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Abstract

A metasurface reflector-backed wideband planar antenna is designed for millimeter-wave
(mmWave) applications. A simple meandering structure is used for radiation element design,
while the back side consists of a partial ground plane and parasitic elements. The utilization of
meander-shaped element led to small antenna dimensions. The partial ground plane is used
to achieve wide bandwidth, while the parasitic elements are used to improve the impedance
matching toward higher frequency bands. To achieve high gain and directional radiation char-
acteristics, an array of metasurfaces is placed behind the radiating element. It is observed from
the simulated results that the proposed antenna system offers 17.72 GHz of impedance band-
width in the operating range of 22.28-40 GHz, while the measured impedance bandwidth
is noted to be 15.8 GHz, ranging from 23 to 38.8 GHz. Furthermore, it is observed that a
metasurface-based planar antenna tends to achieve a peak gain of ~9 dBi in the band of interest.

Introduction

The demand to connect several devices to the wireless network at once has arisen as a result
of the recent advancements in mobile devices and communications technology [1]. In order to
achieve this requirement, the Federal Communications Commission (FCC) has currently cho-
sen the frequency range of 25-70 GHz for the upcoming generations of mobile communication,
which is called fifth-generation (5G) communication technology [2, 3]. 5G technology offers
faster data speeds, greater dependability, low-power connectivity for millions of devices, and
support for cutting-edge innovations like driverless cars, smart cities, and virtual reality [4]. In
addition, the 5G communication devices are compact, and they require small antennas for bet-
ter performance. A planar configuration can achieve compactness, but it suffers from low gain
and radiation efficiency. One of the techniques to achieve high gain is to use frequency-selective
and metasurface reflectors behind the radiation element. Many researchers have designed dif-
ferent frequency-selective surfaces (FSSs) and metasurface-based antennas for high-gain 5G
communication devices. Some of the previously published metasurface-based antenna designs
are discussed in the next few paragraphs.

In [5], the authors designed a multilayer, low-profile, circularly polarized (CP) wideband
patch antenna for 5G communication systems. The presented antenna design consists of a slot-
loaded modified rectangular patch element, an array of metasurfaces, and a ground plane. The
patch element was sandwiched between the ground plane and the metasurface. It was observed
that the proposed antenna offered an impedance bandwidth of 34.7% from 24 to 34.1 GHz
with a maximum gain of 11 dBi. In [6], a metasurface was employed to enhance the isolation
between the multiple-input multiple-output (MIMO) antennas as well as to achieve high gain.
It was noted that the incorporation of a metasurface layer above the MIMO antenna enhanced
the gain up to 10.27 dBi. The same kind of MIMO configuration was presented in [7], in which
the authors achieved a gain of 10.44 dBi. In [8], a chiral metasurface integrated broadband CP
patch antenna was designed for millimeter-wave (mmWave) applications. The presented results
demonstrated that the antenna had an impedance bandwidth of 22.6% (25.3-31.6 GHz) and a
peak gain of 8 dBi. In [9], a patch antenna design was presented for high-gain 28 GHz applica-
tions. To enhance the gain of the patch antenna, 15 x 15 element array of multilayer metasurface
was utilized. From the presented configuration, the authors achieved a gain of about 16.7 dBiin
the band of interest.

In [10], a slotted bowtie antenna was designed using metamaterial and substrate-integrated
waveguide (SIW) technology. To realize compactness, the metamaterial and SIW were
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implemented by using trapezoidal slots on the top surface of the
antenna and metallic via holes through the substrate layer. For
improved performance, an artificial magnetic conductor (AMC)
was used. The results showed that the antenna offers a gain and
radiation efficiency of 5.5dBi and 66.5%, respectively. In [11],
near-zero index metasurface structure was designed for the gain
enhancement of patch antenna. A 2 x2 array of a designed metasur-
face was placed above the patch antenna and realized a peak gain of
13.3 dBi at 26 GHz. In [12], a broadband aperture-coupled slotted-
mushroom metasurface antenna was designed for 28 GHz appli-
cations. For suppressed backward radiation, a printed ridge gap
waveguide (PRGW) technology with a perfect magnetic conductor
(PMC) shielding was used underneath the microstrip feeding line,
which improved the front-to-back ratio by 16 dB and enhanced the
gain up to 19.2dBi. In [13], a cavity-backed tri-band SIW-based
slot antenna design for mmWave applications was presented. By
etching a modified spiral slot resonator from the radiating ele-
ment, a tri-band response was achieved. The performance of the
proposed antenna was further enhanced by placing an array of
metasurfaces above the antenna. The presented antenna exhibited
maximum radiation efficiencies of 88.37%, 88.63%, and 89.85% in
the operating bands, while the peak gains were noted to be 7, 8.5,
and 14.5 dBi, respectively.

