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Abstract: The narrow bandwidth and low gain performances of a reflectarray are generally improved
at the cost of high design complexity, which is not a good sign for high-frequency operation. A dual
resonance asymmetric patch reflectarray antenna with a single layer is proposed in this work for 5G
communication at 26 GHz. The asymmetric patch is developed from a square patch by tilting its one
vertical side by a carefully optimized inclination angle. A progressive phase range of 650° is acquired
by embedding a circular ring slot in the ground plane of the proposed element for gain improvement.
A 332-element, center feed reflectarray is designed and tested, where its high cross polarization
is suppressed by mirroring the orientation of asymmetric patches on its surface. The asymmetric
patch reflectarray offers a 3 dB gain bandwidth of 3 GHz, which is 4.6% wider than the square patch
reflectarray. A maximum measured gain of 24.4 dB has been achieved with an additional feature of
dual linear polarization. Simple design with wide bandwidth and high-gain of asymmetric patch
reflectarray make it suitable to be used in 5G communications at high frequencies.

Keywords: 5G; asymmetric patch; dual polarization; dual resonance; reflectarray; unit cell

1. Introduction

Antennas for 5G can be divided into two categories, one that is required at the user end and
a second that is needed at the base station. In both of these categories, Multiple Input Multiple
Output (MIMO) antennas have been seen as potential candidates to fill the requirement [1,2]. MIMOs
are actually the combination of many same types of antennas to produce a required beam pattern,
which is not easy to get with a single antenna. This combination of many antennas increases the
design complexity and cost of the system. The user end, due to its limited space, is a suitable place to
be designed with a MIMO antenna. The base station, on the other hand, can be seen as a potential
place where different types of antennas can be tested for a required 5G performance. The selection
of an antenna at the base station mainly depends on the range of its acquired parameters that are
needed for 5G communication [3]. Apart from a selected operating frequency range, a gain of more
than 20 dB and a bandwidth of more than 1 GHz are required for a 5G antenna that is supposed to be
used as a transmitter at the base station [4,5]. The additional and optional features of a 5G antenna
also include polarization diversity and adaptive beamsteering [6]. Polarization diversity could be

Electronics 2020, 9, 1450; d0i:10.3390/electronics9091450 www.mdpi.com/journal/electronics


http://www.mdpi.com/journal/electronics
http://www.mdpi.com
https://orcid.org/0000-0002-1577-4047
https://orcid.org/0000-0002-1604-3801
https://orcid.org/0000-0002-3127-4923
https://orcid.org/0000-0001-5034-7668
https://orcid.org/0000-0002-5067-5845
http://dx.doi.org/10.3390/electronics9091450
http://www.mdpi.com/journal/electronics
https://www.mdpi.com/2079-9292/9/9/1450?type=check_update&version=2

Electronics 2020, 9, 1450 20f17

handy to overcome the flaw of narrow bandwidth, while swift electronic beamsteering can reduce the
number of antennas on the base station. The antenna operating frequency for 5G operation is mainly
considered in the range of either millimeter wave or sub-millimeter wave [7]. The common millimeter
wave frequency ranges that are used for 5G-based research are mostly above 22 GHz. Array antennas,
due to their ability of acquiring high-gain, have been widely proposed by the researchers to be used in
the millimeter wave frequency range for 5G communication [8]. Phased arrays and reflectarrays both
can be good candidates for a 5G base station antenna. Between them, reflectarray does not require
a phase shifter circuit, which significantly reduces its cost and design complexity as compared to a
phased array antenna.

A microstrip reflectarray is generally considered as a planar phased array with performance
features of the parabolic reflector [9]. It was introduced to overcome the flaws of the curvy design of
the parabolic reflector and the high complexity of the phased array [10]. The collimation of incident
signals from the surface of the reflectarray is performed by properly designing its unit cell element.
Most of the recent works proposing 5G reflectarrays have worked on the enhancement of its bandwidth
performance. However, in reality, acquiring a bandwidth performance of more than 1 GHz at millimeter
wave range with reflectarray antenna is not a big issue. Its gain can also be increased by using a
large aperture size. The main issue with a reflectarray antenna that limits its progression for 5G
communication is its design complexity. The enhanced performance of a reflectarray antenna and its
design complexity are complementary to one another. A simple design would also reduce its cost and
make it suitable to be produced in large quantities.

Reflectarray performance can be enhanced by considering the modification in the design of its
unit cell element [3]. A unit cell is comprised of a conducting patch element printed on a grounded
dielectric substrate. The substrate and patch both can be considered for possible design adjustments for
performance improvement [11]. A wide reflection phase (S1; phase) range of unit cell element ensures
a good bandwidth performance. The substrate of the unit cells can be used as stacked layers, or an air
gap can be inserted in it before the ground plane to cope with the narrow bandwidth issue [12-14].
However, this could increase the design efforts and make it difficult to be fabricated, especially at
millimeter wave frequencies. On the other hand, different patch element designs, such as a combination
of elements [15], fractal elements [16], and multiple phase tuning stubs [17] can also be used for the
performance enhancement. Among them, the last two designs are only suitable for low frequency
operation due to their design complexity, and the first one can face mutual coupling issues due to more
than one element being used in it [3].

The primary purpose of this research work is to produce a reflectarray unit cell element with dual
resonance response without using a dual patch or dual layer structure. This dual resonance response is
further utilized for an extended reflection phase range to acquire a wider bandwidth performance.
Dual resonance response with a single layer can also be acquired with a Fractal type element. However,
Fractal elements have a very complicated design structure; that is why it is challenging to implement
them at very short wavelengths of high frequencies [3]. Additionally, it is normal to use an air gap in
the substrate of a reflectarray antenna for bandwidth improvement, which increases the design efforts.
The addition of this air gap with a minor fabrication error can cause a huge deflection in the resonance
of the reflectarray antenna at high frequencies. Therefore, this type of air gap is not used in this design
of asymmetric patch reflectarray antenna, which relies totally on a new shape of the patch element to
generated dual resonance response.

