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ABSTRACT The progress of technology in consumer electronics demand an antenna having a compact size,

high gain and bandwidth, and multiple antennas at transmitter and receiver to enhance the channel capacity.

Over the last decade, numerous techniques are proposed to improve the performance of the antenna. One

such technique is the use of metamaterials (MTMs) in antenna design. MTMs are artificial structures to

provide unique electromagnetic properties that are not available in natural materials. The unique properties

of these materials allow the design of high-performance antennas, filters, and microwave devices which

cannot be obtained using traditional antennas. Loading antenna with the one, two, and three-dimensional

MTM structures comprised of a periodic subwavelength unit cell exhibits RLC resonant structures and

allows to manipulate electromagnetic waves in the antenna system. These structures offer low resonant

frequency compared to the antenna resonant frequency resulting in antennaminiaturization andmanipulation

of electromagnetic waves helps in enhancing the gain and bandwidth, and achieving circular polarization

(CP) of an antenna system. Also, metamaterial loading enhances isolation between the antenna elements

in the multiple-input-multiple output (MIMO) system by suppressing the surface waves. In this paper, the

electromagnetics of MTM with analytical expressions and its application in antenna design are discussed

in detail. The MTM-based antennas are classified into MTM loading, MTM inspired antenna, metasurface

loading, and composite right/left hand (CRLH) based antennas. The recent development in MTM inspired

antenna and its application in antenna miniaturization, enhancing gain and bandwidth, achieving CP and

mutual coupling suppression in MIMO antenna systems are discussed to make it useful for further research.

INDEX TERMS Circular Polarization (CP), Metamaterial (MTM), gain, bandwidth, high impedance surface

(HIS), mutual coupling, antenna miniaturization, composite right/left hand (CRLH).

I. INTRODUCTION

Currently, the progress of the communication system has

conveyed voluminous challenges to wireless systems, partic-

ularly in the field of an antenna. The substantial role of design

and development of antenna must be considered cautiously

and comprehensively as the antenna is a key element in the

wireless communication system and any application associ-

ated with radio engineering. The present-day telecommuni-

cation system introduces various operating frequency ranges

and numerous wireless standards on a single stage. Therefore,

multiband antennas are fascinating in mobile technologies

stretching from 2G to 5G and comprising of IEEE 802.11
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standards. On the other hand, advancement in long term

evolution (LTE) imposes lower frequency operating ranges.

Hence it stimulates a novel antenna design operating over

a large bandwidth and it can be integrated to any handheld

devices within the assigned dimensions. The development

of these antennas utilizes different strategies and procedures

to achieve novel structures, some of which are concisely

described.

Generally, microstrip antennas are used because their

TM01 and TM10 orthogonal modes offer port isolation and

reduce cross-polarization [1]–[4]. To enhance bandwidth,

high gain, better radiation pattern, dipole antenna comprised

of electric and magnetic poles are used [5]–[7]. Multiple

PCB layers are used to extend bandwidth for multiband

operation by exciting resonant modes on the plates [8], [9].
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Inserting parasitic elements and various coupling techniques

to the antenna improves antenna parameters such as radiation

pattern, bandwidth, and isolation [10]–[14]. Resonant cavity

antennas are used for enhancing antenna directivity, front

to back ratio, and gain [15]. Quite recently, the metamate-

rial (MTM) inspired antenna has gained substantial attention

from antenna researchers.

The initiation of MTM has significantly shown new design

methodologies of materials, particularly materials having

unusual properties when compared to available materials in

nature as shown in Figure 1 [16]. One of the significant

classes ofMTMs is electromagneticMTMs (commonly men-

tioned as an MTM), which are engineered sub-wavelength

structures. Generally, MTMs are defined as engineered arti-

ficial materials comprising of periodic or non-periodic struc-

tures of unit cells with its diameter less than the wavelength

of light being propagated through it [17]. Such an artificially

implemented array of unit cells can create an electromagnetic

response that can be customized evenhandedly by magnetic

and electric wave components. Therefore, a periodic array of

unit cells can be considered as an efficient material described

by its permittivity and permeability parameters. This arrange-

ment agrees to constitute electromagnetic responses at the

required frequency, such response will not exhibit in mate-

rial presents in nature. For instance, magnetic materials are

much bounded at microwave frequencies. However, array

periodic structures of metallic rings demonstrate such mag-

netic response at high frequencies.

FIGURE 1. Classification engineered material based on electromagnetic
properties [16].

Rotman demonstrated negative effective permittivity

by assembling an array of metal wires [18]. In 1968,

Veselago [19] theoretically shown the material having simul-

taneous negative values of permittivity and permeability

disclosing a phase velocity as negative. The electromag-

netic response of an array of metal wires and rings are

shown by Pendry [20], [21]. Later based on this work Smith

[22], [23] established a medium experimentally to confirm

simultaneous effective permittivity and permeability to be

negative.

In this paper, we provide an exhaustive review of metama-

terials used for performance improvement in various antenna

designs utilized for wireless communication. The main con-

tributions of this paper are as follows,

• Detailed analysis of metamaterial properties and also the

effect of geometrical properties on SRR are discussed.

• The influence of metamaterial in antenna design to

obtain miniaturization, gain and bandwidth enhance-

ment, and realizing circular polarization are also

described.

• Additionally, the significance of metamaterials on

mutual coupling suppression/isolation enhancement in

the MIMO antenna system is described.

This paper is organized as follows: In section II classification

of materials, conditions for accomplishing negative permit-

tivity and permeability are discussed. Section III presents the

impact of MTM on antenna miniaturization. Section IV dis-

cusses the influence ofMTM in enhancing the gain and band-

width of the antenna. Section V describes the impact ofMTM

to achieve the circular polarization antenna. Mutual coupling

suppression in MIMO antenna systems using metamaterials

is presented in Section VI. Finally, concluding remarks and

future directions are given in Section VII.

II. CLASSIFICATION OF MATERIALS

One way of classification of natural andMTM is based on the

propagation phase constant (β) of the current flowing through

the antenna element [24]. The material is classified as natural

if the value of β is greater than zero (β > 0). For example,

Figure 2a illustrates the antenna where the flow of current

from feed point F has phase constant positive (β > 0). The

phase distribution in such antenna receipts a regressive form,

resulting in a lag of phase from point F to antenna ends. The

material is classified asMTM if the value of β is less than zero

(β < 0) for a particular frequency band or zero at the non-

zero frequency (β = 0). For example, Figure 2b illustrates

the β of the outgoing current is negative (β < 0) within

a particular band of frequency or zero at the frequency of

non-zero (β = 0). The phase distribution in such antenna

receipts a progressive form from point F to antenna ends

and β = 0 indicates infinite long wavelength. This kind of

antenna is classified into an MTM antenna or MTM-based

antenna.

A. MTM

The electric permittivity (ε) and magnetic permeability (µ)

are used to characterize an electromagnetic material as shown

in Table 1 and Figure 3 [17], [24]–[26]. The right-handed

(RH) material having ε > 0 and µ > 0 demonstrates the

phase constant of wave propagation (β) to be a positive value

(β > 0) and is termed as double-positive (DPS) material.

The single negative material such as epsilon negative (ENG)

having ε < 0 and µ > 0, and mu negative (MNG) having
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FIGURE 2. Antenna classification (a) Natural antenna (b) MTM
antenna [24].

ε > 0 and µ < 0) exhibits phase constant of wave propa-

gation is zero (β = 0, evanescent). The left-handed (LH)

material having ε < 0 and µ < 0 demonstrates the phase

constant of wave propagation to be a negative value (β < 0)

and is termed as double negative (DNG) material. An RH

material is easily found in nature, whereas ENG,MNG, DNG

materials are artificial and referred to as MTM.

TABLE 1. Special material properties in ε-µ domain.

FIGURE 3. Material classification is based on permittivity and
permeability.

