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ABSTRACT Metamaterials are artificial structures with the ability of exhibiting unusual and exotic
electromagnetic properties such as the realisation of negative permittivity and permeability. Due to their
unique characteristics, metamaterials have drawn broad interest and are considered to be a promising
solution for improving the performance and overcoming the limitations of microwave components and
especially antennas. This paper presents a detailed review of the most recent advancements associated
with the design of metamaterial-based antennas. A brief introduction to the theory of metamaterials is
provided in order to gain an insight into their working principle. Furthermore, the current state-of-the-
art regarding antenna miniaturisation, gain and isolation enhancement with metamaterials is investigated.
Emphasis is primarily placed on practical metamaterial antenna applications that outperform conventional
methods and are anticipated to play an active role in future wireless communications. The paper also presents
and discusses various design challenges that demand further research and development efforts.

INDEX TERMS Metamaterials, Electrically Small Antennas, Gain Enhancement, Isolation Enhancement.

I. INTRODUCTION

A
NTENNAS provide the wireless transmission and re-
ception of electromagnetic signals and play an essen-

tial role in modern telecommunications. The latest wireless
technologies such as the upcoming 5G networks and IoT
(Internet of Things) represent the vessel for the establishment
of a new era with advanced connectivity. As the demand
for higher data rates, reliable communication links, and
compact high-performance transceivers booms, the antennas
have to adapt and satisfy the ever-increasing requirements.
Modern antennas shall have small size, low-profile and high
bandwidth, while the radiation pattern and gain should also
be sufficient. In parallel, multi-antenna technologies such
as massive MIMO and beamforming arrays set additional
antenna design challenges [1], [2]. For instance, isolation
between neighbouring elements and beamsteering capability

are often desired or necessary characteristics for maintaining
good performance. Hence, the design of antenna systems
becomes highly complicated, especially as the number of
elements increases.

Generally, antennas consist of a combination of conduc-
tors, dielectrics and other conventional matetrials that have
a certain geometry. Their design follows either traditional
analytical methods or rules of thumb that rely on expe-
rience [3]. Meanwhile, artificial intelligence and powerful
optimization techniques assisted by full-wave simulations are
also utilized to obtain the highest possible performance by
fine-tuning the structure’s parameters [4], [5]. It is obvious
that the antenna design is primarily focused on determining
the optimum geometrical shape of conventional materials
and thus it is bound by the material characteristics. In an
effort to overcome this limitation, metamaterials with their
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unique properties have gained focus. Despite the fact that
metamaterials are microscopically composed of conventional
materials (conductors and dielectrics), their macroscopic
characteristics are completely different due to their smart
shapes. The realisation of negative constitutive parameters in
the microwave regime is feasible with metamaterials, while
their subwavelength size is another beneficial feature. As
a result, the integration of metamaterials into antennas can
offer advanced flexibility and enable novel design strategies.
Hence, the investigation of the benefits of metamaterial-
inspired antennas and their capability of having an active role
in modern wireless communications is of great significance.

In this communication, the background of metamaterials
is firstly introduced and includes their categorisation, princi-
ples of operation and examples of practical implementation.
After this, a detailed state-of-the-art investigation regard-
ing metamaterial antennas is presented. Emphasis is placed
on three typical metamaterial-inspired antenna design tech-
niques: antenna miniaturisation with metaresonators, gain
enhancement, decoupling of antennas placed in vicinity. An-
tenna miniaturisation is of great importance for shrinking
the dimensions of mobile, airborne, wearable and IoT de-
vices, where space limitations prohibit the usage of large
antennas, while metamaterial-based small antennas are also
envisioned for usage in 6G networks [6]. Here, electrically
small antennas loaded with metaresonators are examined in
detail and their drawbacks and benefits are highlighted. Gain
enhancement is essential for range extension of point-to-
point communication links, signal-to-noise ratio (SNR) im-
provement and interference mitigation. For this reason, meta-
surfaces that focus electromagnetic radiation and increase
the gain of antennas are presented. Furthermore, given the
ever increasing number of antennas per communication de-
vice, antenna isolation is crucial for minimizing the coupling
that mitigates the performance of the multi-antenna system.
Therefore, metamaterial decoupling solutions are described
and compared in detail. It should be pointed out that works
associated with the concept of dynamic metasurface antennas
(DMA), which provide beamsteering with lower hardware
complexity than conventional phased arrays are not included
in this study and the interested reader is referred to [7], [8].