A similar work published in [4] also proposes a reflectarray antenna for 5G communications.
The work reported in [4] contains reflectarray of conventional circular ring elements with full ground,
whereas this work offers a novel asymmetric patch reflectarray element with ground ring slots for
bandwidth and gain enhancement for 5G application. Moreover, this work also offers an improved
reflectarray operation especially in terms of a smaller size, wider reflection phase range and additional
polarization as compared to the work published in [4]. The detailed comparison between this work
and [4] has been presented alongside with many other related works in Section 5 of this paper.
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The design complexity is always a major factor if a reflectarray antenna is proposed for 5G
operation. Therefore, a simple design of the unit cell patch element is required with a wide reflection
phase range and suitable aperture size for reflectarray compatibility with 5G communication. In this
work, a single layer asymmetric patch unit cell element is first time introduced to enhance the reflectarray
performance at 26 GHz frequency. The main novelty of the proposed work is the introduction of a
new asymmetric patch reflectarray element that can produce two close resonances for reflection phase
range enhancement without using an extra resonant layer or resonant element. A simple design of
the proposed asymmetric patch element that can be easily fabricated at short wavelengths of high
frequencies is also considered as a huge advantage. The asymmetry in the design of the patch element is
used as a tactic to enhance its reflection phase range. Asymmetry also creates a high level of unwanted
cross polarization [18], which is tackled by selecting a proper element orientation on the reflectarray
surface. Simulations of unit cell element and full reflectarray are performed by CST Microwave
Studio within a frequency range of 24 to 28 GHz. The selected frequency range is considered due
to its application in 5G communications [4,19]. The proposed design of the reflectarray antenna has
also been experimentally verified. In the end, the proposed reflectarray antenna with its acquired
parameters has been used as an indoor base station to measure its signal strength at various locations
for 5G communication.

2. Asymmetric Patch Unit Cell Element

The asymmetric patch element has been developed from a square patch element that is taken as the
primary structure to construct it. A low loss Rogers Rt/D 5880 material with a dielectric constant of 2.2
and a thickness of 0.254 mm is selected to hold the grounded asymmetric patch element. The substrate
length and width have been set to be A/2, which is 5.77 mm at 26 GHz resonant frequency. The evolution
of an asymmetric patch element from a standard square patch is demonstrated in Figure 1a. It can
be seen from Figure 1a that a vertical side of the square patch element is tilted to some optimized
inclination angle (8). Due to the tilting of a side of the patch element, two different lengths (L; and
Ly) have been introduced in the same patch element. The resonance of a microstrip patch elements
depends on the dimension of its length. Therefore, in the case of an asymmetric patch element, two
different resonances can be generated from a single element as given in the following equation [20].
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Here, c is the speed of light, ¢ is the effective dielectric constant of the substrate, while f1 and f>
are the two resonant frequencies associated with the two different lengths L; and L, of the asymmetric
patch element.

A standard procedure for the simulation of a reflectarray unit cell element is adopted that is based
on the large array approach, as explained in [21]. In the simulation method, the reflectarray unit cell
is enclosed by the periodic boundary conditions to generate a large array approach. The periodic
boundaries are comprised of pure magnetic and pure electric walls on right-left and top-bottom sides
of the unit cell element respectively. A waveguide port is placed in front of the unit cell element
at a distance of quarter wavelength to observe the reflective characteristics of the unit cell element.
The boundary at the ground plane of the element is kept open as it backs the free space behind the
reflectarray unit cell element. The dual resonance phenomenon of the asymmetric patch element
can be seen from Figure 2a, where simulated reflection loss (S;; magnitude) of the asymmetric patch
element has been plotted with respect to the inclination angle (0). It can be observed that when the
inclination angle is decreased beyond 86°, an extra second resonance has been formed in the frequency
response of the asymmetric patch element. The two resonances shown in Figure 2 are occurred due to
the asymmetric design of the unit cell patch element. At this optimization stage the center frequency
of the first resonance is 25.5 GHz. Both the resonances offer their respective reflection phases of more
than 300° and a collective reflection phase span of more than 600°. The asymmetric patch element
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without an inclination angle (6 = 0°) would be a square patch element with an ordinary frequency
response of a single resonance.
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Figure 1. (a) Development of asymmetric patch element from a square patch element; (b) Ground ring
slot; (c) Alignment of the asymmetric patch with ground ring slot.
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Figure 2. Simulated frequency response of the asymmetric patch element with variable inclination
angle and full ground plane: (a) Reflection loss; (b) Reflection phase.

The dual resonance response, as driven in Figure 2, still lacks the linearity in the reflection phase
that is an important factor in getting an enhanced bandwidth performance. In order to get this linearity
in the reflection phase, optimization has been performed with the variable length (L = L;) and variable
width (W) of the asymmetric patch element. The simulated results of this optimization have been
shown in Figure 3. It can be analyzed from Figure 3a,b that the slope of the reflection phase is a function
of change in length and width of the asymmetric patch element, respectively. Additionally, a linear
reflection phase curve can be obtained with the asymmetric patch element if its dimensions are selected
properly. These dimensions can be varied a little further to achieve the same resonant frequency when
a ring slot is embedded in the ground plane. The optimized parameters of the asymmetric patch
element at 26 GHz with the full ground and with circular ring slot in the ground are summarized in
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Table 1. Values in the second column of Table 1 belong to the optimization performed in Figure 3,
and values in the third column of Table 1 are obtained by varying values of the second column when a
ring slot is added in the ground plane.
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Figure 3. Optimization of the slope of the reflection phase curve of the asymmetric patch element with
respect to: (a) Variable length (L;); (b) Variable width (W).

Table 1. Optimized dimensions of the asymmetric patch element at 26 GHz.