B. NEGATIVE PERMITTIVITY MATERIAL

The ε negative materials are the materials having ε negative

and µ positive and represent electric plasma. To stimulate

surface Plasmons, it is necessary to have roughness in the

surface, a dielectric coupler to vacuum like hemisphere or

prism, and a metallic strip structure [27], [28].

An array of thin metallic wires are organized periodically

in a dielectric medium or vacuum to exhibit low-frequency

stopband characteristics from zero to a certain cut-off fre-

quency. Rotman [18] systematically investigated various

arrangements of 1D, 2D, and a 3D array of wire network

structures to induce resonance in the polarized electric field at

lower than the plasma frequency. Such an artificial composite

wire structure creates a negative electric permittivity with

manageable strength. The effective permittivity of an array

of wire in Drude form can be written as in equation (1).

εeff (ω) = 1 −
ω2
p

ω2 + j
ε0a

2ω2
p

σπr2

(1)

The above equation describes dependency between the fre-

quency of the complex permittivity and wire structure (lattice

constant and radius of the wire). Several other derivations

are available for finding effective plasma frequencies that are

more complex but offer a precise solution are listed in Table 2.

TABLE 2. Expressions for effective plasma frequency.

C. NEGATIVE PERMEABILITY MATERIAL

The µ negative materials are the materials having µ neg-

ative and ε positive and represent magnetic plasma. The

absence of magnetic response at the optical range is due

to the weak coupling of the magnetic field component of

light with an atom and is equal to the Bohr magneton [32].

Some of the arrangements which exhibit magnetic response at

microwave and higher frequencies with negative permeability

are coupled nanorods, nanoplates, and strips, an array of

metallic staple, and split ring resonator (SRR). The most gen-

eral structure used for achieving negative permeability is an

SRR [33]–[35]. Pendry and his team established a structure

comprising of two opposite facing concentric split-ring res-

onators at sub-wavelength dimensions as shown in Figure 4.

The gap in each metallic ring circularly prevents the devel-

opment of current. The charges gather at the edge of the gap

in the metal ring and exhibit capacitance behavior. Therefore,
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FIGURE 4. Magnetic material resonator [36]. Single ring split (left side),
double ring split (right side).

the presence of an inductor and capacitor in a metal ring

makes an SRR as a resonant element. The analytical expres-

sions for determining effective inductance and capacitance

are given in [36].

Several other analytical expressions are available in

the literature for appropriately determining inductance,

capacitance, and the resonant frequency of different resonator

structure such as SRR, loop gap, and CSRR [37]–[44]. The

negative permeability material structures are not just lim-

ited to circle/ring structures, but various other geometrical

structures can also be used to create negative permeability

such as spiral, swiss roll, square, hexagonal [45]–[52]. The

transmission and reflection characteristics of the SRR depend

on shape and structure. For single SRR with two varying split

gaps along the ring gives rise to a change in the resonant

frequency of the SRR over a wide range of frequency [53].

For double split-ring resonators, the influence of the geomet-

rical parameters on SRR is listed in Table 3 by varying one

parameter at a time and keeping other parameters constant

[54]. So far numerous design structures have been available

in literature in the field of MTMs. The most common ones

are rectangular and circular SRR. The rectangular SRR dom-

inates circular SRR in terms of miniaturization and dense

packing [55], [56].

D. COMPOSITE RIGHT/LEFT-HANDED (CRLH) MTM

In recent years MTMs having ε/µ negative value gained

substantial consideration in science and engineering com-

munities commonly termed as left-handed material (LHM).

The unique electromagnetic properties of these materials

offer novel conceptualization, devices, and applications to be

developed. The physical realization of these LHMs is mainly

based on the transmission line and resonator method. Practi-

cally these materials exhibit left-handed material properties

at a certain frequency and right-handed material properties

at other frequencies, which naturally occurs. The materials

which show these properties are generally termed as CRLH

MTMs, introduced by Caloz [25]. Analyzing such materials

with the transmission line (TL) method is referred to as

CRLH-TL. One, two, and three-dimensional CRLH mate-

rials are examined by developing its equivalent TL model

using inductors and capacitors as shown in Figure 5. In

CRLH, right-handed TL (RHTL) is represented by a low

TABLE 3. Effect of geometrical properties on SRR [56]–[58].

pass configuration of a series inductor and parallel capacitors

and interchanging capacitor and inductor will form a high

pass configuration resulting in group and phase velocity are

opposite to each other and termed as left-handed TL (LHTL).

FIGURE 5. Right-handed transmission line (left), Left-handed
transmission line (right).

The equivalent LC networks are realized by generating the

required physical inductors and capacitors [60].

Generally, these LC networks are analyzed by either sur-

facemount technology (SMT) chip components or distributed

components based on the requirements of the application.

SMT-based CRLHs are confined to low frequencies and

it is complex to implement in radiating applications. The

distributed component based CRLHs are implemented by a

coplanar waveguide (CPW), stripline, microstrip line, and

so on.

III. IMPACT OF MTM IN ANTENNA MINIATURIZATION

In this section, the influence of MTM in antenna design

for miniaturization is discussed. The ever increasing demand

for electronic gadgets and wireless connectivity to the inter-

net of things (IoT) urges for antenna miniaturization. The

term antenna miniaturization refers to reducing the size of

an antenna while maintaining acceptable performance when
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compared to the original antenna. Over the last decade capac-

ity to reduce the physical size of an antenna without com-

prising performance degradation has been of great interest in

the field of antenna design [61]. In the literature, numerous

approaches are proposed for antenna miniaturization such

as using high permittivity and permeability material, modi-

fication antenna structures, loading resistors, capacitor, and

inductor components [62]–[67]. The present-day numerous

MTM based techniques are evolved for reducing the size

of different antennas such as integrated antennas, patches,

dipoles, loops, slots, and leaky-wave, etc. [68], [69]. Figure 6

illustrates different MTM based approaches for antenna

miniaturization such as MTM loading, MTM inspired, meta-

surface loading, and CRLH based antennas [61], [70].

FIGURE 6. Miniaturization of antenna based on MTMs.

A. MTM LOADING

The design challenges associated with the electrically small

antennas (ESA) are achieving proper resonating conditions,

compact size, etc. [71]. As the size of the antenna reduces

operating wavelength shrinks and therefore it is difficult to

maintain impedance matching. To overcome these challenges

one method is loading antenna with MTM structures com-

prised of periodic subwavelength unit cells.

The MTM loading antenna refers to antennas whose prop-

erties are because of interaction between effective MTM

medium and antenna. This type of antennas offers compact

size, high gain, and bandwidth, etc., and is advantageous

when compared to the traditional antennas. Different tech-

niques of MTM loadings are ε/µ negative materials, high

ε/µ shells, photonic crystals, near field resonators, and so on

[72]–[77] as shown in Figure 6. The ε negative based MTM

loading is analyzed using a transmission line (TL). ENG TL

offers negative permittivity at a lower frequency, positive

permittivity at a higher frequency, and zero at a particular

frequency. The resonance mode of the ENG TL is given by

equation (2).

θ = βl = βNp = nπ, n = 0, 1, . . . ., (N − 1) (2)

where N is the number of unit cells. For the frequencies

associated with resonant length θ = βl of a TL resonator, the

resonance frequencies are multiples of π . The phase constant

of ENG TL is expressed using periodic boundary conditions

as in equation (3) [78].

βp = cos−1

{

1 − 0.5

(

ω2 − ω2
E

ω2
R

)}

(3)

where p is the unit cell length, 0th and 1st order frequencies

of ENG TL is defined in equation (4).

ωE =
1

√
LLCR

and ωR =
1

√
LRCR

(4.a)

ω0 = ωE =
1

√
LRCR

ω1 =
√

2ω2
R + ω2

E =
√

2

LRCR
+

1

LLCR















(4.b)

The antenna based on zeroth-order (ZOR) resonator provides

infinite wavelength at frequencies other than zero with zero

phase constant [79]. This feature makes it independent of the

physical dimension of the antenna. As mentioned in equa-

tion (4), it depends on the values of the inductor and capacitor.