This article aims at shedding light on novel metamaterial
antennas that emerged over the last few years, as well as ex-
amining their working principles, advantages and disadvan-
tages. In contrast to previous reviews that exclusively focused
on metamaterial decoupling methods [9] and metamaterial
antennas [10], we provide additional valuable comments on
the performance and design techniques. Hence, this review
acts not only as a state-of-the-art survey but also as a design
guideline that takes into account the theoretical principles
and practical limitations and highlights the best designs of the
literature. In particular, the main contributions of this paper
are as follows,

• Detailed analysis of the state-of-the-art theory and prac-
tical design of metamaterial antennas. Here, some the-
oretical approaches of metamaterial-based antennas are

initially studied and their connection to practical imple-
mentations and limitations is established.

• Fruitful comparisons between metamaterial-based and
conventional designs highlight the strength and weak-
nesses of each category.

• A brief design methodology regarding antenna decou-
pling is extracted and provided to the reader.

• Research gaps and challenges associated with the afore-
mentioned metamaterial antenna design methods are
identified and future directions are proposed.

The rest of this paper is organized as follows. In Section
II, the theoretical background and the fundamental principles
of metamaterials are introduced. The latest advancements
in metamaterial-based antenna miniaturisation, gain and iso-
lation enhancenment are presented in Section III. Section
IV presents the future research challenges, while Section V
draws some conclusions.

II. THEORETICAL BACKGROUND

Metamaterials are engineered, man-made materials that are
able of manipulating electromagnetic waves in a different
way than conventional, natural materials. For instance, struc-
tures that exhibit negative permittivity: ǫ < 0 and perme-
ability: µ < 0, are common examples of metamaterials
[11]. Three main metamaterial categories can be identified:
i) SNG (Single-Negative) metamaterials that possess either
negative permittivity (Epsilon-Negative) or negative perme-
ability (Mu-Negative), ii) DNG (Double-Negative) metama-
terials that simultaneously have negative permittivity and
permeability and iii) ZIM (zero-index materials) that have ei-
ther zero permittivity or zero permeability. Meanwhile, EBG
(Electromagnetic Bandgaps that prohibit the propagation of
EM waves) and AMC (Artificial Magnetic Conductors that
have zero magnetic field) are also usually regarded as meta-
materials. In 1968, Veselago was the first one to theoretically
study the electrodynamics of DNG media and pointed out
their interesting properties such as reversal of the doppler
effect, negative index of refraction n < 0 and left-handed
propagation [12]. While the conventional materials support
the typical forward-wave propagation, the wave in SNG
media is evanescent since the propagation constant is real
(γ ∈ R). Left-handed or DNG media support backward-wave
propagation, where the phase velocity and group velocity
are opposite to each other (vgvp < 0) and the wave travels
antiparallel to the power flux.

The realisation of negative permittivity in the microwave
regime is possible with a periodic arrangement of thin metal-
lic wires of diameter α and periodicity p as shown in Fig.1
and was initially proposed by Sir John Pendry and his group
[13]. This structure is the counterpart of plasmas in lower fre-
quencies and its effective permittivity for an incident electric
field parallel to the wires follows a typical Drude behaviour:

ǫeff (ω) = 1−
ω2

p

ω(ω + jωc)
(1)
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FIGURE 1: Periodic arrangement of thin conductive wires for
the realisation of negative permittivity.

FIGURE 2: Real part of the effective permittivity of periodically
arranged infinitely long thin wires.

, where ωp is the plasma frequency:

ω2

p =
2πc2

p2ln( p
α
)

(2)

and ωc is the dumping frequency. As depicted in Fig.2, the
real part of the effective permittivity is negative below the
plasma frequency and the medium can be characterized as
ENG.

It is well known that there are no materials in nature with
negative permeability. Subsequently, it was Pendry again
who proposed a Split Ring Resonator (SRR) as depicted
in Fig.3, which presents a negative permeability behaviour
around its resonance frequency [14]. Under the presence of
an external time-varying magnetic field perpendicular to the
SRR’s surface, currents are induced on both the conductive
inner and outer rings and charges are accumulated across
the gaps between them. Moreover, SRRs are subwavelength
resonators and their size is typically λ/10. Hence they can be

FIGURE 3: Geometry of a Square Split Ring Resonator unit
cell. Blue parts depict metallization.

described by an equivalent quasi-static LC circuit and their
resonance frequency f0 is [15], [16]:

f0 =
1

2π
√
LC

(3)

where L is the inductance of the rings and C is the
capacitance between them.

