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Electromagnetic Coupling of Coplanar
Waveguides and Microstrip Lines to
Highly Lossy Dielectric Media

MAGDY F. ISKANDER, SENIOR MEMBER, IEEE, AND THOMAS S. LIND

Abstract —In medical diagnosis and geophysical well-logging applica-
tions of electromagnetic (EM) techniques, it is of critical importance to
couple the EM energy to the object under interrogation efficiently and
with minimum external leakage. Experimentally, a family of coplanar
waveguides and microstrip lines has proven to be ideal EM energy couplers
for such applications. To date, no analytical work has been done to
investigate the coupling characteristics of these structures to highly lossy
dielectric media.

In this paper, the spectral-domain technique is utilized to analyze the
coupling characteristics of coplanar waveguides and microstrip lines to
multilayer lossy dielectric media. Numerical results illustrating the disper-
sion characteristics of coplanar and microstrip lines, as well as the various
electric field components coupled to highly lossy dielectric media, are
presented. It is shown that the presence of a superstrate of lossless
dielectric between the coplanar waveguide and the lossy medium plays a
key role in setting up an axial electric field component that facilitates
leaky-wave-type coupling to the lossy medium. The thickness of the
superstrate relative to the gap width in the coplanar waveguide is important
in controlling the magnitude of this axial electric field component. It is
also shown that even a very thin supersirate layer would generate the
leaky-wave type axial electric field component in the lossy medium. The
coupling characteristics of the microstrip and coplanar lines are compared,
and results generally show improved coupling if coplanar waveguides were
utilized. Specifically, values of the attenuation constant o are higher for
coplanar waveguide than for microstrip line, and for both structures, o
decreases with the frequency decrease. These, as well as other observa-
tions, are illustrated graphically.

I. INTRODUCTION

HE DESIGN and characterization of printed circuit
components such as microstrip antennas, microstrip
lines, and coplanar waveguides and the analysis of their
discontinuity junctions have received considerable atten-
tion in recent years [1}-[3]. These printed circuit compo-

nents constitute basic building blocks in more complex

microwave and millimeter-wave integrated circuits and
devices. A wide variety of techniques has been used to
develop dynamic solutions for these printed circuit ele-
ments. In some cases, the effect of small losses in, or the
anistropy of, the substrate material were considered [2], [4],
[5) as perturbational effects that may or may not substan-
tially alter the performance of these devices.

In many medical and geophysical applications of elec-
tromagnetic techniques, on the other hand, a family of
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printed circuit elements, including coplanar waveguides
and microstrip lines, have proven experimentally to be
ideal as electromagnetic (EM) coupling devices. In these
applications, it is crucial that these devices couple the EM
energy efficiently and with minimum external leakage.
When microwave methods for measuring changes in lung
water content were initially being developed, for example,
it was shown that the sensitivity of the technique could be
significantly improved if the transmission rather than the
reflection coefficient was utilized {6]-[8]. The required
transmission coefficient measurement, on the other hand,
was seriously handicapped by the leakage of the EM
radiation around the human body. Interference of this
leakage radiation with the highly attenuated transmitted
signal through the human body contributes to a serious
reduction in the sensitivity and, hence, the adequacy of the
method. With the use of coplanar waveguides as transmit-
ting and receiving devices, the sensitivity of the method
was improved and the leakage problem, which is typical of
other radiating-type devices, was virtually eliminated. Suc-
cessful experiments on phantoms and animals were per-
formed and the method is being considered for possible
clinical adoption. It may be worth adding that devices such
as coplanar waveguide have additional attractive features,
including small size, light weight, and easy conformity to
the body.

The use of EM techniques in geophysical exploration
and well logging provides another example where study of
the coupling characteristics of coplanar and microstrip
lines may prove vital. Of particular interest is the develop-
ment of low-frequency and broad-band well-logging tools
to improve the depth of investigation within the geophysi-
cal formation and to pave the avenue toward broad-band
and time-domain well logging. Low-frequency well-logging
tools are often sensitive to borehole geometries, while
higher frequency, pad-type ones have limited depth of
investigation, which is often within the thickness of the
mud cake. With the recognition of the desirable EM cou-
pling characteristics of printed circuit coplanar and mi-
crostrip lines, there is a great deal of interest in utilizing
such devices in well-logging tools [9], [10}.

