Design of a Dielectric Phase-Correcting Structure for
an EBG Resonator Antenna Using Particle Swarm
Optimization

Ali Lalbakhsh, Muhammad U. Afzal, Basit A. Zeb, Karu P. Esselle
Centre for Collaboration in Electromagnetic and Antenna Engineering
Department of Engineering, Macquarie University
Sydney, New South Wales-2109, Australia
ali.lalbakhsh @students.mq.edu.au

Abstract—This paper presents a novel method to design an
all-dielectric phase correcting structure (PCS) to improve phase
uniformity on the aperture of a classical electromagnetic band
gap resonator antenna (ERA). This PCS has fixed permittivity,
but varying thickness in a plane perpendicular to the dominant
radiated E-field component. A particle swarm optimization (PSO)
algorithm and a commercial time-domain solver are combined
to optimize the PCS thickness. The proposed PCS not only
significantly reduces the phase non-uniformity, but also improves
the broadside directivity of the ERA by 4.6 dBi.

I. INTRODUCTION

Recently, electromagnetic band gap resonator antennas
(ERAs), also known as Fabry-Perot resonator antennas, have
attracted significant attention from the electromagnetic com-
munity. Simple feeding mechanism, highly directive radiation
pattern and ease of fabrication are considered as the main
advantages of this type of antenna. Conventional ERAs consist
of a resonant cavity created between a ground and a partially
reflecting superstructure (PRS), which is located at \,/2
distance above the ground plane, where ), is the free-space
wavelength at the resonance frequency [1]-[2]. The cavity is
often excited by a small feed antenna.

Our recent investigations on many ERAs revealed that their
phase distributions are quite non-uniform on their aperture
and deteriorate when the permittivity of the PRS is low [3].
Non-uniform phase distribution originates from travelling wave
effects in the cavity and it degrades directivity and overall
performance of ERAs. To address this problem and to achieve
better radiation characteristics, a phase correcting structure
(PCS) is proposed.

Methods based on optical ray theory have been utilized
in several other antennas such as different types of lens
antennas to do phase correction [4]-[5]. However, such an
approach is not applicable to ERAs. To be more precise, in
lens antenna the source of radiation is approximated by a point
source placed in the focal point of the lens, whereas there
are multiple reflections back and forth in the cavity between
PRS and the ground plane. As a result, such a point source
assumption is not applicable for ERAs and the whole aperture
should be considered as the source of wavefront. Thus, phase
transformation should be done by a PCS for all rays emitted
from the PRS.
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In this paper, a novel method to enhance radiation per-
formance of ERAs by improving the phase distribution is
proposed. In our approach, a particle swarm optimization
(PSO) algorithm is employed to provide the required phase
transformation by designing a phase correcting structure (PCS)
with varying thickness. Section II describes the configuration
of the ERA under consideration and the method to record the
input and output phase values. Section III explains how the
PSO algorithm is implemented and Section IV presents results
obtained by the time-domain solver of CST Microwave Studio.

II. ERA DESIGN

Fig. 1 shows the configuration of the ERA designed to
operate at 13.5 GHz. An unprinted dielectric slab with a per-
mittivity of 3.55 and loss tangent of 0.0027 (Rogers RO4003)
is placed at a height of 11 mm, corresponding to \,/2 , from
the ground plane. The feed antenna is a waveguide-fed slot
in the ground plane with dimensions of 12x7.5 mm. The
physical area and the thickness of the PRS slab are 6\g x 6g
and A\, /4, respectively, where ), is the guided wavelength at
the design frequency. The ground plane size is 8\g X 8\¢.
To record phase distribution on the aperture, a hypothetical
plane is considered at \,/4 above the PRS, this is referred to
input phase plane. Another hypothetical plane is considered at
a distance of 2)\,from the PRS. This is called the output phase
plane. Here we expect a nearly uniform phase distribution
after placing PCS between the two planes. The phase of Fy
component of the electric field is recorded at discrete points
on the two reference planes. To do that, the plane apertures
are divided into 24 equal columns (parallel to y-axis) with a
width of \,/4 as depicted in Fig. 1. The phase values at the
center of each column are recorded.