In addition, their effective permeability is given by:

µeff (ω) = 1−
Aω2

ω2 − ω2
m + jωΓm

(4)

where A and Γm are functions of the geometric parameters
l, g, s, w and ωm is the resonance frequency. As Fig.4 illus-
trates, the SRR exhibits a narrow-band resonance where its
real permeability is negative. It should be noted that a single
SRR or thin wire cell is equivalent to an atom in conventional
materials. Hence, in order to create an effective macroscopic
ENG or MNG behaviour, a number of periodically arranged
thin wires or SRRs is required. Some variations of split-ring
resonators or metamaterial unit cells are the open split ring
resonators (O-SRRs) [17] and the broadside coupled split-
ring resonators (BC-SRRs) [18]. Moreover, the complemen-
tary split ring resonator (CSRR) is utilized in many appli-
cations [19]. The CSRR is the dual counterpart of the SRR
where the SRR’s metalization is replaced by air/dielectric
and vice versa. Therefore, the babinet’s principle can be
applied and this is the reason that the CSRR has a similar
resonance, but possesses negative permittivity and is excited
by a perpendicular electric field [20]. A rigorous analysis
regarding the anisotropy and theoretical principles of SRRs
and CSRRs can be found in [21]- [22]. Finally, other common
metamaterials are the omega cells [23], S-shaped cells [24]
and resonant electric (ELC) cells [25].

As far as DNG metamaterials, they can be synthesized by
combinations of ENG and MNG layers. The experimental
demonstration of such a unique material was first accom-
plished by Smith et al. [26] in 2000 using a composite
structure consisting of wires and SRRs, which is depicted in
Fig.5. Here, the resonant frequency of the SRRs is properly
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FIGURE 4: Real part of the SRR’s effective permeability.

FIGURE 5: DNG medium consisting of unit cells that are
synthesized by wires (ENG) placed in front of SRRs (MNG) [26].
Both blue and grey parts depict metallization.

tuned to be lower than the plasma frequency of the thin
wires and thus negative permittivity and permeability are
accomplished simultaneously.

An alternative solution for synthesizing a DNG or Left-
handed (LH) medium arises from the transmission line (TL)
theory. Since the aforementioned metamaterial cells (e.g.
SRRs, CSRRs) have subwavelength size, they exhibit high
loss, narrowband performance and might be unsuitable for in-
tegration with other microwave components. For this reason,
several researchers turned to a metamaterial TL approach
[27]- [29]. The unit cell of a conventional, right-handed (RH)
TL consists of a series inductor LR and a shunt capacitor
CR, when the loss of dielectrics and conductors (equivalent
to shunt admittance and series resistance) is neglected. By
introducing an additional shunt inductance LL and series
capacitance CL, as shown in Fig. 6, the dispersion charac-
teristics are alternated and this type of TLs is referred as
composite right/left handed (CRLH) TL [30]. This becomes
apparent by observing the TL’s propagation constant: γ =

FIGURE 6: Unit cell of a Composite Right/Left-Handed Trans-
mission line consisting of series inductor and shunt capacitor
(RH) and series capacitor and shunt inductor (LH).

α + jβ =
√
ZcellYcell, where Zcell, Ycell are the equivalent

impedance and admittance of the unit cell shown in Fig.6 and
are given by:

Zcell(ω) = j(ωLR −
1

ωCL

) (5)

Ycell(ω) = j(ωCR −
1

ωLL

) (6)

Thus, the dispersion relation is written as:

β(ω) = s(ω)

√

ω2LRCR +
1

ω2LLCL

− (
LR

LL

+
CR

CL

) (7)

, where:

s(ω) = −1, if ω < ω1 = min(
1

√
LRCL

,
1

√
LLCR)

) (8)

or

s(ω) = +1, if ω > ω2 = max(
1

√
LRCL

,
1

√
LLCR)

) (9)

The dispersion curve of this TL is shown in Fig.7 . As
illustrated, there is a frequency window where the propaga-
tion constant is negative (LH regime) and another one where
the propagation is RH. A bandgap (between ω1 and ω2)
separates these two regions. The bandgap can be eliminated
by carefully choosing the values for the shunt and series
capacitances and inductances of the unit cell. This case is
referred as the balanced case, since it provides a smooth
transition between the LH and RH regions. This transition
occurs at the frequency:

ω0 = 4

√

1

CRLRCLLL

(10)

where the propagation constant is zero and thus the guided
wavelength becomes infinite. It is important to note that the
propagation behavior of a CRLH TL is not purely LH (PLH)
in the LH regime or purely RH (PRH) in the RH regime. This
is also illustrated in Fig.7, where there is a clear discrepancy
between the curves of a PLH and a CRLH TL operating
at the LH regime and the same applies for the RH region.
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FIGURE 7: Dispersion diagrams of a CRLH TL, a purely Left-
handed (PLH) TL and a purely Right-handed (PRH) TL.