Before these coplanar and microstrip lines can be widely
utilized in the above-mentioned medical and geophysical
applications, however, their coupling characteristics to
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multilayer, Jossy dielectric media must be better under-
stood. The various parameters affecting such coupling
need to be analyzed and means for controlling and opti-
mizing their performance developed. In this paper, we
utilize the spectral-domain method to analyze the coupling
characteristics of coplanar waveguide and microstrip line
to multilayer lossy dielectric media with complex permit-
tivities as high as those of the human body or the geophys-
ical formation. The analysis procedure, as well as numeri-
cal results illustrating the dispersion characteristics and the
configuration of the various field components in the lossy
medium, will be described in the following sections.

II. . ANALYSIS PROCEDURE

The spectral-domain method is used to analyze the

coupling characteristics of a coplanar waveguide, a con-
ductor-backed coplanar waveguide, and a microstrip line
to multilayer lossy dielectric media. It is also used to
analyze the role of a thin layer of lossless superstrate in
controlling the coupling characteristics. The spectral-
domain method provides an elegant procedure for reduc-
ing partial differential equations to ordinary ones, which
often can be further simplified analytically. This method
has become by far the most popular method for analyzing
the propagation characteristics of many microwave and
millimeter-wave integrated circuits [11]. To help us identify
desirable coupling characteristics, we analyzed three struc-
tures, including the four-layer coplanar waveguide, the
three-layer conductor-backed coplanar waveguide, and the
three-layer microstrip line shown in Fig. 1.

In all geometries given in Fig. 1, layer 2 represents the
substrate, while layers 3 and 4 represent the coupling
superstrate and the lossy dielectric medium, respectively.
For e~/ time-harmonic fields, assuming e'” propagation
in the z direction and taking the Fourier transform with
respect to x of the Helmholtz wave equation, we obtain

€
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where ¢/ is the Fourier transform of the TE and TM

potentials ¢/ in the ith region, vy =72—T?—%7?, and k,
is the free-space propagation constant in the ith region,
given by
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The transform ¢/ is related to ¢;* by
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Equation (1) is an ordinary differential equation in the
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Fig. 1. (a) Four-dielectric-layer coplanar waveguide. (b) Three-dielec-
tric-layer conductor-backed coplanar waveguide. (¢) Three-dielectric-
layer microstrip line.

transformed scalar potential quantities qgfh. Suitable solu-
tion expansions of (1) in the various dielectric regions are
then obtained and the electric anc magnetic field compo-
nents in the /th dielectric region are then found in terms of
these potential functions by

k2 + 1‘2
= e (3a)
. k2+T?
H, =~ ~—“¢he_rz (3b)
’ T
~ ~ Jop, -
E, ==V, 8~ L XV (3¢)
~ Jjwe; - '
Ht,i = _F—l X Vt¢‘ vt¢ (3d)

where the subscript ¢ stands for the transverse components
of the electric and magnetic fields. Substituting the poten-
tial expansions, carrying out a routine differentiation with
respect to y, and replacing d/dx by (— jr), we obtain
expressions for the electric and magnetic. field components
in the various regions. By applying the boundary condi-
tions at the interfaces between the various dielectric re-
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gions, we obtain a set of coupled equations of the form

Gy(r.T) GIZ(T,F)HEX(T)H.ZC(T)} “
Gu(7.T)  Gyp(r,T) EZ(T) J(r)

where E_ and E, denote the Fourier transforms of the x
and z components of the electric field in the slots, while J,
and J, denote the Fourier transforms of the x- and
z-directed current density components on the metal.
Next, either the electric field in the gap or the current
density on the metal is expanded in terms of a known set
of basis functions. For the coplanar waveguide and the
conductor-backed coplanar waveguide, it is more func-
tional to expand the electric field in the gaps, while for the

