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 Owing to their remarkable capability to modify electromagnetic waves at microwave and 
optical frequencies, metasurfaces are now the subject of a substantial amount of study and 
find utility in a wide variety of applications. These artificial sheet materials, which are 
typically made up of metallic patches or dielectric etchings in planar or multi-layer confi-
gurations with a thickness of subwavelength, have the benefits of being lightweight, easy to 
fabricate, and able to control wave propagation both on the surface and in the free space that 
surrounds it. This article provides an overview of recent advancements in the discipline and 
organizes those advancements according to their applications. The one-of-a-kind capabilities 
of many types of metasurfaces have come to light, beginning with the invention of 
frequency-selective surfaces, reconfigurable intelligent surfaces, and metamaterials. Patterning 
the metasurface unit cells allows for surface impedance to be altered and modified, which 
has wide-ranging applications in surface wave absorbers and surface waveguides. First and 
foremost, the purpose of this review article is to provide introductions to the fundamental 
metasurface, its important features, and application ideas. The authors address the most 
recent progress in metamaterial-inspired antennas and how they can be used to miniaturize 
antennas, increase gain and bandwidth, achieve circular polarization, and inhibit mutual 
coupling in multiple-input multiple-output (MIMO) antenna systems. In conclusion, 
exploring the research implications of the metasurface development trend and the significant 
engineering practical applications are shown in the conclusions. 
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1. Introduction 

Currently, wireless systems are facing numerous 
challenges due to the rapid development going on in the 
field of communication systems, particularly in the area of 
antennas. The antenna plays an important role in radio 
engineering applications and wireless communication 
systems; hence it is important to give serious thought to 
antenna design and development. The modern communi-
cations system introduces multiple wireless standards and 
operational frequency bands all at once. Since IEEE 802.11 
standards are used in mobile technologies from 2G to 5G, 
multiband antennas are intriguing. However, long-term 
evolution (LTE) advancements mandate smaller frequency 

operating ranges. Thus, it encourages the development of 
an innovative antenna design that operates over a wide 
bandwidth and can be integrated into any handheld device 
while maintaining the specified dimensions. These 
antennas are created using a variety of techniques and 
methods to create innovative structures, some of which are 
briefly detailed. 

Microstrip antennas are typically employed because 
their TM01 and TM10 orthogonal modes enhance port 
isolation and minimize cross-polarization [1, 2]. An 
electric and magnetically coupled dipole antenna is used to 
increase bandwidth, achieve high gains, and improve 
radiation pattern [3]. Multiple printed circuit board (PCB) 
layers are used to extend bandwidth for multiband ope-
ration by exciting resonant modes on the plates [4, 5]. 
Antenna properties, including isolation, radiation pattern, *Corresponding author at: vivek.10singh@gmail.com  
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and bandwidth, are improved by using parasitic compo-
nents and various coupling strategies [6–8]. Antenna 
directivity, front-to-back ratio, and gain can be improved 
by resonant cavity antennas [9]. Lately, antenna researchers 
have paid a lot of attention to the metamaterial (MTM)-
inspired antenna. Recent years have seen a paradigm shift 
in the study of the physical characteristics of electro-
magnetic (EM) components. MTMs development and their 
unique physical characteristics and novel engineering 
applications are mostly accountable for this inclination. 

The introduction of MTM has considerably demon-
strated new design techniques for materials, especially ones 
with unexpected properties compared to naturally occurring 
materials, as in Fig. 1 [10]. MTMs are considered to be 
artificial materials that have been manufactured and consist 
of unit cell structures that are periodic or non-periodic and 
have a diameter smaller than the wavelength of EM wave 
that passes through them [11]. An EM response produced 
by such a man-made array of unit cells can be precisely 
tailored by magnetic and electric wave components. As 
a result, a periodic arrangement of cell units can be thought 
of as an effective material with specifications for 
permittivity and permeability. It is agreed that this configu-
ration will produce EM reactions at the necessary 
frequency, but that these responses will not manifest in 
naturally occurring materials. For instance, at microwave 
frequencies, magnetic materials are strongly bonded. 
However, metallic rings in array periodic structures show 
this magnetic response at high frequencies. 

1.1 MTM development through history 

The first artificial material exploration on a twisted 
chiral structural medium occurred in 1898 with Jagadis 
Chunder Bose’s microwave experiment, which is when 
MTMs first came into existence [12]. Later in 1914, 
Lindman showed how chiral media affect EM waves 
by randomly arranging small helical-shaped wires within 
them [13]. Kock demonstrated the capacity to manipulate 
the refractive index of artificial media in 1948 by 

assembling metallic lattices in the shape of spherical 
discs [14]. Researchers working on artificial materials from 
all over the world have been motivated by the afore-
mentioned ground-breaking works. 

New ideas in the creation of composite materials from 
different geometrical configurations of the parts give rise 
to a new class of materials with exceptional EM properties 
that are not easily found in nature [15]. The electric and 
magnetic fields that develop within those customized 
materials, commonly referred to as MTMs, influence the 
two properties of the effective medium: permittivity and 
permeability. Specific EM properties of the MTM are largely 
defined by the physical organization, dimension, and 
alignment of the constituent materials. Veselago examined 
the concurrent negative permittivity and permeability of 
complex materials in a specific frequency range in 1968 
[16]. For a sinusoidal plane wave in these artificial materials, 
he theoretically demonstrated the antiparallel direction of 
the Poynting vector and wave vector. Pendry showed in 
1996 that it was possible to create artificial materials of 
negative permittivity in the GHz frequency range by 
periodic assembling of metallic wires to create a cubic 
lattice which is shown in Fig. 2 [17]. Three years afterward, 
Pendry and his colleagues suggested using a microstructure 
comprised of a split ring resonator (SRR) to tune the 
physical characteristics of the ring to produce a frequency-
dispersive medium having negative permeability at various 
frequencies [18] (cf. Fig. 3). A 4 × 6 array of SRRs is 
shown in Fig. 3 to obtain a negative permeability structure. 

In 2000 and 2001, combining SRRs and copper strips 
in the microwave regime allowed Smith et al. to 
experimentally demonstrate the existence of a composite 
media [19, 20]. By measuring the transmitted light scatter-
ing angle via a prism made of composite substances, the 
presence of a negative refraction index was confirmed. The 
SRR provides negative permeability because of the potent 
magnetic field between the rings, while the wire strips 
made of copper create negative permittivity over a parti-
cular frequency range. This gave a double negative material 
comprised of wire strips of copper and an SRR [20]. 

 
Fig. 1. Engineered material classification. 
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1.2 Electromagnetic (EM) material classification 

EM materials can be classified as natural materials and 
MTM by looking at the propagation constant β of the 
flowing current through the antenna [21]. If the β value is 
positive (β > 0), then the material is said to be natural. 
However, if β value is less than zero (β < 0) for a specific 
frequency range or zero at the nonzero frequency (β = 0), 
the material is categorized as MTM. EM materials can also 
be classified depending on the values of material 
permittivity ε and permeability µ as shown in Fig. 4 [22]. 
A medium with positive permittivity (ε > 0) and positive 
permeability (µ > 0) is called a double positive (DPS), 
where the refractive index of the incident wave (ni) is 
positive and that of the refracted wave (nr) is also positive. 
Hence, the EM wave refracts normally with a positive angle 
of refraction (θr) for a DPS material. This field includes all 
dielectrics and water and it is shown in the first quadrant or 
top right quarter of Fig. 4; the materials are also called 
right-handed (RH) materials. A medium with negative 
permittivity (ε < 0) and positive permeability (µ > 0) is 
called an epsilon negative (ENG) medium which is 
depicted in the top left quadrant of Fig. 4. In this medium, 
the wave does not propagate or undergo evanescent 
decaying. The medium in the bottom right quadrant is 
called µ-negative (MNG) as it is of negative permeability 
(µ < 0) and positive permittivity (ε > 0). As in ENG, the 
wave does not propagate in this medium or undergoes 
evanescent decaying. In the bottom left quadrant, both 

permittivity and permeability are negative (ε < 0, µ < 0). 
Hence, the name is double negative (DNG) medium and the 
materials are referred to as left-handed (LH). Here, the EM 
wave gets refracted with a negative refraction angle −θr. 
RH materials are naturally available, whereas ENG, MNG, 
and DNG are artificially created, which are often called 
MTMs. 