More specifically, it is impossible to achieve purely LH
propagation characteristics due to parasitic RH inductance
and capacitance that are always present. For this reason, the
term Composite Right/Left-Handed TL is the most suitable
for describing the properties of this line.

From a different point of view, we can equivalently say
that a CRLH TL exhibits negative constitutive parameters
and thus negative index of refraction in the LH frequency
regime. Therefore this type of TL is also referred as negative
refractive index (NRI) TL or metamaterial TL, although this
terminology is more suitable for 2D and 3D structures that
exhibit a metamaterial-like behaviour as it looses its sense
when it comes to 1D structures where angles do not have an
influence. The effective permittivity and permeability of the
CRLH TL for a TEM wave are given by:

ǫeff (ω) = LR −
1

ω2CL

(11)

µeff (ω) = CR −
1

ω2LL

(12)

and they are both negative in the LH regime (DNG), one
is negative and the other is positive within the bandgap
(SNG) and both are positive in the RH region. Regarding the
realisation of such a unique medium, it is feasible by peri-
odically loading a conventional RH TL with shunt inductors
and series capacitors [31]- [32]. An example of a practical
implementation based on distributed elements is depicted in
Fig.8, where a microstrip line is periodically loaded with
interdigital capacitors (series capacitance CL) and grounded
stubs (shunt inductance LL). This configuration allows for
a more wideband and low-loss metamaterial LH behaviour
than a periodic arrangement of SRRs and thin wires, while it
is also compatible with other typical microwave components.

Artificial magnetic conductors (AMCs) are surfaces that
fully reflect incident waves with a near zero reflection phase

FIGURE 8: Practical implementation of CRLH TL with unit
cells consisting of interdigital capacitors and stub grounded
inductors. The value of p is the periodicity of the unit cell and
light grey depicts metallization.

(RAMC ≈ 1 + 0j) and when the loss is neglected they are
considered as complementary to perfect electric conductors
(PECs), where RPEC = −1 [33]. AMCs can be considered
as metamaterials, since their unique property cannot be found
in conventional materials. The useful bandwidth of an AMC
is defined as the frequency interval in which the reflection
phase lies between −90◦ and +90◦. This definition arises
from the fact that within this phase interval the image currents
are more in-phase than out-of-phase. AMCs are also refered
as high impedance surfaces (HIS), since the magnetic field
has small values relative to the electric field’s magnitude.

Metal sheets such as ground planes or reflectors are ex-
tensively used in antennas in order to direct the wave to-
wards a desired direction. In particular, the distance between
the antenna and the metal sheet has to be quarter of the
wavelength. Otherwise, the image currents will interfere
destructively with the antenna’s currents and the radiation
efficiency will be poor. On the contrary, the image current due
to the presence of an AMC in the proximity of the radiator
(i.e. d << λ/4) will not cancel the antenna’s currents and
the radiation efficiency will be high. In addition, surface
waves propagate along the interface of conductors and di-
electrics until they reach an edge where they radiate into
free space. Therefore, they are considered as the main reason
for increased side lobes and distorted radiation patterns. If
the metal is replaced with a high impedance structure, the
propagation of surface waves is prohibited within a specific
bandgap. Hence, AMCs offer an excellent opportunity for
low-profile antennas with focused radiation patterns. As far
as the realisation of AMC surfaces, they usually consist of
periodically arranged metallic patterns of arbitrary shapes
printed on a dielectric board [34]- [37]. Some AMC unit cells
are depicted in Fig.9.

It is made clear that in general, metamaterials are struc-
tures composed of conducting wires with an arbitrary geom-
etry, in order to achieve some unique functionality and novel
manipulation of electromagnetic waves. Another characteris-
tic is their small size in comparison to the operating wave-
length and their low profile, that makes it easy to integrate
them with larger microwave components such as antennas.
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FIGURE 9: Different AMC unit cells. Red parts depict conduct-
ing material.