Therefore, ZOR is an excellent technique to miniaturize an

antenna as it does not depend on the physical dimensions

of an antenna rather it requires tuning of distributed lumped

elements [80]. The ZOR is formed either by using ENG

TL/mu negative TL or composite right/left-handed (medium)

TL [81]. In [74] a wire monopole antenna is miniaturized

from 29.5mm to 16mm using an array of a single ring SRR as

MTM loading. This single ring SRR arrangement increases

the reactance (inductive) and permeability of the effective

medium and helps to form a high refractive index medium.

Thus, increases in the refractive index of effective medium

reduce the length of the monopole antenna with the same

fundamental resonance frequency of 2.5 GHz compared to

the unloaded original antenna without degradation in antenna

performance as shown in Figure 7 (b).

B. MTM INSPIRED ANTENNA

Antenna miniaturization is due to the placing of meta-

resonators into the antenna structures. In this approach, the

properties of an antenna are due to single or more than two-

unit cells interact with the antenna structures. When such unit

cells are arranged in an array configuration, structures exhibit

unique characteristics such as ENG, mu negative (MNG),

and double-negative (DNG) [82]–[87]. These unique charac-

teristics are because material behaves as resonant structures.

The resonating frequency of these structures is less than the

resonant frequency of the antenna as discussed in section 2.

MTM inspired antenna can be achieved by engraving the unit

cell structures into the radiating patch or ground plane or
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FIGURE 7. Quarter wavelength monopole antenna (left) and miniaturized
monopole antenna loaded with high refractive index [74] (a) Antenna
design (b) Return loss.

between the ground and radiating plane. This approach is very

similar to introducing a slit/slot into the antenna structure, but

this unit cell arrangement acts as a resonant structure. As an

example, in [83], a quad-band antenna consisting of a double-

printed hexagonal slotted radiating patch with rectangular

SRR is proposed for miniaturization and reported 16.7%

and 33.94% size reduction concerning active patch area and

volume with acceptable gain, good radiation characteristics,

and impedance matching as shown in Figure 8.

C. METASURFACE LOADING

Metasurfaces are artificial thin layers consisting of uniform

or non-uniform periodic elements with subwavelength/deep

subwavelength dimensions. Different types of metasurfaces

are high impedance surface, reactive impedance surface, fre-

quency selective surface, and electromagnetic bandgap as

shown in Figure 6. High impedance surfaces (HIS) are a

periodic organization of metallic shapes of sub-wavelength

size on dielectric material with metal ground plane on another

side [88]. HIS is an engineered arrangement that shows a

low reflection phase (θ ) over some frequency range and at

some other frequency range, it suppresses all surface waves.

HIS structures are analyzed by their equivalent LC circuit

configuration. The reflection phase for incident wave normal

to the surface is given by equation (5) [89].

θ = Im

[

ln

(

ZHIS − η

ZHIS + η

)]

(5)

where ZHIS is the surface impedance and ZHIS is low, θ =
±π , ZHIS is very high, θ = 0 and impedance of surface is

equal to the impedance of free space then phase reflection

FIGURE 8. Miniaturized antenna using MTM loading index [83]
(a) Antenna design (b) reflection coefficient.

crosses±π
2
, η is the impedance of the medium. When the

phase reflection is zero then the surface acts as an artificial

magnetic conductor (AMC). It means that the radiated fields

of the image current add positively when the source is placed

horizontally at a distance h < λ0
/

4. This configuration

doubles the fields and at the same time reduces antenna thick-

ness by acting as artificial ground. The reactive impedance

surface (RIS) is a sub-wavelength periodic arrangement of

shapes, which has the capacity of magnetic/electric energy

storing and reflects power like a perfect magnetic conductor

(PMC) or perfect electric conductor (PEC) surfaces [90].

The RIS structures loaded with antenna reduces the size by

providing high propagation constant resulting in a shorter

wavelength at the desired frequency. However high propa-

gation constant leads to poor impedance matching. In this

scenario, the feed point of an antenna plays important role in

impedance matching. In [91] patch antenna miniaturization is

reported using RIS as shown in Figure 9. The RIS substrate

makes an antenna to resonant at a lower frequency because

of its reactance, inductance, and capacitance characteristics

and resulting in a small volume compared to the original

planar antenna dimensions with acceptable efficiency. Even

RIS enhances antenna efficiency and impedance matching

by reducing contact between antenna and substrate [92]. The

frequency selective surfaces (FSS) are also one, two, two and

half, three-dimensional periodic structures exhibiting band

pass or band stop characteristics. Over the last few years,
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different FSS structures are proposed for miniaturization such

as substrate integrated waveguide, lumped element loading,

loops, patches, multi holes, and so on [93]–[96]. The two-

element patch antenna array is proposed in [97] using an elec-

tromagnetic bandgap ground plane. The array antennas are

miniaturized using periodic EBG structure as ground plane

by replacing conventional metal ground plane as it reduces

the distance between the unit cells. It also enhances isolation

in array antennas.

FIGURE 9. Antenna miniaturization using RIS. A 4 × 4 unit cell RIS (left),
the front side of patch antenna mounted on 4 × 4 unit cell RIS (center),
and backside of patch antenna (right) [91] (a) Antenna design (b) Return
loss.

D. CRLH/RESONANT DISPERSION

The utilization of MTMs in antenna and microwave devices

for miniaturization is shown in [25], [98]. A composite

right and left-handed MTM give a theoretical analysis for

designing compact antennas. In [99] developed a miniatur-

ized microstrip patch antenna based on the fractal shape of

right-handed material and a left-handed material-based unit

cell is loaded nearby the antenna for miniaturization as shown

in Figure 10. The loaded MTM unit cell acts as a parasitic

load and alters the inductance value thereby antenna size is

reduced by 24%. A miniaturized ultrawideband antenna with

an improved gain is developed based on the CRLH unit cell

in [100]. The CRLH unit cell is constructed using an I-shaped

slot on the patch forms capacitance and a thin microstrip line

in spiral shape is grounded by metal thru a hole that forms an

inductor. The antenna is miniaturized using properly tuned

capacitance value by adjusting the gap between I-shaped

slots.

FIGURE 10. Schematic and miniaturized patch antenna based on CRLH
[99] (a) Antenna design (b) magnitude of S11.

E. SUMMARY

The advancements of technology in consumer electronics

demand a miniaturized antenna without performance degra-

dation. The literature reports a different methodology for

antenna miniaturization. The availability of MTM attracted

antenna design researchers in recent years due to its unique

characteristics, which are not available in the material avail-

able in nature. Loading antenna withMTM structure based on

MNG, ENG, DNG, high epsilon/mu, a combination of high

and low dielectric material, and near filed parasitic elements,

ultimately exhibits RLC based resonant structures. The SRR

and CSRR unit cells also exhibit resonant structures. When

these unit cells are placed nearby, an antenna shifts the reso-

nant frequency to the lower side. The stimulus of these unit

cells is due to the excitation of electromagnetic waves by an

antenna.

The unit cell induces a resonant frequency that is less

than the resonant frequency of the antenna resulting in

the preferred miniaturization of the antenna. The periodic

arrangement of metallic patches or apertures leads to differ-

ent metasurfaces such as reactive impedance surface, high

impedance surface, or electromagnetic bandgap structure,

and FSS loading with the antenna leads to miniaturization

of an antenna with improved performance. By forming an

in-phase current in the antenna using CRLH unit cell load-

ing allows reducing the size of the antenna. The aforemen-

tioned different techniques of antenna miniaturization using
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TABLE 4. Influence of MTM in antenna miniaturization.

metamaterial is summarized in Table 4 with the antenna

dimension in λ0 and antenna performance such as gain, effi-

ciency, and bandwidth.

IV. IMPACT OF MTM ON GAIN AND BANDWIDTH

ENHANCEMENT

In wireless communication apart from antenna miniaturiza-

tion the need for wide bandwidth and high gain is increas-

ing in recent years. At the same time, compact low profile

antennas suffer from performance degradation in gain and

efficiency due to poor radiation characteristics [105]–[108].

