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Abstract—This paper presents an in-depth review of the performance improvement of antennas using
metasurface. Metasurface is a periodic arrangement of perfect electric conductors (PECs) on a metal-
backed dielectric substrate that do not exist in nature and are able to manipulate the behavior of
electromagnetic (EM) waves incident on it. The manipulations of EM waves improve the performances
in terms of impedance bandwidth, gain, size, specific absorption rate (SAR), radar-cross-section (RCS),
and polarization conversions. Consequently, numerous recent works on metasurface-inspired antenna
design and their theoretical perspectives on performance enhancements are discussed. By adopting the
discussed theories, novel metasurfaces are developed and proposed that analyze impedance-bandwidth
enhancement, gain enhancement, and SAR reduction. For designing the metasurfaces, initially a
conventional rectangular unit cell (CRUC) is theoretically developed using transmission line model
at 2.45 GHz. Following that, the CRUC-based metasurface is incorporated with a monopole antenna,
which enhanced the impedance-bandwidth from 140 MHz to 320 MHz and the gain from 2.5dB to 7.4 dB.
On the body, the presence of the metasurface retains all the performances as free space, with a reduced
1g SAR of 0.034 and 10g SAR of 0.024 W /kg.

1. INTRODUCTION

In the modern era of technology, academics, researchers, and engineers are increasingly focusing on the
development of unique metasurfaces due to their extensive use in wireless communication at microwave
frequencies [1-3]. Metasurface is a form of metamaterial [4-13] where metallic unit cells are arranged
on the surface of metal-backed two-dimensional dielectric substrates. These arrangements, along with
the specific shape, geometry, and size of the structures, can influence EM manipulation and possess
certain beneficial characteristics that do not occur in nature. The beneficial characteristics include
the blocking, absorbing, and bending of EM waves for a certain range of frequencies, which is not
possible using conventional materials. These metasurface functionalities classify metasurface as an
artificial magnetic conductor (AMC) [14-16], high impedance surface (HIS) [17, 18], and electromagnetic
band gap (EBG) [19,20]. AMC and HIS possess the same type of characteristics, which are perfect
magnetic conductor (PMC) behaviors, whereas the EBG possesses not only PMC-like behavior but also
suppresses the surface wave flowing on it over a certain range of frequencies known as band gap. The
above metasurface may use metallic vias between the ground plane and unit-cell through the dielectric
substrate to increase inductance. This type of structure is known as a mushroom-like structure. The
absence of metallic vias is known as via-free metasurface or uni-planar metasurface [3].

The manipulation of propagation of EM wave by the metasurface enhances the antenna
performances. To summarize the application of metasurfaces and their development for performance
improvement, researchers have proposed review articles [21,22]. These articles have addressed the
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enhancement of bandwidth, gain, size, additional band generation, transmission between two antennas,
SAR reductions, as well as the design and simulation of a metasurface. Apart from the review on the
aforementioned performance improvement, there is also a need for a review on advances in polarization
conversions and RCS reductions. The fact is that the polarization conversion mechanism can generate
circular polarization (CP) characteristics that reduce the polarization mismatch loss associated with
linear polarization (LP), and with a reduced RCS, vehicles are able to better avoid radar detection by
land-based systems, guided missiles, and other vehicles.

This article emphasizes the review of the performance improvement that includes impedance
bandwidth enhancement, gain enhancement, size reduction, SAR reduction, RCS reduction, and
polarization conversion using metasurface, along with the theoretical mechanisms and a comparison
table of previous works for each case. In addition, to analyze the performances, novel metasurfaces
are developed and proposed. To design metasurfaces, initially a CRUC is theoretically designed
using transmission line model to resonate at 2.45 GHz. Following that, CRUC-based metasurfaces are
incorporated with monopole antennas to analyze bandwidth enhancement, gain enhancement, and SAR
reduction using simulation software. Moreover, the CRUC is modified using square-type and L-type
slots to analyze miniaturizations and polarizations, respectively. The paper is structured as follows.
The theoretical mechanism of performance enhancement using metasurfaces is discussed in Section 2.
In Section 3, the most recent developments in antenna performance using metasurfaces are presented.
Section 4 presents the design and discussion of proposed metasurfaces, followed by a conclusion in
Section 5.

2. THEORETICAL MECHANISM OF PERFORMANCE IMPROVEMENT

In the modern era of technology, academics, researchers, and engineers are increasingly focusing on the
development of unique metasurfaces. These elements possess unique characteristics that can influence
the propagation of EM waves and enhance the antenna’s performance. This section discusses the
theoretical mechanisms of performances using metasurfaces.