III. METAMATERIAL APPLICATIONS

A. ANTENNA MINIATURISATION

Electrically small antennas (ESAs) have gained great at-
tention due to their small size and low-profile that makes
them ideal for several applications such as mobile phones,
wearable, airborne and IoT devices. Antennas are considered
small when kα < 1 or kα < 0.5 when no ground is involved.
Here, α is the radius of the minimum sphere surrounding
the antenna and k is the wave vector for corresponding
frequency of operation. Despite the fact that ESAs fulfill the
need of compact transceivers, their radiation efficiency η and
bandwidth are usually degraded [38]. More specifically, a
miniaturized antenna is not necessarily an efficient radiator
and thus the main challenge is to achieve small size and
high performance simultaneously. Traditional miniaturiza-
tion techniques include the use of lumped elements, shorting
pins [39] or high permittivity dielectrics such as ceramic
materials [40]. However, these methods result in degraded
radiation characteristics. For this reason, metamaterial-based
small antennas were introduced to overcome the restrictive
limitations and enhance the radiation properties. Before ex-
amining the metamaterial-based small antennas and their
performance characteristics, it is necessary to gain an insight
into some useful definitions and limitations of small anten-
nas. Many authors have explored the fundamental limits of
small antennas [41]- [46]. The Q value, which is the ratio of
the stored power to the power associated with radiation and
losses, is a convenient quantity to describe the bandwidth of
an antenna, which is an antenna characteristic of paramount
importance in wireless communications. More specifically,
the minimum Q for omni-directional antennas is the Chu
limit:

Qmin =
1

(kα)3 + kα
(13)

and
Qmin =

1

2
(

1

(kα)3
+

2

kα
) (14)

´ for linearly and circularly polarized small antennas respec-
tively. The bandwidth is proportional to the inverse Q-factor
(BW ≈ 1/Q). Consequently, as the electrical length of the
antenna decreases, the bandwidth decreases dramatically as
well. This indicates that small antennas are more likely to
exhibit narrowband performance. In particular, the accom-
plished bandwidth will achieve the Chu limit, only if the an-
tenna’s current distribution sufficiently utilises the minimum

sphere that enclosures it. In other words, the antenna geom-
etry should be carefully designed so that the corresponding
current distribution results in maximum bandwidth.

Metamaterials and their unique properties are considered
as a promising solution for reaching these fundamental limits
of small antennas. The following papers investigated and pro-
posed the usage of metamaterials for antenna miniaturisation.
In a more theoretical approach, Ziolkowski et al. examined
the performance of a subwavelength dipole surrounded by
a dispersion-less ENG shell [47]. The main idea is that the
inductance introduced by the ENG shell compensates for
the capacitive nature of the short electric dipole and allows
for proper impedance matching of the composite antenna.
The initial assumption that the ENG shell is dispersion-
less is not realistic but can offer a valuable insight into
the general concept. In fact, Veselago in his initial work
already pointed out that ENG, MNG and DNG media shall
be dispersive in order for the energy of the system to be
positive. Nevertheless, the obtained results of this paper
showed that designing high-performance electrically small
antennas is theoretically feasible, but in the realistic case
where the ENG shell exhibits dispersive behaviour, the per-
formance is worsened in comparison to the dispersion-less
case. The same author in [48], showed that the bandwidth
of antennas consisting of a dipole and ENG shells is highly
influenced by the dispersion of the metamaterial while the
efficiency is not affected. They demonstrated a system with
quality factor that is 2.5 times below the Chu limit. Another
interesting theoretical investigation regarding miniaturization
of patch antennas with metamaterial loading is presented in
[49]. In contrast to prior work [50]- [51] that exclusively
focused on minimizing the patches dimensions for a certain
resonant mode, this paper examined the radiation properties
of the modes as well. In other words, they explored the
characteristics and the placement of metamaterial loadings
not only for shrinking the antenna’s dimensions but also for
achieving good radiation properties. The authors considered
the rectangular patch of Fig.10, which is filled with two
different materials, and evaluated the resonant frequencies
by applying a standard cavity model. It was shown that
arbritrary low resonant frequencies can be obtained indepen-
dently from the patches dimensions when the permittivities
of the two materials have opposite signs. Moreover, it was
argued that by properly engineering the materials underneath
a circular patch, efficient radiating modes similar to those
of regular patches can exist even for smaller dimensions.
Hence, simultaneous miniaturization and adequate radiation
is theoretically viable.

