrical [2], [3], or elliptical [4] bodies, have
been extensively studied. However, to the best of our knowledge, the
studies of conformal CPW’s have not yet been reported in the open
literature. To increase the application of CPW’s on curved surfaces
and analyze the dispersion characteristics of conformal CPW’s, we
present in this paper a full-wave analysis of the CPW printed on a
cylindrical substrate. Numerical results of the frequency-dependent
effective relative permittivity are calculated and analyzed. Measured
data are also presented for comparison with the calculated results,
and the curvature effect on the effective relative permittivity of the
CPW is discussed.

II. THEORETICAL FORMULATION

Fig. 1 shows the geometry of a cylindrical coplanar waveguide.
The CPW is assumed to be infinitely long, and the radius of the cylin-
drical ground plane is . The thickness and relative permittivity of the
substrate is (= b — a) and £, respectively. The width of the signal
strip is S, and the ground-to-ground spacing is d. The region p < a is
assumed to have a relative permittivity £;. Outside the ground plane
is air with free-space permittivity eo and permeability ug.

To begin with, the spectral-domain Helmholtz’s equations in each
region of the structure are solved, which gives the expressions of
the spectral amplitudes of the electric and magnetic fields in inner
region (p < a), substrate layer (¢ < p < b), and outer region
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Fig. 1. The geometry of a cylindrical coplanar waveguide.

(p > b). Then, by applying the equivalence principle [S], the slot
region between the signal strip and the ground can be closed off
and replaced by an equivalent magnetic surface current density
M(= Myd + M.2) at (b7, ¢, z) and —M, at (b, ¢, z). When
imposing the boundary conditions of the structure and manipulating
the derived field components, we can relate the difference of the
tangential magnetic fields at p = b~ and p = b to the magnetic

surface current density as

[AI%} _[@ -G, {%ﬂ

AH,
0
= {0] ’ | (1)

where E(s,a) = d)éfé\/[(s,a)qg + ééfZM(s,q)é + ééiM(s,a)é +
2C~¥£JZM(S'G)2 is dyadic Green’s functions showing the Hy or H,
fields on the substrate (s) or air (a) sides of the slot.region due to -
a unit My or M. at the slot region. The expressions of the Green’s
functions are derived in the Appendix, and the tilde denotes a Fourier
transform. A H shows the difference of the tangential magnetic fields
at p = b~ and at p = bT, which must be zero to satisfy the boundary
condition that the continuity of the tangential magnetic fields at the
slot region must hold.

And, due to the assumption that the cylindrical CPW is infinitely
long, the magnetic surface current at the slot region can be assumed
to have a traveling-wave form of €’?%, where § is the effective
propagation constant to be determined. In this case we have

M, = P[5 M. () + dMy(8)]. @)

To apply the moment method, we choose IV rooftop basis functions
of the form
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to expand My(¢), and M pulse basis functions of the form

M.m=1, |¢p—0.

“)

with
d—8
260M

to expand M, (¢). The selection of the basis functions of (3) and (4)
makes the numerical computation efficient. And although they do not
account for the edge effect, the propagation constants so calculated
are within 1% of the results obtained from considering the edge effect
[1]. It is also noted that since the ground planes on both sides of the
signal strip are in contact and thus at the same potential (see Fig. 1),
the excitation of the parasitic mode (even mode) [1] is suppressed.
Thus, only the odd-mode propagation of the coplanar waveguide is
considered here. In the odd-mode case, a magnetic wall at the center
of the two slot regions can be assumed, which results in the odd-mode
basis functions written as, in the spectral domain

. (2m -1)D, _
szm - —2_17 + 2 s D;: I

r(o) _ .9 th

M = “Dup? sin (———4 ) cos (pdgrn ) )

M) = J sin (I&) sin (pPzm)- (6)
T 2

Using the above selected basis functions as testing functions
and applying Galerkin’s method to (1), we can have the following
homogeneous matrix equation

l:(Y¢¢)N><N Yzq;zz)NxM] [(Lﬁn)le :] _ [g} D

Vi mxny  (YEDmxm | [Tem)Mxa
where
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— GV 4, p, ST (p), (8b)
Y= S M (-nEE 6, p, )
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GEM (5, p, BIVS) (), (8¢)
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In (7), I4r and I, are unknown coefficients for the magnetic surface
current. To have nontrivial solutions for I, and I, the determinant
of (7) must vanish, i.e.,

det [(an vk (V) nsm —o ©)

(Y mxn (Vi) mxm

From solving (9), the effective propagation constant § of the cylin-
drical CPW is obtained, and the effective relative permittivity <.z s
_can be calculated from (3/ko)?.
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Fig. 2. Effective relative permittivity versus frequency; €1 = 1.0, e2 = 3.0,
h =1.524 mm, d =7 mm, and S/d = 0.572. The theoretical results for the
planar CPW are calculated using a full-wave approach described in [1].