To obtain a uniform phase distribution on the output phase
plane, we define an arbitrary constant value for the output
phase (¢output) and calculate the required phase shift for each
recorded input phase values (¢;npu¢) On the input phase plane.
So, the required phase shift is given by

A¢ = (boutput - ¢input (1)

Here we set the output phase to 360°. Thus, for each column
a specific amount of phase shift (A¢) should be provided by
the PCS. Consequently, the problem is translated into an easier
and more straightforward task which is finding an appropriate
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Fig. 1. Configuration of the exemplary ERA along with the input and output
phase planes.
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Fig. 2. Unit cell optimization model

height of dielectric material for each column to provide the
calculated A¢ by (1). This task is done by the Particle Swarm
Optimization (PSO), which is discussed in the next section.

III. DESIGN AND OPTIMIZATION OF PCS

To achieve the required phase shift in each column a
PSO algorithm is implemented in Matlab and interfaced with
the time-domain simulator in CST microwave studio (CST
MWS). PSO like ant colony optimization [6]-[7] and genetic
algorithm [8] is a member of evolutionary algorithm family.
It was introduced in 1995 [9] and was inspired by imitating
the behavior of a swarm of bees, a school of fish or a
flock of birds during their food-exploring activities. PSO was
then introduced to the electromagnetic society and several
modifications have been done on different electromagnetic
devices by this evolutionary algorithm [10]-[13]. More details
about PSO and how it works with CST MWS are explained in
[13]. Due to the symmetrical phase distribution on the ERAs
aperture, only 12 distinct phase transformers are needed to
compensate phase differences on the H-plane (parallel to the
x-axis in Fig. 1). Therefore, a unit cell is designed with input
and output ports which correspond to the input and output
phase planes. The space between the two ports is filled with
Taconic HT-1.5 dielectric material with ¢, = 2.35 and of
course air, as depicted in Fig. 2. It means that the effect of air
on phase correction in each unit cell has also been considered.
The PSO algorithm was run 12 times to find the best dielectric
height (h) in each unit cell to reach the required phase shift in
each column. Hence, this becomes a one-dimensional single-
objective optimization problem.

In the proposed algorithm, particle population is set to
4 and reflecting boundary condition is applied. The solution
spaces for h is limited to [0.1,43] mm. In order to avoid
excessive evaluations, a stop condition with the accuracy of
2 degree is considered in the algorithm. Optimization results
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Fig. 3. Designed ERA with the proposed PCS.

TABLE 1. PSO RESULTS; poutput = 360°
Column Dinput No Dielectric height (mm) Iteration
number (Deg.) (Deg.) (mm) number

1 249.9 65.1 33.2 3
2 17.2 342.8 0.9 6
3 88.0 272.0 9 12
4 119.6 240.4 13.1 3
5 91.7 263.3 9.3 3
6 122.9 237.1 13.3 2
7 153.8 206.2 16.6 8
8 179.7 180.3 20.2 2
9 214.5 145.5 23.6 2
10 251.4 108.6 28.1 11
11 2824 77.6 31.2 3
12 300.3 59.7 33.8 7

from the particle swarm are summarized in Table 1. The min-
imum number of iterations is 2, while the maximum iteration
number is 12, which is occurred for Column 3. Finally, the
PCS with the required height for each Column is placed at
input phase plane’s position. A full configuration of the ERA
with the PCS is shown in Fig. 3.

IV. RESULTS

The ERA, shown in Fig. 3, was simulated in CST MWS to
verify the proposed approach. The phase of Ey electric field
component in the H-plane at the output phase plane is plotted
in Fig. 4. It can be seen from this figure that phase uniformity is
significantly improved by the PCS. By considering 45° phase
deviation from the center of the aperture as the uniform phase
region, it can be seen that the width of uniform phase region
extended from 42 mm to 83 mm, corresponding to 31% and
63% of the total aperture width, respectively. This gives an
enhancement of phase uniformity by about 200% and also
improves the antenna directivity, as shown in Fig. 5. The peak
directivity increased from 11.3 to 15.9, an improvement of 4.6
dBi, while the side lobe level is 14.8 dBi. The input reflection
coefficient is shown in Fig. 6. It is clear that the input matching
remains better than 12 dB at the design frequency of the
antenna (13.5 GHz), despite around 4 dB reduction when the
PCS was placed on the ERA.