Another interesting approach for antenna miniaturisation
arises from the metamaterial TL approach. It was mentioned
previously that a balanced CRLH TL (without a bandgap
between the LH and RH regions) exhibits an infinite guided
wavelength (λg = ∞) at ω0 as the propagation constant
β(ω0) becomes zero. This can be translated into an arbitrary
antenna size since the resonance frequency is independent of
the physical volume and depends only on the LC values of

6 VOLUME X, 2021



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/ACCESS.2021.3091479, IEEE Access

Milias et al.: Metamaterial-inspired Antennas: A Review of the State of the Art and Future Design Challenges

FIGURE 10: Patch antenna filled with two different materials
[49], which can be SNG, DNG or conventional dielectric.

FIGURE 11: The planar miniaturized ZOR antenna proposed
in [53]. Light grey depicts metallization.

the unit cell. Consequently, a significant size reduction can be
achieved. This type of antennas are referred as zeroth-order
resonators (ZOR), where the name originates from conven-
tional TL mode numbering. This method was exploited in
[52], where 61% size reduction (in comparison to a conven-
tional resonator) was accomplished by utilizing the cascaded
unit cells of Fig. 8. Similarly, an antenna with a length of λ/6
was proposed in [53] and is shown in Fig.11. Here, meander-
line inductors were introduced for the realization of the shunt
inductance.

As far as practical designs of metaresonator small anten-
nas, several miniaturized monopole variations were presented
in [54] and are shown in Fig.12. According to the authors,
the design was straightforward. After they simulated a single
SRR unit cell and carefully tuned its geometric parameters
to achieve resonance in the desired band, they placed it in the
proximity of monopoles with lengths of λ/10−λ/14. Due to
the magnetic coupling between the SRR and the monopoles,
the frequency of the composite antennas was shifted towards
the SRR’s resonance (2.4GHz), while the initial monopole
resonance (5.8GHz) was also maintained. As the authors
point out, the negative permeability of the single resonator

cell cannot be regarded as the main cause of the miniaturisa-
tion, since more unit cells are required to form an effective
medium that has a macroscopical impact. Therefore, the
miniaturisation is attributed to the subwavelength resonant
nature of the SRR. Moreover, the efficiency and bandwidth
of the antennas were acceptable and varied between 0.24 and
0.48 and 30MHz and 127MHz (at 2.4GHz) respectively. In
addition, the L-shaped monopole accomplished an efficiency
of 0.94, which is remarkable for a small antenna. A similar
approach was followed in [55], where electric-LCs (ELC)
and their complementary (CELCs) were placed in the prox-
imity of a monopole antenna and resulted in compact size
with the efficiency approaching 55%.

FIGURE 12: Miniaturized SRR-based monopole antennas [54].

In [19], two CSRRs were etched on a standard patch
antenna and an AMC surface or RIS (reactive impedance sur-
face) was placed underneath it as illustrated in Fig.13. Here,
the authors argued that the CSRR is a high-Q subwavelength
resonator but it is not a good radiator since the fields radiated
by its slots cancel each other out in the far field and lead
to poor efficiency. Therefore, they considered the coupling
between the CSRRs (resonant cells with poor radiation) and
the patch (non-resonant at the desired frequency but with
good radiation) as the key for miniaturisation. In addition, the
RIS stores the magnetic energy and increases the inductance
of the antenna which results in further frequency decrease.
The patches dimensions were 0.099λ × 0.153λ, while the
obtained efficiency and gain were 4.7% and -0.1dB respec-
tively.

FIGURE 13: Small patch antenna with two CSRRs on patch
and a RIS underneath [19].
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A slightly different approach was followed in [56], where
a circular CSRR was placed inside the dielectric substrate
of a circular patch antenna. By using a genetic algorithm,
the authors optimized the CSRR’s parameters in order to
reduce the patches radius to 1/2, 1/3 and 1/4 of the initial
one but also maintain acceptable efficiency of 84.7%, 49.8%
and 28.1% respectively. The relation between the efficiency
and size of the antenna is apparent in this example. Sharawi
et al. designed a 2 × 2 MIMO antenna platform consisting of
small CSRR-based patch antennas [57]. This time the CSRR
was etched on the ground plane and resulted in 76% size
reduction and 29% efficiency. A dual-band small monopole
antenna was presented in [58]. The antenna was loaded with
an interdigital capacitor and an inductive slot as shown in
Fig.14 and has extremely small dimensions of 1/13.3λ0 ×
1/21.4λ0 at 2.45GHz. While the unloaded monopole res-
onates at 5.8GHz, the metamaterial loading (T-shaped slot
combined with the interdigital capacitor) forces the currents
to wrap around it at 2.4GHz and results in an additional
radiating mode at a lower frequency. The measured efficiency
at the lower band was 64% and the bandwidth was 90MHz.
One of the most efficient miniaturized antennas was designed
in [59] and is shown in Fig. 15. The radiating element is a
rectangular patch which is fed by a standard microstrip line.
A electric-LC (ELC) structure was placed underneath the
antenna and tri-band operation (2.5/3.5/5.8 GHz) with over
90% efficiency was achieved while the antenna’s footprint
was λ/6× λ/10.