Parameter With Full Ground With Ground Ring Slot (r = 1 mm)
Ly (mm) 3.59 3.15
Ly (mm) 3.61 3.18
W (mm) 3.77 3.33
0 (°) 83.5 82.6

The progressive phase distribution in the reflectarray can normally be acquired with the variable
size of its patch elements or by applying the element rotation technique [22,23]. However, it would
be difficult to change the overall size of the asymmetric patch element or rotate it while keeping
its shape intact. Therefore, a circular ring slot, as depicted in Figure 1b, has been embedded in the
ground plane of the asymmetric patch element. The variable radius (r) of this grounded embedded
ring slot has been used to progressively vary the reflection phase response of the asymmetric patch
element [24]. Additionally, the ground ring slot can easily support the dual linear polarization response
of the symmetric patch reflectarray that is an essential parameter for 5G communications. The same
dual linear polarization could also have been obtained by a square ring slot, but the square ring slot
attains a larger defecting area than a circular ring slot. A larger defecting area in ground plane would
result in an increase in the reflection loss performance, which is not good for a high-gain reflectarray
operation. The width of this ground ring slot should be kept as minimum as possible in order to
suppress the generation of the back radiations [24,25]. As depicted in Figure 1b, the width of the ring
slot is kept constant at 0.15 mm, because it is the minimum possible dimension that can be fabricated
using available laboratory resources. Figure 1c shows the alignment of the asymmetric patch element
with the ground ring slot. It can be seen from Figure 1c that the patch is situated in the center of the
substrate that aligns directly with the center of the ring slot. All the control parameters that affect the
results of asymmetric patch element have been mentioned in Figures 1-3 and Table 1. The remaining
parameters have been kept constant throughout the simulation process as they are not used to perform
any change in the response of the asymmetric patch element. Those constant parameters include
boundary conditions, waveguide port distance, substrate properties and substrate dimensions.

2.1. Asymmetry and Cross Polarization

The asymmetric patch element has an inclined side instead of a vertical one. In this scenario,
a vertically polarized incident electric field (E;) generates a diagonally flowing surface current (J),
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as shown in Figure 4a. The diagonal movement of surface current breaks it up into a vertical (J,) and a
horizontal (Jy) component. These surface current components induce a reflected electric field (E;, and

E;y) in the same manner. The reflected electric field component Ery is called as co-polarized reflected
electric field because it is in the same polarization with the incident electric field. Alternatively, E, is
called as cross-polarized reflected electric field because it is in the orthogonal polarization with the
incident electric field.

oo
£ 200 E,
100
0
(a) (b)

Figure 4. (a) Surface current flow on asymmetric patch element; (b) Two asymmetric patch elements in

mirror orientation.

The effect of high cross polarization can be eliminated by mirroring the orientation of the elements
on the reflectarray surface [26]. The depiction of two mirror elements, which are horizontally flipped,
is shown in Figure 4b. As illustrated in Figure 4b, the two horizontal components of surface current

N
(+/x and —J) are in the opposite direction to one another. The positive and negative signs of J, are
assigned to represent their opposite directions. In this scenario, the reflected electric field for two
asymmetric patch elements can be calculated as described in the following derivation.

E,+E =E;x+ Ery —Enx+ Ery
2E, = 2E,, @)

E, = Eyy = E;sing

Equation (2) shows that the cross-polarized component of the reflected electric field can be
eliminated if the asymmetric patch elements are arranged in mirror orientation to each other on the
surface of reflectarray.

2.2. Experimental Results of Asymmetric Patch Element

The experimental verification of the asymmetric patch unit cell element with embedded ground
ring slots has been performed using scattering parameter measurements. The fabricated unit cell
elements that have been used for the experimental purpose are shown in Figure 5a. There are total of
10 different fabricated samples of the unit cells that have been used for the measurements. Change
in the ground ring radius for the fabricated unit cells can be spotted from Figure 5a, while all the
asymmetric patch elements have the same size. The unit cell element contains two asymmetric patches,
which makes it suitable to be aligned with the open end of the waveguide simulator. The waveguide
simulator is a piece of the standard equipment used for the scattering parameter measurements of a
reflectarray unit cell element [27]. The rectangular dimensions of the waveguide simulator are obtained
by considering it for the wave propagation of TE;y mode. The unit cell element cannot be displaced or
moved during the measurement as it is fixed within the open face cavity of the waveguide. Therefore,
no deflection in the measured results is supposed to happen due to the mounting or placement of the
unit cell element. The unit cell measurement setup is depicted in Figure 5b, where the waveguide
simulator is connected with a Vector Network Analyzer (VNA) through a standard WR-34 coaxial to
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waveguide adapter. A standard process of the VNA calibration using open, short and load connectors
has been performed to properly calibrate the measurement system. The predefined dimensions of the
waveguide simulator and WR-34 adapter make them suitable to be used from 22 to 33 GHz frequencies.
Although, the scattering parameter measurements have been performed from 24 to 28 GHz.

(uwrur) snipey ury

(@) (b)

Figure 5. (a) Fabricated unit cells of asymmetric patch element with a variable radius of ground ring
slots; (b) Unit cell measurement setup.

Figure 6a,b show the graphs of the reflection response of the asymmetric patch element with the
full ground and with ground ring slot, respectively. A dual resonance response can be spotted in both
the mentioned cases. Asymmetric patch with full ground is observed to offer measured resonances at
25.5 GHz and 26.25 GHz, whereas its counterpart with embedded ground ring slot attains measured
resonances at 25.5 GHz and 26.75 GHz. The asymmetric patch element with and without ground ring
slot has the dimensions that have been mentioned in Table 1. However, as expected, a higher reflection
loss performance has been observed from the asymmetric patch element with the ground ring slot as
compared to a full ground element. The leakage currents in the ground ring slot are the main reason
behind this higher reflection loss. Additionally, a higher measured loss as compared to a simulated
one and a small deflection in the measured resonant frequencies are observed that occurs because
of the unavoidable effects of the fabrication errors, waveguide, connectors and cables used during
the measurements process. The full ground and slotted ground asymmetric patch elements attain a
measured linear reflection phase range of 480° and 510°, respectively. This wide reflection phase range
is essential for wideband performance in reflectarray antenna.

The progressive phase distribution of the asymmetric patch element at 26 GHz with the full
ground and with the slotted ground is depicted in Figure 7a,b, respectively. It can be analyzed that,
the asymmetric patch element with the full ground does not acquire a wideband performance for
the frequencies other than 26 GHz. It is because of the sensitive nature of the asymmetric patch
element, as a full phase span requires just a change of 0.2 mm in length (L;), which is practically hard
to differentiate. Alternatively, a ground ring slot serves the same purpose with a change in radius of
0.9 mm, which is less sensitive than its counterpart. Figure 7c shows the reflection phase response of
the asymmetric patch element with the ground ring slot for different incident angles. A full phase
swing can be observed up to 32° of incident angle, which is the maximum value in the proposed design
of the reflectarray antenna of this work.
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Figure 6. Simulated and measured reflection response of asymmetric patch element with: (a) Full

ground; (b) Ground ring slot with r = 1 mm.