The unique reflection phase characteristic between 0° and 180° possessed by metasurfaces, as
depicted in Figure 1(a) [23], which is not achievable by perfect electric conductors (PECs) that possess
180° reflected phase and PMC surfaces that possess 0° reflected phase, is mainly responsible for gain
enhancement, bandwidth enhancement, and SAR reduction [24-27]. The metasurface facilitates high
surface impedance in the frequency range where phase lies between —90° and +90°, and the frequency
range where phase lying between 90° £ 45° can only be used for performances improvement [28,29].
Therefore, the estimation of reflection phase characteristics is an important parameter to know the
frequency range for in phase reflection from the metasurfaces upon the incident of a plane wave on
them. For an in-depth understanding of reflection phase mechanism, the mushroom-like metasurface [28]
proposed by Sievenpiper et al. is depicted in Figure 1(a). Figure 1(b) depicts its parameters; Figure 1(c)
depicts the LC model; and Figure 1(d) depicts generalized equivalent circuit models. For high surface
impedance, the circuit is treated as a parallel resonant circuit. From the equivalent circuit, the reflection
coefficient (I'), surface impedance (Zs), resonant frequency (f,), and bandwidth (BW) are given as
follows:

Ly — 7o
= 1
Zs + 7o ( )
_ JwlL
Zs = 1 —w2LC (2)
o= 3)
" 21/ LC
1 L
BW = —/ 2 4
wVe (4)

The grid capacitance (C') generated by the gap between the unit cells and the inductance (L)
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Figure 1. (a) Reflection-phase characteristics [23], (b) structures of mushroom-like metasurfaces, (¢) LC
model, (d) generalized-circuit-model [28], and (e) polarization conversion mechanism by a Polarization
Conversion Metasurface (PCMS) [25].

generated by the flow of current in the metallic via are given as follows [29]:

C = —WEO(l +er) cosh™! (—W;_g) (5)
T

L=2x10""h [m (%) +0.5 (2_}:) — 0.75] (6)

where €y = free space permittivity, €, = dielectric constant of substrate, h = height of the substrate,
r = radius of the pin, W = width of the unit-cell, and g = gap between the unit cells.

In the case of mushroom-type metasurfaces, the presence of metallic via causes discomfort in
wearable applications and complicates fabrication. Nevertheless, the researchers of [30, 31] stated that,
in the absence of metallic via, the metal-backed substrate can act as a short transmission line, and
with a thickness of less than a quarter wave length, it generates an inductance L4, which is known as
dielectric slab inductance. The dielectric slab inductance can be represented as

Ld = ,uoh (7)
where po = free space permeability.

Equation (3) indicates that the unit-cell is inductive below the resonance, that is, at a lower
frequency, and hence a transverse magnetic (TM) wave is propagating on the surface. Upon reaching
the resonant frequency, that is, at a higher frequency band, the unit-cells become capacitive, and they
support transverse electric (TE) wave propagation. On the other hand, the flow of TE and TM surface
waves is suppressed near the resonance for a narrow band of frequencies, which is called the frequency
band gap. In this band gap, the metasurfaces can behave as high impedance surfaces and can reflect a
maximum number of waves with in-phase characteristics.

On the other hand, RCS is reduced by enhancing the gain and cancelling the interference caused by
the reflected E-fields in various sections of the unit-cell array of the metasurface [32]. To understand the
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polarization conversion mechanism, Figure 1(e) is depicted, which indicates a reflection of a y-polarized
wave upon the incident of an z-polarized wave or vice versa.

3. PERFORMANCE IMPROVEMENT USING METASURFACE

This section discusses the various performance improvements that include impedance bandwidth
enhancement, gain enhancement, size reduction, SAR reduction, RCS reduction, and polarization
conversion.

3.1. Bandwidth and Gain Enhancement

The present era of wireless communications necessitates a speedy and reliable transmission rate for
the benefit of people’s day-to-day activities. In addition, for multiple wireless networks to coexist,
transceivers must simultaneously operate in multiple frequency bands. To simultaneously function
in various frequency bands with a high and consistent transmission rate, a broad frequency band
antenna is required. To obtain broader impedance-bandwidth, the authors of [33] utilized an artificial
magnetic conductor (AMC) reflector below a CP radiator. The authors of [34] achieved broad impedance
bandwidth using a nonuniform metasurface.