FIGURE 14: Small monopole antenna loaded with interdigital
capacitor and inductive slot [58].

Another meta-resonator millimeter wave antenna is re-
ported in [60]. Two SRRs were embedded in multilayer
LTCC films underneath the radiating patch and the size of
the antenna was reduced by 90%. Although the bandwidth
and the efficiency are lower in comparison to normal sized
antennas, they are acceptable for the majority of applications.
In another work, helices instead of SRRs were utilized in
[61] to form an MNG medium. This effective MNG medium
decreased the size of a circular patch antenna by 60% when it

FIGURE 15: Small antenna loaded with ELC cell. [59].

was placed between the patch and the ground plane. Hence,
the theoretical prediction of [49] was verified.

Most of the above presented designs heavily relied on
the metaresonator (e.g. SRR, CSRR, ELC) and radiator(e.g.
patch, monopole) coupling to accomplish miniaturization.
Obviously, a single metaresonator cannot provide negative
permittivity or permeability. Therefore, these methods can be
considered as equivalent to capacitive and inductive loadings
embedded in the antenna structure (which is essentialy an
RLC resonator) rather than ENG or MNG loadings. This
approach is reasonable, since in order to synthesize an effec-
tive ENG, MNG or DNG medium, multiple unit cells shall
be combined. Thus, there is an immediate increase in size,
which is opposed to the goal of these designs [49]. Although
metamaterials have gained attention due to their ability of
exhibiting negative constitutive parameters, this property is
not exploited in most of the designs of small antennas.

From a different point of view, metasurfaces such as AMC
and RIS are also utilized for antenna miniaturization. The
authors of [75] provide an interesting analysis of AMC
surfaces acting as ground planes for planar antennas. By
placing a partially reflecting surface (PRS) as superstrate of
a radiating element (source) that lies over a ground plane, a
Fabry-Perot cavity of height h is created as shown in Fig.16.
The ground plane can be either PEC or AMC. The radiation
can be described by following the paths of the waves that are
reflected multiple times within the cavity. For the radiated
power to be maximized, the transmitted waves should be in-
phase:

∆φ = φ2 − φ1 = 2Nπ, N = 0, 1, 2, ... (15)

If φR, φG denote the phase shift introduced by the PRS and
ground plane respectively, the height h can be calculated by:

h =
λ

4π
(φR + φG) +N

λ

2
, N = 1, 2, ... (16)

Assuming a highly reflective PRS (φR = π) and given
that φPEC = −π while φPMC = 0, we conclude that
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FIGURE 16: Fabry-Perot Cavity consisting of an antenna
placed between a PRS and a Ground Plane [35].

the minimum height is λ/2 and λ/4 for a PEC and PMC
ground plane. Hence, a significant size reduction for the same
radiated power can be accomplished by replacing typical
metal sheets with AMC surfaces.

In order to evaluate the performance of the metamaterial-
inspired small antennas, we will compare them with a simple
patch antenna of high dielectric constant. High values of
the substrate’s dielectric constant result in smaller patch
dimensions for the same frequency of operation [3]. This is a
traditional technique for the design of printed antennas with
reduced size. Fig.17 shows the patches dimensions for given
substrate dielectric and operation at 2.45GHz. We chose the
frequency of 2.45GHz since it is a commonly used frequency
band and many of the metamaterial antenna designs targeted
it as well. As illustrated, the antenna can be as small as
15 mm × 15 mm which corresponds to an electric size
of 0.12λ × 0.12λ. The bandwidth of this patch antenna
is 2.5% while the efficiency is almost 70%. The radiation
pattern resembles the one of standard patch antennas with
lower values of dielectric constant but obviously the gain
(4.5dBi) is also lower due to the smaller aperture. Such an
antenna composed of natural materials has similar or smaller
dimensions than most of the metamaterial antennas operating
at the same frequency and its corresponding efficiency is high
while its design is straightforward. By truncating the corners
of such a simple patch, circular polarisation can be achieved.
Circular polarisation is a necessary characteristic for many
applications (e.g. satellite communications) and challenging
to accomplish with metaresonator designs. In fact, only [19]
presented a circularly polarized metamaterial antenna. We
can conclude that although metamaterial ESAs have a great
potential, further investigations and designs that push the
frontiers and accelerate the design process are still necessary.
Finally, some of the ESA designs presented previously along
with their properties are summarized in table 1.