One can come across various types of MTMs in general. 
Such as EM MTMs, terahertz MTMs, tunable MTMs, 
photonic MTMs, frequency selective surface MTMs, non-
linear MTMs, and so on. SRR, also known as DNG MTMs, 
are widely used in multiple research areas as a part of 
terahertz MTMs, acoustic MTMs, and MTM antenna 
designs. SRRs are a pair of circumferential rings with splits 
at either end. The copper-coloured rings have a tiny gap 
between them and are constructed of a non-magnetic metal, 
as shown in Fig. 5. Each metallic ring has a circular gap 
that blocks the growth of current. The charges behave in a 
capacitance manner, gathering near the edge of the metal 
ring gap. An SRR functions as a resonant element when a 
capacitor and an inductor are present in a metal ring. 
Reference 23 contains the analytical equations for 
calculating effective capacitance and inductance. 

 
Fig. 2. Structural arrangement for achieving negative 

permittivity through wire strips. 

 
Fig. 3. Structural arrangement for achieving negative 

permeability through SRR. 

 

 
Fig. 4. Classifying the EM material based on permittivity (ε) and 

permeability (µ) (reproduced with permission [22]). 

 
Fig. 5. SRR with a single ring (left), and double rings (right) 

(reproduced with permission [23]). 
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1.3 Majorly used structures of MTMs 

With MTMs, there is no restriction on how material 
properties can be designed other than by adhering to the 
basic physics rules. With the use of MTMs, it is possible to 
access the whole spectrum of material characteristics that 
mother nature permits and to precisely control those 
qualities. Due to this extraordinary degree of control, new 
materials have been demonstrated, including those with 
negative indexes, hyperbolic, or zero indexes, as well as 
transformational optical materials, which are utilized to 
create cloaks of invisibility along with other unusual 
structures. The MTM components of the microscopic level 
can be made out of any geometry or substance; designers 
can use their imagination and creativity to choose from an 
infinite number of design options to achieve the desired 
effects. The only requirement is that the spacing between 
the MTM elements must be smaller than the operating 
wavelengths. Some of the mostly used structures of MTMs 
can be seen in Fig. 6(a) [24] and Fig. 6(b) [25]. 

Many other artificial dielectric designs, such as very 
basic wires and “I-beam” structures like those in Fig. 6(b) 
that add segments to a wire top and bottom to raise the 
capacitance, might be seen as potential circuit MTMs. 
Raising the capacitance helps raise an artificial medium 
effective dielectric constant: 

 εeff = 1 +  
l

d�  2

C
, 

where l is the length of the metal strip element to which 
an electric field is applied, d is the spacing between each 
element in a lattice structure, and C is the self-capacitance 
of the entire lattice structure. Materials typically exhibit 
magnetic response at extremely low frequencies, and they 
practically disappear near the wavelengths of visible light. 
SRR can create artificial magnetic fields when a variable 
magnetic field is applied to it. This responsive current 
travels in a loop, it creates a responding magnetic field. The 
unit cell structure of a loop with the split is called artificial 
magnetic MTMs. Resonant electric MTM components are 
referred to as electric inductive capacitive (ELC) and these 
are significant due to their ability to precisely alter a 
medium permittivity. 

1.4 Metasurface (MS) 

Metasurfaces (MSs) are optically thin subwavelength 
resonators that serve as dense two-dimensional (2D) 
analogues of engineered materials, or MTMs [26–28]. The 
constituent components unique characteristics, forms, type 
of mutual coupling, and strength, as well as the structure of 
the substrate, all influence the objects characteristics [29]. 
Due to their special capacity to modify EM waves in optical 
and microwave frequencies, MSs are a prominent research 
area and are employed in a variety of applications. They are 
extensively researched and used in EM fields due to their 
low weight and simplicity of production. From microwave 
to visible frequencies, MSs offer exceptional capabilities to 
block, absorb, concentrate, disperse, or guide waves on the 
surface, as well as in free space. High-fabrication losses 
and challenges, especially at the micro and nanoscales, 
limit the use of MTMs in many applications. However, MS 
sheets overcome the problems that the three dimensional 
(3D) MTMs encounter. Due to the benefits of increased 
quality, data rate, channel capacity, and reliability in 
scattering environments without requiring more transmitter 
power, MIMO systems are predicted to play a significant 
role in the introduction of 5G [30]. However, mutual 
coupling between spatial EM field and surface current on 
the substrate degrades the antenna radiation properties, 
which is one of the main issues for antenna designers. MSs 
are one of the methods used to reduce the mutual coupling 
between many antenna elements [31–34]. Many 
investigations of antenna designs using different MTMs 
and MSs have shown that these enhance the isolation 
between multiple input and multiple output antenna 
elements, increase bandwidth and gain, polarization 
conversion, and reduce antenna dimension. 

1.5 Organization of the paper 

This paper is divided into three sections. The first 
section includes an introduction, MTM development 
through history, major types and structures of MTMs, and 
a brief introduction to MS. Section 2 briefs about the 
applications of MS and MTM. Section 3 provides a detailed 
review of the design of the antenna using MTM and its 
achievements. Finally, section 4 concludes the paper. 

 
(a) 

 

 

 

 
(b) 

Fig. 6 Different MTM structures (reproduced with permission 
[24] and [25]).  
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2. Areas of applications of MSs and MTMs 

Researchers in the field of the EM theory have been 
inspired to build and create devices for a variety of 
applications as a result of the discovery of MTMs concern-
ing propagation and radiation processes. Microwave 
network elements such as couplers [35–37], phase shifters 
[38, 39], absorbers [40], and filters [41] have found 
applications in MSs and MTMs. Other devices such as 
imaging systems [42], radars [43], satellites [44, 45], 
sensors [46], EM cloaks [40, 47], lenses [48, 49], seismic 
plots [50], and antenna applications, such as a new leaky-
wave antenna (LWA)-based direction of arrival (DoA) 
estimate system are being introduced. Because of its 
effective electrical full-space scanning capacity, a composite 
right/left-handed (CRLH) LWA is used in this implement-
tation [51]. An LWA with a variable radiation angle, as 
well as beamwidth functions, is discussed and shown 
through an electronically regulated transmission-line 
construction based on MTMs [52]. Reference 53 presents a 
novel method of establishing an MTM EM bandgap 
(EMBG) arrangement in the pace between transmitting and 
receiving radiating elements in array antennas to reduce 
mutual coupling, thereby improving isolation. An MTM 
EMBG-inspired fractal isolator placed between radiating 
elements can also reduce mutual coupling [54]. An MTM-
inspired LWA can scan from −25° to +40° which is 
based on slots and via-holes [55]. Reference 56 provides 
a thorough analysis of the fundamentals and practical 
applications of CRLH MTM LW and resonant antennas, 
emphasizing their special qualities and benefits over 
conventional antennas. In Ref. 57, novel antenna designs 
are presented that accomplish compact dimensions, wide-
band operations, and multiband capability by utilizing the 
special qualities of MTMs. For a millimetre-wave applica-
tion, Reference 58 describes the design of CRLH-LWA 
which offers an effective approach for modern systems of 
communication. The principal objective in Ref. 59 is to 
design and characterise a new CRLH unit cell that 
capitalizes on the special qualities of MTMs for use in 
cutting-edge antenna applications. 

LWA in dominant mode, that can scan its beam from 
backfire-to-endfire based on CRLH transmission lines is 
successfully shown in Ref. 60. Reference 61 looks into 
adding MS walls to a dielectric resonator antenna (DRA) in 
order to increase its gain. Through the utilization of MTMs 
special qualities, Reference 62 demonstrates that it is 
feasible to greatly improve the bandwidth and radiation 
efficiency of electrically small antennas. The antenna 
creative use of MTM components in Ref. 63 allows it to 
achieve circular polarization (CP) and multi-band operation, 
resulting in a good performance over the whole required 
frequency range study. Reference 64 effectively shows that 
an MTM superstrate concentrates emitted energy and can 
increase gain without adversely compromising the efficiency 
or bandwidth of the antenna. A compact, effective antenna 
with exceptional performance characteristics is produced in 
Ref. 65 by combining CRLH-MTM with a substrate 
integrated waveguide (SIW) technology. This makes the 
antenna appropriate for high-end applications that require 
dynamic beam-steering and good isolation.  

