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ABSTRACT 1n this paper, a wideband and high gain Fabry Perot Resonator Antenna (FPRA) is proposed.
It is based on a synthesized compact single partially reflective surface (PRS) layer acting as a superstrate to a
slot-coupled feed antenna, which acts as a radiating source element for the proposed design. The PRS is based
on a 2-D printed unit cell, where the lower part is a simple circular ring Frequency Selective Surface (FSS),
incorporated with a synthesized FSS unit cell, using an automated system through a VBA based interface
established between CST Microwave studio and Matlab, and optimized using a binary genetic algorithm.
This new FSS layer acts as the upper part of the proposed PRS layer and provided a positive phase gradient.
It almost perfectly resembles that of the optimum PRS over the desired frequency range, with a relatively
high reflection magnitude, which makes it a promising superstrate candidate for wideband and high gain
FP resonator antennas. The fabricated prototype achieved an important performance in terms of impedance
bandwidth with 42%, ranging from 11.32 to 17.35 GHz. In addition, the 3-dB gain bandwidth is 36 % from
11.68 to 16.78 GHz, with a maximum peak gain of 14.72 dB achieved at 16 GHz. Consistent and almost
invariant radiation patterns are achieved over the Ku-band frequency band of interest. The experimental and
simulated results are in good agreement, justifying the feasibility of the proposed design as a high gain and
wideband FP resonator antenna.

INDEX TERMS Ku-band, compact, partially reflective surface (PRS), fabry perot resonator antenna
(FPRA), frequency selective surface (FSS), genetic algorithm (GA), high-gain, wideband.

1. INTRODUCTION A Metasurface, on the other hand, is a two-dimensional

With the increasing demand for high-data rates and low
latency wireless communication systems, wideband and
highly directive antennas are becoming attractive subjects
in both the academic and industrial sectors, especially in
the upper microwave region and the untapped millimeter
wave spectrum [1]. High gain antennas have been designed
using traditional technologies such as reflectors, waveguide
horn antennas [2], [3], and microstrip fed patch arrays [4];
however, these aforementioned techniques have some major
disadvantages in terms of design complexity, high fabrication
cost, and feeding-network induced losses.
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equivalent of a metamaterial that is essentially a sur-
face distribution of electrically small scatterers capable
of manipulating and controlling electromagnetic waves.
References [5], [6], can offer novel properties such as
ultra-low profile and improved performance in gain, radiation
pattern, and bandwidth. These Metasurfaces have many other
inherent advantages, including their use in wave polariza-
tion controlling capabilities, for instance the conversion from
linear to circular polarization [7], [8], and Multifunctional
Coding Metasurfaces, like in the case of [9], which achieves
Multiple Beams functionality for both left and right CP,
by using Metasurfaces.

Another approach to tackle the aforementioned disad-
vantages, is by using a Fabry-Perot Resonator Antenna
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(FPRA), [10] which consist of a partially reflective surface
(PRS) based superstrate placed at a distance (usually half
a wavelength) from the ground plane, creating an air-gaped
cavity, and excited by a feeding source antenna (single or
array) backed by the ground-plane, making this type of tech-
nique a simple, and cost effective approach for achieving a
significant enhancement, as in the case of [11], where the
printed ridge-gap waveguide technology is incorporated with
a Fabry-Perot cavity. In addition, by using a positive phase
gradient dual-layer PRS operating at 60 GHz, the proposed
antenna achieved 18.4% impedance bandwidth, ranging from
55.4 to 66.6 GHz, and a 12.5 % 3 dB gain bandwidth,
from 58.6 to 66.4 GHz. Moreover, the maximum peak gain
is 16.8 dB, which is 12.2 dB more than the reported feed
antenna gain, proving the feasibility of using such approach in
terms of enhancing the antenna radiation characteristics [12],
[13], [14], [15].

However, this kind of antenna suffer even more from the
inherent narrow bandwidth due to the fact that the antenna’s
characteristics, such as its frequency, radiation patterns, gain
and bandwidth are mainly determined by the PRS layer
properties, and this latter invokes the typical narrow band
cavity [16].

To overcome this issue, many studies have been conducted
to improve the operation bandwidth while keeping higher
gain performance of the FPRA. In [17] and [18], a multi-
layer superstrates based on periodically printed FSS arrays
have been used for bandwidth enhancement on a single and
dual-band application, whereas in [19] a dielectric based
one has been used to achieve a broadband EBG resonator.
A side of improving the bandwidth, using multi-layer super-
strates increases the profile of the antenna making it a bulky
structure.