_ 800
] A
= 2 600 J=8=f;_—-z>.\_g
g8
g 2 400
% g 200
[~ E 0
A~ -0.1 -0.075 -0.05 -0.025 0 0.025 0.05 0.075 0.1
Change in Length (mm)
(a)
800 | ==245GHz =0=25GHz 255GHz =0=26GHz =0=26.5GHz =0=27GHz
-]
= £ 600 =0m27.5 GHz
S &b
= © 400
ge
= 3 200
&
¥ = 0 T A = -
i 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
Ring Radius (mm)
(b)
800 — ()0
f) v
é 50600 Incident s
S e 400
5 § 200
=2 , : : - . . "
A 24 245 25 255 26 26.5 27 275 28
Frequency (GHz)
(©

Figure 7. Reflection phase response of asymmetric patch element: (a) Measured with full ground;
(b) Measured with ground ring slot; (¢) Simulated with the different incident angle at 26 GHz.
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3. Reflectarray of Asymmetric Patch Elements

A standard procedure of designing the microstrip reflectarray antenna with its proper experimental
validation is explained in [10,22,28,29]. The same process has been followed to design and validate the
asymmetric patch reflectarray antenna with a variable radius of its ground ring slots. The elements of
a reflectarray are needed to be properly designed with an accurate progressive phase distribution to
get proper collimation of its reflected signals. The progressive phase distribution on the surface of a
reflectarray antenna is calculated using Equation (3) [10].

A(P=<p—<ﬁf=27n(f—fi) 3)

where Ag is the change in reflection phase, ¢ is the progressive phase center, @; is the reflection phase of
a selected element, f is the focal length of the feed and f; is the distance of the selected element from the
center of the feed. This mathematical relation has been used to design a 332 element asymmetric patch
reflectarray antenna with a variable radius of its ground ring slots that are responsible for attaining an
accurate progressive phase distribution. The distance between the asymmetric patches is A/2, which is
uniform for all the elements on the reflectarray. The variability in the ring slot radius is responsible
for making the design periodicity in reference to the feed position to properly eliminate the effect of
variable path delays that occur due to a flat surface of the reflectarray. The feed power is selected as
10 dB, which offers a maximum aperture illumination at an /D of 0.8 [11]. A common wet etching
fabrication process with high precision is used to make the proposed designs of the asymmetric patch
reflectarray antenna. The fabricated designs with different element orientations that are shown in
Figure 8 have been used for experimental verification. Figure 8a,b depict the two fabricated designs of
the asymmetric patch reflectarray without and with mirror orientation of the elements, respectively.
Figure 8b also depicts the progression of the reflection phase on the surface of the reflectarray that
is acquired by a variable ring radius for proper collimation of the reflected signals. The ring radius
values are also depicted alongside its respective phase values. The size of all the asymmetric patch
elements has been kept constant in both of the designs, which is previously mentioned in Table 1.

The experimental results in comparison with the simulated ones are plotted in Figure 9.
The radiation patterns with the measured graphs of cross polarization of non-mirror and mirror
orientation of the asymmetric patch elements have been shown in Figure 9ab, respectively.
An improvement in the cross polarization level has been noticed from -5 dB to —20 dB when
the asymmetric patch elements are mirrored on the surface of the reflectarray. The cross polarization
level of —20 dB or lower can be referred to as good isolation between the co-polarization and cross
polarization of an antenna [30]. Simulated cross polarization graphs are ignored here for graph clarity;
however, their values are provided. The simulated and measured results are easily comparable with
minor discrepancies.

Figure 9¢ contains measured E-plane graphs for mirror element orientation at different frequencies
to show the reliability of the radiation patterns. These results of the asymmetric patch reflectarray
antenna have been taken using a vertically polarized incident electric field. Gain versus frequency
curves of asymmetric patch reflectarray antenna with vertical polarization are plotted in Figure 10.
It can be seen that the reflectarray without mirror orientation of elements offers higher gain than
the reflectarray with mirror orientation of elements. This is due to a higher magnitude of the tilted
reflected electric field as compared to a lower magnitude of the vertical electric field, as explained
in Section 2.1. However, this high-gain performance is idle due to a high cross polarization when
elements are not mirrored to each other. A significant improvement in gain is also noticed when a full
ground plane is replaced with the circular ring slots. In this case, the gain has been improved from
18.8 dB to 24.4 dB, with increment in aperture efficiency from 7.7% to 28%. The measured 3 dB gain
bandwidth of asymmetric patch reflectarray with mirror element orientation is 3 GHz, which covers
75% of the selected frequency band of operation.
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In order to analyze the polarization diversity performance of the asymmetric patch reflectarray
antenna of ground ring slots, it is also measured with a horizontally polarized incident electric
field. Simulated and measured radiation pattern graphs with mirror orientation of asymmetric patch
elements have been plotted in Figure 11a. The reduction in cross polarization due to mirror orientation
of asymmetric patch elements has also been observed in Figure 11a. Figure 11b shows gain with respect
to the frequency of the asymmetric patch reflectarray antenna with horizontal polarization. A minor
reduction in the maximum gain performance of the reflectarray antenna has been observed due to
change in its polarization operation. The measured gain with horizontal polarization is 23.9 dB, which
is 0.5 dB less than its orthogonal polarization counterpart and offers an aperture efficiency of 25%.
Alternatively, the 3 dB gain bandwidth is increased up to 3.6 GHz that is 13.8% at 26 GHz. Moreover,
an improvement in the measured side lobe level has also been noticed, as depicted in Figure 11a.
The attained results of the asymmetric patch reflectarray antenna with horizontal polarization also
falls well within the range of required parameters needed for 5G communication. It can be said that
the proposed reflectarray antenna supports the polarization diversity in its operation and offers good
performance with both vertical and horizontal polarization.
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Figure 11. Horizontally polarized results of asymmetric patch reflectarray with embedded ground
slots for mirror elements (a) Radiation pattern at 26 GHz (b) Gain versus frequency response.