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 37, NO. 12, DECEMBER 1989

The simple one-term expansion given in (7) below was
used in our calculations. This expansion function includes
the singularity of the E, field component or the J, current
component at the edges [12]:

in gaps or on strip

(7a)

m(x) =

0 otherwise

in gaps or on strip (7b)

microstrip it is easier to expand the current on the metal 0 otherwise.
strip. To expand the current, (4) must be rearranged to
GII(T’F) G21(T’r)
E,(7) _ Gp(7, T)Gyu (7, T) =Gy (7, T)Gpu(7,T)  Gup(1,T)Gy(7,T)= Gy (7, T)Gy,(7,T) || /(1) )
Z (1) —Gp(7,T) ~Gy(r,T) 20

Glz(”" F)Gzl(’ra F) - Gu(”’ F)Gzz(Ta I‘)

Then, by applying Galerkin’s method to (4) or (5), we
obtain

L P(Da,+ £ 0m(Dh=0 (&)

n=1 =

S Rpp(Dag+ ¥ S,(T)5,=0  (6b)

where

0n(D) = [ Gua(r, T)ii (1), () dr
for coplanar waveguides and conductor-backed coplanar
waveguides, and
o GZl('T, F)
—o0 Gpa(7,T) Gy (7, T) = Gy (7, )Gy (7, T)

An(T)$,(7) d7

for the microstrip line. The quantities 7(r) and {(r) are
the Fourier transforms of the expansion functions used to
express the E_ and E, components of the fields in the
coplanar gap, or the J, and J, components of the current
density on the microstrip. Similar expressions are obtained
for P,,, R,,, and S, in terms of #,, {,, and the dydic
Green’s functions G, (7,1'), i=1,2 and j=1,2. The prop-
agation constant I' is obtained by making the determinant
of the coefficient matrix (eq. 6) be zero. Spatial-domain
expressions of the field components are obtained by taking
the inverse Fourier transforms of the spectral domain field
expressions given in (3).

G12(”'a I‘)G21('r, F)_ Gu(’ra F)Gzz(Ts P)

After determining the complex propagation constant
I' = a+ jB, a suitable zero-finding routine [13] can be used
to find e and A from

€etf — ig (8)
20

el . 9

3 )

IIL

To check the accuracy and convergence of our numerical
calculations, we compared the results obtained with disper-
sion characteristics data available in the literature for
coplanar waveguides and microstrip lines. Fig. 2 shows
comparisons of some of the obtained dispersion character-
istics with data available in the literature {12], [14] for
coplanar waveguides. Results for both even and odd modes
in coplanar waveguides are in excellent agreement with
available data. Fig. 3 shows comparisons of some obtained
dispersion characteristics with data available in the litera-
ture [5], [15], [16] for the microstrip line. The obtained
results are also in excellent agreement, including the case
that includes dielectric loss in a lossy substrate microstrip
line, as shown in Fig. 3(c).

The conductor-backed coplanar waveguide has been
compared to the open coplanar waveguide and the mi-
crostrip line by varying the substrate thickness d while the
rest of the variables were kept the same. When d is large
compared to the gap width w, the conductor-backed copla-
nar waveguide should have the same dispersion character-
istics (e.g., €., A/Ag) as the open coplanar waveguide.

NUMERICAL RESULTS
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Fig. 2. Comparison of numerically obtained dispersion characteristics
of coplanar waveguide with available data, €, is the dielectric constant
of the substrate. (a) ¢, =102, w/d =10, s/d=05. (b) ¢, =16.0,
w/d =04, s/d=03. (c) ¢, =160, w/d =04, s/d =1.0.

However, when d is small compared to w, the dispersion
characteristics for the conductor-backed coplanar wave-
guide should approach those of the microstrip line. This
behavior can be observed in Fig. 4.