Gain improvement is also important since it extends the range of communications and improves
the signal-to-noise ratio (SNR). High gains can be easily achieved using microstrip antennas, which are
inherently advantageous due to their light weight, ease of fabrication, low cost, and conformability to
various types of surfaces [35-39]. However, the impedance bandwidth provided by a microstrip antenna
is narrow. Alternately, the PEC was frequently placed beneath the radiator at a distance of quarter
wavelength [40]. However, the quarter wavelength separation for in-phase reflection increases the overall
footprint. To overcome these issues, AMC was introduced, which behaved as a PMC and could reduce
the antenna profile [41]. Scientists have also used parasitic and periodic structures above the main
radiator to improve the gain. In [42], a parasitic patch was positioned above the main radiator in the
direction of radiation, thereby increasing the electromagnetic field concentration. In advance of that,
the authors of [43] used a dual-sided partially reflective surface (PRS) based on a self-complementary
structure on the top of the radiator to enhance the gain. In [44], the proposed AMC enhanced the
gain, and the orthogonal differentially fed radiators above the AMC providing high isolation. Because
the majority of vehicle-mounted antennas offer either a broad bandwidth or a high gain at a time, it
is quite challenging to develop antennas that function in many wireless communication bands of base
stations and have both a broad bandwidth and a high gain. Therefore, a few researchers have worked on
enhancing impedance bandwidth and gain. The authors of [45] have proposed a reconfigurable antenna
using a dual band operated AMC in conjunction with PIN diodes. In advance of that, the authors
of [46] have achieved wide impedance bandwidth with high gain by putting two dipole radiators in the
shape of a bow-tie at right angles to each other and improving port isolation by giving them different
polarizations. By producing additional resonance, the trapezoidal parasitic elements expanded the
impedance bandwidth. The AMC of cylindrical types enhanced the gain. The structure of the proposed
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Figure 2. Structure of (a) top-view of the antenna, (b) side-view of the antenna, (c) unit-cell of the
AMC, and (d) antenna mounted on vehicle [46].
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Figure 4. (a) Unit-cell evolution, and (b) reflection-characteristics of the unit-cells.

wideband antenna is depicted in Figure 2. The proposed wideband antenna was based on the evolution-
in-steps strategy, as depicted in Figure 3(a). Initially, Type-I was formed by arranging two similar types
of dipoles orthogonally, and then by inserting four parasitic strips in between, Type-II was formed. Then
the AMC was incorporated beneath Type-II which formed Type-III. Finally, the Type-III structure was
covered by a metallic cylinder to form Type-IV. Reflection coefficient and realized gain of the above
mentioned antennas are given in Figures 3(b) and (c), respectively. Figure 4(a) shows the evolution
of the unit-cells of the AMC. In the first step, Case-A consists of a square-ring-type unit-cell attached
with four T-shaped metallic patches. Then in Case-B, the unit-cell was modified by etching rectangular
slots. Finally, in Case-C, the unit-cell is modified by introducing square rings at the center. Figure 4(b)
compares the reflection phases of Case-A, Case-B, and Case-C configurations. Figure 5 depicts the
equivalent-circuit-model (ECM) of the optimized unit-cell using the theories presented in [47] in order
to further comprehend the wideband working mechanism of Case C. The authors have also formulated
bandwidth (BW) and resonant frequency (fp) using the equations presented in [48] as follows:

BW — 1\/(Ld\\Lp + L12) (8)
n

Cp + Cho
1
fo = (9)
27/ (La\\Lp + L12)(Cp + C12)
CyCy
— _Tes 1
Gy = Crt g g + O (10)

L, = L1\\(L2 + L4) (11)
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Figure 5. (a) Equivalent-circuit-model, and (b) obtained values of component, (c) reflection coefficients,
and (d) reflection phase characteristics [47].
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Figure 6. (a) Fabricated prototype, (b) Measured reflection coefficients, (c) Measured gain and
radiation efficiency, and (d) ECC [47].

where 7, Cp, and L, represent the free space impedance, self-capacitance, and self-inductance of the
metallic unit-cells, respectively.

Figure 6 depicts the fabricated antenna and measured results. A low-profile antenna with a
broad bandwidth and high gain has been presented [49]. Wide impedance bandwidth was achieved
by producing two resonances using a bow-tie radiator for the first resonant frequency and a parasitic
radiator for the second resonance. High gain was achieved using the cylindrical AMC cavity-backed
structure. One of the authors of this article, Sahu, has worked on impedance bandwidth and gain
enhancement by incorporating metasurfaces beneath a monopole antenna [24-27]. Table 1 summarizes
the enhanced gain and impedance bandwidth of the existing literature.