Another effective technique yet a complicated one, which
involves making a dielectric slab with gradient permittivity as
in [20] and [21].

A more convenient method using double-sided printed
metallic layers on a dielectric medium, has attracted the inter-
est of many researchers [22], [23], [24], since this superstrate
produces a positive reflection phase gradient over a particular
range of frequencies to broaden the 3-dB gain bandwidth of
the FP resonator antenna, while keeping a degree of compact-
ness and low profile, since the height of the resonance cavity
is only a half wavelength. This design not only provides a
high gain but also low fabrication cost.

Therefore, the main objective of this study is to design a
wideband, compact, and low-profile FPRA with high gain.

In this work, a compact PRS based layer is proposed as a
superstrate to an aperture-coupled wideband source antenna,
to form a Fabry-Perot Resonator and to improve its gain
bandwidth. The proposed PRS unit cell is generated using an
automated topology synthesizing system, established using a
link between the genetic algorithm embedded in Matlab and
the commercial simulator CST Microwave Studio through a
VBA based connection. A binary particle swarm optimization
(BPSO) algorithm [25] can also be used instead of the genetic
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algorithm to achieve the same objective of a compact with
positive reflection phase gradient PRS unit cell.

The proposed PRS design’s main distinguishing features
are its compactness and small footprint in comparison to
dielectric-based designs, which have a complicated fabri-
cation process (dielectric slab with gradient permittivity)
[20], [21], and a larger foot print. It is low in profile, easy-
to-fabricate, and cost-effective design. In addition, using
3D printing techniques could reduce fabrication costs,
in combination with the proposed synthesizing system, and
could achieve a compact, low profile, yet effective design.
However, current 3D printing processes are far from achiev-
ing the same performances as the PCB printing techniques
using small footprint structure as the one proposed here, and
not yet explored to the extent where it could replace it. For
example, in [26], a 3-D printed FPRA, was designed with
a paraboloid-shape superstrate for wider gain bandwidth in
comparison with the commonly adopted planar superstrate,
and achieved 22.2% gain bandwidth with a footprint of 4 A¢
x4 Ao x 0.66 Ag(Ag at 6GHz), in comparison to the proposed
design with a footprint of only 1.72 X9 x 1.96 Ao x 0.62 Ag
and 3-dB gain bandwidth of 36%.

The simulation results yield an important improvement in
terms of impedance and 3-dB gain bandwidth, while keeping
the compactness of the final design footprint. The proposed
prototype was fabricated, and the results were verified exper-
imentally, and they are in good agreement with the full-wave
simulation results. With these features, this antenna can be
a protentional candidate for the Ku-band applications with
higher gain and wideband requirements.

The proposed FPRA antenna as per our knowledge, is the
first of its kind in the literature that uses such Partially Reflec-
tive Surface, that has been artificially synthesized, in a way
where it’s reflection phase response, resembles that of the
optimum phase, which satisfies the cavity resonance condi-
tion according to the ray-tracing analysis, to operate in wider
frequency band with relatively high gain.

The proposed designing process also, allows easy fre-
quency tuning, using the proposed Al driven synthesizing
system. Hence, this antenna can be easily scaled to different
frequencies, which makes the operation more flexible.

Il. PROPOSED WIDE BAND FPRA ANTENNA

Fabry-Perot resonator antenna (FPRA) is considered a highly
directive one [27]. It consists of a simple radiating source
backed by a ground-plane, and a partially reflecting surface
(PRS) (see Fig. 1).

Gain and directivity improvements are achieved, when
the spacing h. between the ground and the PRS, satisfies
the cavity resonance condition according to the ray-tracing
analysis, where the reflected waves from the ground and the
reflection phase response of the PRS are in phase, leading to
the maximum peak gain in the broadside direction [28], and
the spacing h. equals to the following:

he S

— 2N 1
i, (¢prS + ¢GND ) (1)
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where ¢pgs and ggyp are both the reflection phases of the
PRS and the ground plane, respectively. N is the resonance
mode order, and is equal to 0,1, 2,...etc. For a low profile
Fabry-Perrot based resonator antenna, N is set to be 0. f; and
c are the resonance frequency and the speed of light in the
vacuum, respectively.
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FIGURE 1. Schematic diagram of a Fabry-Perot resonator.