After carrying out a large number of comparisons to
validate the accuracy of the developed computer code (i.e.,
Figs. 2-4), results for analyzing the coupling characteris-
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Fig. 3. Comparison of numerically obtained dispersion characteristics
of microstrip line with available data. ¢, is the dielectric constant of the
substrate. (a) ¢, =117, w/d =096, d =317 mm. (b) w=d =127
mm. (¢) w=d = 0.5 mm, ¢, =10, tand = 2.107%,

tics of microstrip and coplanar lines and investigating the
role of a superstrate in controlling such coupling were
obtained. First, results for the spatial distribution of the
transverse electric field components in coplanar wave-
guides were calculated and shown in Fig. 5. It is apparent
from this figure that the transverse electric field compo-
nents are much stronger when the coplanar waveguide is
placed in direct contact with a high-dielectric-constant
lossy medium. These stronger transverse fields thus have
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Fig. 4. Comparison between values of ey for coplanar, conductor-
backed coplanar waveguides, and microstrip line versus the substrate
thickness d. w=s=1 mm, ¢, =11, and frequency is 1 GHz.

an improved penetration in the high-dielectric material. Of
particular interest, however, is the role of a superstrate in
controlling the coupling characteristics to the high-dielec-
tric lossy medium. Fig. 6 shows the spatial distribution of
the coupled electric field when a layer of lossless dielectric
superstrate was placed between the coplanar waveguide
and the lossy medium. Numerical results generally showed
a significant reduction in the magnitude of the transverse
field components in the lossy medium. At the same time,
however, a significant increase in the axial component of
the electric field, E,, was observed. This, in effect, reduced
the TEM type of wave in the lossy medium and instead
facilitated a leaky-wave type of coupling to the lossy
medium. Fig. 7 shows the radial attenuation of the axial
electric field component for both cases with and without
the superstrate. Fig. 8 shows the variation of the normal-
ized magnitude of the axial electric field component versus
h /s, where & is the thickness of the superstrate and s is
the width of the center conductor in the coplanar wave-
guide. From this figure it is clear that while a very thin
superstrate layer is sufficient to set up the leaky-wave-type
axial electric field component, the magnitude of this field
decreases rapidly with the increase in the superstrate thick-
ness. This may be explained in terms of the increased
ability of the fields to recover the TEM mode type with the
increase in the superstrate thickness. A value of h/s =1
may be considered sufficient for recovering the TEM-
mode-type propagation. Fig. 8 also shows that the axial
electric field component increases with the increase in gap
width w. Fig. 9 shows the variation of the attenuation
constant «, which is proportional to the coupling effi-
ciency, with the thickness of the superstrate for three
different values of the loss tangent of the lossy dielectric
medium. It can be seen from this figure that o generally
increases with the decrease in 4, thus indicating an in-
creased coupling to the lossy medium, and that « also
increases with the increase in the loss tangent of the lossy
dielectric medium. It should be noted, however, that based
on Fig. 8, a reduction in the thickness of the superstrate
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Fig. 5. Spatial distribution of the transverse components of the electric
field (a) in air, (b) in lossy dielectric medium of €, = 30+ j20, and (c)
in lossy dielectric medium of €, = 60+ ;20. In all cases, the substrate
has an ¢, =11 and a thickness d =1 cm. The widths of the center
conductor and the gap are s=1 cm and w=1 cm, respectively.
Calculations were made at a frequency of 1 GHz.
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Fig. 6. Spatial distribution of the transverse components of the dielec-
tric field when a superstrate of thickness 0.292 cm was placed between
the coplanar waveguide and the lossy dielectric medium of ¢, = 60+
j20. All other dimensions and frequency are the same as in Fig, 5.
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Fig. 7. The magnitude of axial electric-field component |E,| in a lossy
dielectric medium of €, =60+ ;j20 when placed in direct contact with
the coplanar waveguide / = 0 cm, and when a superstrate of #=0.1 cm
was placed between the coplanar waveguide and the lossy medium.
Calculations were made along the vertical y axis for x = 0. All other
dimensions and frequency are the same as in Fig. 5. g, is the leading
expansion coefficient in eq. (6).
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Fig. 8. Variation of the magnitude of the axial field component |E,|
with the relative height of the superstrate layer k/s in a coplanar
waveguide. Results are shown for three different values of w/s. The
frequency is 1 GHz. d/s=1.0 and s=5 mm. |E,| is calculated at
x=0 and y =35 mm above the substrate. a; is the leadirig expansion
coefficient in eq. (6).
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Fig. 9. Variation of the attenuation constant & for a coplanar wave-
guide with the height of the superstrate layer at 1 GHz. Results are
shown for three different values of loss tangent of importance to
coupling to human body. Results are given for the case w/s =d /s =1.0,
s=1.0 cm.
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Fig. 10. Comparison between the attenuation constant & for both
coplanar waveguide and microstrip line at three frequencies. Results
are shown for w=d =05 cm for the microstrip and w=d =5 =0.5
cm for the coplanar. Dielectric constant of the substrate in both cases
€, =11, and the complex permittivity of the lossy medium ¢* = 60+
J30. Superstrate is air filled.