Table 1. Enhanced gain by the literatures.

- FBW . Realized Gain Isolation Efficienc Types of
Ref. (GJ;{Z) (%) | Heieht (dB) (dB) @ | Refioctor
[34] 7.5 57.76 0.5 <125 NA 44 PRS
[41] 2.68 22.3 0.074 X9 <7 28 83.5 AMC
[33] 2.26 54.8 0.134 )¢ 6.6-8 25 82 AMC
[49] 2.66 22 0.134 X9 9-9.3 40 82 PEC
[50] 2.08 64.7 0.534 )¢ 7.9-9.1 26 NA PEC
[51] 2.22 46.8 0.254 g 5.8-8.5 40 NA PEC
[52] 3.55 31.0 0.194 )¢ 6.6-7.3 25 NA AMC
[46] 3.06 58.82 | 0.184 )¢ 8.34-10.96 28.65 88.6 AMC
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3.2. Miniaturization

As essential as wide-bandwidth and high-gain antennas are, electrically small antennas (ESAs) have
generated a great deal of interest for the use in day-to-day accessories due to their compactness.
Nevertheless, ESA [53, 54] generally offers low efficiency and a limited bandwidth. To overcome these
problems, metasurfaces are extensively used to achieve miniaturization with high efficiency and a
wider impedance bandwidth due to their unusual EM properties, such as negative permittivity and
permeability. A metamaterial-based ESA with adequate radiation properties and isolation enhancement
has been proposed in [55]. In order to further enhance performance, rectangular patches are positioned
beneath a complementary split-ring resonator (CSRR) as shown in Figure 7, which is fixed in a small
monopole with a size of 0.125)g. The antenna was designed to operate tri-bands that cover the frequency
ranges 2.4 to 2.5 GHz, 2.9 to 4.8 GHz, and 5.1 to 6.5 GHz. Furthermore, the authors have suggested a
methodical, metamaterial-based strategy to enhance the isolation between two of these small, tightly
spaced antenna elements at the lowest and highest frequency bands. Because they are small and tightly
packed, the antennas can be easily incorporated into modern, compact communication devices with
cutting-edge capabilities. Then, in [56], a high-gain miniaturized Antipodal Vivaldi Antenna (AVA)
based on metasurface was reported for 24.75-27.5 and 27.5-28.35 GHz frequency bands for millimeter-
wave communications in the upcoming 5G network. Figure 8 depicts the reported metasurface, which
consists of an AVA array containing six two-stub-loaded split-ring resonators. The high value of € g X e
provided by the metasurface (MS) is well-suited for antenna miniaturization design. After that, the
authors of [57] investigated a dipole antenna surrounded by a metaresonator, which aids in antenna
miniaturization. In [58], compactness was achieved by placing different electrically small monopoles
close to split-ring and electric-LC resonators, respectively. The authors of [59] proposed a small tri-
band monopole with single-cell metamaterial loading and a defective ground structure.
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Figure 7. (a) ESAs (top & bottom view). (b) Simulated and fabricated antenna prototype. (c)
Simulated and measured Si; [55].

It is important to note that in order to accomplish miniaturization, metaresonator-based antennas
rely primarily on the interaction between the metaresonator and radiator, as opposed to relying solely on
the negative permittivity or permeability metamaterial properties [58]. The dimensions of the antennas
were significantly reduced, and the designs were astonishingly compact in relation to the wavelength in
a number of works. Due to their limitations, ESAs’design is difficult and demands trade-offs between
their size and performance. The primary difficulties persist despite the fact that metasurface has been
successful in reducing the size of the antenna by enabling zero-order resonance [61]. For instance,
the bandwidth of small metaresonator antennas is directly impacted by the narrowband nature of the
metasurface. Furthermore, the majority of the designs primarily concentrated on reducing the size by
enabling the subwavelength resonance of the metasurface without improving the overall performance of
the integrated antenna. Furthermore, the interaction between the metasurface and the structure used
to excite it was ignored even though the altered current-distribution degrades the overall performances.
A simple ESA can be easily designed using a met resonator while achieving satisfactory performances
caused by feeding, unit-cell metasurface location, shape of the antenna surface, etc. Therefore, more
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Figure 8. (a) Schematic of the MS cell, (b) S-parameters under = & y polarization, (c) effective
permittivity under x & y polarization and (d) effective permeability under = & y polarization [66].

research is required towards the size reduction of antennas using metasurface.