4. Receive Signal Strength (RSS) Measurement

In 5G communications, the received signal strength (RSS) and received signal quality (RSQ) are
measured to determine the probability of cell selection and handover [31]. A high value of RSS would
mean to have a high power cell with low interference from neighboring cells and low noise level.
Therefore, it can also increase the chances of high quality signal reception at the user equipment.
A detailed analysis of RSS measurement for 5G base stations with signal coverage improvement is
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provided in [32], where two high power horn antennas are used as the transmitter (Tx) and receiver
Rx. It is believed that a high value of RSS can provide a high RSQ that is essential for better signal
reception in an indoor microcell environment. Therefore, the use of a wideband and high-gain antenna,
such as reflectarray, at 5G base station would definitely improve the quality of signal detection at the
user equipment. Therefore, the proposed asymmetric patch reflectarray antenna is measured here as
an indoor 5G base station and its results are compared with a conventional horn antenna to a draw a
fair comparison between them.

The proposed asymmetric patch reflectarray antenna is tested as an indoor base station to measure
the receive signal strength at a variable distance. The overall setup for the measurement is explained
in [31], where a horn antenna was used as a transmitter at the base station, which is replaced here
with the reflectarray antenna. Table 2 summarizes the characteristics and values of the measurement
setup. An operating frequency of 26 GHz is selected to measure the dual linear polarized response
of the reflectarray antenna. A standard 20 dB horn antenna (CB-28-20-C-KF) is used as a receiver
(Rx). The distance between transmitter (Tx) and receiver is varied from 1 m to 16 m with a constant
height of 2 m. The minimum distance of 1 m is greater than the minimum far-field distance, which is
2A, of the Tx antenna. The maximum distance of 16 m is the longest indoor corridor in the Wireless
Communication Centre building. Figure 12 shows the Tx and Rx antennas during the measurements.

Table 2. Characteristics of RSS measurement setup.

Parameter Value or Characteristic
Tx Power 23 dBm
Carrier Frequency 26 GHz
Tx Antenna Reflectarray (This Work)
Rx Antenna 20 dB Standard Horn
Tx/Rx Height 2m
Tx Polarization Dual Linear
Distance Imtol6m
Tx Antenna Beamwidth 6°
Rx Antenna Beamwidth 14°

Spectrum

y“'"’Master

=

Figure 12. Indoor RSS measurement setup for asymmetric patch reflectarray antenna.

A signal generator (Anritsu MG3694C) is used before the Tx antenna and a spectrum master
(Anritsu MS2720T) is connected to the Rx antenna for signal generation and detection, respectively.
The main purpose of this study is to analyze the improvement in RSS for an urban indoor microcell
sector with a reflectarray antenna. Measured RSS of the asymmetric patch reflectarray antenna and a
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standard horn antenna as Tx is plotted with respect to the change in distance in Figure 13. It is observed
from Figure 13 that a significant improvement in RSS is achieved when asymmetric patch reflectarray
antenna is used as a Tx. An average of —42 dBm of RSS is observed with asymmetric patch reflectarray
antenna, which is almost 5 dBm higher than that of a standard horn antenna. This improvement in
RSS is due to the higher gain of asymmetric patch reflectarray antenna as compared to a standard horn
antenna. Moreover, the asymmetric patch reflectarray antenna offers almost the same RSS response
with dual linear polarization operation.

-30

-35

——20dB Horn
-55 =o=Reflectarray Vertical Polarization
—o=—Reflectarray Horizontal Polarization

Receive Signal Strength (dBm)

0 2 4 6 8 10 12 14 16
Distance (m)

Figure 13. Comparison of measured RSS of asymmetric patch reflectarray antenna with standard horn
antenna at a variable distance.

A higher RSS than a conventional horn antenna could also make device discovery easier in an
urban microcell environment [31]. This measurement has also been repeated with the operating
frequencies of 25 and 27 GHz, where a similar RSS response has been found. This analysis proves
that, a good signal reception and detection at user equipment is expected if the proposed asymmetric
patch reflectarray antenna is used as the 5G base station antenna. The only limitation associated
with asymmetric patch reflectarray antenna is its narrow beamwidth, which tends to increase the
number of sectors in a microcell. This limitation could be avoided by using a beamsteering strategy
in the reflectarray antenna [6,19]. A wide reflection phase range, as in asymmetric patch reflectarray;,
would be beneficial for acquiring wide angle beamsteering operation.

5. Comparison of Asymmetric Patch Reflectarray Antenna with Other Related Works

The proposed design of asymmetric patch reflectarray antenna can also fall into the category
of matasurface or frequency selective surface (FSS) due to its slotted ground structure. The latest
technological advancement in metasurfaces with enhanced features are reported in [33,34]. The reported
works of metasurfaces apply patch based dual layer technique to acquire beamsteering in reflection
and transmission of the incident signals. Alternatively, this work proposes a single reflecting layer
of asymmetric patches of ground ring slots for fixed beam operation. The two layer structure of
metasurfaces are designed in such a way to improve the transmission of the incoming signals from
the metasurface layer in both directions with minimum reflections. On the other hand, the proposed
design of the reflectarray antenna offers maximum possible reflections from the patch based layer.
The proposed asymmetric patch reflectarray antenna have ring slots in its ground plane, which could
still pass some portion of the incident signals as transmission, but amount of this back radiating
transmission would be very small as the reflected signal has a very high gain. Apart from some
differences, the metasurfaces and the reflectarrays both use the same technique of patch based phase
shift to control the direction of the transmitted or reflected signals. Additionally, if further layers are
added in the proposed reflectarray design and its ground ring slots are widen further then it can be
featured as a transmitive structure to offer features like a metasurface.