Additionally, the MTMs discipline conducts research in 
acoustics, materials science, and thermodynamics [66–67]. 
In this paper, prominence is given to planar antenna design 
using different types of MTMs and MSs . Different 
techniques to incorporate MTMs in the structure of patch 
antennae with MIMO configurations are also discussed. 

3. MTM/MS applications in antenna engineering 

One of the most crucial components of wireless com-
munication is antenna engineering and artificially designed 
materials have become prevalent in this area because of 
their amazing capacity to adjust the intensity, phase, and 
polarisation of EM waves [68]. This section has been 
divided into subsections for bandwidth improvement, gain 
optimization, and miniaturization of microstrip patch 
antenna using the MTMs and the MSs which are loaded on 
to the patch, or positioned at the ground plane, integrated 
into the substrate, or mounted above the main radiator in 
order to keep this work precise. 

3.1 Bandwidth and gain improvement 

Wide bandwidth and high gain are now more important 
than ever in wireless communication. However, due to 
weak radiation characteristics, the performance of small 
low-profile antennas suffers in terms of gain and efficiency 
[69–72]. The literature offers a variety of methods for 
boosting an antenna gain and bandwidth, including the use 
of parasitic elements, customized ground planes, and more 
[73–77]. Whilst these methods boost radiation properties, 
they do so at the expense of added complexity. This is 
where adding MTM with a unique resonator structure has 
a significant impact on reducing complexity and enhancing 
antenna characteristics. 

3.1.1 MTM/MS loading on the main resonator 

MTM structure placed close to an antenna directs EM 
radiation in a particular direction, increasing the antenna 
gain. Figure 7(a) depicts an antenna structure loaded with 
modified Jerusalem crosses and a square-shaped MTM 
surface that resembles a checkerboard [68]. As demon-
strated in Fig. 7(b), by rotating the Jerusalem cross-shaped 
unit cell placed at the patch antenna top and bottom 
radiating edges by 45 degrees, a gain improvement of 
3.6 dB peak was achieved. 

For a WLAN application, a partly grounded antenna 
patch with a modified U-moulded link was created which 
resonates from 2.4–2.484 GHz and from 8.01–8.5 GHz 
with higher gain and bandwidth without changing the 
antenna radiation properties [78]. Three U-shaped trans-
mission links and an altered ground plane are used to create 
the antenna two unique resonant modes. Utilizing an 
improved loading process, a regular recurring arrangement 
of MTM cell units incorporated over the same surface of 
the substrate has increased the antenna performances. The 
bandwidth of the designed antenna increases by 16% and 
6% in upper- and lower-frequency bands, respectively. 
Also, the gain was improved by 3.63 dB for 2.63 GHz and 
1 dB for 8.45 GHz which is shown in Fig. 8. 
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In Ref. 79, a patch antenna truncated corner has been 
surrounded by a series of tailored SRRs that are diagonally 
resonating between 2.4–2.484 GHz lower band and 5.15–
5.85 GHz upper band. The positioning of the MTM is 
planar to the primary radiator, which reduces the 
complexity of the design and increases the lower band gain 
by 3.69 dB. Figure 9 depicts the gain plot of a fork-shaped 
conformal antenna that resonates between 3.1 and 
3.88 GHz in Ref. 80 and is loaded by a 3 × 6 array of dual 
S-shaped unit cells with low MTM refractive index design 
and parasitic elements in the shape of triangles which give 
a gain enhancement of 1.8 dBi (decibels isotropic) for the 
complete operating frequency range compared to that of a 
basic antenna.  

Two flower-shaped DNG MTM lens layers are placed 
at an appropriate distance from the microstrip patch antenna. 
The lens layers are kept 5 mm apart, and the first lens layer 
is kept 10 mm from the patch. This construction improves 
the antenna gain by 71% and directivity by 50% compared 
to an antenna without MTM layers [81]. Figure 10 shows 
the gain plot of the flower-shaped MTM structure-inspired 
antenna. 

In Ref. 82, a radiating dipole is surrounded by a DNG 
shell, which increases the amount of power radiated and, 
hence, the gain. It has been shown that by properly 
adjusting the inner radius of the DNG shell and by further 
making the DNG shell more negative, the radiated power 
gain can be enhanced. 

Reference 83 proposes a wideband MIMO antenna 
design for a 5G sub 6 GHz system. The antenna has four 
patches, which are cut at the diagonals by a square, as 
shown in Fig. 11(a). The four-patch antenna uses Roders 
RT5880 material as substrate. It has an MS sheet of a 
10 × 10 array of MTM unit cells with a copper-coated 
backplane at the rear side with an air gap of 12 mm from 
the MIMO antenna. This gap is required for enhancing the 
gain of the antenna as it allows the desirable interference 
between radiation and reflected signal from the MS . This 
construction achieves an 8.3 dBi maximum gain, 82% total 
efficiency, and a wide bandwidth from 3.08 to 7.75 GHz. 
However, the antenna gives 6.8 dBi and 7.5 dBi gain for 

 
(a) 

 
(b) 

Fig. 7. (a) Artificial magnetic conductor material-loaded 
antenna structure. (b) Gain enhancement plot. 

 
Fig. 8. Gain plot of the fabricated antenna. 

 

 

 

 
Fig. 9. Gain plot of the basic and conformal antenna. 

 

 
Fig. 10. Gain plot of the flower-shaped DNG MTM antenna. 
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single-layer and double-layer MS sheets, respectively. 
Hence, it can be seen that a copper-coated backplane MS 
sheet gives more gain compared to single- or double-
layered sheets. The gain plot of with and without MS, 
single- and double-layered, and MS with a copper-coated 
backplane is given in Fig. 11(c). In support of millimetre-
wave 5G applications, a four-element MIMO antenna with 
a one-layered MS is proposed for an operating bandwidth 
from 24.55 to 26.5 GHz [84]. Each MIMO component 
consists of an aligned feeding circuit and a 1 × 2 array 
antenna as in Fig. 12(a). The MS is made up of a nine- by 
a six-unit cell array, each of which is a resonator in the 
shape of a circular split ring (CSR). This arrangement 
achieves a maximum gain of 10.27 dBi as given in 
Fig. 12(c). The MS sheet is placed at the top of the antenna 
system through a gap of 0.5 λ which is shown in Fig. 12(d). 
With a peak gain of 9.18 dBi, a patch antenna described in 
Ref. 85 uses irregular patches of the MS, stair-shaped 
openings, and parallel waveguide feeding. Each 
subwavelength patch acts like a radiating component, and 
when combined, they have the effect of a radiating plane 

array, increasing the gain of an antenna. By enhancing the 
coupling that exists between the MS and the aperture 
located at the top and bottom of the substrate, the suggested 
antenna bandwidth is increased. 

In Ref. 86, it is suggested to use high-frequency imped-
ance to increase the monopole antenna gain. Surface waves 
are reduced by high impedance surface (HIS), which also 
aligns incident waves and reflected waves in phase. HIS at 
the resonant frequency is caused by the presence of a weak 
magnetic field over the surface. In comparison to an 
antenna with no HIS, the created fork-shaped monopole 
attains a bandwidth of 32.3%, as well as a gain of 4.5 dBi. 

 
(a) 

 
(b) 

 
(c) 

Fig. 11. Antenna design using MS as a backplane: (a) 10 × 10 
MS array in the rear side and fabricated MIMO 
antenna, (b) simulated MIMO antenna with MS, (c) 
gain plot of simulated and measured results (repro-
duced with permission [[83]]). 

 
 
 

 
(a) 

 

 
(b) 
 

 
(c) 
 

 
(d) 

Fig. 12. (a) MIMO antenna top and bottom view. (b) MS cell 
unit. (c) Gain plot. (d) Fabricated MIMO antenna 
(reproduced with permission [84]). 
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Reference 87 describes a Fabry–Pérot antenna that has 
been covered with a superstrate coating made of a revised 
Jerusalem cross and close ring cell units of 2D MTM 
organized in a checkerboard pattern to enhance both the 
radiating and transmitting performances. The primary 
antenna geometry, along with the top and bottom surfaces, 
is structured like a chessboard. The wideband frequency 
between 9.4 and 11.2 GHz has undergone a 4.9 dB gain 
boost. In Ref. 88, a bowtie dipole MIMO antenna patch is 
suggested that utilizes artificial magnetic conductor (AMC) 
loading for significant gain and bandwidth. Here, the 
bowtie antenna is combined with V-shape parasitic patches 
to provide two resonant modes. Instead of using a perfect 
electric conductor (PEC) ground plane, an AMC ground 
plane is positioned below the patch of radiation at a 
distance of 10.5 mm to increase gain. A high gain of 
7.1 dBi, bandwidth of 31% (3.0–4.1 GHz), and terminal 
isolation of more than 25 dB were all recorded for the 
proposed design. 