One of the authors of this article, Sahu, has worked on miniaturization by introducing rectangular
slots and slits on the unit-cell of the proposed metasurface in [24] and rectangular slots on the unit-cell
of the metasurface in [25-27]. Table 2 summarizes some of the existing ESAs.

3.3. SAR Reduction

An antenna used in a wearable application must meet certain criteria, including compact size, flexibility,
high efficiency, and most importantly, minimal back radiation toward the human body. The fact is that,
when an antenna operates close to the body, the backward radiation is absorbed by the human body,
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Table 2. Miniaturized dimensions by the literatures.

Ref. Size Eff. (%) | BW (%)
60] | 0.1 x 0.1A 90 1.9
63] | 0.1A x 0.1 28.1 0.4
64] | 0.12) x 0.15) 29 2
[65] | 0.076) x 0.047) | 64 3.6
66] | 0.17A x 0.1x 98 2.4
61] | 0.15Ax 0.15\ | 55 1.55
62] | 0.125A x 0.1 60 4.1

and the antenna’s performance is also degraded. The minimal back radiation helps reduce SAR to a
safe level, which reduces the unwanted body effects caused by radiation [24-27]. SAR is the term for the
parameter that indicates the amount of radiation absorbed by human body. The SAR is given by [27]

_ o|E?
p

where o represents the conductivity of human tissue, F the electric field, and p the mass density of
human tissue.

Mainly PEC-based antennas [67], microstrip antennas [35], and metasurface based monopole
antennas [24-27] have been used to obtain low SAR. However, the first one provides large footprints, and
the second one provides a narrow impedance bandwidth. In contrast, the metasurface-based monopole
antennas overcome these issues. The metasurface is used to isolate the monopole antenna from the
human body. They provide in-phase reflection characteristics at resonant frequencies, which causes a
reduction in the amount of back radiation, which in turn weakens the surface waves and increases the
realized gain of the wearable antenna [68,69]. To achieve low SAR, and high gain with a more compact
structure, the researcher also developed metamaterial based antenna using composite right/left handed
(CRLH) transmission line (TL) theory. The authors of [70] have proposed a CRLH-based radiator as
shown in Figure 9(a) to produce zeroth-order resonance (ZOR) at 2.45 GHz. The designed antenna
was tested against a human hand modelled in Computer Simulation Technology (CST), with a gap
separation of 5mm. As an AMC array structure supports the CRLH-radiator, there is hardly any
impact from the human hand on the integrated design. As shown in Figure 9(b), the integrated design
maintains the single band resonance at 2.45 GHz, with strong matching of —17dB for the simulated
result (black solid) and —12dB for the measured one (red dotted).

In [71], an AMC-based dual-band diamond-shaped patch antenna was proposed that operated in
the 1.575 GHz band with an impedance bandwidth of 1.84% and the 2.45 GHz band with an impedance

SAR (12)
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Figure 9. (a) On-body CRLH antenna, and (b) simulated and measured reflection coefficients [70].
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bandwidth of 0.73% for wearable applications. The suggested antenna was printed on semi-flexible
Roger 3003C with a length x width of 1.85\; x 1.85\; and 3.04 mm thickness, which is quite large in
size. Furthermore, the obtained impedance bandwidth was very narrow. Another dual-band antenna
supported by AMC that operated for wearable applications at 0.86 GHz and 2.4 GHz was described
in [72]. After that, to achieve a low SAR with a more compact structure, the authors of [73] proposed
an AMC-backed antenna for health monitoring using a polyimide substrate with a length x width of
0.09A4 x 0.09\4 and thickness of 0.15mm. The reported antenna provided an impedance bandwidth of
4.08% in the 2.45 GHz band and 2.24% in the 5.8 GHz band. Sahu, one of the authors of this article,
has worked on lowering SAR by putting metasurfaces under the monopole antenna [24-27]. Table 3
summarizes some of the metasurface-based antennas used for on-body and off-body applications.

Table 3. Reduced SAR by the literatures.