The proposed asymmetric patch reflectarray antenna is developed from the square patch
reflectarray antenna. Asymmetry in the patch makes it to attain a wider reflection phase range
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and wider bandwidth performance as compared to an equivalent aperture square patch reflectarray
antenna. In order to make a fair comparison of this work with other reflectarray antennas, an equivalent
aperture square patch reflectarray antenna has been designed and experimentally tested. The square
patch reflectarray antenna offers a measured 3 dB gain bandwidth of 6.9%, which is 4.6% lower than
that of the asymmetric patch reflectarray antenna. The 5G research based on the reflectarray antenna
is still very new and in its initial stages. There are only a few related and reputable works available
in the literature that are summarized and compared with this work in Table 3. A most recent work
proposing dual band reflectarray operation for 5G communication with dual linear polarization is
reported in [35]. This dual band design uses two different elements for two different polarization
and holds four elements in one unit cell for dual band operation. The asymmetric patch reflectarray
offers a higher gain and wider bandwidth than this dual band design by using just a single patch
element in one unit cell. A similar work proposed in [36] also uses the same technique for dual band
operation, but with a single polarization. This work also has a narrower bandwidth performance than
the asymmetric patch reflectarray antenna.

Table 3. Performance comparison of asymmetric patch reflectarray antenna with other related works.

Parameter This Work [35] [4] [36] [19] [37] [38]
Technique Asymmetric Patch Dual band - Dual band - Transmitarray Full Metallic
Frequency (GHz) 26 27/32 26 28/38 26 60 26
Patches in Unit Cell 1 4 1 4 1 4 1
Phase Span (°) 650 340/325 340 320/320 360 270 180
Array Elements 332 15x 15 20 x 20 15x 15 20 x 20 30 x 30 14 x 14
Array Size (A2) 78.5 52.3/73 100 56.2/103 100 243.3 36.8
Gain (dB) 244 22.9/25.7 26.4 21/25.2 26.41 30.1 18.9
Max. Aperture Efficiency (%) 28 29/38 34 - 34 323 97.7 (Simulated)
Polarization Dual Linear Dual Linear Single Single Single Single Single
Complexity Low Moderate Low Moderate Low High High
1 dB Gain Bandwidth (%) 6.1 2.4/2.4 13.6 3.4/39 13.1 8.2 20 (1.5dB) 4 (1dB)
RSS Measurement Yes No No No No No No

Moreover, the asymmetric patch reflectarray attains a wider reflection phase span with a lower
design complexity than these two dual band designs. Two other similar works reported in [4]
and [19] offer good bandwidth and gain performance with low design complexity, but for just a
single polarization operation. Moreover, these two works present a reflectarray antenna with a
conventional type of element, such as circular ring and rectangular patch, which offer a very narrow
reflection phase range. In contrast, this work proposes a new asymmetric patch element with a wide
reflection phase range for high-gain reflectarray operation with comparatively less number of elements.
The asymmetric patch reflectarray antenna has also been compared with a transmitarray [37] and a full
metallic reflectarray [38] that were proposed for 5G operation at 60 and 26 GHz respectively. Four
different patches in five different layers make single polarized transmitarray an electrically large and
very complicated structure as compared to the current work that operated at dual linear polarization.
A full metallic design of a metallic reflectarray removes the dielectric losses and improves its efficiency
performance. However, it still attains a lower gain and narrower bandwidth performance as compared
to the asymmetric patch reflectarray antenna. This is because of a narrow reflection phase range of the
unit cell of the metallic reflectarray antenna. On the other hand, the current work of the asymmetric
patch reflectarray antenna has a wider reflection phase span with dual linear polarization operation.
Moreover, this is the first time a reflectarray antenna is tested for RSS measurements with dual linear
polarization operation for comparison with a standard horn antenna that is normally used for 5G
based microcell measurements. Consequently, it can be said that the asymmetric patch reflectarray
antenna proposed for 5G communication in this work, attains comparably better performance with
low design complexity as compared to the related works of the published literature.

6. Conclusions

An asymmetric patch reflectarray unit cell element is proposed to increase the reflection phase
range beyond its conventional range of 360°. A wide reflection phase span of 650° is acquired with
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an asymmetric patch of ground embedded circular ring slot. The bandwidth performance of the
reflectarray antenna has been enhanced using asymmetric patch elements that also support high-gain
operation with dual linear polarization. The limitation of high-loss performance due to a ground
ring slot is avoided by acquiring a wide reflection phase range. On the other hand, this high-loss
performance can be avoided by using a thicker substrate or by embedding an air gap between the
substrate and the ground plane of the asymmetric patch element. The high cross polarization generated
due to the asymmetry has been suppressed by mirroring the orientation of elements on the reflectarray
surface. A maximum measured cross polarization of about —20 dB has been attained for both linear
polarizations of the reflectarray antenna. This slightly high cross polarization is due to the single
layer design with a single and geometrically asymmetric patch element. However, this value of cross
polarization is still quite lower than the maximum side lobe level, and that is why it cannot affect
the performance of the main lobe of the asymmetric patch reflectarray antenna. A circular aperture
reflectarray antenna made of 332 asymmetric patch elements offers a 3 dB gain bandwidth of 3 GHz
that is 11.5% at 26 GHz resonant frequency with a gain of 24.4 dB. The asymmetry in the patch element
does not restrain it from supporting a dual linear polarization operation. Even a better bandwidth of
13.8% is acquired with a slight reduction of 0.5 dB in the gain performance for an orthogonal linear
polarization operation. The proposed reflectarray antenna is also tested for indoor RSS measurements.
In comparison with a standard horn antenna, it offers a better signal performance with an additional
feature of polarization diversity in a microcell environment. A wider bandwidth performance, simple
design, high-gain and dual linear polarization operation at high frequency, has made this proposed
design of reflectarray suitable for 5G communications.

Author Contributions: Conceptualization, M.H.D. and M.H.].; methodology, M.H.D. and M.L. A ; software, M.H.D.,
M.IA. and A.YI.A,; validation, M.HJ., EC.S. and M.R.K,; formal analysis, M.H.D. and M.L.A ; investigation,
M.H.D. and O.H.; resources, M.H.]. and F.C.S.; data curation, M.H.D., A.Y.I.A. and O.H.; visualization, M.H.]. and
M.RK; supervision, M.H.J. and F.C.S.; project administration, M.H.J]. and M.R.K,; funding acquisition, M.H.]. and
M.R.K. All authors have read and agreed to the published version of the manuscript.