3.1.2 MTM/MS-inspired antenna 

By etching the unit cell structures into the radiating 
patch, ground plane, or in between a ground plane and a 
patch, an MTM-inspired antenna can be created. The 
number of unit cells can be one or more, and when they 
combine with the antenna, they exhibit characteristics like 
negative permittivity (medium ENG), negative permeability 
(medium MNG), and both negative permittivity and 
permeability, which do not exist in nature. SRR, 
complementary SRR, strips with SSR, and complementary 
split ring resonator (CSRR) are the most popular types of 
structures, along with artificial magnetic conductors. 

A proposed microstrip patch antenna has a ground plane 
loaded with CSRR [89]. The patch exhibits an excellent 
gain of 5.93 dBi at resonance, a slightly higher bandwidth, 
and a 10% reduction in size when compared to an antenna 
without loading by adding CSRR to the ground plane. The 
ground plane CSRR slots alter the microstrip antenna 
resonant properties, causing it to resonate at a low resonant 
frequency. The antenna gain plot is shown in Fig. 13. One 
of the potential MTMs, an AMC, is used to increase the 
gain of microstrip antennas. At resonant frequencies of 
3.6 GHz, 5.86 GHz, and 8.53 GHz, respectively, an 
increase in gain of 4.95 dBi, 3.88 dBi, and 4.13 dBi was 
achieved by applying an artificial magnetic conductor 
beneath the substrate of a coplanar waveguide fed micro-
strip antenna [90] which is shown in Fig. 14 and Fig. 15. 

In Ref. 91, many corrugated, non-corrugated SRR MTMs 
are placed onto microstrip-based radiating structures. 
Corrugated structure means the square teeth were added 
onto the SRR. Gain and bandwidth are increased by 
changing the distance between the rings, the highest gain 
of 7 dB is obtained for two corrugated SRRs, and the 
highest bandwidth of 420 MHz is obtained for three 
corrugated SRRs. This reference paper shows the antenna 
parameters measurements for eight different types of SRRs 
to be loaded onto the radiating patch. Measurements show 
that there is a good increase in the gain and bandwidth with 
small gaps between the rings in SRR as compared to the 
large gaps. 

3.1.3 MTM/MS integrated substrate 

Due to a surface wave excitation, the radiation efficiency 
and, consequently, the gain decrease when a microstrip 
antenna is reduced in size using a high permittivity 
substrate [92]. Researchers have employed MTMs within 
the substrate to lessen this issue. In Ref. 93, a decent gain 
of 5.93 dBi at a resonant frequency, a little bit greater 
bandwidth, and a 10% size reduction over the unloaded 
antenna are all achieved by adding CSRR to the patch 
ground plane. Utilizing SRR structures, which stimulate 
and combine two resonant modes, the microstrip antenna 
bandwidth is increased. Figure 16 depicts the return loss of 
the MTM-loaded antenna. A µ-negative array of 3D SRRs 
is implanted within a low-temperature cofired ceramics 
substrate material of the coaxial probe-fed patch antenna 
that resonates at 5.2 GHz [94]. There is a bandgap of about 

 
Fig. 13. Gain plot of the CSRR etched antenna structure. 

 

 

 
(a) (b) 

Fig. 14. AMC loaded triple-band slot-patch antenna. (a) Top 
view, (b) bottom view. 

 
Fig. 15. Gain plot of the AMC loaded triple-band slot-patch 

antenna. (Reproduced with permission [90]). 

 

 

 



 A nit h a C, Vi v e k Si n g h, Aj a y K u m a r  D wi v e di , N a g e s h K all oll u  N a r a y a n a s w a m y   / O pt o -El e ct r o ni c s R e vi e w 3 2  ( 2 02 4 ) e 1 5 1 6 9 2  9 

 

5 . 2 G H z w h er e E M w a v es b e c o m e r efl e ct e d, as c a n b e s e e n 
fr o m t h e o bt ai n e d p er m e a bilit y v al u es of t h e M T M c ell u nit 
i n Fi g.  1 7( a) , a n d t his i n s erti o n i n s u b str at e i n cr e as e d t h e 
g ai n of t h e a nt e n n a b y 1. 5  d B.  

I n or d er t o st o p or f a cilit at e E M w a v e pr o p a g ati o n f or 
all t h e i n ci d e nt a n gl es o v er a s p e cifi c fr e q u e n c y b a n d, E M 
b a n d g a p  ( E B G)  d e vi c es  ar e  t y pi c all y  c o n str u ct e d  as  
p eri o di c/ n o n -p eri o di c arr a n g e m e nts of u nit c ells. E B G a cts 
as a tr a n s mitti n g or r efl e cti n g s urf a c e, r es ulti n g i n a l o w 
pr ofil e, r e d u cti o n of t h e s urf a c e w a v es, a n d e x c ell e nt g ai n 
i n a nt e n n a d esi g n [9 5 ]. I n R ef. 9 6 , a s q u ar e p at c h is u s e d t o 
cr e at e a n E B G  str u ct ur e utili zi n g a c o n fi gur ati o n of cr o ss -
s h a p e d  a n d  f or k -s h a p e d  sl ots.  T h e  s u g g est e d  m o n o p ol e  
a nt e n n a,  w hi c h  is  s e e n  i n  Fi g.  1 8  a n d  h as  a  s err at e d  

Y- s h a p e d c o n str u cti o n as a r a di at or a n d is p arti all y gr o u n d 
i n c or p or at e d wit h E B G, h as a br o a d b a n d wi dt h of 3. 1 t o 
1 0. 6  G H z,  a  m a xi m al  g ai n  of  6. 2 5  d Bi,  a n d  e x c ell e nt  
r a di ati o n q u aliti es. B a n d st o p r es p o n s e gr o ws as t h e f or k 
sl ot li n k e d c a p a cit a n c e i n cr e as es  as its si z e d o es.  

T h e r el at e d w or k i n g ai n a n d b a n d wi dt h e n h a n c e m e nt 
is s u m m ari z e d i n T a bl e 1 . 

3. 2  Li n e a r  p ol a riz ati o n  ( L P)  t o  cir c ul a r  p ol a riz ati o n  
( C P) c o n v ersi o n  

A nt e n n a e ar e tr a n s d u c er s t h at c o n v ert el e ctri c al si g n als 
i nt o E M w a v es a n d r a di at e i nt o s p a c e. P ol ari z ati o n of t h es e 
si g n als  is  of  ut m o st  i m p ort a n c e  f or  a n y  a p pli c ati o n.  A  
s y st e m m ai nl y c o m m u ni c at es i n eit h er L P or C P. E M w a v e 
el e ctri c  fi el d  is  c o n str ai n e d  t o  o n e  a xis  al o n g  its  
pr o p a g ati o n dir e cti o n w hi c h is n a m e d L P, s o t h e el e ctri c 
fi el d is eit h er p er p e n di c ul ar or p ar all el t o t h e s urf a c e. L P is 
cl assifi e d as h ori z o nt al p ol ari z ati o n, v erti c al p ol ari z ati o n, 
a n d  sl a nt  p ol ari z ati o n.  C P  is  o n e  i n  w hi c h  a n  E M  w a v e 
el e ctri c fi el d is m a d e u p of t w o fi el d c o m p o n e nts of e q u al 
m a g nit u d e,  b ut   / 2  p h as e  diff er e n c e  a n d  t h e  E M  w a v e  
r ot at es  al o n g  t h e  pr o p a g ati o n  dir e cti o n,  s o  r a di ati o n  is  
a c hi e v e d i n all dir e cti o n s. If r ot ati o n t a k es pl a c e cl o c k wis e, 
t h e n  it  is  c all e d  ri g ht-h a n d  C P  ( R H C P),  a nti cl o c k wis e  
r ot ati o n is r ef err e d t o as l eft-h a n d C P ( L H C P) . C P w a v es 
ar e  m or e  r eli a bl e,  h a v e  a  l o n g er  r a n g e,  a n d  ar e  l ess  
s u s c e pti bl e t o b a d w e at h er a n d o b str u cti o n s t h a n L P w a v es. 
C P a nt e n n as o ut p erf or m c o n v e nti o n al li n e ar t e c h n ol o gi e s 

 

F i g. 1 6. R et ur n  l o s s  of  a nt e n n a  wit h  M T M  s u b str at e  
i nt e gr ati o n [9 3 ]. 