The literature presents numerous approaches to increase

the gain and bandwidth of an antenna such as introducing

vias, parasitic elements, modifying ground planes, and so

on [109]–[113]. Although these techniques improve radiation

characteristics but at the cost of increased complexity. In this

regard introducing MTM with a distinct resonator structure

have a great impact onminimizing complexity and improving

antenna parameters.

A. MTM LOADING

The different MTM structures loading in association with

the antenna improve gain and bandwidth of the antenna.

The different structures of MTM will provide different res-

onating frequencies. An ultrawideband is presented in [114]

uses a planar MTM structure as shown in Figure 11. The

proposed antenna is developed on a flame retardant (FR)-4

substrate of size 32 mm×28mmwith a mesh shaped radiating

element and the ground plane defected by a cross shape of

size 2 mm×2 mm. This modification of the ground plane

offers more discontinuity and hence antenna structure stores

less energy and radiates more energy, resulting in peak and

an average gain of 8.02 dB and 4.5 dB, the impedance band-

width of 3.06 - 36.4 GHz (Two-fold bandwidth of ranges

3.08 - 11.7 GHz and 13.6 - 36.4 GHz).

In [115] a conventional microstrip antenna is developed on

an FR4 substrate of size 15 mm × 10 mm with a thickness

of 1.5mm. The proposed antenna utilizes a double nega-

tive (DNG) MTM lens layer to improve the gain of 71%

(i.e. 4.36 to 7.45 dB) as shown in Figure 12. The increase in

gain is because of placing the antenna and lens at an appro-

priate distance. In this case distance between the antenna

and the first lens is 10 mm and between the two lenses is

5 mm. A DNG MTM unit cell delivers a natural impedance

matching network and it increases the radiated power and

correspondingly decreases reactance of the structure so that
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FIGURE 11. Microstrip antenna based on MTM to increase gain and
bandwidth [114] (a) Antenna design (b) S-parameter and (c) peak gain
and radiation efficiency.

the gain of antenna increases [116]. The right arrangement of

high permittivity material above or below the low permittivity

material results in wider bandwidth up to 20% or even higher.

Even high gain can also be achieved by properly selecting

high permittivity material and physical dimension ratio (i.e.,

height to length ratio).

In [117] a dielectric resonator antenna is proposed based on

high permittivity material for improving gain and bandwidth

of the antenna. It is reported that the proposed antenna has

FIGURE 12. Microstrip antenna with a lens of DNG MTM to increase gain
[115] (a) Antenna design (b) Absolute gain.

an impedance bandwidth of 40% (3.97 to 5.98 GHz) and an

average gain of 10.2 dBi as shown in Figure 13. The ampli-

tude and propagation direction of electromagnetic waves is

controlled by leaky waves. The important property of meta-

surface allows manipulating surface wave leakage that results

in improving the performance of the antenna [118]. In [119]

designed a microstrip antenna based on the photonic crystal

on the FR4 substrate having a gain of 5.93 dB, directivity of

6.92 dB, and maximum fraction bandwidth of 7.86%. The

proposed antenna uses periodic and nonperiodic structures

to develop a photonic bandgap, which eliminates surface

waves and by lowering the rear and side lobes improves the

performance of the antenna.

Apart frommany techniques to enhance the gain and band-

width of an antenna, near field resonator parasitic (NFRP)

is a potential solution to overcome the hindrance of com-

pact planar antennas. The NFRP elements together with the

antenna have many advantages such as high radiation effi-

ciency, good matching network without any external circuit,

and easy fabrication. There are numerous methods adopted to

enhance antenna parameters using NFRP. They are broadly

classified into passive and active NFRPs [120]–[122]. NFRP

based antenna is proposed in [123] has demonstrated

14.4% impedance bandwidth and 1.4 dBi realized gain

over the operating frequency. The enhancement of fre-

quency is because of an increase in capacitance value due

to the center gap and between the patches as shown in

Figure 14. The increase in capacitance influences the patches

to operate 180 degrees out of phase at the second dipole

mode resulting in a wider bandwidth and stable radiation

properties.
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FIGURE 13. A dielectric resonator antenna with high permittivity to
increase gain and bandwidth [117] (a) Return loss (b) Gain and efficiency.

B. MTM INSPIRED ANTENNA

The subwavelength structures exhibit negative permittivity

and permeability, the reversal of Doppler’s effect, and Snell’s

law. Because of this nature, these electromagnetic MTM is

used to enhance the performance of the planar antenna. The

most common structures are split-ring resonator and comple-

mentary split-ring resonator, and a combination of strips with

SSR and CSRR as discussed in the aforementioned section.

In [124] a CSRR is used to improve the gain of the microstrip

antenna as shown in Figure 15. By introducing CSRR on the

ground plane of the patch exhibit a good gain of 5.93 dBi at a

resonant frequency, slightly more bandwidth, and also reduc-

tion of size by 10% compared to the unloaded antenna. SRR

structures are used to enhance the bandwidth of themicrostrip

antenna by stimulating and combining two resonant modes

as shown in Figure 16 [125]. In [126] a microstrip antenna

is proposed using corrugated and non-corrugated SRR to

enhance gain and bandwidth of the antenna. The proposed

antenna improves bandwidth from 230 to 420 MHz and the

gain from 6.2 to 7 dB.

The crossed SRRs stimulated dual capacitor ring resonator

(DRR) and crossed DRR is proposed in [127] for realizing

high gain as well as miniaturization of an antenna. The circu-

larly polarized antenna is configured on an F4BM substrate

FIGURE 14. A dipole antenna based on NFRP and its radiation
performance [123] (a) Antenna design (b) Return loss and realized gain.

FIGURE 15. Antenna loaded with CSRR for gain enhancement [124]
(a) Antenna design (b) Measured gain.

with copper layers on both sides of the substrate with a

thickness of 0.018mm.An aluminum sheet having a thickness

of 0.8mm is used to form a ground layer. Metallic screws
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FIGURE 16. Antenna loaded with SRR for bandwidth enhancement [125]
(a) Antenna design (b) Return loss.

are used to support substrate with the ground plane as shown

in Figure 17. A metal-insulator-metal capacitor is formed by

an overlying dielectric substrate between two copper conduc-

tors. Metallic screws deliver total inductance in the structure.

The arrangement has air in-between substrate and ground

plane to reduce dielectric loss and is expected to achieve good

radiation efficiency. For stimulating the antenna coaxial feed

line is used and to optimize the matching inductor, capacitor,

and feed point is fine-tuned for RFID applications.

C. METASURFACE LOADING

Low profile antennas commonly suffer from narrow band-

width and low gain. There aremultiple approaches reported in

the literature to enhance the gain and bandwidth of an antenna

includingmetasurface loading recently. The rich environment

of manipulating electromagnetic waves in metasurface incor-

porating with patch antenna improves gain and bandwidth.

The development of antenna using metasurface involves an

arrangement of meta-atoms having a size of subwavelength

and separated by subwavelength distance from one another.

In this type of antenna, metasurface behaves as an antenna

aperture and radiates or receives electromagnetic waves from

or into the feed line of the antenna. The advantages of meta-

surface in antenna design are gain and bandwidth enhance-

ment, suppression of mutual coupling, low RCS, frequency

FIGURE 17. Circularly polarized antenna with cross-shaped SRRs and it’s
gain and efficiency [127] (a) Antenna design (B) peak gain and efficiency.

scanning, etc. The patch antenna developed in [128] using

non-uniform patches of the metasurface, stair shaped aper-

ture, and coplanar waveguide feeding with a peak gain of

9.18 dBi and impedance bandwidth of 67.3% as shown in

Figure 18. Every subwavelength patch behaves as a radiating

element and altogether it acts as an array of a radiating

plane and improves the gain of an antenna. The bandwidth

of a proposed antenna is improved by increasing coupling

between metasurface and stair shaped aperture placed at the

top and bottom of the substrate.