Funding: This work is supported in part by the Ministry of Education Malaysia, Ministry of Science Technology
and Innovation, Universiti Teknologi Malaysia and Research Management Center Universiti Tun Hussein Onn
Malaysia under research fund E15501, Research Grant Vot 4J211, Vot 03G33, Vot 45134, and Vot13H?26.

Acknowledgments: Authors wish to thank the staff of Wireless Communication Centre, Universiti Teknologi
Malaysia for the technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Boccardi, F; Heath, R.; Lozano, A.; Marzetta, T.L.; Popovski, P. Five disruptive technology directions for 5G.
IEEE Commun. Mag. 2014, 52, 74-80. [CrossRef]

2. Vook, EW,; Ghosh, A.; Thomas, T.A. MIMO and beamforming solutions for 5G technology. In Proceedings
of the 2014 IEEE MTT-S International Microwave Symposium (IMS2014), Tampa, FL, USA, 1-6 June 2014;
pp- 1-4. [CrossRef]

3. Dahri, M.H,; Jamaluddin, M.H.; Inam, M.; Kamarudin, M.R. A Review of Wideband Reflectarray Antennas
for 5G Communication Systems. IEEE Access 2017, 5, 17803-17815. [CrossRef]

4. Inam, M.; Dahri, M.H.; Jamaluddin, M.H.; Seman, N.; Kamarudin, M.R.; Sulaiman, N.H. Design and
characterization of millimeter wave planar reflectarray antenna for 5G communication systems. Int. |. RF
Microw. Comput. Eng. 2019, 29. [CrossRef]

5. Dahri, M.H.; Inam, M.; Jamaluddin, M.H.; Kamarudin, M.R. A Review of High Gain and High Efficiency
Reflectarrays for 5G Communications. IEEE Access 2017. [CrossRef]

6.  Hashim Dahri, M.; Jamaluddin, M.H.; Khalily, M.; Abbasi, M.I; Selvaraju, R.; Kamarudin, M.R. Polarization
Diversity and Adaptive Beamsteering for 5G Reflectarrays: A Review. IEEE Access 2018, 6, 19451-19464.
[CrossRef]


http://dx.doi.org/10.1109/MCOM.2014.6736746
http://dx.doi.org/10.1109/MWSYM.2014.6848613
http://dx.doi.org/10.1109/ACCESS.2017.2747844
http://dx.doi.org/10.1002/mmce.21804
http://dx.doi.org/10.1109/ACCESS.2017.2786862
http://dx.doi.org/10.1109/ACCESS.2018.2821358

Electronics 2020, 9, 1450 16 of 17

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

ITU Final Acts WRC-15. In Proceedings of the World Radiocommunication Conference, Geneva,
Switzerland, 2-27 November 2015; Available online: http:/www.itu.int/pub/R-ACT-WRC.12-2015 (accessed
on 2 September 2020).

Andrews, ].G.; Buzzi, S.; Choi, W.; Hanly, S.V.; Lozano, A.; Soong, A.C.K.; Zhang, J].C. What will 5G be?
IEEE ]. Sel. Areas Commun. 2014, 32, 1065-1082. [CrossRef]

Greco, F; Boccia, L.; Arnieri, E. A Ka-Band Cylindrical Paneled Reflectarray Antenna. Electronics 2019, 8, 654.
[CrossRef]

Huang, J.; Encinar, J. Reflectarray Antennas; Wiley-IEEE Press: Hoboken, NJ, USA, 2007.

Huang, J. Analysis of microstrip reflectarray antenna for microspacecraft applications. Telecommun. Data
Acquis. Prog. Rep. 1994, 153-173, Bibcode: 1994TDAPR.120..153H.

Fazaelifar, M.; Jam, S.; Basiri, R. Design and fabrication of a wideband reflectarray antenna in Ku and K
bands. AEU Int. ]. Electron. Commun. 2018, 95, 304-312. [CrossRef]

Chen, G.T;; Jiao, Y.C.; Zhao, G. A Reflectarray for Generating Wideband Circularly Polarized Orbital Angular
Momentum Vortex Wave. IEEE Antennas Wirel. Propag. Lett. 2019, 18, 182-186. [CrossRef]

Karimipour, M.; Aryanian, I. Demonstration of Broadband Reflectarray Using Unit Cells with Spline-Shaped
Geometry. IEEE Trans. Antennas Propag. 2019, 67, 3831-3838. [CrossRef]

Liu, Y,; Cheng, Y.J.; Lei, X.Y.; Kou, P.E. Millimeter-Wave Single-Layer Wideband High-Gain Reflectarray
Antenna with Ability of Spatial Dispersion Compensation. IEEE Trans. Antennas Propag. 2018, 66, 6862—-6868.
[CrossRef]

Xue, F; Wang, H.-J; Yi, M.; Liu, G. A broadband KU-band microstrip reflectarray antenna using single-layer
fractal elements. Microw. Opt. Technol. Lett. 2016, 58, 658—662. [CrossRef]

Derafshi, I.; Komjani, N.; Mohammadirad, M. A single-layer broadband reflectarray antenna by using
quasi-spiral phase delay line. IEEE Antennas Wirel. Propag. Lett. 2015, 14, 84-87. [CrossRef]

Bhardwaj, S.; Rahmat-samii, Y. Revisiting the Generation of Cross- Polarization in Rectangular Patch
Antennas: A Near-Field Approach. IEEE Antennas Propag. Mag. 2014, 56, 14-38. [CrossRef]

Abbasi, M.I,; Dahri, M.H.; Jamaluddin, M.H.; Seman, N.; Kamarudin, M.R.; Sulaiman, N.H. Millimeter
Wave Beam Steering Reflectarray Antenna Based on Mechanical Rotation of Array. IEEE Access 2019, 7,
145685-145691. [CrossRef]

Balanis, C.A. Antenna; Theory Analysis and Design, 3rd ed.; John Wiley and Sons: Hoboken, NJ, USA, 2005.
Rajagopalan, H.; Rahmat-Samii, Y. On the reflection characteristics of a reflectarray element with low-loss
and high-loss substrates. IEEE Antennas Propag. Mag. 2010, 52, 73-89. [CrossRef]

Pozar, D.M.; Metzler, T.A. Analysis of a reflectarray antenna using microstrip patches of variable size.
Electron. Lett. 1993, 29, 657-658. [CrossRef]