Assuming that the source antenna directivity is Dy,r at a
particular frequency f;, the directivity of the FPRA antenna
would be the summation of this latter and the PRS directiv-
ity Dprs, which is expressed as:

D 101 L0 2)
= (6] —_—
PRS g -7
where I' is the reflection magnitude of the PRS superstrate
layer, and the total theoretical FPRA directivity is formulated
as follows [1]:

Drpra = Dres + Dpgs 3

From Equations (2) and (3), it is clearly noticed that
the directivity of FPRA is positively correlated with the
PRS reflection amplitude, thus, the larger this latter is, the
better the overall directivity of the FP resonator antenna.

Due to the fact that the cavity spacing s, and the partially
reflective surface phase gpgs, are frequency-sensitive, con-
ventional FPRAs only possess a small radiation bandwidth.

Assuming that the dielectric slab is lossless, the aperture
surface of the FPRA for a required directivity can be approx-
imated using the following formula [29]:

10754 52
A= @)

where A is the operating wavelength of the FPRA.

By taking a PEC ground plane (pgyp = ), the PRS
reflection phase is expressed by rearranging (1) as the
following:

4

Chcfr +QN - Q)

YPRS =

From (5) it can be noted that if the reflection phase of the
PRS increases with the resonance frequency f, (a positive
slope versus frequency), the FPRAs would operate in a wider
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frequency band with an enhanced gain bandwidth. Therefore,
a PRS with positive reflection phase gradient is needed,
for designing a wideband and high gain Fabry Perrot based
Resonator Antenna. To elaborate on this, let us consider that
the superstrate dielectric slab is lossless, with the reflection
magnitude is equal to 1, and we only consider the phase of
the reflection coefficient (¢pgs), which is formulated as [30]:

wprs = 1w — 2arctan(Zgtan(kghpgs)/Zo) (6)

where, Z; and Z; are the characteristics impedances of the
dielectric substrate and the air, respectively, k; is the dielec-
tric phase constant, with a thickness of hpgs.

When the dielectric substrate uses Rogers RT/duroid
5880 dielectric slab (g, = 2.2, tand = 0.0009), with a thick-
ness hprs of 1.575 mm, and according to (6), its reflection
coefficient phase response is depicted in Fig. 2, Where it
is clearly seen that the phase of the reflection coefficient
decreases as the frequency increases, when the height is
kept constant. Consequently, if the PRS shows positive phase
gradient as per (6) and from the results in Fig. 2, the FPRA
is able to operate in a wideband of frequencies. Moreover,
since the ground plane of the FPRA is a PEC(¢gnp= 7),
the Fabry-Perot antenna can operate in wide frequency band
when the PRS exhibits even smaller positive reflection phase
response, and not necessary covers the whole band of interest.

A. PROPOSED PRS STRUCTURE

In the previous section, a PRS with a positive phase gradient
is discussed to be the main key point for designing a wideband
FP resonator antenna. Therefore, first of all, we should care-
fully design one that meets the aforementioned requirement.
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FIGURE 2. Reflection phase and magnitude of substrate versus incident
wave frequency.

First, a simple circular ring is etched on one side of a
Rogers RT/duroid 5880 dielectric slab (g, = 2.2, tand =
0.0009), with a thickness hprg of 1.575 mm, creating the
initial PRS unit cell having the following design parameters:
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wprs=6 mm, r,=2.9 mm, r;=I1.4 mm and g = 0.2 mm.
Fig. 3(a) shows the geometry of the initial PRS unit cell.

The PRS unit cell is designed and simulated using CST
Microwave studio, and the reflection phase characteristics
analyzing setup is depicted in Fig. 3(b), where boundary
conditions are applied as follow: along the + x-axis, the
perfect magnetic condition (PMC) is applied, whereas, in the
case of the +y-axis, the perfect electric boundary condition
(PEC) is used, with two wave ports set at a distance of
A/2 from the unit cell under investigation along the z-axis,
with open boundary condition, so only the normal incidence
is considered here.

The simulated magnitude and phase of the reflection coef-
ficient response of the initial PRS unit cell are shown in Fig. 4.
Where it’s noticed that the PRS unit cell is highly reflective
around the frequency band of interest with a magnitude of
' = 0.9 at 15 GHz. A high reflection magnitude is targeted
for a high gain antenna. However, the reflection phase of the
unit cell as depicted in Fig. 4, is decreasing as the frequency
increases, which leads to a narrower bandwidth. A new unit
cell that provides a positive reflection phase gradient is then
proposed to broaden the antenna bandwidth while keeping a
high gain performance.

A partially reflective surface (PRS) unit cells are printed on
either one or both sides of the dielectric slab, just like in this
case, where it is printed on both sides of the same dielectric
substrate used on the previous PRS design, namely the Rogers
RT/duroid 5880, with the same thickness of 1.57 mm.