In [129] Fabry-Perot cavity antenna is proposed for gain

and bandwidth improvement. The partially reflective surface

is designed by printing a ring on the upper side of the

superstrate and an etched circular ring on the bottom side as

shown in Figure 19. By optimizing the physical dimensions

of circular rings on both sides of the superstrate a positive

phase gradient is achieved. The realized positive gradient of

the PRS array demonstrates an improved gain of 11.2 dB.

A pair of slot stubs are inserted on the rectangle slot where

the current is zero to form a feeding line for the slot antenna.

This configuration gives an impedance bandwidth of 22.2%

(14.8-18.5 GHz) and two resonant modes.

Electromagnetic bandgap structures are generally engi-

neered periodic or non-periodic arrangement of unit cells

helps to stop or assist propagation of electromagnetic waves

for all incident angles in a particular frequency band.
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FIGURE 18. Antenna using metasurface to improve the gain and
bandwidth of an antenna [128] (a) Antenna design (b) Reflection
coefficient and gain.

Introducing EBG in antenna design results in low profile,

suppression of surface waves, and high gain by acting as a

transmission or reflection surface [130]. An EBG structure is

developed on a square patch using an arrangement consisting

of a cross-shaped slot with a fork-shaped slot in [131]. The

proposed monopole antenna has a beveled Y-shaped structure

as a radiating element and partial ground integrated with EBG

provides wide bandwidth of 3.1-10.6 GHz and peak gain

of 6.25 dBi with good radiation characteristics as shown in

Figure 20. As the size of the fork slot is increased associ-

ated capacitance is increased and thereby bandstop response

increases.

The gain enhancement of monopole antenna using high-

frequency impedance is proposed in [132]. HIS suppresses

surface waves and makes incident and reflected waves in

phase. The existence small magnetic field on the surface leads

to the high surface impedance at the resonating frequency.

The developed fork-shaped monopole antenna is integrated

with the HIS to achieve a bandwidth of 32.3% and gain

of 4.5 dBi when compared to the antenna without HIS as

shown in Figure 21. The FSSs are the periodic arrangement

of unit cells exhibiting particular transmission and reflection

characteristics when an electromagnetic wave travels from it.

FSS structures are developed either by using metallic patches

or apertures on a metallic surface. The metallic patch FSS

FIGURE 19. Antenna using PRS to improve the gain and bandwidth of an
antenna [129] (a) Antenna design (b) Return loss and (c) gain.

shows capacitive behavior and acts as a low pass filter. On the

other hand aperture-based FSS shows inductance behavior

and acts as a high pass filter. The antenna with FSS improves

the gain and bandwidth of the antenna [133].

The literature shows FSS can be used to design AMC such

as HIS, EBG to improve the performance of the antenna.

A bowtie dipole MIMO patch antenna is proposed in [134]

using AMC loading to achieve high gain and bandwidth. In

this proposed antenna V-shaped parasitic patches are placed

along with the bowtie antenna to generate two resonance

modes as shown in Figure 22. AMC ground plane is placed
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FIGURE 20. Antenna using EBG to improve the gain and bandwidth of an
antenna [131] (a) Antenna design (b) Gain and efficiency.

below the radiating patch at a distance of 10.5 mm rather per-

fect electric conductor (PEC) ground plane to enhance gain

with a low profile. The proposed design reported a peak gain

of 7.1 dBi, impedance bandwidth of 31% (3.0 to 4.1 GHz),

and port isolation of greater than 25 dB.

D. CRLH/RESONANT DISPERSION

Numerous MTM structures are used in gain and bandwidth

enhancement such as epsilon and mu negative materials,

double negative materials, AMCs, SRRs, and CSRRs, etc.

Composite right and left-handed structures are also one of

the MTM structures used for enhancing the performance of

the antenna. Development of CRLH includes an interdigi-

tal/meander line to form a capacitor and a shorted stub to

form inductance. The proper tuning of CRLH dimensions

especially shorted stub inductors improves the gain of the

antenna. In [135] open ended ZOR based dual-band antenna

is proposed for gain and radiation characteristics improve-

ment. This proposed design uses an AMC reflector below the

CRLH-TL of the antenna having a shunt element as a closed

ring resonator reports a peak gain of 7.1 dBi and radiation

efficiency of 89% at 3.52 GHz frequency. The placement of

the AMC reflector improves the gain as the distance increased

there will be better impedancematching. The bandwidth of an

antenna is improved by loading the CRLH unit cell is due to

the existence of a zeroth-order resonator, first-order positive

resonator, and first-order negative resonator (FONR). The

proper alteration of shunt and series inductance and capac-

itors i.e., LC equivalent circuit of CRLH-TL, mode coupling

FIGURE 21. Monopole antenna with HIS [132] (a) Antenna design
(b) Return loss (c) Gain.

techniques such as merging ZOR, FOR, and FONR behave as

single passband resulting in wider bandwidth. Conversely, the

gain of an antenna can be improved by embedding SRR and

CSRR structureswith CRLH [136]–[141]. In [142] developed

an antenna based on CRLH unit cell for enhanced bandwidth

of 71.11% and maximum realized gain of 3.75 dBi and gain

by merging ZOR and FOR as shown in Figure 23.

In [143] asymmetric coplanar waveguide antenna is pro-

posed by using a combination of CRLH-TL and modified

ground plane to enhance bandwidth as shown in Figure 24.

This developed antenna has a bandwidth of 109.1% by form-

ing series and shunt capacitance on the patch. Interdigit or

meander line structure forms series capacitance.

E. SUMMARY

The conventional patch antenna suffers from low gain, nar-

row impedance bandwidth, a stimulus of surface waves,

and less efficiency. These antenna performance metrics can

be enhanced by designing an MTM influenced antenna.
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FIGURE 22. A wideband, low profile, and enhanced gain patch antenna
using AMC as a ground plane [134] (a) Antenna design (b) Gain (c) Return
loss.

TheDNGMTM-based antenna enhances radiated power. The

antenna developed on high permittivity material improves

gain i.e., higher the permittivity of a material higher is the

gain. Photonic crystals are of high dielectric material with a

low dielectric material such as air holes which confines elec-

tromagnetic waves in all directions. The increase in the radius

of the air hole in photonic crystals shifts zero-dispersion

to a shorter wavelength and thus resulting in faster data

communication applications. Incorporating filter character-

istics in the antenna by using capacitive and/or inductively

coupled loop resonator wider bandwidth and stable gain can

be achieved. As capacitive and/or inductively coupled loop

resonator acts as a near field resonant parasitic element for

the antenna system. The SRR and CSRR are constructed

by a nonmagnetic metal having different structures such as

FIGURE 23. Antenna based on CRLH-TL for gain bandwidth improvement
[142] (a) Antenna design (b) Reflection coefficient (c) Realized gain.

circle, square, hexagonal, etc. with a gap between them. The

arrangement is equivalent to an LC circuit and variations of

LC values ensuing in low radiation losses. The one, two,

or three-dimensional structures consisting of a periodic sub-

wavelength unit cell in association with the antenna allows

manipulation of electromagnetic waves within the antenna

system. This manipulation of electromagnetic waves helps

to improve the gain and bandwidth of an antenna. Even the

material exhibiting both right-handed and left-handed mate-

rial characteristics is used to enhance the gain and bandwidth

of the antenna by generating a zeroth-order resonator and

first positive/ negative order resonator. The aforementioned

various techniques to enhance gain and bandwidth are sum-

marized and similar techniques are listed in Table 5.
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TABLE 5. Gain and bandwidth enhancement of an antenna using MTM.

V. IMPACT OF MTM TO ACHIEVE CIRCULAR

POLARIZATION

The antenna is a transducer element that converts electric

current into EM waves at radio frequency and radiates it into

free space. One of the essential concern while choosing and

establishing an antenna is its polarization.Wireless communi-

cation system adopts either linear (vertical/horizontal) or cir-

cular polarization (CP) based on the application requirement.