Ref. | Type of Metasurface | Realized Gain (dB) | Efficiency (%) | SAR (W/kg)
[70] AMC 6.51 748 0.22

74] EBG 73 N/A 0.0368
75] AMC N/A 14 0.86

[76] AMC 8.4 66 33

7] EBG N/A N/A 0.554
78] AMC 5.2 61.3 2.48

79] EBG 7.93 N/A 0.07

3.4. RCS Reduction

RCS reduction has drawn interest from all around the world due to the significance of low scattering
properties in contemporary warfare. The stealth capabilities of military systems have drawn a lot of
interest due to the quick advancements in information technology and radar detection technologies.
RCS is typically used to measure the stealth performance of a radar target; a lower RCS indicates
higher stealth performance. Shape optimization [80,81] and microwave absorbing materials [82] are
examples of traditional scattering suppression techniques. However, these methods either damage the
antenna’s morphological structure or are cumbersome, which makes them unsuitable for the use in actual
situations. Due to their superior electromagnetic (EM) wave control, metasurfaces are now frequently
used in the RCS reduction of targets [83]. In [84], a hybrid structure made up of a band-pass frequency
selective surface (F'SS) is used to replace the antenna array’s ground. Apart from that, researchers have
worked on wideband RCS reduction through interference cancellation from reflected E-fields in various
polarization conversion metasurface (PCM) array sections. An F-P cavity is built in [85] using an FSS
superstrate and the antenna ground. In the meantime, there is a 180° variation in the reflection phase
between the F'SS superstrate’s metal patch-containing and -free portions. The antenna array’s RCS is
reduced as a result of the interference cancellation of the reflected E-fields. In [32], a PCM antenna
array with low RCS along with CP characteristics was suggested. The interference cancellation of the
reflected electric fields between adjacent antenna units is made possible by the checkerboard design of
the antenna units. The authors in [86] suggested a split-ring-resonator (SRR)-based metasurface that,
when incorporated with a monopole antenna, reduced the RCS and enhanced the gain, as shown in
Figure 10. The metasurface was formed with the arrangement of four 2 x 2 arrayed SRRs, where each
array was orthogonal to the other. Such arrangement was adopted to achieve CP characteristics.

In [87], the authors have incorporated a new coding metasurface (CM) into a microstrip antenna
array (MAA) that reduces RCS for a wide frequency range without disturbing radiation properties.
The metasurface has a low Q value, which controls the phases of the reflected wave for a wide band
of frequencies. Additionally, the convolution theorem-based quick optimization technique is suggested,
which improves the coding matrix’s optimization effectiveness. Finally, the MAA is applied to the CM
for wideband RCS reduction using two different types of low Q resonators. According to the measured
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results, the suggested low RCS MAA (LRMAA) may achieve more than 10 dB RCS reduction in the 5.8—

21.5 GHz frequency range, showing better specular scattering suppression. In parallel, the LRMAA’s

radiation characteristics match those of MAA. The suggested method successfully integrates radiation

and scattering characteristics, which could be useful for antenna systems on stealth devices. Table 4

summarizes the results of recent work regarding reduced SAR by the literatures.

Table 4. Reduced RCS by the literatures.

. . o Antenna Gain loss
Bandwidth 10dB Monostatic Periodicity ) )
Ref. ) ) with/without
(%) RCS Reduction BW of Unit-cell
Metasurface
[87] 29.52 5.8-21.5 GHz/115.02% 1200 @ 5.8 GHz —0.7dB
[88] 12.37 6.2-27.3 GHz/126% @5dB | .12\ @ 6.2 GHz N/A
[89] 11.61 3-4.3 GHz/35.62% @5dB .3\0 @ 3GHz —2dB
[90] 6.56 9.5-11.5 GHz/19.05% 2900 @ 9.5 GHz N/A
[91] 6.95 7.65-9.8 GHz/24.64% Ao @ 7.65 GHz <1dB
[92] 19.67 28-48 GHz/52.63% .33X0 @ 7TGHz 10dB enhanced




74 Naik et al.

3.5. Polarization Conversion

In the modern era of communications, the polarization conversion plays an important role due to its
wide application in the field of contrast imaging microscopy, optical sensing, molecular biotechnology,
and microwave communication. The polarization conversion mainly indicates the cross polarization
conversion [93], linear-to-circular conversion [94], and circular-to-linear conversion [95]. As such,
polarization conversion metasurface (PCMS) is widely used for polarization conversion applications
due to its ability to control and manipulate the EM wave [93-95]. In this regard, the researchers have
attempted to enhance the conversion bandwidth by proposing wideband cross-polarization-converting
metasurfaces [96] and to achieve polarization conversions in multi-bands by proposing multi-bands
operated reflecting PCMSs [97,98]. The polarization conversion properties are accessed by polarization
conversion ratio (PCR), and the overall effectiveness of energy conversion is measured by the energy
conversion ratio (ECR) and can be defined as [99]

7,‘2 |Er|2_|_|Er|2
PCR=—%_ & ECR="%__"9 —,2 2 13
2+l e Yoo ¥ Tuy (13)
124 £y
Txy == ’Ez‘ Tyy = ’Eé’ (14)

where r;,, and ry, denote the cross- and co-polarized reflection coefficients, respectively with y-polarized

incident electric field (E;) and z-polarized reflected electric field (EY).