 
( a) 

 
( b) 

F i g. 1 7. A nt e n n a d e si g n usi n g M T M i nt e gr at e d s u bstr at e: 
( a) p er m e a bilit y of u nit c ell, ( b) g ai n pl ot. 

 

 
( a) 

 
( b) 

F i g. 1 8. A nt e n n a wit h E B G  t o i n cr e a s e g ai n a n d b a n d wi dt h: 
( a) r efl e cti o n c o effi ci e nt, ( b) g ai n/ effi ci e n c y pl ot s. 

 

 



 A nit h a C, Vi v e k Si n g h, Aj a y K u m a r  D wi v e di , N a g e s h K all oll u  N a r a y a n a s w a m y   / O pt o -El e ct r o ni c s R e vi e w 3 2  ( 2 02 4 ) e 1 5 1 6 9 2  1 0  

 

i n  m a n y  w a y s  t h a n k s  t o  t h es e  c utti n g-e d g e  si g n al  pr o -
p a g ati o n  f e at ur es.  T h u s,  C P  a nt e n n as  pr o vi d e  s u p eri or  
c o n n e cti vit y wit h b ot h st ati o n ar y a n d m o bil e d e vi c es si n c e 
t h eir  C P  r a di ati o n  eli mi n at es  ali g n m e nt  pr o bl e m s.  
A d diti o n all y, t h e y ar e b ett er at si g n al str e n gt h vi a o b st a cl e 
a n d p e n etr ati o n. A n a xi al r ati o ( A R) is a n ess e nti al f u n d a -
m e nt al p ar a m et er f or e v al u ati n g a nt e n n a C P. I n pr a cti c e, 
t h e A R s h o ul d b e l ess t h a n 3 d B b ut is r e q uir e d t o b e 0  d B 
f or a p erf e ct C P. T h e A R r e pr es e nts t h e r ati o of C P a xis t o 
t h e  mi n or  a xis  [1 0 6 ].  I n  lit er at ur e,  v ari o u s  m et h o d s  f or  
a c hi e vi n g  C P  ar e  d es cri b e d,  p at c h  disr u pti n g  [ 1 0 7 , 1 0 8 ], 
r e arr a n gi n g f e e d [1 0 9 ], a n d l o o p a nt e n n a u s a g e [1 1 0 ] ar e 
s o m e of t h o s e. T his s e cti o n d es cri b es h o w M T M is u s e d f or 
a c hi e vi n g C P.   

3. 2. 1  M T M/ M S l o a di n g o n t h e m ai n r es o n at o r  

Str o n g C P f e at ur es i n t h e o p er ati o n al b a n d wi dt h will b e 
pr o vi d e d b y t h e l o a di n g of v ari o u s M T M/ M S str u ct ur es i n 
c o nj u n cti o n wit h t h e a nt e n n a. M S is t h e m o st eff e cti v e w a y 
f or t h e c o n v er si o n of L P t o C P of E M w a v es, as w ell as 
e n h a n ci n g  ot h er  a nt e n n a  c h ar a c t eristi cs  i n cl u di n g  b a n d-
wi dt h, g ai n, a n d mi ni at uri z ati o n. I n R ef.  1 1 1 , a c hir al M T M 
p ol ari z er -e q ui p p e d C P mi cr ostri p p at c h a nt e n n a is pr o p os e d  
t o b e d esi g n e d at a n o p er ati n g fr e q u e n c y of 2. 4 G H z. T h e 
d esi g n of t h e C P a nt e n n a is d o n e i n t w o p h as es, t h e fir st 
t w o tri a n gl es of t h e s a m e l e n gt h ar e m a d e o n a r e ct a n g ul ar 
p at c h.  T o  pr o d u c e  C P  w a v es,  t h e  tri a n g ul ar  sl ots  off er  
a p ert ur b ati o n  t h at  pr o d u c es  t w o  p er p e n di c ul ar  s urf a c e  
c urr e nt si g n als wit h a p h as e s hift of 9 0 °. S e c o n d, t h e c hir al 
M T M  str u ct ur es  ar e  u s e d  t o  o p er at e  li k e  p ol ari z er s,  
all o wi n g j u st t h e d o mi n a nt C P w a v e t o p ass t hr o u g h w hil e 
filt eri n g  o ut  t h e  w e a k er  w a v e.  T h e  a d diti o n  of  c hir al  
c o m p o n e nts i n t h e a nt e n n a d esi g n gi v es a n i n cr e as e d g ai n 
of 6. 9 1  d Bi  a n d  a n  A R  of  <  3  d B as s h o w n i n Fi g.  1 9( a)  
a n d  ( b). A n a nt e n n a wit h a dj ust a bl e p ol ari z ati o n a n d hi g h 
g ai n is pr es e nt e d i n R ef.  1 1 2  w hi c h o p er at es at a fr e q u e n c y 
of 2. 8  G H z. It c o n sists of t hr e e l a y er s, wit h t h e t o p l a y er 
b ei n g  a  µ -n e g ati v e M T M ( M N M) a n d a cts as a p arti all y 
r efl e cti n g s urf a c e ( P R S), w hi c h is m a d e u p of a n arr a y of 
p at c h es a n d cr o ss es o n eit h er si d e of a di el e ctri c m at eri al. 
T h e mi d dl e l a y er is a n air -fill e d c a vit y, wit h t h e l o w er l a y er 
h a vi n g a  r a di ati n g  p at c h o n  t h e  u p p er  si d e a n d a  gr o u n d 
pl a n e o n t h e l o w er si d e of t h e s u b str at e, as i n Fi g.  2 0( a) . A n 
L P E M si g n al g ets c o n v ert e d i nt o a C P E M w a v e utili zi n g 
t his  mi cr o str u ct ur e  as  s h o w n  i n  Fi g.  2 0( b) .  T h e  a nt e n n a  
gi v es 1. 0 2 A Rs at 2. 8  G H z a n d a b ett er g ai n of 1 3. 7 0  d Bi 

f or L H C P. B y r ot ati n g t h e t o p l a y er b y  / 2, t h e a nt e n n a 
b e c o m es a n R H C P, w hi c h als o gi v es g o o d A R g ai n v al u es. 
Fi g ur e  2 0( c)  a n d ( d) s h o ws  f a bri c at e d  a nt e n n a  a n d  pl ot  
of  A R.  

T h e m assi v e c a p a citi v el y -l o a d e d l o o p ( C L L) n e ar-fi el d 
r es o n a nt p ar asiti c  ( N F R P)  el e m e nts  i n  t h e  el e ctri c  
m o n o p ol e a nt e n n a s y st e m pr o d u c e t h e a p pr o pri at e C P. I n 
R ef.  1 1 3 , C P a nt e n n a e wit h t w o m o n o p ol e C L L s ar e pl a c e d 
v erti c all y p er p e n di c ul ar t o e a c h ot h er o n a c o m m o n gr o u n d 
pl a n e,  w hi c h  a ct  as  N F R P  el e m e nts.  T his  c o n fi gur ati o n 
gi v es a n A R of l ess t h a n 3  d B f or o v er a b a n d of 1. 3 5 9 0 t o 
1. 4 1 6 9  G H z  a n d  a  g ai n  b et w e e n  5. 8 1  a n d  5. 9 3  d B. 
A si mil ar d esi g n is u s e d i n R ef.  1 1 4 , w h er e si n gl e-b a n d a n d 

T a bl e  1.  
R el at e d w or k i n g ai n a n d b a n d wi dt h e n h a n c e m e nt.  