In linear polarization, the electric field is perpendicular (verti-

cal) or parallel (horizontal) to the surface conversely, in circu-

lar polarization EM waves rotate in a plane perpendicular to

the direction of the wave. The circularly polarized wave can

rotate in two ways if it is clockwise referred to as right-hand

circular polarization (RHCP) and anticlockwise referred to as

left-hand circular polarization (LHCP). Circular polarization

antennas provide many merits when compared to the lin-

ear polarization antennas like absorption, reflectivity, solves

phasing issues, combating fading or multipath interferences,

resistance to inclement weather, and provides flexibility in

antenna orientation. These merits emphasize CP antennas in

applications such as wireless sensors, mobile and satellite

communications, radio frequency identification, and wireless

local area network, and more. The significant key parameter

for assessing CP of antennas are axial ratio (AR) and surface

current distribution. The AR is the ratio of the major to the

minor axis of an ellipse polarization and is required to be 0 dB

for circular polarization but practically it should be below

3 dB [155]. The literature reports different approaches to

achieve circular polarization such as disrupting the radiating

surface [156]–[159], stack arrangement in antenna [160],

introducing switching element in antenna [161], reorganizing

feeding network [162], using magnetoelectric dipole [163],

using loop antennas [164], etc. This section mainly describes

the role of metamaterial in realizing an antenna having CP

characteristics.

A. MTM LOADING

The loading of different MTM structure in association with

an antenna will provide robust CP characteristics in the oper-

ating bandwidth of the antenna. In [147] circularly polarized

antenna is developed to operate in the ISM band (915 MHZ

and 2450 MHz) using an MTM structure. The unit cell of the

MTM structure is constructed by a 2×2H-shape etched plane

on a high dielectric permittivity material as a superstrate. This

configuration improves the gain and AR of the antenna as

shown in Figures 25a and b. This is because of high dielectric

superstrate acts as a decoupling element between the antenna

and its surrounding lossy environment. The MTM structure
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FIGURE 24. Antenna based on CRLH-TL and modified ground plane for
bandwidth enhancement [143] (a) Antenna design (b) Reflection
coefficient.

increases the effective aperture of the antenna by improving

field distribution resulting in enhanced AR bandwidth. This

proposed antenna demonstrates LHCP behavior as shown in

Figure 25c. At the operating frequency, the substantial current

density is upward and towards the right for 00 and 900 phase

respectively. The phase 1800 and 2700 has current distribution

as same as 00 and 900 but in the opposite phase.

The antenna system comprised of electric monopole and

large capacitively-loaded loop (CLL) NFRP elements pro-

vides desired circular polarization. The ground plane based

NFRP antennas is inappropriate for CP because it radiates

only in one direction i.e., linear polarization. For CP, large

CLL NFRP elements are arranged in such a way that it

should behave like a magnetic dipole and radiates LP vertical

to it [165]. Using this concept an NFRP based antenna is

proposed in [166] for CP characteristics. It consists of two

monopole antennas with a single coaxial feedline loaded with

two orthogonal CLL with similar configuration positioned

vertically with regards to the ground plane demonstrates

good AR and radiation efficiency as shown in Figure 26. A

patch antenna with CP behavior is developed in [167] using

anisotropic high refractive index (HRI) MTM structure. The

anisotropy property of HRIMTMcreates the phase difference

in orthogonal components. By rotating the unit cell structure

RHCP or LHCP can be realized.

FIGURE 25. MTM structure loaded antenna to achieve circular
polarization [147] (a) antenna design (b) Gain and AR (C) Surface current
distribution.

B. MTM INSPIRED ANTENNA

The CP of an antenna generally depends on antenna geome-

try and the elements positioned on it. The SRR and CSRR

MTM structures are also used to achieve the CP behavior

of an antenna. In [168] proposed a CP antenna for satel-

lite application based on SRR and CSRR MTM structures.

This antenna modified ground plane and radiating stubs for

impedance matching with coplanar waveguide feeding as
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FIGURE 26. NFRP antenna demonstrating CP [166] (a) Antenna design
(B) S-parameter and AR with respect to frequency.

shown in Figure 27a. The introduction of SRR and CSRR

structures on antenna elements varies the effective inductance

and capacitance of the antenna and affects the orientation of

current distribution which helps in achieving CP as shown in

Figure 27c.

C. METASURFACE LOADING

Apart from the above-mentioned metamaterial techniques to

achieve CPmetasurface loading is also a significant approach

to achieve CP as well as improving other antenna parameters

such as miniaturization, gain, bandwidth, etc. metasurface

loading consists of HIS, RIS, EBG, FSS, and so on. In [169]

proposed an antenna using a 9 × 9 zero index MTM (ZIM)

unit cell structure as shown in Figure 28a. The ZIM is realized

using a square shape unit cell with two asymmetric split gaps

that provide zero or near-zero permittivity and permeability.

The split gap on the square unit cell creates two orthogonal

electric field components responsible for CP and this struc-

ture reports good gain and axial ratio bandwidth.

The RIS constructed by 4 × 4 metal patches is used to

increase the AR bandwidth of the antenna proposed in [170].

The H-shape perturbed radiating patch in proposed provides

CP behavior. The RIS is placed in between the radiating patch

and ground plane. The RIS layer uniformly distributes image

current and helps in reducing mutual coupling between the

antenna current and its image. The inductive reactance of

FIGURE 27. SRR and CSRR based antenna [168] (a) antenna design
(b) reflection coefficient (c) AR and (d) Surface current distribution at
2.5 GHz.
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FIGURE 28. CP antenna with ZIM loading [169] (a) antenna design
(b) S-parameters and (c) AR.

the RIS surface neutralizes near field capacitive effect on a

radiating patch and thereby resulting in compact and wider

AR bandwidth. The EBG metasurface suppresses a surface

wave and in phase characteristics make it behave like an

artificial magnetic conductor. These properties of EBG helps

in enhancing antenna performance parameters.

D. CRLH/RESONANT DISPERSION

The composite right/left-hand medium supports to achieve

CP behavior of an antenna apart from antenna miniaturiza-

tion, enhancement of gain and bandwidth, mutual coupling

suppression in the MIMO antenna system. The develop-

ment of CRLH includes an interdigital/meander line to form

a capacitor and a shorted stub to form the inductance as

discussed in the previous section. The surface current of

an antenna decides the polarization characteristics of the

antenna. The meander lines and shorted stubs disturb the cur-

rent distribution of an antenna and establish two orthogonal

modes with 900 shift. In [171] proposed a CP antenna based

on CRLH. The proposed antenna consists of two uneven

meander lines located between the patch to act as shunt

inductance and two slots are engraved to form a series capac-

itance as shown in Figure 29. This effective inductance and

capacitance perturbs the current distribution and creates two

orthogonal modes with a phase difference resulting in circular

polarization.

FIGURE 29. CP antenna based on CRLH [171] (a) antenna design
(b) reflection coefficient and AR.

E. SUMMARY

Antenna polarization characteristics is one of the most essen-

tial features required in modern communication system.

Polarization of the antenna can be linear or circular and is

ascertained by its electric field orientation. The reciprocity

property of an antenna demands transmitter and receiver

antenna orientation same otherwise there will be huge signal

loss due to cross-polarization. This effect is valid for an

antenna having linear polarization. Conversely, in circular

polarization, the EM field rotates circularly covering vertical,

horizontal, and all the planes between them. This feature

provides many advantages over linear polarization antenna as

listed in the earlier section additionally 3dB increased signal

strength as CP antennas are immune to the Faradays rotation
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effect. Implementation of such CP antennas using MTM is

demonstrated. The MTM structure exhibits resonance char-

acteristics, facilitates variation of effective inductance and

capacitance of the antenna system. By choosing appropriate

geometry, MTM structure and feeding of an antenna cause a

change in reactance and affects the surface current distribu-

tion of an antenna structure. this process helps in achieving

CP characteristics in the antenna as well as antenna minia-

turization and enhanced bandwidth. The Table 6 summarizes

the aforementioned CP antenna and also selected similar CP

antenna performance parameters such as resonant frequency,

feed type, gain, AR bandwidth, number of bands.

VI. SUPPRESSION OF MUTUAL COUPLING/ISOLATION

ENHANCEMENT IN MIMO ANTENNA USING MTM

A low correlation coefficient accounts for suppression of

mutual coupling in MIMO antenna systems which directly

influences the impedance matching of the antenna systems

and mutual coupling between the multiple antenna elements

in the MIMO system. The high mutual coupling between the

adjacent elements in the MIMO systems degrades the perfor-

mance of diversity parameters such as envelope correlation

coefficient (ECC), diversity gain (DG), total active reflec-

tion coefficient (TARC), mean effective gain (MEG), mul-

tiplexing efficiency (ME), and channel capacity loss (CCL).

The channel capacity in MIMO systems improves with the

increase in the antenna element. Conversely, due to the com-

pact space allocated for antennas in electronic gadgets, the

antenna should be placed close to one another. If the spac-

ing between antenna elements is less than λ/4, resulting in

high mutual coupling or low isolation. Hence suppression of

mutual coupling in theMIMO antenna system is an important

issue in the design of the MIMO antenna system.

The literature reports various approaches to suppress

mutual coupling in theMIMO system such as decoupling net-

work, defected ground structure, current localization, neutral-

ization line, inserting parasitic elements, antenna placement

and orientation, and so on as shown in Figure 30 [181]–[186].

Besides MTM-based antenna is also one significant approach

to enhance isolation of the MIMO systems as shown in

Figure 31.

The utilization of MTM structures in the MIMO antenna

system disturbs the current distribution and behaves as a

decoupling element between the adjacent antenna elements.

Resonating behavior of MTM structures confines the mag-

netic field within the excited antenna and thereby suppresses

mutual coupling.

A. MTM LOADING

To reduce mutual coupling in the MIMO system different

MTM structures are loaded into the antenna which sup-

presses or absorbs excited waves from adjacent elements.

A MIMO antenna system consisting of four elements is

proposed in [187] using an MTM structure to enhance iso-

lation between the nearby antennas. A mushroom-shaped

wall is placed between the antenna elements resulting in an

FIGURE 30. Different decoupling techniques for isolation enhancement in
MIMO antenna systems.

FIGURE 31. MTM based decoupling techniques for isolation
enhancement in MIMO antenna system.

ECC of 0.02 across the frequency of operation and isolation

enhancement between the antenna pair greater than 42 dB

as shown in Figure 32. In the aforementioned design when

antenna 1 radiates an electromagnetic wave that couples to

antenna 2. These coupling waves are suppressed by the mush-

room wall structure exhibiting bandstop characteristics.

In [188] proposed a MIMO antenna system using circle-

shaped near-zero permittivity and permeability MTM as a

decoupling technique as shown in Figure 33. The proposed

MIMO antenna demonstrates maximum isolation of 41 dB

with a correlation coefficient of less than 0.26 within the
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TABLE 6. Different MTM approaches to achieve CP characteristics.

operating frequency band. The Refractive index of epsilonmu

near zero is approximately equal to zero and offers no phase

variation in electromagnetic waves within the superstrate.

This property epsilonmu near-zero helps to retain the original

antenna radiation characteristics. ε near zero and µ near-zero

offers to decouple near coupled electromagnetic field.

The near field resonators (NFR) can also be used in the

MIMO antenna for enhancement of isolation between the

antennas. In [189] NFRs are placed above the radiating

patch to achieve isolation better than 20 dB as shown in

Figure 34. The electric field distribution of antenna 1 is

confined to only antenna 1 by producing orthogonal coupling

mode at the operating resonant frequency. A substrate of the

antenna behaves as transmission media. The magnetic field

will develop around the arrangement between the patch on

the substrate and air. Because of the common substrate used

for multiple radiating patches, the magnetic field of antenna

1 will couple to the adjacent antenna by substrate and air.

As it can be seen from the current distribution figure antenna

without NFR has strong coupling between the antennas.
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FIGURE 32. Four-element MIMO antenna with mushroom wall MTM
loading for enhancement of isolation [187] (a) Antenna design (b) Return
loss.

The antenna with NFR antenna 1 and NFR on it has strong

current distribution whereas antenna 2 and NFR on it is very

weakly coupled. Therefore, placing NFR above the patch will

restrict the magnetic field loop within the excited antenna

element.

B. MTM INSPIRED ANTENNA

To enhance isolation between the MIMO antenna SRRs

and CSRRs structures (not limited to the only split ring,

a structure may be of square, hexagonal, etc.) are widely

used in antenna design. In [190] Vivaldi antenna with a

microstrip feed line is proposed and to suppress mutual cou-

pling between the antenna elements triple band gap CSRR is

used as shown in Figure 35. This structure is placed parallelly

between two Vivaldi antenna arrays, due to bandstop charac-

teristics of CSRR mutual coupling between the antennas is

reduced. A simple and effective improvement of the isolation

structure is proposed in [191]. The proposed design has four

antenna elements incorporated with the CSRR to operate in

the ISM band as shown in Figure 36.

C. METASURFACE LOADING

The arrangement of multiple antennas in a compact size

is the need for a modern wireless communication system.

FIGURE 33. Four-element MIMO antenna for isolation enhancement
using MTM superstrate and E-field distribution when port 1 excited with
and without MTM [188] (a) Antenna design (b) S-parameter (c) Current
distribution in MIMO antenna.

For the improvement of channel capacity, multiple antennas

are deployed at transmitter and receiver, it utilizes multipath

signal propagation. Multiple antennas resulting in a decrease

of overall gain of the system due to cross talk. As discussed

in the aforementioned section excitation of substrate mode

plays a significant role in the mutual coupling between the

antennas fabricated on a single substrate [192]–[193]. To

reduce mutual coupling one way is to be loading the antenna

with metasurfaces.

The electromagnetic bandgap structures are composed of

an array of subwavelength structures that behaves like an

array of a band-stop filter at the operating frequency of an

antenna and confines propagation of surface waves within

the antenna. In [194] reported a multiple antenna system

using split EBG to suppress mutual coupling and meander

line to achieve dual-band as shown in Figure 37. The EBG

structures are constructed by subwavelength metallic patches

with their edges connected to a neighboring element by a

metallic strip in an interdigital shape. The four splits are
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FIGURE 34. Two-element MIMO antenna for isolation enhancement using
NFR and current intensity of two-element MIMO antenna without and
with NFR [189] (a) Antenna design (b) S-parameter (c) Current
distribution in MIMO antenna.

created on the EBG to eliminate coupling current propagation

at the first resonance mode and the EBG structure behaves

as coupling decoupling eliminate at the second resonance

mode. Two main sources of mutual coupling are firstly the

return current at the ground plane, eliminated by inserting

the EBG ground plane between two antennas. The second

source is surface current at the top plane and is suppressed

by creating a high impedance surface of EBG. In [195] pro-

posed a MIMO antenna to reduce direct coupling between

the patches by separating two patches with the EBG of

fractal shape as shown in Figure 37. The artificial magnetic

conductor surface loading has similar characteristics to the

EBG surface. The in-phase reflection and high impedance

surface characteristics make AMC structures a significant

candidate in antenna design. AMC surface restricts the prop-

agation of surface waves in a normal electric field therefore

loading AMC surface with antenna reduces mutual coupling

and enhances the radiation performance of the antenna and

broadband.

FIGURE 35. Two-element MIMO antenna for isolation enhancement using
MTM loading [190] (a) Antenna design (b) Return loss.

FIGURE 36. A 2 × 2 antenna system for isolation improvement using
CSRR [191] (a) Antenna design (b) S-parameters.

The FSS loading at the ground plane, above the radiation

patch, above and below the patch, and two or more layer of
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FIGURE 37. Antennas for mutual coupling suppression using EBG [194],
[195] (a) Antenna design with metallic EBG (b) Antenna design with
fractal EBG.

FIGURE 38. Two element MIMO antenna system based on FSS [196] (a)
Antenna design (b) S-parameters.