h <0.22 mm would result in a significant reduction in the
axial electric field component and, hence, the leaky-wave-
type coupling. Fig. 10 shows a comparison between the
coupling efficiencies (as indicated by the attenuation con-
stant a) of coplanar and microstrip lines. It can be seen
that « is generally larger for the coplanar waveguide;
hence this structure is expected to have an improved
coupling efficiency. Furthermore, Fig. 10 shows a general
trend of decrease in a at lower frequencies and with the
increase in the thickness of the superstrate layer.

IV. COMPARISON WITH EXPERIMENTAL DATA

As indicated in earlier sections, extensive experimental
evaluations of the coupling characteristics of coplanar
waveguides to lossy dielectric objects have been reported
[6]-[8], [17]. It is important at this point to clarify the
correlation between available experimental data and the
analytical results reported in this paper.

First, it is shown that while a TEM-mode type of
propagation is typical in a coplanar waveguide in air at 1
GHz, which is a typical operational frequency in these
applications, a significant enhancement in coupling occurs
when the coplanar is placed in direct contact with a highly
lossy medium. This observation and the fact that the EM

-coupling is enhanced with the increase in frequency have

previously been reported experimentally [7], [8], [17], [18]).
In addition, a detailed experimental comparison of the role
of the substrate material on controlling the amount of
coupling and reducing the leakage radiation was reported
in [7]. Specifically, it was shown that reducing the dielec-
tric constant of the substrate, or removing the substrate
altogether [7, fig. 2], substantially reduces the leakage
radiation and improves the coupling. This same observa-
tion may be seen in Fig. 11, where the effect of the
dielectric constant of the substrate on the amount of
coupling was examined numerically using the spectral-do-
main approach described in this paper. The results of Fig.
11 confirm the experimental observations reported earlier
in [7). This, as well as the other observations discussed
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Fig. 11. Spatial distribution of the transverse components of the electric
field (a) for a substrate of €,,=2.256 and (b) for a substrate of
€,, = 25.0. In both cases, w=s =d =1.0 cm, a lossy dielectric medium
of ¢,, =60+ 520, and frequency =1 GHz.

earlier, shows good correlation between the experimental
observations made in earlier publications [6]-[8], {17], [18]
and the numerical results reported in this paper.

V. CONCLUSIONS

The spectral-domain method is used to analyze the EM
leaky-wave-type coupling of microstrip lines and coplanar
waveguides to multilayer lossy dielectric media. Detailed
analyses of these coupling characteristics and the role of a
thin superstrate layer of lossless material in controlling this
coupling are important in fully developing the application
of printed circuit technology in medical and geophysical
applications. The numerical results obtained for the dis-
persion characteristics of coplanar and microstrip lines
when the lossy media were absent were all found to be in
excellent agreement with published data. Results were then
obtained to describe the spatial field distribution in the
lossy medium and the effect of a thin layer of lossless
superstrate on controlling the coupling to the lossy medium.
It is observed that the superstrate layer generally enhances
an axial, leaky-wave-type electric field component, which
facilitates strong coupling to the lossy medium. The cou-
pling was found to decrease with the frequency decrease,
to increase with the increase of the loss tangent of the lossy
medium, and generally to be stronger for the coplanar
waveguide than for the microstrip. It is also observed that
while a thin superstrate layer is generally sufficient to set
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up the axial electric field, the magnitude of this field
decreases rapidly with the increase in the superstrate thick-
ness. These observations correlate very well with available
experimental observations [6]-[8], [17].
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