III. RESULTS AND DISCUSSION

Fig. 2 shows the effective relative permittivity versus frequency.
The region p < a is here assumed to be air. The curvature of the
cylindrical CPW is defined using a curvilinear coefficient R(= a/b),
the ratio of inner to outer radii [2] and [3]. In the numerical
calculation, a total of six (N = M = 3) basis functions is used,
which shows good numerical convergence. The theoretical results for
the planar CPW are calculated using a full-wave approach described
in [1]. Both the planar CPW and the cylindrical CPW with R = 0.97
were constructed using flexible copper-clad microwave substrate
RO3003, a ceramic filled PTFE composite whose dielectric constant
versus temperature is very stable. Two types of the cylindrical CPW
were constructed: one was constructed exactly as the geometry
shown in Fig. 1, and the other was constructed with only half the
circumference of the ground cylinder (the two ground planes on
both sides of the signal strip were connected to be at the same
potential). The measurement was performed using an HP8510C
network analyzer, and the measurement error in this study was
estimated to be within 0.2%. No discrepancies between the measured
data of the two types of cylindrical CPW’s are seen, and the measured
data are shown in Fig. 2 for comparison with the theoretical results.
It is seen that the experiment is in good agreement with the theory.
Results also indicate that the cylindrical CPW has a larger effective
relative permittivity than the planar CPW.

Fig. 3 presents the effective relative permittivity versus frequency
for different substrate thicknesses and curvilinear coefficients. It
seems that the curvature effect on the effective relative permittivity is
greater for a smaller substrate thickness, and however, the variation
of the effective relative permittivity with frequency is greater for
a larger substrate thickness. In Fig. 4, we present the effective
relative permittivity versus normalized CPW size. It is found that
the curvature effect becomes more significant when the CPW size
increases.

IV. CoNCLUSION

Dispersion characteristics of a cylindrical CPW have been studied
using a full-wave formulation and a moment-method calculation.
Theoretical results have been checked with the experiment, and good
agreement is observed. Results also show that the effective relative
permittivity of the CPW varies greatly with the curvature variation,
and the variation is more significant for a larger CPW size.
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Fig. 3. Effective relative permittivity versus frequency with substrate thick-
ness h and curvilinear coefficient R as parameters; ¢1 = 1.0, €2 = 3.0, d =
7 mm, and S/d = 0.572.
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Fig. 4. Effective relative permittivity versus normalized CPW size
(ground-to-ground spacing) with curvilinear coefficient R as parameters;
€1 =10, e2 =3.0, h =0.762 mm, S/d = 0.5, and f = 10 GHz.

APPENDIX

The components of the dyadic Green’s functions in (1) are derived
as (in the spectral domain)

GEMS 4 1)

_ —jdweo g2 [n’k2 (1 1
" Xan?k3, Tyab { [k,,m ( - ‘@)
_ s2Tukd (a_,,_ Ty )J L anf}
T. ko1 kp2Th k20T

jweo (e2Ty  n?KT,
koo \ Ta  KRZ0PT, )
GHM (b, n, k)

_ jweon®k2y,
T k3k3,b?

GEMD (b, n, k)

_ ijo
ko3

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 44, NO. 11, NOVEMBER 1996

. —jdweonk,
- Xn7r2k22TaTba2b
[ 0-2) k(-2
ks 6T} ko1 \ kb ko1
jweonk, T,
K2k ,2bTh

(a) Jweonk;yn
GHM ( , M, kz):—mpg—b—,
GEMD (b, n, ) = GEM (b, By,
GEM (b, 5, k) = GEM™ (6, n, k),
~ HM(s) ]40.1»’;“0 10y €2TC
: k) = _
Get (b, ke) anzk,fZTanb( k1 k,,2Ta>
_ ju)&'okpzTa
k2T,
~ (a) WEOYn Rps3
G (b, ks >_’—°,jg—,

where

eIy (1 1 1 goTe €10
Dn="1-5-751+— - )
aT, (kzl k22> + koob (kpzTa kn )
T, = Jo(kp2b)HS (kpaa) — Jo (kp2a) HS (k,2b),
Ty = Jn (kp2a) HY (Kpob) — J, (k,,gb VHD (K ,0a).

Te = Ju(kp2b) HSY (Kp2a) — J) (kpaa) HED (Rp2b),
Ty = Jh (kp2a) HSY' (ky2b) — Jn<kp2b)H,S”’<k,,2a),

\ n?k2 (1 1
x= (o)
o [ an Ty e2Te  c1am
o (H - kpZTb) (kp?Ta B ko1 >’

o = Jr,z(kpla)

" Tau(kpia)’

_ B (kysh)
Tn = H,(ll)'(kp?,b).

REFERENCES

[1] R. W. Jackson, “Considerations in the use of coplanar waveguide for
millimeter-wave integrated circuits,” IEEE Trans. Microwave Theory
Tech., vol. 34, pp. 14501456, Dec. 1986.

[2] N. G. Alexopoulos and A. Nakatani, “Cylindrical substrate microstrip
line characterization,” IEEE Trans. Microwave Theory Tech., vol. 35,
pp. 843-849, Sept. 1987.

[3] R. B. Tsai and K. L. Wong, “Characterization of cylindrical mi-
crostriplines mounted inside a ground cylindrical surface,” IEEE Trans.
Microwave Theory Tech., vol. 43, pp. 1607-1610, July 1995.

[4] L.R.Zeng and Y. Wang, “Accurate solutions of elliptical and cylindrical
striplines and microstrip lines,” I[EEE Trans. Microwave Theory Tech.,
vol. 34, pp. 259-264, 1986.

[5]1 R. F. Harrington, Time-Harmonic Electromagnetic Fields.
McGraw-Hill, 1993, p. 106.

New York:




