International Journal of
Microwave and Wireless
Technologies

cambridge.org/mrf

Research Paper

Cite this article: El-Sewedy MF, Abdalla M
(2023). Wideband and high-directive reflective
metasurface-based Fabry-Pérot cavity
antennas. International Journal of Microwave
and Wireless Technologies 15, 1048-1057. https://
doi.org/10.1017/S1759078722001015

Received: 25 November 2021
Revised: 30 August 2022
Accepted: 1 September 2022

Key words:

5G; directivity enhancement; Fabry-Pérot
cavity (FPC); high-gain antennas; highly
reflective metasurface

Author for correspondence:
Mohamed F. El-Sewedy,
E-mail: mohamed.elsewedy@ieee.org

© The Author(s), 2022. Published by
Cambridge University Press in association with
the European Microwave Association

| CAMBRIDGE

& UNIVERSITY PRESS

Wideband and high-directive reflective
metasurface-based Fabry-Pérot
cavity antennas

Mohamed F. El-Sewedy @2 and Mahmoud Abdalla

Electronic Engineering Department, Military Technical College, Cairo, Egypt

Abstract

In this work, the use of a configuration of a reflective metasurface (MS) layer is employed to
design a highly directive wideband Fabry-Pérot cavity (FPC) antenna. With the use of only
one MS layer and along with the achieved high directivity, the antenna’s wide bandwidth,
and antenna low size/cavity thickness profile are all optimized so that they are still competitive
which is the main contribution of our work. The highly reflective MS layer is placed as a
superstrate of a low-cost FR4 microstrip patch antenna, as the primary radiator, at a height
of half-wavelength cavity condition. Thanks to the employed MS layer, most of the power
is transmitted and a very small reflected power to the primary patch. The antenna is designed
to serve the 28 GHz band of 5G wireless applications. At 28 GHz, the FPC antenna has a good
directivity performance, with a peak simulated directive gain of 15.46 dB and measured dir-
ective gain is 14.3 dB which is a 9 dB enhancement in directivity compared to a conventional
microstrip patch antenna. The antenna has a wide impedance bandwidth of 2.9 GHz which is
almost three times the microstrip patch antenna bandwidth. The achieved results are for
the same size of FPC antenna whose height is almost half wavelength and its overall size
2.334 x 2.33A.

Introduction

Highly directional antennas have sparked a lot of attention in recent years, particularly in
millimeter-wave applications such as satellite communication and mobile systems. There are
a lot of high-directive antennas such as lens antennas, parabolic reflector antennas, reflectarray
antennas, and planar array antennas. Also, Fabry-Pérot cavity (FPC) antennas have a high
directivity and high gain with the merits of being easier in fabrication, simpler in construction,
easier in integration with the system, and more inexpensive than other above-mentioned kinds
of high-gain antennas. The main emitting source, a background perfect electric conductor
(PEC) layer, and a partially reflecting surface (PRS) construct an FPC antenna [1, 2]. A dipole
antenna is used as a feeding source in the FPC antenna to achieve high directivity as in [2].

Researchers have focused on two major goals for developing FPC antennas. The first goal is
to use an artificial magnetic conductor to reduce the profile by making the reflections have a
phase shift of zero degrees and hence the profile is reduced to half compared with conven-
tional FPC antenna with ground plane [3, 4]. The second goal is antenna gain enhancement.
In [5], the use of metamaterial-inspired structures is employed to present a high directive using
a holey superstrate above of microstrip patch antenna to get in-phase radiation properties and
enhance the gain by 2.3 dB at 5.8 GHz. In [6], high-gain FPC antennas using metamaterial
inspired superstrate is presented in which three-dimensional (3D)-metamaterial layers’
superstrates with low refractive index were used to obtain a high gain at 10 GHz with a
gain of 7.8 dB. Since frequency selective surface (FSS) has a pass-band behavior so it can be
used as a screen forming the superstrate over a simple microstrip patch antenna. In [7],
FSS characteristics of uniplanar electromagnetic (EM) bandgap were exploited to construct
an FPC antenna with high gain to enhance the directivity of 6.95 dB in the broadside direction.
Multilayers of FSS were used for gain enhancement [8]. But there is a problem with the large
profile of FPC antennas which may restrict their applications. In [9], a zero-index metamater-
ial unit cell was developed to achieve a gain enhancement of 6.2dB at 5.2 GHz by using a
single-layer superstrate. Also, there are other applications of using PRS in FPC antennas as
introducing dual-bands [10], wideband [11, 12], circular polarization [13, 14], gain enhance-
ment [15], and electronic scanning [16, 17]. In [16], the authors introduced a one-dimensional
leaky-wave FPC antenna to achieve electronic scanning. The antenna is built around a parallel-
plate waveguide with a partially reflecting planar surface and a high impedance surface
(patches with diodes) that may be adjusted to make the cavity frequency resonance conditions
can be electronically tuned. The frequency band of the leaky-wave FPC antenna is at 5.6 GHz
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and an electronic beam scanning range of 9-30° was achieved
using the reconfigurable leaky-wave antenna. Also, a novel con-
cept for achieving a high-gain FPC antenna was presented in
[18]. A printed antenna illuminates a plane parallel FPC reson-
ator, which performs the focusing function. In the previously
mentioned FPC antenna, metal strips were used to make both
reflecting mirrors. The mirror’s strips and their slots are substan-
tially smaller in size than the operational wavelength.

In general, metasurface (MS) layers have been used to design
PRS functionalities in FPC antennas thanks to its unique char-
acteristics [19, 20]. In [21], the MS is used to achieve beam
steering in an FPC antenna at 2.25GHz. A feeding source
with a ground plane and a PRS-modulated MS make up the
antenna’s structure. The phase-modulated MS is attained by
varying inductance of PRS and 30° beam steering is achieved.
In [22], coding MS is introduced to create an FPC antenna
with high gain by achieving low scattering from 8 to 12 GHz
by re-emitting the EM waves in all directions without effect
on the radiation characteristics. Two layers of square unit cells
make up the coding MS and was printed on a dielectric material
substrate. The upper one is used to structure coding MS while
the bottom one is used as PRS. Also, MS can be used to design
a linear to circular polarization FPC antenna as in [23]. An MS
unit cell is consisting of two layers, a circular polarization patch
as a top layer, and a linear polarization patch as a bottom layer
in between a metallic plane exists. The two layers are connected
by metallic via the FPC antenna operates over the band
of frequency from 9.8 to 10.2 GHz with an aperture efficiency
of 53%.

In [24], an MS layer made up of an aperiodic matrix of holes is
designed by integrating a near-zero refractive index material with
an FPC antenna to achieve wideband, high directivity, and high
front-to-back ratio properties. Also, MS is used to realize the
shrinking profile of the FPC antenna as introduced in [25]. The
authors depend on reducing the height of the air gap between
the layers of the FPC antenna by using stratified MS which acts
as a PRS and using the slotted waveguide antenna as a feeding
source. Hence, the profile is reduced to only half of the wave-
length with a gain of 19.6 dBi at 19 GHz.

In [26], an MS is used to achieve a dual-polarized split beam at
Ku-band. The reflecting MS unit cells are used as a sandwich in
between the FPC antenna. The MS layer is composed of gradient
MS at the top and periodic MS at the bottom. The top MS and
bottom MS are linked to each other by cylinders cross vias on
the superstrate. The introduced MS layer converts the linear
waves from the feeding source (patch antenna) into left-hand cir-
cular polarization waves and right-hand circular polarization
waves.

The goal of this article is to present a novel configuration of a
highly reflective MS layer to increase the directivity and widen the
bandwidth of an FPC antenna for 5G applications. It is note-
worthy that the concept of this paper is published in brief by
the authors in [27] and here the full work is presented.
Full-wave EM simulations and measurements were used to verify
the structure’s performance. The structure of the paper is as
follows: in Section “FPC antenna for increasing directivity,” the
theory analysis for increasing directivity of FPC antenna is
analyzed, the design of highly reflective MS unit cell, and the
behavior of FPC antenna is discussed. In Section “Fabrication
and measurements,” the fabrication and measurements results
are introduced. This work’s conclusion is summarized in
Section “Conclusion.”
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Fig. 1. Ray theory model of FPC antenna for increasing directivity.

FPC antenna for increasing directivity

The construction of the proposed FPC antenna consists of a
grounded square patch antenna printed on an FR4 substrate as
a primary radiating source and loaded with another ungrounded
FR4 superstrate layer made up of a highly reflective MS layer
whose unit cells are printed on the superstrate’s bottom face,
and an air cavity is sandwiched between the two layers. The MS
layer which is set parallel to the antenna’s ground plane layer
will produce numerous reflections between the two layers which
construct the proposed FPC antenna. The increase of the antenna
directivity and hence its gain has been achieved thanks to the
highly reflecting MS layer. In this section, we begin by explaining
the design theory and analysis of the MS layer. Next, the detailed
design procedures of the MS unit cell, MS layer, and the results
are discussed in the next sub-sections.

Theory and analysis for increasing directivity of FPC antenna

The analysis of the FPC antenna can be explained based on ray
tracing theory whose model is shown in Fig. 1. The multiple
reflections within the cavity result in the antenna directivity
enhancement in the boresight direction.

The directivity enhancement of the antenna in the normal dir-
ection is limited because the reflected waves between the PRS
layer and the antenna may have out-of-phase characteristics.

It is worth noting that this phase difference is introduced by
the phase variations of reflections from the highly reflecting MS
and the antenna’s ground plane and also the path differences
between the reflected waves. Accordingly, the antenna power pat-
tern is given as follows [28]:

1 — R%(6)

P(6) = 1 4+ R?(6) — 2R(60) cos [¢(0) — 7 — (47H/A)]

F(0) (1)

where 6 is the angle of incidence of the PRS’s reflected waves, R(6)
is the reflection amplitude, ¢(6) is the reflection phase, F(6) is the
primary source (microstrip patch) antenna’s radiation pattern,
H is the Fabry-Pérot antenna’s height (the separation between
the patch antenna ground and highly reflecting MS layer) (the
superstrate bottom face), 4 is a the free-space wavelength, and
finally 7 is the reflection phase from the ground plane of the
patch antenna.

Maximum power in the normal direction (6=0°) and the
in-phase reflected waves are obtained as:

4mH
dM—w—A%f:2Nw where N=0, 1, 2, ... (2)
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Using (2), FPC antenna height H is set to achieve resonance as
follows:

0 A A
H:(ﬂ)—1)7+N7 where N=0, 1, 2, ... (3)
T 4 2

In (3), it has been shown that the gain maximization (phase
quality) in free space in the normal direction is adjusted using
the separation between the PRS layer and the antenna (H ) adjust-
ment. In other words, in the normal direction, the phase equality
of the propagated waves outside of the MS PRS layer is adjusted
using this separation distance (H). For the highly reflecting MS
(¢(0) = ) [29]. From equation (3), the cavity height (for N=1)
is equal to A/2. The exciting mode of the cavity is the second
mode (N=1).

The boresight directivity of the FPC antenna with respect to
the traditional feeding patch antenna can be computed as follows
[30], assuming the size of the resonant cavity is infinite:

D, = 10log (%) (4)

where D, is the relative directivity of the FPC antenna and R is the
reflection magnitude of a highly reflecting MS unit cell. From (4),
it can be deduced that R should be increased to achieve an FPC
antenna with high directivity as possible. As discussed in the
next section, the reflection magnitude of the highly reflecting
MS unit cell is about 0.932 at 28 GHz. So, by using equation
(4), the relative directivity of the FPC antenna will be 14.4 dBi.
The directivity of the proposed FPC antenna will be:

D =D, + Dy (5)

where Dy is the directivity of the traditional feeding patch antenna
and D, is the relative directivity that is calculated by equation (4).
The directivity of the traditional feeding patch antenna is about 6
dBi thus, by using equation (5), the directivity of the proposed
FPC antenna is 20.4 dBi.

Highly reflecting MS unit cell

The design procedure for synthesizing a general MS unit cell for a
specific function can be found in [31]. The unit cell is divided into
lattices marked with “0” or “1.” The lattice marked with “0”
means the area is free from the copper while the lattice which
is marked with “1” means the area is covered with a copper
layer. Applying this method, our proposed unit cell has been
encoded in a matrix. To reduce the number of matrix and coding
processes, the unit cell has been selected to be symmetric along
the x-axis and y-axis. The unit cell has been developed through
the following shapes as shown in Fig. 2(a). The relevant
S-parameters and the transmission phase of each unit cell are
shown in Figs 2(b) and 2(c), respectively. The main design object-
ive for these unit cells is to be small in order or half-wavelength.
In the first unit cell, the resonance frequency is 31.1 GHz which is
greater than the required frequency so the unit cell is modified to
the second unit cell to reduce the frequency which is 29.4 GHz
which in turn leads to the third unit cell. Once the MS unit cell
shape was designed, the best values of dimensions are obtained
by the parametric study using the available EM simulator. The
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Fig. 2. (a) Shapes of developing highly reflecting MS unit cells, (b) simulated S;; and
S,; parameters of the MS unit cells, and (c) the simulated S,; phase of the MS unit
cells.

cell shape selection is explained here, and its optimization process
will be discussed later.

The goal of designing a highly reflective MS in our case is to
maximize the difference between the transmission coefficient
(S21) and the reflection coefficient (S;;) so that all the energy is
transmitted through the air cavity with minimal reflections. The
unit cell’s phase should be zero at the resonance frequency and
there is a 180° change in phase as mentioned in [32, 33].

The proposed high reflective MS unit cell’s detailed geometry
is presented in Fig. 3. In this construction, an FR4 dielectric
material of 0.8 mm thick and with a relative permittivity of 4.4
was used. The commercial ANSYS HESS was used to model the

Fig. 3. Geometry of the highly reflecting MS unit cell.
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Table 1. Dimensions of MS unit cell

Cell Dimensions
parameter Dimensions (mm) Cell parameter (mm)

a 0.5 b 29

c 2.1 d 1.2

h 0.3 L 1.2

f 1.2 Lty 1.2

Ls 19.1 ds 5

MS unit cell with perfect electric boundaries and magnetic
boundaries on the y-axis and x-axis, respectively, to simulate
the infinite periodic structure. The illustration of dimensions of
the introduced MS unit cell is depicted in Table 1.

The simulated transmission coefficient (S,;) and reflection
coefficient (S;;) are shown in Fig. 4 (right y-axis). According to
the results, the difference between the magnitudes of the
S11 and S,; coefficients are largest at 28 GHz with a value of
34.3 dB. In addition, the MS unit cells’ S,; coefficient phase is
given in Fig. 3 (left y-axis) which shows that the high-directive
FPC antenna has a near-zero transmission phase at the resonance
frequency (28 GHz) and there is a phase jump from 180 to —180°
at 28 GHz.

To discuss ohmic and dielectric losses and their influence on
S-parameters of the MS unit cell, the simulation was performed
in ANSYS HFSS by regarding the MS unit cell as a perfect electric
conductor and assuming the FR4 substrate as having no losses.
The results are plotted in Fig. 5 which demonstrate that the
value of the S,; coefficient decreased and also the resonant fre-
quency is shifted to 27.8 GHz and also the difference between
the S,; and S;; coefficients at 27.8 GHz becomes 69.7 dB while
in the previous case the difference was 35.4 and 34.3 dB at 27.8
and 28 GHz, respectively. The reason behind the difference
between the results of Figs 4 and 5 is ohmic and dielectric losses.

The high-gain MS-based FPC antenna

The geometry of the introduced high directivity MS-based FPC
antenna is depicted in Fig. 6. An array of 4 x 4 unit cells make
up the MS superstrate layer which is shown in Fig. 3(a). The
dielectric substrates of the patch antenna and the MS are FR-4
with hg,, = 0.8 mm and &, = 4.4. The overall FPC antenna dimen-
sions are 25 x 25 x 6.265 mm”. It is worth commenting that the
cavity height is half-wavelength at 28 GHz.

180 . o X 0
—_ .."' : 1 —_
2 90 .M\“‘“\ H s 7110
= [ T
) : ]
2 0 - 205
= H B
. s :
& -90r {30 =
180 ' T R
26 27 29 30

28
Frequency (GHz)

Fig. 4. Simulated S;; and S,; parameters of the MS unit cell (right axis) and simulated
S,1 phase of the proposed unit cell (left axis).
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The simulated reflection coefficients (S;;) versus frequency for
both the microstrip patch antenna and the proposed MS-based
FPC antenna are plotted in Fig. 7. The simulated results illustrate
that the S;; coefficient of the patch antenna is less than —10 dB
over a band of frequency from 27.6 to 28.6 GHz (1 GHz absolute
bandwidth and fractional bandwidth of 3.5%) with a maximum

Upper
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%é"" ——" | meatsurface

Patch
antenna

Bottom
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e

L]

Reflecting Patch I':n

. meatsurface antenna | Ground | '

L / i
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Fig. 6. Geometry of the MS-based FPC antenna: (a) the prospective layers view and
(b) the side view.
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Fig. 7. Simulated and measured reflection coefficient (S;;) of the microstrip antenna
and the MS layer-based FPC antenna.
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= EEEG arteoce Copol_—Patch the case of the MS-based FPC antenna, the antenna maintains
20 its main resonance at 28.1 GHz of the main radiating microstrip
£ patch at 28.15 GHz and a reflection coefficient equals —17 dB.
o20 In addition to this resonance, a second resonance at 29.6 GHz
% whose S;; value is —15 dB is noted, which can be claimed as a
£40 result of the cavity resonance demonstrated earlier in Fig. 1.
- The S;; bandwidth of —10dB of the proposed MS-based FPC

-6.130 antenna has become wider, compared to the microstrip patch

Angle (deg) antenna, of frequency from 27.6 to 30.2 GHz. In other words,
(a) this means that the absolute bandwidth of the FPC antenna

20 x ’ v ""’l. ERC airre Copel :::::?&J equals 2.6 GHz (almost 9% fractional bandwidth). In other
= words, it is possible to claim that the proposed FPC antenna
2 . has nearly three times the bandwidth of the microstrip patch
é antenna.

@ It can be observed that there are two resonances for the FPC

5 -20 antenna: the first resonance is achieved by the feeding microstrip

§ antenna and the second mode is achieved by the cavity resonance
. . . . . which is mainly governed by cavity height.
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Fig. 8. Simulated two-dimensional radiation pattern of the MS layer-based FPC
antenna and patch antenna at 28 GHz: (a) E-plane and (b) H-plane.
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(© (d)

@

Fig. 10. Fabricated FPC antenna: (a) top view of highly reflecting MS, (b) bottom view
of highly reflecting MS, (c) ground plane, (d) feeding source, and (e) 3D configuration
of the fabricated antenna.

respectively. The directivity of the microstrip patch antenna is 6
dBi at a boresight angle and the directivity increases to 15 dBi
when the highly reflective MS unit cells were inserted into the
FPC antenna. This means, there is a 9 dBi enhancement in the
directivity of the FPC antenna and the radiation efficiency of
the introduced FPC antenna is 56%, while the aperture efficiency
of 47%.

The co-polarization and the cross-polarization radiation pat-
terns of the proposed MS-based FPC antenna in the E-plane
and H-plane at different extreme frequencies are shown in
Fig. 9 to demonstrate the directivity enhancement and radiation
properties of our FPC antenna over a wideband. As shown in
the figure, it is obvious that the maximum value of the co-polarized
pattern at the boresight direction is 11.7 dBi for 27.3 GHz, 12.8 dBi
for 27.5 GHz, 14.2 dBi for 27.8 GHz, 15.45 dBi for 28.3 GHz, 14.6
dBi for 28.7 GHz, and 13.4 dBi for 29 GHz. It can be observed that
the 3 dB beamwidth of the co-polarized pattern is 24° for 27.3
GHz, 23° for 27.5 and 27.8 GHz, 22° for 28.3 GHz, 21° for 28.7
GHz, and 20° for 29 GHz which confirms that the designed FPC
antenna has high-directive properties. In the boresight direction,
the cross-component is very low (close to —40dB in the
E-plane). As the beam becomes wider, the cross-polarized compo-
nent becomes higher in the sidelobes of the antenna in the
H-plane. While in the E-plane, the cross-polarized component is
still in the order of —40 dB for all beam angles.

Fabrication and measurements

The fabricated antenna prototype from different perspective views
and fabrication layer details are shown in Fig. 10. The antenna has
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K

()

Fig. 11. Measurement setup of directive gain of fabricated FPC antenna: (a) two
standard horn antennas (transmitting antenna and reference antenna) and
(b) replacing reference antenna by the AUT.

one superstrate layer; the bottom of the superstrate layer is a
highly reflecting MS for increasing the gain as shown in Figs 10(a)
and 10(b). The highly reflecting MS is designed as 4 x 4 planar
arrays. The superstrate and the microstrip patch antenna employ
a lost cost FR4 substrate with a 0.8 mm thickness and a 4.4 dielec-
tric constant. In Figs 10(c) and 10(d), the microstrip patch
antenna substrate has a ground plane of dimensions 25 mm x
25mm (2.331x2.334 at 28 GHz). The superstrate’s overall
dimensions are 25 mm x 25 mm which can be noticed by com-
paring the antenna size with a coin. As deduced in Section
“FPC antenna for increasing directivity,” the separation between
the feeding substrate and the superstrate is half-wavelength.
Four nylon screws with the same height of the cavity are used
to fix the FPC antenna.

As shown in Fig. 7, the measured reflection coefficient (S;;) of
the fabricated FPC antenna has a bandwidth of lower than —10 dB
within the frequency band (27.3-30.2 GHz, a bandwidth of
2.9 GHz). These measured results agree to a high level with the
results of a simulation that is presented in Fig. 7 and confirm
the properties of the wide bandwidth. The small disparities
between the simulated and measured results can be related to
the non-voided imperfection in either fabrication, measurements,
or both.

18 = FPCA Sir
@ FPCA Measured
16 {|=== Patch Simulation

27.5 28.0 28.5
Frequency (GHz)

27.0 29.0

Fig. 12. Simulated and measured gains of the FPC antenna.
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Fig. 13. Normalized measured cross-polarization E-plane and H-plane radiation pat-
terns of the FPC antenna at (a) 27.5 GHz, (b) 28 GHz, (c) 28.5 GHz, and (d) 29 GHz.

The gain of the fabricated high-gain FPC antenna was mea-
sured by using two standard horn antennas and Vector
Network Analyzer (VNA), one horn is used as a transmitting
antenna at port 1 and the second horn as a reference antenna
at port 2 with a separating distance of 1 m (to be in the far-field
region) as shown in Fig. 11(a). Then, the transmission coefficient
(S21) is measured with a reference antenna. The second step, as
shown in Fig. 11(b), is to replace the reference antenna with the
fabricated FPC antenna (Antenna Under Test (AUT)) with a sep-
arating distance of 1 m from the transmitting antenna and S,; is
measured by using Antenna Under Test (AUT). To obtain the
value of the gain the two S,; coefficients are subtracted, and the
obtained result is the gain of the fabricated FPC antenna.

In Fig. 12, the proposed antenna gains (simulated and mea-
sured antenna results) are plotted. The simulated peak gain is
15.46 dBi at 28.3 GHz, while the simulated 3 dB gain bandwidth
range is from 27.4 to 29.3 GHz, which agrees well with the im-
pedance bandwidth shown in Fig. 7. On the other hand, the max-
imum measured gain of the fabricated FPC antenna is 14.3 dBi
at 283 GHz with the 3dB gain bandwidth from 27.6 to
29 GHz. The reduction of antenna gains in measurement com-
pared to the simulation can be claimed due to the accumulation
of different dielectric/conduction losses in the measurement pro-
cess. Besides, the aligment tolerance error which in the process of
combining the antenna with the superstrate.

In Figs 13(a)-13(d), the measured co-polarized antenna
directive gain patterns of the fabricated MS-based FPC antenna
in both the E-plane and H-plane are plotted at different frequen-
cies over the operating bandwidth frequencies: 27.5, 28, 28.5, and
29 GHz (compared with simulation results). As shown in the fig-
ure, in both planes, the main lobe of the radiation pattern is at
zero degrees which is the boresight direction at all frequencies.
Also, the sidelobe levels are almost equal at 27.5 and 28 GHz in
the H-plane; however, it becomes slightly higher in the E-plane
at 28.5 and 29 GHz. It is worth mentioning that the measured pat-
tern is good but non-ideal as a simulation as a result of the avail-
able measurement scenario.
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Fig. 14. Normalized measured co-polarization E-plane and H-plane radiation
patterns of the FPC antenna at (a) 27.5 GHz, (b) 28 GHz, (c) 28.5 GHz, and (d) 29 GHz.

Also, the measured cross-polarized antenna directive gain pat-
terns of the fabricated antenna in both the E-plane and H-plane
are plotted at different frequencies over the operating bandwidth
frequencies: 27.5, 28, 28.5, and 29 GHz as shown in Fig. 14. The
comparison between the simulated cross-polarization component
and measured cross-polarization component is also shown. As
can be deduced from Fig. 14, the measured cross-polarization pat-
terns for both E-plane and H-plane are in good agreement with
the simulation results.