FSS on top and/or bottom of the antenna as a superstrate

reduces mutual coupling between the elements in MIMO

antenna systems [196]–[198].

In [196] demonstrated a two-element MIMO system using

FSS for improving isolation as shown in Figure 38. In this

FIGURE 39. Antenna with metasurface loading [199] (a) H-plane (left)
and E-plane (Right) coupled antenna design (b) Current distribution of
H-plane without and with metasurface.

FIGURE 40. Two-element MIMO antenna with CRLH to improve isolation
[200] (a) Antenna design (b) S-parameters.

proposed antenna a single layer FSS is loaded on the ground

plane of the patch antenna such that most of the radiating

patch is not backed. Loading FSS at the ground plane behaves
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TABLE 7. Enhancement of isolation in MTM influenced MIMO antenna.

as the defects in ground plane structure and resulting in dis-

continuity of surface current between two antennas thereby

mutual coupling is reduced.

The decoupling of E/H-plane simultaneously in the patch

antenna using metasurface loading is proposed in [199]. The

surface wave excitation for TM and TE mode at a cut-off

frequency due to a dielectric substrate is given by equation (6)

fc=
mc

2h
√

εr − ε2µ2
, m=0, 1, 2, . . . ..(TM mode)

fc=
(2m− 1)c

4h
√

εr − ε2µ2
, m=0, 1, 2, . . . ..(TE mode)











(6)

In the above equation εr = ε2µ2 then cut off frequency

is infinite and resulting in complete suppression of surface

waves as shown in Figure 39. The FSS layer is constructed

by unit cells on a metal layer with square slots as shown in

Figure 39. H-plane decoupling is achieved by placing the FSS

element on top of the patches in the near field region. E-plane

decoupling is achieved by properly adjusting the length and

height of the unit cell in an FSS element.

D. CRLH/RESONANT DISPERSION

The unique property of the anti-parallel group and phase

velocity of composite right left-handed material delivers

numerous advantages such as improving gain and bandwidth,

miniaturization and enhancing isolation in antenna and other

microwave devices [25]. A CRLH based MIMO antenna is

proposed in [200]. The CRLH unit cell constructed in the

proposed MIMO antenna by left-hand material consisting of

an interdigital structure behaves as a capacitor and a stub

connected to it as inductor as shown in Figure 40. A zero

phase shift or zeroth-order resonance is achieved by properly

tuning the dimension of the CRLH cell at the operating fre-

quency of the antenna. Two antenna elements are fabricated

on a single substrate separated by 1.8 mm with a reversal

CRLH structure. The interdigital capacitor stub is reversed

in antennas 1 and 2. This structure provides a reverse current

concerning to excited antenna thereby it increases isolation.

E. SUMMARY

In MIMO antenna system design, it is very important to

ensure acceptable isolation between the antenna elements

otherwise mutual coupling between the antenna elements

degrades the overall performance of the MIMO system. One

prominent solution to overcome the problem of mutual cou-

pling is the utilization of MTM in the MIMO antenna system.

Different structures based on ENG, MNG, and DNG MTM

loading on the antenna acts as a decoupling element and

enhances isolation between elements. Placing a near field

VOLUME 9, 2021 18745



P. Kumar et al.: Electromagnetic Metamaterials: A New Paradigm of Antenna Design

resonator structure close to the antenna confines the magnetic

field within the antenna. The bandstop characteristics of SRR

and CSRR prevent coupling between the antennas. Different

metasurface structure loading on top and/or bottom of the

antenna element suppresses the surface waves and enhances

isolation. Even CRLH structures are also used in antenna

design to suppress mutual coupling by generating reverse cur-

rent in comparison with the excited antenna element. Table 7

summarizes the aforementioned and similar techniques to

enhance isolation in the MIMO antenna system and also

illustrates the values of diversity parameters for variousMTM

approach to enhance isolation.

VII. CONCLUSION AND FUTURE DIRECTIONS

The inception of MTM opened a new dimension in antenna

design because of its unique electromagnetic characteris-

tics such as negative permittivity and permeability, negative

refractive index, and its manipulation. On the other fold, the

evolution of electronic gadgets reserves a compact area for

antennas and looking for better performance. Cater to this

need in recent year’s MTM-inspired antennas are emerging

as a prominent technology. Several different approaches are

examined for MTM-based antenna, in specific i) MTM struc-

ture loading having an ε/µ negative material, high permit-

tivity/permeability cell, photonic crystal, near field resonant

parasitic ii) SRR and CSRR inspired antenna iii) FSS, EBG,

HIS, and RIS metasurface loading and iv) CRLH transmis-

sion line based antenna. Although, there are numerous appli-

cations of MTM in antenna design, however, here we have

discussed explicitly its recent progress in antenna miniatur-

ization, enhancement of gain and bandwidth, and suppression

of mutual coupling in MIMO antenna systems.

Antenna miniaturization can be achieved by inserting

MTM unit cell structures on top of the patch and/or bottom

of the ground plane. An array of periodic subwavelength

unit cells commonly termed as metasurface placing onto the

antenna will change effective inductance and capacitance of

the antenna system resulting in miniaturization. Apart from

antenna miniaturization, MTM based antenna is a promis-

ing technology for improving the gain and bandwidth of an

antenna. These antennas allow altering electromagnetic wave

properties and effective inductance and capacitance of the

antenna system. Alteration of these parameters ensures an

increase in gain and bandwidth of the antenna. Perturbation

of surface current density by choosing the proper geometry

and shape of the antenna gives circular polarization. One of

the severe problems in MIMO antennas is a mutual coupling

between the neighboring antennas. So, the introduction of

MTM structures in MIMO antenna suppresses mutual cou-

pling by confining electric and magnetic fields within the

excited antenna.

Although there are several advantages of MTM based

antenna it has some limitations such as the miniaturiza-

tion of MTM structure saturates the resonance frequency

and decreases in magnetic response at infrared and optical

frequencies, difficult to manufacture in large volume, the

structure of the antenna can not be changed during operation,

the MTM substrates are bulky and lossy at microwave region

and it hinders their use in wireless applications.

The research in MTMs is versatile and involves many

subjects such as material science, physics, chemistry, electro-

magnetics, etc. Here, we discuss several significant directions

in the antenna design field.

➢ Development of novel antenna for next-generation

wireless communication systems which involves new

frequency band and wide spectrum such as millimeter-

wave communication antenna needs to operate at 60 or

90 GHz band.

➢ Isolation enhancement in MIMO antenna system

to improve diversity parameter and overall MIMO

performance.

➢ Chip antenna design- at millimeter-wave frequency chip

antennas are preferred over PCB technology as it intro-

duces high insertion losses from circuit to the antenna.

The design of the chip antenna should obey the rules

of chip technology. The main challenge in chip antenna

design is the low thickness of the substrate and it con-

fines bandwidth and efficiency of the antenna.

➢ In antenna design, the gain and bandwidth depend on the

size of the antenna. At higher frequencies, this relation-

ship strictly limits the reduction of the physical size of

the antenna while concurrently increase bandwidth and

radiation efficiency. Therefore there is a considerable

challenge in reducing the physical size of the antenna

at the same time increasing its bandwidth.

➢ MTM based antenna for wearable electronics systems

such as health monitoring system, physical training, etc.

In the wireless body area network critical component is

a wearable antenna for wireless communication.

➢ Development of reconfigurable antenna using tunable

MTMs.

➢ Implanted antenna design for numerous medical appli-

cations. Utilization of MTM properties for developing

miniaturized and acceptable radiation level implanted

antennas.
The presented paper demonstrates the demand for a low

profile, compact, high gain, enhanced bandwidth, CP, and

highly isolated antenna by utilizing MTM structures in the

current and future wireless communication system. Develop-

ing a compact antenna having good performance parameters

and mutual coupling suppression in MIMO antenna as men-

tioned above is still challenging. Thus, this review paper will

provide an insight to all the antenna researchers in utilizing

the exotic properties of MTM in designing high performance

antennas to meet the aforementioned challenges.
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