Although the above-reported antenna designs offered good
performance in terms of gain, the multilayer configuration may
restrict their use in compact communication devices. Furthermore,
most of the antennas, whether designed for a single frequency band
or multiple frequencies, have not reported or designed a wide-
band metasurface-based antenna for mmWave applications. In this
paper, an effort has been made to design a compact, wideband,
high-gain, and directional planar antenna for mmWave applica-
tions. For reduced antenna dimensions, the meandering radiating
element is designed on a loss-low dielectric substrate. The partial
ground plane with parasitic elements (placed on the backside of the
substrate) is used to achieve a wide impedance bandwidth rang-
ing from 23 to 38.8 GHz. One of the major objectives of the design
is to get high gain and directional radiation characteristics, which
are achieved by incorporating a wideband metasurface behind the
designed planar antenna. The integration of the metasurface led
to an average gain of 6.99 dBi and directional radiation perfor-
mance in the operating bandwidth. The complete antenna design
procedure and its results are presented in the upcoming sections.

Metasurface-based planar antenna

Before explaining the design of the proposed metasurface-based
antenna, the design of the radiating element and metasurface are
discussed in detail in the below-mentioned sections.

Meandered planar antenna

The design of the proposed wideband planar antenna is illustrated
in Fig. 1, while the design parameters used to build the antenna are
listed in Table 1. The antenna is designed on a low-loss and flexible
Rogers RT/Duroid 5880 substrate. The thickness of the substrate
for the antenna design is chosen to be 0.254 mm. One can note
from the design shown in Fig. 1(a) that the proposed antenna is
composed of a meander-shaped patch radiator fed using a 50 (2
microstrip feeding line. The length of the one meandering section
is equal to one guided wavelength at 26 GHz. The back side of the
antenna comprises a partial ground plane (see Fig. 1b), which is
utilized to achieve wide impedance bandwidth. It is also observed
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Figure 1. Design of the proposed planar wideband antenna: (a) front side and (b)
back side.

Table 1. Design parameters used for the construction of a planar wideband
antenna (all dimensions in mm)

Parameter Value Parameter Value
Wsus 6 Lsyg 10
W 0.78 Le 5
W, 3.8 W, 0.75
W,y 0.5 Ly 3.5
s 2.75 W 6
Lg 45 S 0.5
Ly 1 g 0.2

S“ (dB)

|

40 F
—=— Without Parasitic Elements \ i
—— With Parasitic Elements \ /
'50 1 1 Y 1
20 25 30 35 40

Frequency (GHz)

Figure 2. S;; of the proposed planar wideband antenna without and with parasitic
elements.

from Fig. 1(b) that 3 x 3 array of parasitic elements is placed right
behind the radiating element, whose main purpose is to provide
better impedance matching in the operating bandwidth.
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Figure 3. (a) S;; and (b) realized gain of the planar wideband antenna for different
parasitic element configurations.

The effect of parasitic elements on the antenna performance is
shown in Fig. 2, where the reflection coefficient (S,;) response of
the proposed antenna is plotted. One can note that without par-
asitic elements, the antenna offers an impedance bandwidth of
15.02 GHz in the frequency range of 23.72-38.74 GHz, as shown
in Fig. 2. On the other hand, the use of parasitic elements increased
the upper frequency limit of the antenna by 1.12 GHz (see Fig. 2)
and also increased the lower frequency limit by 580 MHz, as shown
in Fig. 2. This increase in the frequency limit tends to achieve an
impedance bandwidth of 16.72 GHz.

The effect of different parasitic element configurations on the
planar antenna S;; and realized gain is shown in Fig. 3. For 3 x 3 and
4% 3 parasitic arrays, the antenna offers better impedance matching
compared to 3 x 5 and 4 x 5 arrays, as shown in Fig. 3(a). In the
case of 4 x 3 array, a shift in frequency is observed. On the other
hand, different arrays have a minor effect on the gain of the antenna
(see Fig. 3b).

The simulated antenna efficiency and realized gain are shown
in Fig.4. As shown in Fig.4(a), the radiation efficiency of the
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Figure 4. (a) Radiation efficiency, total efficiency, and (b) realized gain of the
proposed planar wideband antenna.

proposed antenna is >95% for the operating frequency range,
while the total efficiency fluctuates in the range of 78-97%. On the
other hand, the gain of the antenna varies in the range of 4-6.93 dBi
in the entire operating range (see Fig. 4b).