The next approach is based on the same PRS unit cell, and
uses a pixelated based pattern on the other side of the unit cell,
to create a positive phase gradient that follows the optimal
phase, for increasing the bandwidth.

Genetic algorithm (GA) based optimizations were carried
out, yielding great potential in finding non-conventional solu-
tions to EM-based problems.

In [31], the genetic algorithm has been used to optimize
an EBG structure for gain and bandwidth enhancement,
whereas in the case of [32], an AMC based reflector has
been optimized using the same technique to achieve an impor-
tant enhancement in the peak gain and front-to-back ratio,
alongside a low side-lobe level (SLL), for 5G applications.
On the other hand, to improve the gain of an UWB monopole
antenna, in [33] a compact UWB FSS structure was created
using a similar GA based synthesizing system, with specific
parameters in terms of the targeted structure and the fitness
function, totally different than the current work objectives,
where the FSS unit cell was divided into square pixel cells,
represented by binary bits of 1 and 0.

Throughout the optimization process, each binary word
generated by the GA corresponds to a potential solution
that is analyzed and evaluated, using a predefined fit-
ness function. This latter is defined as the sum of all
values that exceed —10 dB of the unit cell transmission
coefficient (Sy1), in order to achieve a broad band-stop
performance between 3.1 and 10.6 GHz (UWB spectrum),
forming an FSS-based reflector for gain enhancement. Since
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different fitness and objective functions are used in various
electromagnetic-related problems implemented in various
applications, this reported work is only somewhat relevant to
the current one in terms of using the GA-based optimization
process.

The well-established VBA-based connection between CST
Microwave studio and MATLAB’s embedded genetic algo-
rithm (GA) is used here, to create the automated pattern syn-
thesizing system, where the upper side of the PRS structure
is the targeted area for this procedure. Each PRS unit cell
is pixelated into n x m pixels, and these latter are defined
using binary encoding, where having the value of either 1 or 0
indicates the presence or the absence of copper on the pixe-
lated sub-cell (on top of the dielectric slab).

hres |

&r1

WPRS|

(b)

FIGURE 3. (a) Geometry of the initial PRS unit cell, (b) Analysis setup of
the unit cell (CST).

Increasing the number of pixelated cells, increases also the
number of total possible structures, making it an impractical
way in solving such a problem, so, a confined search space
global optimization solution is needed, for finding the optimal
candidate, according to a predefined fitness function, making
the genetic algorithm an effective way in doing so.

In the proposed designing scenario, the fitness function is
defined as the root-mean-square error (RMSE) between the
reflection coefficient phase response of the generated PRS
unit cell under investigation, and the optimum phase, and is
defined as:

Fit = RMSE (Phasepgs, Phaseoptimum) @)
where RMSE is defined as:
N
_ (Phase — Phaseops
RMSE — \/Zn_l ( PR.;V Opnmum) (8)

The reflection coefficient phase of the PRS unit cell
is taken at equal frequencies fi, with the total number

96529



IEEE Access

N. Melouki et al.: High Gain and Wideband FPRA Based on a Compact Single PRS Layer

10 —r . . 0
—-— Reflection Coeff. (Mag)
—— Reflection Phase (Deg)} . —.—-—
_________ I-30
09 et
E r - -60 ’&a
@
(=]
Z 08+ S
= I}
3 Loo &
&) o
S 07+ s
é - 420@
7}
2 2
0.6+
\ I--150
0.5 — -180

12 13 14 15 16 17 18
Frequency (GHz)

FIGURE 4. Reflection phase and magnitude of the initial PRS unit cell.

of N = 1001 frequency points, within the designated over-
lapping frequency band of interest (fpmin < fi < fiax)-

The implemented flowchart of the GA-based optimization
process for a positive phase gradient PRS unit cell is shown in
Fig. 5. As a starting point, the PRS unit cell is discretized into
12 x 12 pixels, which provides a resolution of 0.5 x 0.5 mm,
which is chosen while taking into account the fabrication
constraints and maintaining the geometrical flexibility.

A 12 x 12 discretized unit cell needs to be represented
by 144 binary encoded pixels, and this led to large search
space for the optimal solution, which is an impractical and
time-consuming process. To overcome this, a four-folded
symmetry is imposed, as shown in Fig. 6. As a result, the
search space for the optimal solution (the number of bits
required to represent the PRS unit cell) is reduced drastically
to 21.