Finally, based on the literature, it has been concluded that
there is still room for achieving high directivity side-by-side
with a low profile and bandwidth. So comparing the performance
of the introduced FPC antenna versus the previous work is illu-
strated in Table 2. As can be seen in [5, 34], its relevant antennas
had a smaller bandwidth (2.7 and 4.28%) besides smaller gain
(2.3 and 7.65 dBi) than the proposed work. And then, in [35],
the gain of the antenna was increased to 6.6 dBi with 10% band-
width. The gain is increased in [36, 37] to 13.5 and 10.2 dBi,
respectively, with the same bandwidth of [35] besides the increase
in the gain was realized at the expense of increasing the size which
is almost 34 x 34 (which is large size). In order to increase the
bandwidth, in [38] and [7], 16.58 and 30% bandwidth were
achieved at the expense of low gain (4.6 and 6.95 dBi). In [39],
bandwidth was increased to 29.3% with a low profile (1.754 x
1.754) and with reasonable directivity of 11.45 dBi; however, the
main radiator is an Magneto-Electric (ME) dipole which requires
a large height which is unpractical for some applications. Next in
[42, 43], the gain was increased to 13.78 and 12.64 dBi, respect-
ively, and the bandwidth was also improved (15.5 and 19.2%,
respectively). However, the antenna cavity thickness was increased
to 0.64 and 0.651 (30% increase compared to 0.5%) which means
the improvements of the gain and the bandwidth were at the
expense of the cavity height and the overall size (34 x 34 and
2.551 x 2.551). There are also a trivial solution to increase the
bandwidth and the gain by increasing the number of the MS
superstrate layers as in [11, 40, 41] which results in a very large
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Table 2. Comparison between the introduced antenna and recently published work
Operating band Aperture
(GHz) and the main Separation of Peak gain Numbers of Overall planar Impedance efficiency
Ref. (radiating source) superstrate (dBi) superstrates dimensions bandwidth (%) (%)
[5] 5.71-5.87 (patch) 0.3864 23 1 NA 2.7 NA
[34] 5.14 (patch) 0.61 7.65 1 NA 428 NA
[35] 9.7-10.4 (patch) NA 6.6 1 2.041 % 2.042 10.8 NA
[36] 11.7-12.9 (patch) 0.9421 13.5 1 2974 %x2.974 10.1 39.4
[37] 10.5-10.7 (patch) 0.51 10.2 1 3.031%3.034 1.88 NA
[38] 9.4-11.3 (patch) NA 4.9 1 2.204x2.20A 16.58 57.4
| 10 (patch) 0.51 6.95 1 NA 30 NA
[39] 15 (ME dipole) 0.54 11.45 1 1.75A x 1.754 29.3 36
[11] 8.8-11 (patch) NA 13.8 2 NA NA NA
[40] 13-14.5 (slot) 0.64 16.9 3 NA 10.9 NA
[41] 8.8-11.3 (patch) 0.81 14 2 NA 25 NA
[42] 12.6-15.2 (slot) 0.61 13.78 1 31x31 15.5 NA
[43] 10.3-12.5 (slot) 0.651 12.64 1 2.550 x2.55 19.2 NA
[44] 12.95-13.95 (patch) NA 17.2 1 2.281%x2.28% 7.4 NA
Proposed 26.65-29.7 (patch) 0.464 14.3 1 2.331%x2.334 10.09 46
antenna

profile. Finally, we can conclude that the proposed antenna has
the greatest bandwidth with more suitable size and better gain.

Conclusion

For 5G applications, a highly reflective MS is employed to increase
the directivity/gain of the FPC antenna and to also provide a wide
bandwidth. The design goals are achieved using a 4 x 4 MS super-
strate layer array so that the overall size is 25 mm x 25 mm (2.331 x
2.331 at 28 GHz). The bandwidth is lower than —10 dB from 27.6
to 30.2 GHz. The microstrip patch antenna’s fractional bandwidth
is 3.5%, whereas the proposed MS-based FPC antenna’s fractional
bandwidth is 9% (nearly three times wider). The fabricated
MS-based FPC has a bandwidth of lower than —10dB from 27.3
to 30.2 GHz. The simulated maximum gain is 15.46 dBi at 28.3
GHz, with a 3 dB bandwidth from 27.4 to 29.3 GHz. While in
the measurement case, the peak gain is 14.3 dBi at 28.3 GHz with
a 3 dB bandwidth of gain from 27.6 to 29 GHz.
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