In addition to the above literature where polarization conversion characteristics using PCMSs have
been focused, the authors of [100-104, 25] have worked on improving the antenna’s performance using
the PCMS. In [101], a polarization rotation artificial magnetic conductor (PRAMC) was proposed to
achieve dual CP characteristics by incidenting LP waves from a dual band monopole antenna on it,
as shown in Figure 11. Left-hand-circular-polarization (LHCP) was achieved in the lower band, which
is 3.5 GHz, and right-hand-circular-polarization (RHCP) was achieved in the higher band, which is
5.8 GHz, with high gain and low backward radiation in each band. To demonstrate the polarization

rotation mechanism, the authors have reported the relation between the reflected electric field (E) and

the incident electric field (E) using the dyadic reflection coefficient (I') as follows

— —
E =T xE, (15)
A
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: Felt substrate PRAMCI PRAMCII W% ay |a:
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— N
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Figure 11. (a) Structure of PRAMC based antenna. (b) Evolution of PRAMC. (c¢) AR of Different
PRAMC [101].
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where the subscript x/y represents the ratio of the z-component of reflected electric field to the y-
component of incident electric field.

In [102], the authors have presented a wideband circularly polarized patch antenna inspired by an S-
shaped metasurface for C-band applications as shown in Figure 12. As shown in Figure 12(c), the upper
layer contains 4 x 4 periodic S-shaped metasurface elements; the middle layer contains a rectangular
slotted ground plane; and the lower layer contains a coplanar waveguide (CPW)-fed microstrip structure.
The coupling between the rectangular slot on the middle substrate and the CPW microstrip on the lower
substrate created a linear polarized (LP) wave in the direction of electric field (E) along the Y-axis, and
when the same field made contact with the 4 x 4 periodic S-shaped metasurface elements, it diverged
into two orthogonal electric fields (F; and E2) as shown in Figure 12(d).

i
|
l

© " (d)

Figure 12. (a) Structure of S-shaped metasurface, (b) CPW-fed microstrip antenna, (c¢) S-shaped
metasurface based antenna, and (d) electric-field orientation on the metasurface [102].

One of the authors of this article, Sahu, has worked on z-to-y polarization conversion at dual-band
operation to achieve different states of polarization that include LHCP and RHCP [25]. Table 5 is
presented to summarize the results of recent work regarding polarization converting metasurfaces.
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Table 5. Metasurface used for polarization conversion by the existing literature.

Ref. | fr (GHz) | Polarization Types of Metasurface
[100] 5.6 LP/CP Square cornered cut AMC
[101] | 35/58 | CP/CP PRAMC

[102] 5.9 LP/CP S-shaped MS

[103] 5.8 LP/CP corner-truncated square MS
[104] 5.8 LP/CP Square MS

4. PROPOSED DESIGN WITH RESULTS AND DISCUSSION

This section presents the design and discussion of developed metasurfaces to analyse the performance
improvements by adopting the theories presented in Section 2. To design the proposed metasurfaces,
initially, CRUC is designed theoretically at 2.45 GHz as shown in Figure 13(a), using the transmission
line model adopted in [24, 25]. Using Equation (7), inductance ‘L’ is calculated as 3.77 nH for a substrate
height of 3mm. A felt material with a dielectric constant of 1.6 and a loss tangent of 0.044 is chosen as
the substrate. The reason for choosing a felt substrate is to attain flexibility in body-worn applications.
Then, ‘C” is calculated as 1.12 pF using Equation (3) at 2.45 GHz. Following that, the size of the unit-
cell (W) is calculated as nearly 35 mm with the gap (¢g) as 1.5mm using Equation (5). Figure 13(b)
shows the theoretical reflection phase characteristic, which is plotted using Equations (1) and (2). Then,

P 180
—_ —— Theoretical
§ 1201 —— Simulated
§’ 60
-ﬁ-’— 0 .....................
2 -60
%.120;
-180 . . ’ .
20 22 24 26 28 3.0
Frequency (GHz)
(a) (b) (c)

d> >V
d;

di

do

dio
(d) () ()