V. CONCLUSION

A novel method to simultaneously improve the radia-
tion performance and phase uniformity of an electromagnetic
bandgap resonator antenna (ERA) by employing the particle
swarm optimization is presented in this paper. An all-dielectric
phase correcting structure (PCS) was designed and optimized
using PSO for a conventional ERA. Results verify that the
width of the uniform phase region has been doubled with
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4. Phase distribution of the Ey component on the output phase plane
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proposed PCS, resulting in 4.6 dBi increase in the peak

directivity.

[1]

[2]

REFERENCES

C. Cheype, C. Serier, M. Thevenot, T. Monédiere, A. Reineix, and
B. Jecko, “An electromagnetic bandgap resonator antenna,” IEEE Trans.
Antennas Propag., vol. 50, no. 9, pp. 1285-1290, 2002.

A. P. Feresidis and J. C. Vardaxoglou, “High gain planar antenna using

optimised partially reflective surfaces,” IEE Proc.-Microw. Antennas
Propag., vol. 148, no. 6, pp. 345-350, 2001.

M. U. Afzal, K. P. Esselle, and B. A. Zeb, “Dielectric phase correcting
structures for electromagnetic band gap resonator antennas,” [EEE
Trans. Antennas Propag., 2015.

410

(4]

(51

(6]

(71

(8]

[9]

[10]

(11]

[12]

[13]

M. K. T. Al-Nuaimi, W. Hong, and Y. Zhang, “Design of high-
directivity compact-size conical horn lens antenna,” IEEE Antennas
Wireless Propag. Lett., vol. 13, pp. 467-470, 2014.

D. N. Black and J. C. Wiltse, “Millimeter-wave characteristics of phase-
correcting fresnel zone plates,” IEEE Trans. Microw. Theory Techn., vol.
35, no. 12, pp. 1122-1129, 1987.

P. Lalbakhsh, B. Zaeri, and A. Lalbakhsh, “An improved model of ant
colony optimization using a novel pheromone update strategy,” IEICE
Trans. Inf. & Syst., vol. E96-D, no. 11, pp. 2309-2318, 2013.

P. Lalbakhsh, B. Zaeri, A. Lalbakhsh, and M. Fesharaki, “Antnet with
reward-penalty reinforcement learning,” in Computational Intelligence,
Communication Systems and Networks (CICSyN), 2010 Second Inter-
national Conference on. IEEE, 2010, pp. 17-21.

J.H. Holland, “Adaption in natural and artificial systems,” Ann Arbor
MI: The University of Michigan Press, 1975.

J. Kennedy and R. C. Eberhart, “Particle swarm optimisation,” in Proc.
1995 Int. Conf. Neural Networks, 1995, vol. IV, pp. 1942-1948.

N. Jin and Y. Rahmat-Samii, “Advances in particle swarm optimization
for antenna designs: Real-number, binary, single-objective and multiob-
jective implementations,” IEEE Trans. Antennas Propag., vol. 55, no.
3, pp. 556-567, 2007.

N. Jin and Y. Rahmat-Samii, “Parallel particle swarm optimization and
finite-difference time-domain (pso/fdtd) algorithm for multiband and
wide-band patch antenna designs,” IEEE Trans. Antennas Propag., vol.
53, no. 11, pp. 3459-3468, 2005.

C. Yu, T. Xu, and C. Liu, “Design of a novel uwb omnidirectional
antenna using particle swarm optimization,” Int. J. Antenna Propag.,
vol. 501, pp. 303195, 2015.

A. Lalbakhsh, M. U Afzal, K. P. Esselle, and B. A. Zeb, “Multi-
objective particle swarm optimization for the realization of a low
profile bandpass frequency selective surface,” in Proc. IEEE. Int Symp.
Antennas Propag. (ISAP) Accepted for publication, 2015.