The proposed optimization process tries to manipulate the
reflection coefficient phase of the possible PRS design can-
didates, to produce a PRS unit cell with a phase that closely
resembles the positive gradient optimum phase, within the
frequency band of interest, by using the proposed genetic
algorithm, with a uniform mutation at a rate of 0.001, a sin-
gle point crossover, and the tournament selection as its
parameters.

The population size is set to be 200 different binary
strings randomly selected, with each one representing a spe-
cific pixelated PRS unit cell, and the number of iterations
(generations) is set to be 20.

Once all the 200-initial pixelated PRS structures are evalu-
ated, they are ranked and the top-performing ones are selected
for the crossover and mutation processes, creating a new
population of 200 PRS candidates going through the same
evaluation process. This later is repeated until the desired
fitness value is achieved (Fit tends toward zero) or until the
maximum number of iterations is reached.

The best achieved PRS design is obtained at the 10th
iteration, when the stop criterion is met, as shown in Fig. 7.
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FIGURE 5. Proposed flowchart of the GA optimization process for the PRS
unit cell.
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FIGURE 6. Proposed four-folded symmetry pixelated PRS unit
cell (12x12).

a, where it is clearly shown that the final design doesn’t
suffer from the infinitesimal connection problem, between
two sub-cells, when these constellations ((])(1)) or ((1)(1)) are
present, which could lead to a malfunctioning PRS structure,
due to fabrication tolerances. Also, since the design imposes
the four-folded symmetry, the PRS unit cell exhibits polariza-
tion insensitivity, which makes it also applicable to circular
polarized antennas.

The binary string of the final optimized PRS unit cell is:
Bprs ={010100111010001111100}.

The resulted reflection coefficient phase of the optimized
PRS has a positive gradient and is almost perfectly resem-
bles that of the optimum PRS over a wide bandwidth
spectrum range, with a relatively high reflection magnitude
(See Fig. 7. b), and this can be a vital key point in designing a
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wideband with high gain FPRA antenna, since higher reflec-
tive PRS leads to higher gain as per (2) & (3) but narrower
—3 dB bandwidth, and to broaden this latter a PRS with pos-
itive phase gradient is a must to achieve that goal, as per (5).
So a compromise between the maximum achieved gain and
the —3 dB gain bandwidth, is inevitable, and this can be seen
in the following sections. Nerveless, the proposed PRS design
can be a potential superstrate candidate for a wideband and
high gain FP resonator antenna.

X
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=
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FIGURE 7. (a) GA based final optimized PRS design, and (b) reflection
coefficient’'s magnitude and phase of the proposed PRS unit cell.

B. FEEDING ANTENNA

The feeding source antenna for an FPRA is as vital to its
performance as the PRS structure, thus a well-designed feed-
ing antenna is a crucial part of designing a high gain and
wideband FPRA antenna. Several types of exciting sources
have been reported in the literature, such as a suspended metal
strip over a ground plane [16], a probe-fed patch antenna [34],
and a waveguide aperture-based feeding [35]. Single layer
slot-coupled antenna can be also used, as feeding element,
like in the case of [36], where the feeding antenna was
an isosceles triangular-shaped slot-coupled, to a 50-Q2 feed
line printed on the bottom face of the same ground-backed
substrate.

An air-gapped slot-coupled patch antenna is a good candi-
date for a high gain and wideband FPRA antenna, due to its
low profile, ease of feeding and fabrication, stable broadside
radiation, and wide bandwidth capability.
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The proposed feed antenna design is depicted in Fig. 8.
it consists of a parasitic patch, coupled to a feeding line
through a slotted ground plane (bottom layer), and spaced by
an airgap hg,;, = 2 mm, for surface waves suppression since
this latter can contribute to performance degradation of the
FRPA cavity [37]. An impedance matching network is added
to the feedline to improve the bandwidth. The Rogers RT/
duroid 5880 material having a thickness (k) of 0.787 mm,
permittivity £, = 2.2, and a loss tangent of 0.0009, is used
as a substrate for both the parasitic patch and the bottom
layer (ground plane and the feed line). The antenna design
parameters are summarized in Table 1.

Both the simulated reflection coefficient (S11) and the peak
gain of the feed antenna are illustrated in Fig. 9. a, where it
is noticed that the impedance bandwidth almost covers the
whole Ku-band spectrum, ranging from 12.6 GHz to 18 GHz.
Within this band, the peak gain increased from 7 to 8.8 dBi.
In addition, the co- and cross-polarization patterns at 16 GHz,
in both the E-and H-planes are illustrated also in Fig. 9.b & c.
respectively, with low cross-polarization in both cuts, making
ita good candidate for being a feeding source for the proposed
FRPA antenna to be designed in the next section.