R ef.  A nt e n n a + M T M t y p e  G ai n (i n d B)  
B a n d wi dt h 

e n h a n c e m e nt (i n %)  

[9 7 ] L o o p a nt e n n a + M N G c ell u nit  4. 8  5 2  

[9 8 ] P at c h a nt e n n a + S R R a n d wir e stri p s s u p erstr at e  1 2. 1  8 9  

[9 9 ] Wi d e b a n d c a vit y a nt e n n a + s u p erstr at e as a p artl y r efl e cti n g s urf a c e  1 3. 7 8  1 5. 5  

[1 0 0 ] Sl ot a nt e n n a + E B G  5. 9 3  1 8  

[1 0 1 ] E n dfir e a nt e n n a + U -s h a p e d r efl e ct or  6. 8  6 2. 6  

[1 0 2 ] F a br y – P ér ot c a vit y + s u p erstr at e wit h ri n g s h a p es o n u p p er si d e  1 1. 2  2 2. 2  

[1 0 3 ] Z er ot h or d er r es o n a nt ( Z O R) a nt e n n a + A M C r efl e ct or  7. 1  8 9  

[1 0 4 ] Wi d e b a n d a nt e n n a C R L H str u ct ur e tr a n s missi o n li n e ( T L) – C R L H- T L  6 1 3 9. 1 9  

[1 0 5 ] Z O R a nt e n n a + C R L H  3. 7 5  7 1. 1 1  

 

 
( a) 

 
( b) 

Fi g. 1 9 . Mi cr o stri p a nt e n n a b a s e d o n c hir al M T M: ( a) g ai n pl ot, 
( b) A R pl ot. 
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d u al -b a n d pr otr a ct or C P a nt e n n a e ar e pr es e nt e d. T h e A R is 
ar o u n d 0. 4 4 o v er a b a n d wi dt h of 7. 4  M H z f or t h e G P S L 1 
b a n d. T h e d u al -b a n d a nt e n n a gi v es A R  =  0. 8 7 o v er a b a n d 
of  5. 3  M H Z  a n d  a  g ai n  of  6. 2  d B  f or  G P S  L 1  r es o n a nt  
fr e q u e n ci es  w h er e as  A R  =  0. 4 2  f or  a b a n d wi dt h  of  
4. 3  M H z a n d a g ai n of 5. 3 6  d B f or G P S L 2 b a n d.  

I n R ef . 1 1 5 , t w o ri n g s ar e c o n n e ct e d di a g o n all y wit h a 
stri p t o f or m a si n gl e c ell. S u c h 1 6 c ells ar e arr a n g e d i n a 
4  ×  4 f or m at wit h e a c h c ell of a 2 0  ×  2 2  m m 2  di m e n si o n t o 
c o m pl et e  t h e  M S  str u ct ur e.  T his  str u ct ur e  c a n  di vi d e  a n  
i n ci d e nt  w a v ef or m  i nt o  t w o  p er p e n di c ul ar  c o m p o n e nts  
wit h i d e nti c al a m plit u d es a n d a  / 2 p h as e diff er e n c e. F o ur 
diff er e nt r a di ati n g el e m e nts ar e d esi g n e d w hi c h ar e mi cr o -

stri p f e e d, c o a xi al f e e d, sl ot, a n d a p ert ur e a nt e n n a. T h e M S 
l a y er w as u s e d as a s u p er str at e a n d pr o vi d e d b ett er r es ults 
w h e n  t est e d  o n  all  f o ur  t y p es  of  a nt e n n as  d esi g n e d.  
A p ert ur e  a nt e n n a  wit h  M S  a c hi e v e d  a n  i m p e d a n c e  
b a n d wi dt h  of  7 1 0  M H z  fr o m  2. 1 6  t o  2. 8 7  G H z,  A R  
b a n d wi dt h of 8 0  M H z fr o m 2. 5 6 t o 2. 6 4, a n d a m a xi m u m 
g ai n of 7. 8  d B. T h e s a m e w as m e as ur e d b y f a bri c ati n g t h e 
a p ert ur e a nt e n n a as gi v e n i n Fi g.  2 1( a)  a n d ( b). 

I n R ef. 1 1 6 , M S c ells ar e d esi g n e d f or R H C P a n d L H C P 
si g n als. A p at c h a n d a sl ot ar e u s e d as si m pl e a nt e n n a e t o 
pr o d u c e a n L P si g n al w hi c h will b e c o n v ert e d i nt o a C P 
si g n al wit h t h e h el p of t h e M S l a y er u s e d as s u p er str at e. 
F o ur  a nt e n n a e  w er e  d esi g n e d,  L H  M S  o n  p at c h  a nt e n n a  
gi v es M S a nt e n n a 1, R H M S o n p at c h is M S a nt e n n a 2, L H 
M S  o n  t h e  sl ot  is  a nt e n n a  3,  a n d  R H  M S  o n  t h e  sl ot  is 
a nt e n n a 4. Fi g ur e  2 2( a)  a n d ( b) s h o w t h e A R b a n d wi dt h 
( A R  <  3 d B) of a nt e n n a 1 a n d 2, r es p e cti v el y.  

3. 2. 2  M T M/ M S -i n s pir e d a nt e n n a 

A n  C P  a nt e n n a  is  t y pi c all y  i nfl u e n c e d  b y  its  c o n fi-
g ur ati o n a n d t h e  c o m p o n e nts  t h at ar e m o u nt e d  o n  it. T o 
a c hi e v e  t h e  C P  b e h a vi o ur  of  a n  a nt e n n a,  t h e  S R R  a n d  
C S R R M T M el e m e nts ar e als o utili z e d. T h e C P a nt e n n a 
d esi g n  f or  a p pli c ati o n s  i n  s at ellit es  b as e d  o n  S R R  a n d  
C S R R M T M c o m p o n e nts w as pr es e nt e d i n R ef.  6 3 . It h as 
a  r a di ati n g  st u b  o n  t h e  ot h er  si d e  of  t h e  f e e dli n e  a n d  
a d ef e cti v e gr o u n d c o n str u cti o n. T h e i nt e n d e d a nt e n n a h as 
a  m a x  g ai n  of  4. 8  d B  a n d  at  fr e q u e n ci es  of  2. 3 9  t o  
2. 5 5  G H z, 3. 0 5 t o 3. 1  G H z, 4 – 5 G H z, a n d 6. 3 t o 6. 6 4  G H z, 

 
( a) 

 

 
( b) 

 

 
( c) 

 

 
( d) 

Fi g. 2 0.  M T M -l o a d e d  pl a n ar  C P  a nt e n n a (re pr o d u c e d  wit h  
p er mi ssi o n [ 1 1 2 ]). ( a) 3 D a nt e n n a s c h e m ati c str u ct ur e, 
( b)  C P  b e h a vi o ur  ( c),  L H C P  a nt e n n a  p h ot o gr a p h,   
( d) A R pl ot. 

 

 
( a) 

 
( b) 

Fi g. 2 1 . N o v el  M S  f or  p ol ari z ati o n  c o n v ersi o n:  ( a)  g ai n  pl ot  
aft er i ns erti o n of M S, ( b) A R pl ot.  
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respectively, it displays CP as shown in Fig. 23(b). In 
Ref. 117, the developed antenna for implantable 
applications has two split ring resonators and operates 
between 2.4 and 2.5 GHz in the industrial sector, science, 
and medical spectrum. The FR4 substrate was used in the 
construction of the implantable antenna and it offers 
a superior gain of 4.86 dB, a smaller size dimension of 
29 × 28 mm2 (84% size reduction), good impedance 
matching, CP, and 3 dB AR bandwidth of 3.41%. The 
antenna AR plot is given in Fig. 24. A square-shaped 
microstrip patch antenna with two diagonally opposed 
corners is clipped, and the ground plane is then loaded with 
the proposed split-circular MTM ring array [118]. The gain 
and bandwidth of the conventional patch antenna, which 
has mitered corners and 2.4 GHz resonant frequency, are 
4.8 dBic and 500 MHz, respectively. But when split-
circular MTM rings are loaded onto the ground plane, the 
gain is enhanced by 0.4 dBic, and bandwidth is increased 
by 15 MHz. This structure 3 dB AR bandwidth is 610 MHz. 
The suggested microstrip patch antenna has an overall 
dimension of 37.53 mm × 37.53 mm × 1.6 mm.  
 

3.2.3 MTM/MS-integrated substrate 

Reference 119 outlines the design and fabrication 
process of a monopole antenna with dual-band and dual-
polarization capabilities. The antenna is constructed using 
MTMs and is intended for use in wireless applications. Unit 
cells with dimensions of 1.6 mm × 17 mm × 24 mm were 
prepared and exhibit resonance frequencies of 3.5 GHz and 

5.5 GHz. The antenna exhibits LP in the first frequency 
range and CP with an AR bandwidth of 150 MHz in the 
second frequency range. It provides a gain of 4 dBi in the 
first frequency range and 5.1 dBi in the second frequency 
range. Figure 25 depicts a fabricated antenna and its 
accompanying AR plot. 