Florencio, R.; Martinez-De-rioja, D.; Martinez-De-rioja, E.; Encinar, J.A.; Boix, R.R.; Losada, V. Design of
ku-and ka-band flat dual circular polarized reflectarrays by combining variable rotation technique and
element size variation. Electronics 2020, 9, 985. [CrossRef]

Chaharmir, M.R,; Shaker, J.; Cuhaci, M.; Sebak, A. Reflectarray with variable slots on ground plane. IEE Proc.
Microw. Antennas Propag. 2003, 150, 18-21. [CrossRef]

Chen, P,; Yang, X.D.; Chen, C.Y.; Ma, Z.H. Broadband Multilayered Array Antenna with EBG Reflector. Int. J.
Antennas Propag. 2013, 2013, 1-5. [CrossRef]

Malfajani, R.S.; Atlasbaf, Z. Design and Implementation of a Dual-Band Single Layer Reflectarray in X and K
Bands. IEEE Trans. Antennas Propag. 2014, 62, 4425-4431. [CrossRef]

Inam, M.; Ismail, M.Y. Reflection loss and bandwidth performance of X-band infinite reflectarrays: Simulations
and measurements. Microw. Opt. Technol. Lett. 2011, 53, 77-80.

Pozar, D.M.; Targoski, S.D.; Syrigos, H.D. Design of millimeter wave microstrip reflectarrays. IEEE Trans.
Antennas Propag. 1997, 45, 287-296. [CrossRef]

Rengarajan, S.R. Reciprocity considerations in microstrip reflectarrays. IEEE Antennas Wirel. Propag. Lett.
2009, 8, 1206-1209. [CrossRef]

Kumar, C.; Guha, D. Asymmetric Geometry of Defected Ground Structure for Rectangular Microstrip: A New
Approach to Reduce its Cross-Polarized Fields. IEEE Trans. Antennas Propag. 2016, 64, 6-9. [CrossRef]
Hayat, O.; Ngah, R.; Hashim, S.Z.M. Sector Scanning Algorithm (SSA) for Device Discovery in D2D
Communication. Int. J. Electron. 2020, 1, 1-15. [CrossRef]


http://www.itu.int/pub/R-ACT-WRC.12-2015
http://dx.doi.org/10.1109/JSAC.2014.2328098
http://dx.doi.org/10.3390/electronics8060654
http://dx.doi.org/10.1016/j.aeue.2018.08.037
http://dx.doi.org/10.1109/LAWP.2018.2885345
http://dx.doi.org/10.1109/TAP.2019.2902747
http://dx.doi.org/10.1109/TAP.2018.2874670
http://dx.doi.org/10.1002/mop.29637
http://dx.doi.org/10.1109/LAWP.2014.2355496
http://dx.doi.org/10.1109/MAP.2014.6821758
http://dx.doi.org/10.1109/ACCESS.2019.2945318
http://dx.doi.org/10.1109/MAP.2010.5638237
http://dx.doi.org/10.1049/el:19930440
http://dx.doi.org/10.3390/electronics9060985
http://dx.doi.org/10.1049/ip-map:20030547
http://dx.doi.org/10.1155/2013/250862
http://dx.doi.org/10.1109/TAP.2014.2327137
http://dx.doi.org/10.1109/8.560348
http://dx.doi.org/10.1109/LAWP.2009.2035721
http://dx.doi.org/10.1109/TAP.2016.2537360
http://dx.doi.org/10.1080/00207217.2020.1756453

Electronics 2020, 9, 1450 17 of 17

32.

33.

34.

35.

36.

37.

38.

Maccartney, G.R.; Rappaport, T.S.; Ghosh, A. Base Station Diversity Propagation Measurements at 73 GHz
Millimeter-Wave for 5G Coordinated Multipoint (CoMP) Analysis. In Proceedings of the 2017 IEEE Globecom
Workshops (GC Wkshps), Singapore, 4-8 December 2017; pp. 1-7.

Taravati, S.; Eleftheriades, G.V. Full-Duplex Nonreciprocal Beam Steering by Time-Modulated Phase-Gradient
Metasurfaces. Phys. Rev. Appl. 2020, 14, 014027. [CrossRef]

Taravati, S.; Khan, B.A.; Gupta, S.; Achouri, K.; Caloz, C. Nonreciprocal Nongyrotropic Magnetless
Metasurface. IEEE Trans. Antennas Propag. 2017, 65, 3589-3597. [CrossRef]

Costanzo, S.; Member, S.; Venneri, F; Borgia, A.; Massa, G.D.I.; Member, L.S. Dual-Band Dual-Linear
Polarization Reflectarray for mmWaves/5G Applications. IEEE Access 2020, 8, 78183-78192. [CrossRef]
Costanzo, S.; Venneri, E; Borgia, A.; Massa, G. Di A Single-Layer Dual-Band Reflectarray Cell for 5G
Communication Systems. Int. |. Antennas Propag. 2019, 2019, 8-11. [CrossRef]

Erfani, E.; Safavi-Naeini, S.; Tatu, S. Design and analysis of a millimetre-wave high gain antenna. IET Microw.
Antennas Propag. 2019, 13, 1586-1592. [CrossRef]

Mei, P,; Zhang, S.; Pedersen, G.F. A Low-Cost, High-Efficiency and Full-Metal Reflectarray Antenna with
Mechanically 2-D Beam-Steerable Capabilities for 5G Applications. IEEE Trans. Antennas Propag. 2020, 1-10.
[CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1103/PhysRevApplied.14.014027
http://dx.doi.org/10.1109/TAP.2017.2702712
http://dx.doi.org/10.1109/ACCESS.2020.2989581
http://dx.doi.org/10.1155/2019/9479010
http://dx.doi.org/10.1049/iet-map.2018.5768
http://dx.doi.org/10.1109/TAP.2020.2993077
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Asymmetric Patch Unit Cell Element 
	Asymmetry and Cross Polarization 
	Experimental Results of Asymmetric Patch Element 

	Reflectarray of Asymmetric Patch Elements 
	Receive Signal Strength (RSS) Measurement 
	Comparison of Asymmetric Patch Reflectarray Antenna with Other Related Works 
	Conclusions 
	References

