ADVANCED ELECTROMAGNETICS, Vol. 2, No. 3, December 2013

Resonance of High T, Superconducting Microstrip Patch in a
Substrate-Superstrate Configuration

Siham Benkouda®, Tarek Fortaki®", Mounir Amir?, and Abdelmadjid Benghalia®

'Electronics Department, University of Constantine 1, Constantine, Algeria
*Electronics Department, University of Batna, Batna, Algeria
*corresponding author, E-mail: t_fortaki@yahoo . fr

Abstract

The effect of a protecting dielectric superstrate on the
resonance of a high T, superconducting microstrip patch is
investigated. The analysis approach is based on the spectral-
domain method of moments in conjunction with the
complex resistive boundary condition. The complex surface
impedance of the superconducting thin film is determined
using London’s equation and the two-fluid model of Gorter
and Casimir. Numerical results show that the resonant
frequency of the high T, superconducting rectangular patch
decreases monotonically with increasing superstrate
thickness, the decrease being greater for high permittivity
loading.

1. Introduction

Microstrip devices have been used widely as microwave
circuit eclements such as transmission lines, filters,
resonators, etc. The successful operation of, for example,
the microstrip resonators seems to suggest that basically
they are poor radiators [1]. Despite this weakness microstrip
antennas have received much attention in the open
literatures because of their many unique and attractive
properties [2]: low in profile, light in weight, compact and
conformable to both planar and non-planar surfaces [3], and
easy to fabricate and to be integrated with solid-state
devices. At low frequencies, the analysis for this structure
can be done by using either the transmission model or a
cavity model. However, for high frequency operation in the
millimetre-wave range, the thin substrate approximation of
low frequencies is not valid and a rigorous analysis is
necessary for greater accuracy in the design of the element.
The full-wave moment method has been applied extensively
and is now a standard approach for analysis of patch
antennas.

The discovery of a new class of copper-oxide
superconductors which have transition temperatures above
the boiling point of liquid nitrogen has resulted in much
research aimed at exploiting the low microwave surface
resistance of these materials. Passive planar supeconductor
circuits such as transmission lines, filters, and resonators
have shown substantial improvement over identical circuits
fabricated with gold, silver, or copper metallization [4-7].
The demonstration of practical microwave circuits utilizing

high-temperature superconductors has prompted
investigations into how high-temperature superconductors
may be used in antenna systems [8-11]. Although uses such
as electrically short antennas and superdirective arrays have
been proposed, the very high O factors of such antennas
make them rather impractical [8]. On the other hand, the
benefits of using high-temperature superconductors in
microwave and millimetre-wave microstrip array feed
networks can be quite substantial owing to the reduced
losses, which translates to an increase in the design of the
antenna [10]. For a 35 GHz, 100-element linear array,
Dinger [9] has shown that high-temperature
superconductors may provide an 8 to 10 dB improvement in
gain over a copper array.

Setting aside the topic of high-temperature
superconductors, superstrate dielectric layers are often used
to protect printed circuit antennas from environmental
hazards, or may be naturally firmed (e.g. ice layers) during
flight or severe weather conditions. I f the superstrate is
spaced away from the patch antenna, a distance multiple of
a half-wavelength, then the superstrate not only acts as a
protecting layer, but also acts as a directive parasitic
element, which increases the gain of the antenna [12]. When
a superstrate is placed on top of a patch antenna, the
resonant frequency of the antenna is shifted, and this shift
may take the antenna out of its original operating frequency
band. Therefore, an algorithm for the computation of the
resonant frequencies of microstrip patches should be able to
account for multilayered substrate effects. Theoretical
researches on the effect of dielectric superstrate on the
resonant frequency of a perfectly conducting patch are
abundant [13]; however, there is no theoretical report on the
effect of superstrate on the resonance of a high T
superconducting rectangular microstrip antenna.

This paper presents a rigorous full-wave analysis of
high T, superconducting rectangular microstrip patch in a
substrate-superstrate configuration. To include the effect of
the superconductivity of the microstrip patch in the full-
wave analysis, a complex surface impedance is considered.
This impedance is determined by using London’s equation
and the two-fluid model of Gorter and Casimir [11].
Numerical results for the effect of the dielectric protecting
superstrate on the resonant frequency of the high T,
superconducting rectangular microstrip antenna are given.
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Figure 1: Geometrical Structure of a high T, superconducting rectangular microstrip patch in a substrate-superstrate

configuration.