GND_ Ny
Feedline /,//gI?T

-

&S
SMA Port  “~.

|=:‘ 'J—!_‘Tl i

f : t .
Feedline » —

L

Weub 2

FIGURE 8. Schematic diagram of the slot-coupled patch antenna.

C. PROPOSED FPRA ANTENNA

The optimized PRS structure (Fig. 7) is applied as a super-
strate layer to the proposed slot-coupled feed antenna in the
previous section (Fig.8), creating the proposed wideband and
high gain FP resonator antenna as shown in Fig. 10.

The PRS superstrate is suspended over the shared ground
plane at a distance k. using M2 nylon screws (2 mm in
diameter) at the four corners, and they are also taken into
account during the simulation process, alongside a 50 Ohm
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TABLE 1. Slot-coupled patch antenna design parameters.

Ant. h; wi w2 I 12
Parameter

Value 0.79 2.3 0.9 17.4 5.6

(mm)

Ant. I3 Ws I Wp Wsub2
Parameter

Value 2.2 32 6.5 55 16.5

(mm)
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FIGURE 9. Simulated results of the slot-coupled patch antenna
(a) reflection coefficient, peak gain, and (b & c) the normalized E- and
H-plane radiation patterns 16 GHz, respectively.

SMA connector modeled also in CST Microwave studio.
A preliminary determination of 4. can be achieved using both
the simulated results of the proposed PRS unit cell reflection
coefficient phase (¢prs) in Fig. 7 (b) and (1), where f; is the
FPRA'’s center frequency and @pgs is taken also at that same
center frequency.

The reflection coefficient phase of the PRS at the center
frequency of 15GHz is about —158.6° (see Fig. 7(b)), and by
using (1), the spacing A, is about 10.5mm. Further optimiza-
tion is need to be performed to find the optimal distance to
achieve the best performance of the Fabry-Perot Resonator
Antenna.

The aperture size of the proposed FPRA antenna is esti-
mated by using (4), where the wavelength A is taken at
the lower end frequency (12.6 GHz) of the antenna, which
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is 23.8 mm, and the corresponding estimated FPRA direc-
tivity (Dfppga) is around 13.73 dBi using both (2) and (3),
therefore, the aperture size is about 36.83 mm x 36.83 mm.

Thus, a PRS structure of an aperture size of 36mm x 36mm
is used as the superstrate for the proposed FP resonator
antenna, which consists of an array of 6 x 6 PRS unit cells
since this latter’s effective size is 6 mm.

Using the previously estimated parameters, namely the
aperture size (36mm x 36mm), and the cavity air gap h, =
10.5 mm, the resulted reflection coefficient S1; of the pro-
posed FPRA is illustrated in Fig. 11, where the impedance
bandwidth (|]S11] <—10dB) is about 3.24 GHz divided into
a dual-band, ranging from 14.18 to 16.52 GHz, and from
17.1 to 18 GHz. The peak gain is 14.4 dBi at 14.5 GHz.

The air gaped cavity of the FP resonator antenna is an
important factor in designing a wideband antenna with high
gain; therefore, the influence of changing such a parame-
ter on the overall performance of the proposed antenna is
investigated.

FIGURE 10. Proposed wideband FPRA design.

All other parameters are fixed, while the cavity height is
changed in a step of 0.5 mm from 10.5 to 13 mm, to see the
effect of the cavity height variation on the S;; impedance
bandwidth, the peak gain, and the 3-dB gain bandwidth of
the FPRA. The results are depicted in Fig. 11 & 12 and
summarized in Table 2. From there, it is noticed that when
the cavity thickness increases, both the impedance and 3-dB
gain bandwidths are gradually expanded, while the peak gain
is reduced, accordingly, as expected from an FP resonator
antenna.

For a high gain FP resonator antenna with a wider oper-
ating bandwidth, and based on the results illustrated in both
Fig. 11 & 12, and Table 2, it can be concluded that the optimal
cavity height is 13 mm, where the proposed FPRA exhibited
an outstanding impedance bandwidth performance of 38.64%
ranging from 11.9 to 17.6 GHz (Fig. 11), and a 3-dB gain
bandwidth of 39.11% (11.6 to 17.24 GHz), with a maximum
peak gain of 14.21 dBi at 16 GHz as shown in Fig. 12.