The major reason for the LP to CP conversion is identi-
fied by an extensive theoretical investigation, as described 
in Ref. 120. Figure 26(a) and (b) shows a circular pie-
shaped single MS layer with a rectangular patch at the 
origin, which is retained on a polytetrafluoroethylene 
(PTFE) substrate with a dielectric constant of 2 and a 
thickness of h = 1.6 mm. The length and breadth L, W of 
the patch, as well as the radius r0 of the MS cell, are 

 
(a) 

 
(b) 

Fig. 22. (a) AR plot for MS antenna 1, (b) AR plot for MS 
antenna 2. 

 

 

 
(a)  

 
(b) 

Fig. 23. Quad-band CP antenna: (a) reflection coefficient plot, 
(b) AR plot for different frequencies. 

 
Fig. 24. AR plot of implantable antenna. 
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optimized to produce better outcomes. Figure 26(c) shows 
that this setup achieves 98% efficiency over 20–34 GHz 
and an AR bandwidth (AR < 3dB) across the 20.18–
33.93 GHz band. It also transforms the LP signal to the 
RHCP signal. 

Summary of work on LC to CP conversion is shown in 
Table 2. 

3.3 Isolation enhancement 

A growing number of high data rate technologies, 
notably 5G and 6Gk, as well as additional wireless and 
mobile technologies, are using MIMO to achieve higher 
levels of efficiency. MIMO basically uses many antennae 
on the transmitter side and the receiver side to take 

advantage of the multipath phenomena that are always 
there and transmit additional data rather than producing 
interference. Further, there are certain merits to using 
MIMO technology, such as increased non-line-of-sight 
(NLOS) and quasi-NLOS connectivity, better signal span, 
decreased bit errors, reduced power consumption, and less 
interference. However, there are a few demerits of MIMO 

 
(a) 

 
(b) 

Fig. 25. CRLH MTM-inspired antenna (reproduced with 
permission [119]). (a) Fabricated top and bottom view, 
(b) AR plot. 

 

 

 
(a) 

 

 
(b) 

 
(c) 

Fig. 26. An ultrawide band MS antenna (reproduced with 
permission [120]). (a) Top view of MS with patch, 
(b) side view of design, (c) AR plot. 

 Table 2. 
Summary of work on LC to CP conversion. 

Ref. Antenna type + MTM Gain (dB) ARBW 
[111] Microstrip patch + chiral structures 6.9 25 MHz 
[112] Square patch + MNG 13.7 AR = 1.02 at 2.8 GHz 
[113] CLL-NFRP 5.81 to 5.93 57.9 MHz 
[114] Dual-band protractor 5.36 4.3 MHz 
[115] Aperture + MS 7.8 80 MHz 
[118] Microstrip patch + circular split MTM 4.8 610 MHz 
[119] Dual-polarized monopole + CRLH 5.1 150 MHz 
[121] Microstrip planar antenna array + MS  210 MHz 
[122] Microstrip line-fed elliptical antenna + MS 7.5 350 MHz 
[123] Slot + MS  1.1 GHz 
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antennae. Along with comparatively high cost due to the 
usage of multiple antennae, mutual coupling between the 
antenna elements is the most talked about. The EM reaction 
among antenna components in an array is known as mutual 
coupling. Each antenna component within the array 
develops current based on its own excitation, as well as 
contributions from nearby antenna elements. The term 
“mutual coupling” refers to the energy that a neighbouring 
antenna absorbs when another antenna is active. The input 
impedance, reflected coefficients, and patterns of radiation 
of the array elements are typically altered by mutual 
coupling [124]. To have a smaller form factor, the MIMO 
antenna needs to be highly compact. When several 
antennae are mounted on a single substrate, the 
compactness of the MIMO antenna is a major challenge. 
The antenna will suffer from surface wave and space wave 
coupling effects if the spacing between antenna 
components is less than λ0/2, or half of the free space 
wavelength. Given the substantial losses of power in rich 
scattering surroundings, the performance of MIMO 
antennae degrades as compactness increases due to an 
increase in the likelihood of mutual coupling effect. As a 
result, the structure of a compact MIMO antenna must 
incorporate an efficient isolation mechanism. There are 
several ways to prevent mutual coupling in a MIMO 
system, including decoupling networks, defective ground 
structures, current localization, neutralization lines, 
integrating parasitic elements, antenna position and 
orientation, and others [125–130]. Incorporating MTM in 
the antenna design has proved an effective way to improve 
isolation. While acting as a decoupling mechanism 
between the neighbouring antenna elements, the use of 
MTM structure in the MIMO antenna affects the current 
distribution. The resonant behaviour of MTM structure 
prevents mutual coupling by containing the magnetic field 
inside the stimulated antenna.  

3.3.1 MTM/MS loading on the main resonator 

At 5.5 GHz, the surface current distribution is investi-
gated to explain how the MS contributes to the suppression 
of surface waves, which reduces mutual coupling [83]. As 
shown in Fig. 27(a), antenna 1 is excited and a significant 
mutual coupling current occurs at the nearby antenna 
without MS. However, by introducing the MS as a 
backplane as in Fig. 27(b), the coupling current gets 
distributed to the unit cells of the MS and achieves isolation 
between multiple elements of the antenna. The arrangement 
delivers envelope correlation coefficient (ECC) < 0.004, 
diversity gain (DG) > 9.98 dB, and isolation > 15.5 dB with 
an efficiency of 82%. 

Two elements of the MIMO antenna are arranged next 
to one another with a 0.135 λ0 (7 mm) edge-to-edge spacing 
in Ref. 13 to be operated at 5.8 GHz. By retaining the MTM 
structure in between the MIMO parts, isolation is improved 
by 9 dB. In order to reduce the mutual coupling between 
two radiating elements, an MTM design is inserted between 
them as shown in Fig. 28(a). With this design, isolation is 
improved by 9 dB, ECC is < 0.1 dB, channel capacity loss 
(CCL) is < 0.05 bits/s/Hz and DG is > 9 dB. Figure 28(b) 
shows acceptable values of input port voltage reflection 
coefficient – |S11| and reverse voltage gain – |S12| 
parameters, which are highly desired for MIMO antennae. 

Reference 132 describes the development of an 
improved isolation and gain of MIMO antenna based on 
MTMs. The superstrate is made of a novel hexagonal-
shaped nested loop DNG MTM. It is mounted above the 
MIMO antenna and demonstrates isolation exceeding 
24 dB over the full WLAN band (5.68–6.05 GHz) with a 
peak gain of 7.98 dBi. Two rectangular patch antennae of 
the same dimension (18 mm × 16 mm) are developed with 
coaxial probe feeding and printed on an RT/Duroid 5870 
substrate with εr = 2.33. The superstrate has an arrangement 
of eight MTM cells in two rows separated by d1 = 10 mm 
and the thickness of superstrate H = 9 mm, the mutual 
coupling brought on by near-field radiation was reduced 
because of the optimum values of d1 and H. The simulated 
and measured |S21| plots of the implemented antenna are 
shown in Fig. 29.  

The MIMO antenna can potentially use near-field 
resonators (NFR) to improve isolation between antenna 
elements. The distribution of surface current in antenna 1 

 
(a) 

 
(b) 

 
(c) 

Fig. 27. MIMO antenna arrangement for isolation improvement 
(reproduced with permission [83]). (a) Surface current 
distribution without MS, (b) with MS as a back plane, 
(c) |S12| and |S34| plot. 
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is restricted to only antenna 1 by generating a perpendicular 
coupling mode at the operational resonant frequency in 
Ref. 133. NFRs are positioned above the radiating patch to 
provide isolation greater than 20 dB. The antenna substrate 
acts as a transmission medium. The connection between the 
patch and the air will generate a magnetic field encircling 

it. The current distribution graphic shows that an antenna 
with no NFR has a substantial coupling between the 
antennae. NFR will consequently limit the magnetic field 
loops inside the stimulated antenna element by being 
placed atop the patch. 