Figure 5 depicts the radiation characteristics of the proposed
antenna for both the yz- and xz-planes at various frequencies.
The results show that the proposed planar antenna has a typi-
cal monopole-like radiation pattern for the yz-plane. In the case
of 24 GHz, the yz-plane main beam is aimed at 210°, indicating
that the antenna is radiating backward. The xz-plane pattern, on
the other hand, is noted to be quasi-omnidirectional for frequen-
cies up to 32 GHz, as shown in Fig. 5(a—c). This pattern becomes
bi-directional at higher frequencies (see Fig. 5d). This change in
the radiation pattern may be associated with the coupling effect of
parasitic elements.

To improve the radiation characteristics of the proposed
antenna, a metasurface reflector is designed, whose details are
provided in the following subsection.
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Figure 5. Far-field radiation characteristics of the proposed planar wideband antenna at (a) 24 GHz (b) 28 GHz (c) 32 GHz, and (d) 36 GHz.
Metasurface design W,
Figure 6 shows the front view of the proposed metasurface reflec- — -
tor. It is designed on a low-loss Rogers RT/Duroid 5880 dielectric b
substrate having a thickness of 1.57 mm. One can observe from the L ~
figure that a square split ring resonator (SRR) along with a circular &
SRR are used to design the metasurface, while the backside consists
of a full ground plane. The other design parameters are as follows:
WM = 4, Lpl = 3.5, Rin = 0.55, dl = 0.6, dz = 0.2, gl = 0.8, and
g = 0.4 (all dimensions in millimeter).
In a SRR, the applied electric field is parallel to the no-split- R.
bearing side and generates electric current on the same side only. " g, =
On the contrary, when the electric field is applied along a split bear- ~
ing side, it causes an electric current in the same side as well as
the perpendicular (no split) side. Using this technique, two gaps
are introduced in the adjacent sides of the square SRR, one for d .
each linearly polarized impinging field. The inner circular SRR is
used to generate plasmon resonances at higher frequencies, thereby A
achieving a wider bandwidth. d,
The metasurface is simulated in CST Microwave Studio by h 4 dw_
using periodic boundary conditions. Electric and magnetic fields
are used in the x and yaxes, respectively, while floquet port is
used in the +z axis. The simulated S-parameters of the proposed  Figure 6. Proposed metasurface design.
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Figure 7. S-parameters of the proposed metasurface.
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Figure 8. Configuration of the metasurface integrated planar antenna.

metasurface are depicted in Fig.7. It can be observed that the
metasurface is operating well from 11 to 35 GHz, according to
the —3 dB bandwidth criteria, which covers the operating band of
interest.

Planar antenna integrated with metasurface

After designing the metasurface, the proposed antenna design pre-
sented in the subsection “Meandered Planar Antenna” is integrated
to achieve high gain and directional radiation characteristics.
The configuration of the proposed metasurface integrated planar
antenna is shown in Fig. 8. When the antenna is located at a specific
distance over the metasurface reflector, the metasurface reflects the
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Figure 9. (a) S;; and (b) realized gain of the planar wideband antenna without and
with metasurface.

backward radiation of the antenna to the opposite side. Therefore,
two wave components will be added in the same phase, which
gives constructive interference and ultimately improves radiation
performance. Let us consider that ¢, and ¢, are the phases of the
transmitted and reflected waves, and the complete propagation trip
between metasurface reflector is denoted by ¢,. Mathematically,
these phases can be related as

¢t = ¢r+¢s (1)

and
6, = 4rf % <, @)

where ¢ is the speed of light, ¢ is the gap between antenna and
metasurface, and ¢, should be 0 or the integral of 27 [14].

In the proposed design, the metasurface is placed beneath the
designed antenna so that it makes the back radiation of the antenna
in phase and then enhances the gain. In this scenario, an impor-
tant factor is the distance between the antenna and the metasurface
reflector, which ensures the constructive interference of directly
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Figure 10. (a) S;; and (b) realized gain of the antenna when the gap between the
radiating element and metasurface reflector is changed from 1 to 3mm.

radiated and reflected waves. To estimate the spacing between both
of them, the following equation can be used [15]:

¢Metasurface - Zﬁt = 2nm, (3)

where 7 represents the reflected wave phase from the metasurface
layer and [ is the free-space propagation constant, which is equal
to 27/ Ay, where ) is the free-space wavelength at 28 GHz. One
thing that needs to be noted is that the value of ¢ should be an inte-
ger multiple of the wavelength at the center frequency. However,
due to the wideband nature of the metasurface, this gap can be
optimized to achieve an acceptable gain. Using the aforementioned
methodology, the antenna is placed 2.5 mm above a 3 x 2 array of
metasurfaces, which is equal to \j/4.