2. Outline of the numerical procedure

The geometry under consideration is illustrated in Figure 1.
A rectangular superconducting patch of thickness e is
printed on a grounded dielectric slab of thickness d;. The
substrate is characterized by the free-space permeability u,
and a permittivity &p¢,1. Above the radiating patch is the
superstrate layer of thickness d, with permeability o and a
permittivity gog,,. The superconducting film is characterized
by a critical temperature T,, a zero-temperature penetration
depth 4y, and a normal state conductivity o,. Following a
mathematical reasoning similar to that shown in [13] for
obtaining a relation among the surface electric field at the
plane of the superconducting patch and the surface current
on the patch in the spectral domain given by
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Where Q ., o Qs
the spectral dyadic Green’s function. The surface electric
fields at the plane of the superconducting patch can be
written as a superposition of an electric field in the patch

and another out of the patch, this yields
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The electric field in the superconducting rectangular patch
is given by
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where Z, is the surface impedance of the superconducting
patch. When the thickness of the superconducting patch is
less than three times the penetration depth A at a
temperature 7 =0K (4,), the surface impedance can be
expressed as in [14, Eq. (28)]. Substituting equations (2)
and (3) in equation (1) yields
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Now, Galerkin moment method can be easily applied to
equation (4) to obtain the complex resonant frequencies of the
resonant modes of the high 7. superconducting rectangular
microstrip patch in a substrate-superstrate configuration. Note that
the resonant frequencies are defined as the real parts of the

complex roots of the characteristic equation [15]. Muller’s method
is used for solving this characteristic equation.

3. Results

Although the full-wave analysis can give results for several
resonant modes, only results for the TM, mode are
presented in the present work. This mode has a dominant
current component in the y direction. In order to confirm the
computation accuracy, our calculated resonant frequencies
are compared with previously published experimental data
[16]. The patch size is a x b = 1.9 cm x 2.29 cm. The
substrate of thickness d = 1.59 mm has a crelative
permittivity e,..= 2.32. Table 1 summarizes the measured
and computed resonant frequencies for different superstrate
materials and differences between numerical and
experimental results of less than 1.17% are obtained. As a
consequence, excellent agreement between theory and
experiment is achieved.

Now, we study the influence of the superstrate thickness
on the resonant frequency. A rectangular patch having a
length @ = 8 mm and width » = 5 mm is printed on a
substrate of oxide of magnesium (g1 = 9.6, d; =0.4 mm).
For the superstrate we have considered three different
materials. These materials are the arsenide of gallium
(g2 = 6.6), the oxide of magnesium (g,, = 9.6) and the oxide
of beryllium (¢, = 12.5). The characteristics of the
superconducting film are o, = 746.10°S/m, T=77K, T.=
89 K, Ay = 180 nm and e = 150 nm. Figure 2 shows the
resonant frequency versus the superstrate thickness. It is
observed that when the superstrate thickness grows the
resonant frequency decreases monotonically. The decrease
being more important for superstrates with high relative
permittivities.



Table 1: Comparison of our calculated resonant
frequencies with experimental data [16] for perfectly
conducting ground plane.

Superstrate Resonant frequency
(GHz)

Dielectric & d, (um)  Measured Our
results

Custom 10 3120 3.260 3.222

High-K

Plexiglas 2.6 3180 3.874 3.887
Mylar 3 64 4.070 4.108

4. Conclusions

In this article, a rigorous full-wave analysis has been
applied to investigate the effect of dielectric protecting
superstrate on the resonant frequency of a high T
superconducting  rectangular microstrip patch. The
superconductivity of the patch has been included in the
theoretical formulation by means of the complex resistive
boundary condition. To check the accuracy of the proposed
method, our numerical results obtained for the case of
perfectly conducting patch are compared with previously
published data. This comparison has bee done for various
superstrate materials. In all cases, very good agreement
between theory and experiment is achieved. Concerning the
superstrate effect on the resonant frequency of the
rectangular patch antenna, we have found that when the
superstrate thickness grows the resonant frequency
decreases monotonically. The decrease being more
important for superstrates with high relative permittivities.
This last behaviour agrees with that discovered theoretically
for perfectly conducting patches [12].

References

[1] A. Boufrioua, A. Benghalia, Effects of the resistive
patch and the uniaxial anisotropic substrate on the
Resonant frequency and the scattering radar cross

section of a rectangular microstrip antenna, Aerospace
Science and Technology 10: 217-221, 2006.

V.A. Dmitriev, J.CW.A. Costa, Theoretical
investigation of compact microstrip resonators with
stubs for patch antennas, /EEE Trans. Microwave
Theory Tech. 50: 27-29, 2002.

D. Khedrouche, F. Bouttout, T. Fortaki, A. Benghalia,
Spectral-domain analysis of multilayer cylindrical-
rectangular microstrip antennas, Engineering Analysis
with Boundary Elements 33: 930—939, 2009.

E. Ekholm, S. Mcknight, Attenuation and dispersion for
high-7, superconducting microstrip lines, /EEE Trans.
Microwave Theory Tech. 38: 387-394, 1990.

W.G. Lyons, High-T, superconductive microwave
filters, IEEE Trans. Magn. 27: 2537-2539, 1991.

M.C. Chorey, K. Kong, K.B. Bhasin, J.D. Warner, T.
Itoh, YBCO superconducting ring resonator at

millimetre-wave frequencies, IEEE Trans. Microwave
Theory Tech. 39: 1480—1487, 1991.

[3]

[4]

21

©
IS

©
N

©
T

@
o
T

ol
o

©
>
T

o
N

~—_ |

Oxide of magnesitim|

Resonant frequency (GHz)
o2

N
®
T

Oxide of beryllium
1.5 2

d, (mm)

Figure 2: Resonant frequency of the superconducting patch
versus the superstrate thickness.
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