Incorporating MS in antenna design is an efficient way 
of minimizing mutual coupling. Reference 134 provides an 
illustration of the design architecture for the alumina-based 
dual-port dielectric resonators MIMO antenna. Two 
square-shaped apertures make up the top conducting part, 
and microstrip feed is employed on the substrate bottom 
side for excitation. Over the square-shaped aperture are two 
alumina-based dielectric resonators. On the two-port 
antennae, an MS layer made of a square unit cell with a 
diagonal cut made of FR-4 (0.8 mm thick) is hung at a 
height of 15 mm. This antenna design achieves a reduced 
mutual coupling value of −12 to −15 dB as in Fig. 30, 
ECC < 0.005, DG < 9.95 dB for a frequency band of 3.8 to 
4.2 GHz. 

An MS sheet with 8 × 8 square cell is placed on a 2 × 2 
lower-end truncated rectangular patches [135]. Also, a 
decoupling structure comprised of slots and a metallic strip 
containing shorting pins are incorporated for enhanced 
isolation between antenna elements. This arrangement 
achieves isolation > 32 dB, ECC < 0.001, DG > 9.99 dB, 
and a peak gain of 8.72 dB. 

3.3.2 MTM/MS inspired antenna 

SRR and CSRR layouts are frequently used in the design 
of an antenna to improve isolation between elements of the 
MIMO antenna. In Ref. 136, a Vivaldi antenna equipped 
with the microstrip feeding line is suggested, and a triple-
band gap CSRR is employed to decrease mutual coupling 
among the antenna parts. Concerning the band-stopping 
properties of the CSRR, the mutual coupling among the 
two Vivaldi antenna arrays and this structure is decreased. 
At 3.65, 4.9, and 5.8 GHz, the design improved decoupling 
by 8.5, 10.5, and 18 dB as shown in Fig. 31. 

To prevent surface wave propagation, a unique slit-
embedded mushroom EBG has been introduced between 
antenna elements [137]. Additionally, to improve the 
decoupling effect, CSRRs and H-shape defective ground 
structure (HDGS) have been deposited in the ground near 
antenna edges as shown in Fig. 32. This design achieves 
a 12 dB reduction in mutual coupling and an improved gain 
of 4.9 dBi at 3.25 GHz.  

 
(a) 

 
(b) 

 
(c) 

Fig. 28. MTM-based two-port MIMO antenna (reproduced 
with permission [131]). (a) Fabricated antenna, (b) S-
parameters plot, (c) distribution of surface current in 
antenna patches with MTM (left) without MTM (right). 

 
Fig. 29. |S21| plot. 

 

 

 
Fig. 30. Mutual coupling plot of MS-MIMO-DRA design. 

 



 Anitha C, Vivek Singh, Ajay Kumar Dwivedi, Nagesh Kallollu Narayanaswamy  / Opto-Electronics Review 32 (2024) e151692 16 

 

Reference 138 has four antenna elements, out of 
which two are tuned for digital cellular system (DCS) 
downlink, and two are tuned for uplink at 2.45 GHz and 
875 MHz, respectively. Two SRRs are placed between 
antenna elements, which achieves isolation of 17 dB, 
ECC < 0.0024 dB, DG > 9.9 dB, and CCL < 0.4 bits/s/Hz. 

3.3.3 MTM/MS-integrated substrate 

With the use of magnetic MTMs, isolation can be 
improved between the MIMO antenna elements by 
adjusting the near-field magnetic coupling among adjacent 
antennas. One can adjust the near-field magnetic coupling 
among antennae by tuning magnetic MTMs artificially 
created with negative or large permeability, which can 
absorb or block magnetic field lines where they are 
positioned. MTMs can improve antenna isolation in two 
different ways. The magnetic field lines can be pulled 
toward the edges of the antenna array using MTM with high 
permeability, or they can be prevented in spaces between 
neighbouring antennas. Reference 139 showed a four-
element MIMO antenna with a substrate-integrated SRR 
(SI-SRR). On the one hand, the active antenna magnetic 
fields are prevented from slipping through the cracks into 
their neighbours, and on the other, they are directed in the 
direction of the bottom-left boundary corners. Magnetic 
couplings among array elements are reduced by the 
combination of blocking in gaps and guiding toward the 

borders as in Fig. 33. This arrangement provides better 
simulated and measured results. 

In Ref. 140, the patch antenna will have a dielectric 
resonator on it, and an EBG structure will be added in 
between the elements of the MIMO antenna. Finally, the 
defective ground structure (DGS) should then be positioned 
on the ground plane. This arrangement is done for an 8 × 8 
MIMO antenna array with an operating frequency of 
3.4 GHz. Simulation results showed a reduction in mutual 
coupling of 15 dB, hence enhancing isolation, increased 
gain of 24.7 dB, increased bandwidth, and better ECC 
values. However, a 4 × 4 MIMO antenna was fabricated, 
which was assumed to represent a massive 8 × 8 antenna, 
as shown in Fig. 34. This 4 × 4 antenna showed similar 
results as that of the 8 × 8 comparison. 

The summary of work on isolation enhancement is 
presented in Table 3. 

 
Fig. 31. S-parameters plot of Vivaldi antenna. 

 
(a) 

 
(i) (ii) (iii) 

b) 

Fig. 32. EBG-CSRR-HDGS antenna design (reproduced with 
permission [137]). (a) Antenna prototype top view 
(left) and bottom view (right), (b) schematic of antenna 
beam states (i) without decoupling arrangement, 
(ii) EBG addition, (iii) EBG and CSRR addition. 

 

 

 
Fig. 33. H-field vector distribution of the densely packed 

patches on the surface of the antenna array at 3.5 GHz 
(reproduced with permission [139]). (a) Without 
integrated SI-SRRs and (b) with integrated SI-SRRs. 

  
(a)  (b)  

 
(c) 

Fig. 34. Massive 4 × 4 MIMO antenna (reproduced with 
permission [140]). (a) Front view, (b) back view,  
(c) S-parameter plot. 
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4. Conclusions 

The use of MTMs/MSs in the construction of microstrip 
patch antennae has shown to be a game-changing strategy, 
providing many advantages and improving antenna 
performance in multiple ways. Engineers and scientists 
have been able to bypass conventional constraints and 
achieve great breakthroughs in antenna technology by 
integrating MTM substrates or resonant elements. The 
historical development of EM MTMs has been emphasized 
in this review paper. By specifically examining the 
arrangement of MTM structures on or near the patch or the 
ground plane, substrate integration and superstrate layer 
with an air gap to the patch, the potential use of MTMs for 
antenna gain and bandwidth enhancement, improvement in 
isolation, and conversion from LC to CP has received more 
attention. In particular, i) MTM/MS loading on the main 
resonator with ENG, MNG material, high permittivity, and 
permeability cell, NRFP, CRLH techniques, and antenna 
design using EBG, DRA, usage of MS layer as superstrate 
or backplane were investigated. As well as, ii) MTM/MS 
inspired antenna using SRR and CSRR, and iii) MTM/MS 
integrated substrate. The reviewed results show that 
MTM/MS inclusion in the antenna design is a proven 
method to improve the important antenna parameters for 
high-end applications.  

Abbreviations 

CP – circular polarization 
LP – linear polarization 
LTE – long-term evolution 
PCB – printed circuit board 
MTM – metamaterial 
EM – electromagnetic 
MS – metasurface 
ELC – electrics inductive capacitive 
2D – two-dimensional 
3D – three-dimensional 
MIMO – multiple-input multiple-output 
DoA – direction of arrival 
EBG, EMBG – EM band gap 
ENG – epsilon negative 
MNG – µ-negative 
SRR – split ring resonator 
CSRR – complementary split ring resonator 

DPS – double positive 
DNG – double negative 
CRLH – composite right/left-handed 
LWA – leaky-wave antenna 
DRA – dielectric resonator antenna 
SIW – substrate integrated waveguide 
RHCP – right hand cp 
LHCP – left hand cp 
AR – axial ratio 
CSR – circular split ring 
HIS – high impedance surface 
CLL – capacitively-loaded loop 
ECC – envelope correlation coefficient 
CCL – channel capacity loss 
DG – diversity gain 
NFR – near-field resonators 
DGS – defective ground structure 
AMC – artificial magnetic conductor 
PEC – perfect electric conductor 
ZOR – zeroth order resonant 
MNM – µ-negative MTM 
PRS – partially reflecting surface 
NFRP – near-field resonant parasitic 
NLOS – non-line-of-sight 
PTFE – polytetrafluoroethylene 
HDGS – H-shape defective ground structure 
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