Figure9(a) depicts the simulated S;; response of the
metasurface-based antenna. The figure presents the compari-
son between the S;; characteristics of the antenna without and
with a metasurface. It can be clearly observed from the graph
in Fig.9(a) that the integration of the metasurface extends the
impedance bandwidth of the antenna. The impedance bandwidth
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Figure 11. (a) Realized gain and (b) S,; of the planar wideband antenna for
different metasurface arrays.

without metasurface is noted to be 16.72 GHz, while with meta-
surface, it is equal to 17.72 GHz, ranging from 22.28 to 40 GHz, as
shown in Fig. 9(a). The same kind of enhancement is observed in
the antenna gain, as shown in Fig. 9(b). The gain of the antenna is
increased up to 1.4 dB for the lower frequency bands, while for the
higher frequency bands, it is enhanced up to 2.5 dB, as shown in
Fig. 9(b).

To evaluate the antennas performance, a parametric study is
conducted by changing the gap between the antenna and meta-
surface reflector. The gap is changed from 1 to 3mm, and the
performance is assessed in terms of S;; and gain. For = 1 mm, the
antenna offers dual-band response ranging from 24.2 to 27.6 GHz
and from 29.14 to 37.6 GHz, respectively (see Fig. 10a). As the
value of ¢ is increased, an increase in the impedance bandwidth
is observed, as shown in Fig. 10(a). Although the antenna offers a
wide bandwidth response for = 3 mm, a mismatch is observed in
the frequency range of 23.54-24.14 GHz, as shown in Fig. 10(a).
On the other hand, for t =1 and 1.5 mm, the gain of the antenna
fluctuates in the range of 5.5-8 dBi, as shown in Fig. 10(b). As the
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Figure 13. Simulated and measured S;; of the proposed metasurface integrated
planar antenna.

value of ¢t increased, the gain of the antenna increased linearly
(see Fig. 10b).

The effect of different metasurface array configurations on the
antenna’s performance is shown in Fig. 11. Although the gain
increases with the increase in array size (see Fig.11a), it shifts
the lower operating frequency from 22.28 to 26 GHz, ultimately
reducing the impedance bandwidth of the antenna, as shown in
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Figure 12. Fabricated antenna and metasurface:
(a) front view, (b) back view, and (c) perspective view.

Fig. 11(b). The improvement in bandwidth can be achieved by fur-
ther increasing the gap between the antenna and the metasurface
reflector. This will increase the overall size of the antenna system,
which is not useful for compact devices.

Fabrication and measurements

The proposed antenna’s prototype is fabricated to validate the sim-
ulation results. Figure 12 shows the fabricated prototype of the
antenna and metasurface. The S;; characteristics of the antenna are
measured using the power network analyzer from Keysight.

The simulated and measured S;; of the proposed metasurface-
based planar antenna is shown in Fig. 13. It is observed from the
figure that the antenna offers a simulated impedance bandwidth
from 22.28 to 40 GHz (17.72 GHz), while the measured impedance
bandwidth is noted to be 15.8 GHz in the frequency range of
23-38.8 GHz, as shown in Fig.13. The discrepancy between the
results may be associated with fabrication intolerances, connector
or RF cable losses, and scattering environment losses. Despite this,
the proposed design is still able to cover the frequency spectrum,
which is required for mmWave communication.

To measure the far-field radiation characteristics, the pro-
posed antenna is characterized in an anechoic chamber using a
standard procedure. The measurement setup used for the char-
acterization of the proposed antenna is shown in Fig. 14. The
antenna is positioned horizontally on a turntable across from a
reference antenna (a horn antenna) whose operating frequency
range is 15-40 GHz. The anechoic chamber walls are covered with
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RF absorbers to create a reflection-free environment, as shown
in Fig. 14.