Another important parameter that considerably influences
the FPRA peak gain and bandwidth is its PRS superstrate size,
therefore, the influence of changing such a parameter on the
performance of the proposed antenna is investigated.

All other parameters are kept fixed, while the size of the
superstrate is changed by increasing the number of PRS unit
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TABLE 2. Summarized results of the proposed design at different cavity
spacings.

Cavity [S11|<-10dB BW 3-dB gain bandwidth
spacing /. (GHz) (GHz)

(mm)

10.5 14.18-16.52 (15.24 %) 13.3-17.8 (28.93%)
17.1-18 (5.12 %)
11 13.29-15.2 (13.40 %) 13-17.6 (30.06%)
15.71-17.68 (11.79 %)

11.5 12.95-17.56 (30.21 %) 12.77-17.38 (30.58%)
12 12.61-17.51 (32.53 %) 12.4-17.3 (32.99 %)
12.5 12.26-17.52 (35.32 %) 11.99-17.26 (36.03 %)
13 11.9-17.6 (38.64 %) 11.6-17.24 (39.11 %)

cells, to see the effect of this variation on the peak gain,
and the 3-dB gain bandwidth of the FPRA. The results are
depicted in Fig. 13. From there, it is noticed that, when the
superstrate size increases, the 3-dB gain bandwidth is gradu-
ally decreased, while the peak gain is increased, accordingly,
achieving a maximum value of 16.67 dBi, as expected from
an FP resonator antenna.

The best-achieved performance in terms of peak and gain
bandwidth is when a 6 x 6 PRS superstrate is used.

Radiation patterns at three different frequencies (12.5, 14,
and 16 GHz) in both E-and H- planes are simulated and
depicted in Fig. 16. From this figure, it can be noted that
the patterns are directive, with narrower beamwidths, because
the beamwidth decreases with increasing size and frequency,
meaning the beamwidth is proportional to the ratio wave-
length to the antenna dimension, Thus, higher frequencies
have a smaller wavelength; and since the size of the antenna
is fixed, higher frequencies have a narrower beamwidth, high
gain and are more directional, and according to the directivity
equation [38]:

47.U
Praa

D= ©))
where U is the radiation intensity in watts per unit solid
angle, and P,,; is the total radiated power in watts; at
higher frequencies, the radiated power is low, meaning the
directivity is high, and therefore the beamwidth is narrower,
and are inversely proportional to each other. For example,
the beamwidth decreased as the frequency increased from
12.5 to 16 GHz, where it was 30.1° and 33.6° at 12.5 GHz
and got narrower to the values of 20.4° and 26.4° in the
E- and H-planes respectively, at 16 GHz.

Ill. FABRICATION & MEASUREMENTS RESULTS

In this section, the prototype validation process is carried out,
by first fabricating all parts involved in the proposed design
with its final optimized dimensions on the Roger RTduroid
5880 dielectric slab with two different thicknesses for both
the feed antenna (0.787 mm) and the proposed PRS based
superstrate (1.57 mm). They are assembled using nylon M2&
M3 metric pan head screws with the proper washers and hex
nuts, to form the final proposed prototype (see Fig. 14(a)).
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FIGURE 11. Simulated reflection coefficient of the proposed FPRA at
different hc.
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FIGURE 12. Simulated peak gain of the proposed FPRA at different values
of hc.
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FIGURE 13. Simulated peak gain of the proposed FPRA for different PRS
based superstrate sizes.

The optimal cavity spacing is fixed to 13 mm for further
results validation and analysis. It is fed by a 50 Ohm SMA
connector soldered to the feed line with an offset of 5 mm
from the edge of the feed antenna.
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TABLE 3. Proposed FPRA design compared to other related works.

Ref. |S11|<-10dB BW 3-dB gain bandwidth Antenna electrical dimensions Max gain Num. of PRS layers

No (%) (%) (WxLxH) (dBi)

[1] 25.1 335 2.23 hox 2.23 hox 0.54 Ao 13.92 1
[12] 26.26 28 24%0x24%x0.55% 13.8 1
[33] 127.05 53.65 22 hx22hx 0.62 X 9.7 1 (FSS)
[40] 10.90 10.9 3.67 M x3.67 4 x 0.75 X 15 3
[41] 30 25.8 240 % x 240 A0 x 1.40 % 15 2
[42] 15.06 15 390 x 3.90 A x 1.70 Ao 20 3
[43] 27 27 2360 x 236 x 1.23 14 2
This 42 36 1.72 hox 1.96 A x 0.62 Ao 14.72 1

Work

FIGURE 14. Final (a) fabricated antenna and its assembly parts, and
(b) far-field measurement setup.