Figure 13. (a) Structure of CRUC, (b) theoretical vs simulated CRUC, (c) structure of CRUC based
metasurface, (d) structure of MA (d; = 51mm, dy = 40mm, d3 = 5mm, ds = 33mm, d; = 27 mm,
dg = 0.5mm, dy = 0.6 mm, dg = 17.65 mm, dg = 18.5 mm, and dyp = 3.5 mm), (e) structure of MSBMA,
and (f) structure of RHBM (h; = 23 mm, ho = 8 mm, hz = 2mm, /,, = 100 mm, and w,, = 100 mm).
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the theoretically estimated unit-cell is simulated in CST Microwave Studio by setting the boundary as
a unit-cell and the port as a Floquet port. The simulated reflection phase characteristic is shown in
Figure 13(b), which possesses a 0° reflection phase at 2.47 GHz and is in good agreement with the
theoretically estimated reflection phase characteristic.

To analyze the gain and impedance bandwidth enhancement, a 2 x 2 array of metasurface is designed
by arranging CRUC in a periodic manner as shown in Figure 13(c). Then the designed metasurface
(MS) is incorporated with a monopole antenna (MA), as depicted in Figure 13(d). The CPW-fed
monopole radiator is printed on a felt substrate of 3mm in height with a dielectric constant of 1.6 and
a loss tangent of 0.044. Figure 13(e) shows the structure of a metasurface-based monopole antenna
(MSBMA). Figure 14 shows the reflection coefficients, realized gain, and radiation efficiencies of the
MA and MSBMA, with summaries of their results in Table 6.

— MA-FS — MSBMA-FS ——MA-FS —— MSBMA-FS —MA-FS ——MSBMA-FS
o -MA-OB - . - MSBMA-OB - - -MA-OB - - - MSBMA-OB s -MA-OB . . .mSBMA-OB
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Figure 14. Performances of MA and MSBMA in Free Space (FS) and On-body (OB). (a) Reflection
coefficients, (b) gain, and (c) radiation efficiency.

Table 6. Antenna performances in free space and on-body.

Antenna Bandwidth (MHz) Gain (dB) Efficiency SAR (W/kg)
FS/OB FS/OB FS/OB 1g/10g
MA 140/Degraded 2.5/Degraded | 0.95/Degraded —0.7dB
MSBMA 320/320 6.96/7.4 0.79/0.78 10dB enhanced

To analyze body effects, SAR reduction, and other performances due to the presence of a
metasurface, both MA and MSBMA are placed on a rectangular-human-body-model (RHBM) as shown
in Figure 13(f). The RHBM is composed of a skin layer, a muscle layer, and a fat layer. The electrical
properties and their thicknesses are tabulated in Table 7. Figure 14 shows the impedance bandwidth,
realized gain, and radiation efficiencies in free space and on the body. The SAR distributions are
evaluated over 1g and 10g standard with input power of 0.1 W for both MA and MSBMA, as shown
in Figure 15. The free space and on-body performances with SAR values of both MA and MSBMA are
summarized in Table 6.

Table 7. Properties of RHBM at 2.45 GHz [15].

LAYERS | Thickness (mm) | Permittivity | Conductivity (S/m) | Mass Densities (kg/m?)
Skin 2 38.007 1.4640 1090
Fat 8 5.280 0.1045 930
Muscle 23 52.729 1.7388 1050
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Figure 15. 1g and 10g SAR distribution of (a) MA, and (b) MSBMA.
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5. CONCLUSION

This review article presents the advancement of metasurface for antenna performance improvements
that include impedance bandwidth, gain, size, SAR, RCS, and polarisation conversions. For each
performance improvement, a theoretical perspective has been deduced. By adopting the discussed
theories, MSBMA is developed to operate in the 2.45 GHz ISM band, which analyses impedance
bandwidth enhancement, gain enhancement, and SAR reduction. The proposed monopole antenna,
in the absence of the metasurface, provided an impedance bandwidth of 140 MHz and a gain of 2.5 dB.
On the body, its performances degraded with a high value of SAR of 3.25 W /kg in 1g standard and
1.17W/kg in 10g standard. On the other hand, the MSBMA increased the impedance bandwidth
to 320 MHz and the gain to 7.4dB. On the body, the performance of the MSBMA remains the same
as free space, with a SAR reduction of 98.96% for 1g of standard and 97.95% for 10g of standard.
Consequently, the use of metasurface in microwave and wireless technologies has resolved numerous
problems while overcoming the limitations of conventional antenna designs.
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