The far-field radiation properties of the proposed metasurface-
based planar antenna for both the yz and xz planes are shown
in Figs. 15 and 16. From the figure, it can be observed that the
proposed antenna exhibits directional radiation characteristics for
both planes for the chosen frequency bands. Although the use
of a metasurface provides directional characteristics, it also shifts
the main beam to different angles. The tilt can be controlled by

313

placing parasitics on the sides of the radiating patch, and beam
switching properties can be achieved as demonstrated in [16].
In addition, this beam shift can help achieve beam steering perfor-
mance by utilizing the array configuration of the proposed design.
The simulated cross-polarized (X-pol) components for both planes
are also shown in Figs. 15 and 16. It is observed that for 24,
28, and 32 GHz, the X-pol level is less than —5dB. As the fre-
quency increases, the X-pol level tends to decrease (< —10dB).
In addition, some discrepancies are observed in the simulated and

Figure 14. (a) Far-field measurement setup and (b) stand-alone antenna.
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Figure 15. Far-field radiation characteristics of the proposed metasurface integrated planar antenna for yz plane at (a) 24 GHz (b) 28 GHz (c) 32 GHz and (d) 36 GHz.
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Figure 17. Radiation and total efficiency of the proposed metasurface integrated
planar antenna.

measured radiation characteristics, which could arise due to the
measurement setup losses.

The radiation and total efficiency results of the proposed
antenna are depicted in Fig.17. As expected, the radiation
efficiency of the proposed antenna is noted to be >95% for the
operating frequency range, while the total efficiency is observed
to be >90%, as shown in Fig. 17.
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Figure 16. Far-field radiation characteristics of the proposed metasurface integrated planar antenna for xz plane at (a) 24 GHz (b) 28 GHz (c) 32 GHz and (d) 36 GHz.
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Figure 18. Simulated and measured realized gain of the proposed metasurface
integrated planar antenna.

Figure 18 illustrates the simulated and measured realized gain
of the proposed antenna. One can observe that the simulated
gain fluctuates in the range of 4.39-9.5dBi with an average
value of 7dBi (see Fig.18). On the other hand, the measured
gain varies from 4.49 to 9dBi, as shown in Fig.18. The aver-
age measured gain in the operating bandwidth is noted to be
6.99 dBi, which is approximately equal to the simulated value.
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Table 2. Comparison among the proposed and previously published metasurface integrated planar antennas
Dimensions
Frequency Peak

Reference Antenna type (mm?) (\3) band (GHz) FBW (%) gain (dBi) Complexity

[5] CP-patch with metasurface 12x12x1 1.1 x 1.1 x 0.093 24-34.1 34.7 11 Simple

[6] MS-based MIMO antenna 30 x 43 X 6.8 2.5 % 3.58 x 0.565 24.55-26.5 7.63 10.27 Simple

[7] MS-based MIMO antenna 24 x 24 x 3.75 2.08 x 2.08 x 0.32 23.5-29.4 22.30 7 Simple

[8] CP-patch with 3D MS 10 X 14 x 1.83 0.95 x 1.33 x 0.183 25.3-31.6 22.14 10.4 Complex

[10] AMC-based bowtie antenna 30 x 16 x 0.8 3.33 x 2.1 x 0.088 30-37 21 5.5 Simple

[11] Mu-near-zero MS-based patch 20 x 21 X 7.6 1.76 x 1.85 x 0.163 26-27.45 5.42 12.6 Simple

[12] MS antenna with PRGW 13.5 x 13.5 x 0.762 1.26 x 1.26 x 0.071 24.9-31.7 24 19.2 Complex

This work MS-based planar antenna 8 x 12 x 4.32 0.8 x 1.2 x 0.432 23-38.8 51.13 9 Simple
From the presented results, it can be concluded that the proposed 3. Pi Z and Khan F (2011) An introduction to millimeter-wave

antenna design can be used in 5G communication devices, where
wideband response and directional radiation characteristics are
required.

Table 2 enlists a comparison among proposed and previously
presented metasurface-based antenna designs. Although the gain
of the antenna is low except [7, 10], it is compact compared to
the designs of [6, 7, 11] and simple in nature compared to [8, 11].
In addition, the presented antenna offers a wide impedance band-
width and fractional bandwidth (FBW) compared to the designs
listed in Table 2.

Conclusion

A design of a planar wideband antenna is presented for
mmWave 5G communication applications. To ensure compact-
ness, a meander-shaped radiating element is chosen for the
design. For enhanced impedance bandwidth, a partial ground
plane and parasitic elements are utilized. To achieve high gain
and directional radiation characteristics, a metasurface reflector
is designed and placed behind the proposed planar antenna. It
is observed that the designed metasurface-based antenna is able
to operate well in the desired frequency band. The results show
that the proposed antenna offers an impedance bandwidth of
15.8 GHz from 23 to 38.8 GHz and exhibits a peak and aver-
age gain of 9 and 6.99dBi in the operating bandwidth, respec-
tively. In addition, the simulated and measured performances of
the proposed antenna are well in agreement. From the results,
one can conclude that the proposed metasurface-based planar
antenna can be a potential candidate for future 5G communication
devices.
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