Next, the reflection coefficients characteristics of the fab-
ricated prototype are analyzed and measured using the Agi-
lent 8722ES Vector Network Analyzer, and the results are
illustrated in Fig. 15(a), where the measured impedance
bandwidth with S;; <—10 dB criterion is 6.03 GHz for
a wideband FPRA ranging from 11.32 to 17.35 GHz, cor-
responding to a fractional impedance bandwidth of 42%
for the center frequency of interest. It is also compared
to the simulated results, where the impedance bandwidth
was 38.64 % (5.7 GHz) ranging from 11.9 to 17.6 GHz.
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FIGURE 15. (a) Reflection coefficients of the FPRA and (b) gain of
the FPRA.

Therefore, both simulation and measurement results are in
good agreement, despite the slight discrepancies between
them, which are probably due to assembly and fabrication
errors. Thus, the proposed antenna performed outstandingly
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FIGURE 16. Normalized simulated and measured radiation patterns in
the E- and H-planes at (a) 12.5, (b) 14, and (c) 16 GHz.

in terms of wide impedance bandwidth, covering almost the
whole Ku-band spectrum.

In addition, the peak gain and radiation patterns for the
proposed prototype were measured in an anechoic chamber,
and the setup is depicted in Fig. 14(b), by using the following
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FIGURE 17. Normalized simulated and measured radiation patterns
(Co- & cross-polarization) in the E- and H-planes at (a) 12.5, (b) 14, and
(c) 16 GHz.

equation, the gain of the antenna under test (AUT) is calcu-
lated [39]:

GAUT = Ghom — Pporn + Paur (10)

where Gy is the gain of the standard horn antenna.
Prom and Payr are the received power of the horn antenna
(receiver mode), and the antenna under testing, respectively.
The results are depicted in Fig. 15(b), confirming that by
using a PRS-based superstrate with a positively gradient
phase, the peak gain over a wideband of a frequency spectrum
is improved drastically.

From Fig. 15 (b), the measured maximum peak gain of
the proposed FPRA is 14.72 dBi at 16 GHz, with a 3-dB
gain bandwidth of 36% (5.1 GHz) ranging from 11.68 to
16.78 GHz, which is in good agreement with the simulation
results.

For further analysis, the normalized simulated and mea-
sured radiation patterns of the proposed FP resonator antenna
are illustrated in Fig. 16 & 17 at three different frequencies,
12.5, 14, and 16 GHz, in both H- and E-planes.

The obtained radiation patterns (simulated and measured)
of the antenna, are directional in the broadside of both the
E- and H-planes, with lower side-lobe and cross-polarization
levels, and a narrower beam-width. Both simulation and
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measurement results are in good agreement, with a slight
difference due to fabrication errors. With these features, the
proposed design could be a potential candidate, allowing a
high and consistent gain over a larger operating bandwidth,
and low profile, for applications in the Ku-band spectrum.

Finally, the proposed FPRA design is compared to others
in the literature, taking into account the bandwidth, the maxi-
mum peak gain, the overall size of the design, and the number
of PRS layers. The comparison is summarized in Table 3.
From this comparison, it can be concluded that the proposed
design outperforms the other ones in terms of compactness,
high gain, and wider operation bandwidth.

IV. CONCLUSION

In this paper, a topology optimized partially reflective sur-
face (PRS) using the genetic algorithm embedded in Matlab,
with a VBA-based interface established with CST Microwave
studio, has been designed and simulated. This proposed PRS
design has provided a positive reflection coefficient phase,
which leads to a wider impedance, 3-dB gain bandwidth, and
high gain at the Ku band.

The proposed prototype has been fabricated and measured.
The simulation results have been validated by measurements,
and they have shown a wide —10dB impedance bandwidth of
6.03 GHz ranging from 11.32 to 17.35 GHz, which corre-
sponds to a fractional impedance bandwidth of 42% for the
center frequency of interest. In addition, the measured 3-dB
gain bandwidth is 5.1 GHz (35.83%) ranging from 11.68 to
16.78 GHz, with a measured peak gain of 14.72 dBi, which
is almost double the source antenna’s gain.

Aside from the aforementioned improvements, using the
proposed PRS layer shaped the radiation pattern to become
more directive, with a narrower beam-width and lower side-
lobe levels. The simulation and measurement results are in
good agreement, with a slight difference due to fabrication
errors. The proposed PRS-based FP resonator antenna can be
a good candidate for high gain with wideband applications in
the Ku-band.
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