B. GAIN ENHANCEMENT

Gain is one of the most important antenna characteristics,
especially in fixed point-to-point communications and radar
systems. Antennas with high gain are able to increase the
communication range for a given transmitted power and are
more resistant to interference. The directivity of an antenna
is proportional to its aperture and thus the deployment of

FIGURE 17: The dimensions of a square patch for resonance at
2.45GHz vs the dielectric constant of its substrate.

TABLE 1: Miniaturized Antennas in the literature

Reference Dimensions Efficiency Bandwidth

[54] λ/10× λ/10 90% 4.9%
[56] λ/10× λ/10 28.1% 0.4%
[57] λ/9× λ/7 29% 2%
[58] λ/13.3 ×

λ/21.4
64% 3.6%

[59] λ/6× λ/10 98% 2.4%
[19] λ/10× λ/8 22.5% 1.04%
[62] λ/14× λ/14 79% 6.4%
[55] λ/7× λ/7 55% 1.55%

electrically large antennas or antenna arrays with multi-
ple radiating elements are common practices for achieving
higher gain [3]. Furthermore, the relation between antenna
directivity and size prohibits the usage of small antennas for
several applications where high gain is required. It becomes
obvious that ultra-compact and high-gain antenna platforms
are challenging to implement. As a result, metamaterial
radomes superstrates, and lenses have been proposed during
the last years as a promising, low-cost alternative for gain
increasement without significantly affecting the volume of
the antenna. These structures are placed above the radiating
element and modify its farfield radiation pattern by inter-
acting with the electromagnetic fields in the vicinity of the
radiator. There are two main metamaterial-based techniques
that are capable of accomplishing gain enhancement:

• Placement of ZIM (zero-index materials) or NZRI
(near-zero refractive index) materials as superstrate.

• Deployment of AMC surfaces in the vicinity of the
radiators.

• Placement on GRIN (Gradient Refractive Index) meta-
material lenses in front of the antenna.

NZRI materials have a refractive index n that approaches
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zero. As illustrated from the dispersion curves of the thin
wires and the SRR, there is a narrow window of frequency
where ǫ ≈ 0 and µ ≈ 0. Hence, materials with n =√
ǫeffµeff = 0 can be composed of metamaterial cells that

exhibit either zero permittivity or zero permeability at the
frequency of operation. Given a metamaterial slab with n = 0
and according to the Snell’s law, the transmitted wave will be
focused perpendicularly to the medium interface regardless
of the incidence angle. In particular, Enoch et al. demon-
strated that the radiation beam of an antenna embedded in
a metamaterial will be refracted in a direction very close to
the normal when the refractive index of the metamaterial
medium is close to zero [63]. This is depicted in Fig.18
and a more detailed analysis can be found in [64] and [65].
This interesting feature of transforming spherical waves into
planar can be translated into a gain enhancement when such
a medium is used as superstrate or enclosures an antenna. It
has also motivated several researchers to investigate its feasi-
bility in practical antenna designs by inreasing the effective
aperture of the antenna.

FIGURE 18: Transmission through a NZRI slab.

More specifically, a superstrate consisting of metallic
square-rings whose two corners are connected with metallic
diagonal strips was proposed in [66] and is shown in Fig. 19.
The metallic square-rings exhibit zero permittivity at 2.6GHz
and this NZRI superstrate was placed at a height of λ/12
above two microstrip patch antennas operating at the same
frequency. The structure was fabricated and the gain of the
patches was increased by 3.4dB, while the low-profile of the
array was maintained. A layer of similar unit cells with small
gaps on the rings was designed in [67] and, according to full
wave simulations, increased the gain of a planar antenna by
6.2dB.

In parallel, the authors of [68] proposed a combination of
MSRRs (Modified Split-Ring Resonators) and small patches
as a metamaterial cell that possesses zero permeability and
permittivity simultaneously. The advantage of a superstrate
synthesized by these cells is that it can be easier tuned to
match to the characteristic impedance of free space. An H-
plane horn antenna and a patch antenna were integrated
with this zero-index superstrate and a 4.43dB and 6.6dB
gain enhancement was obvserved respectively. By taking

FIGURE 19: The NZRI metasurface proposed in [66] for gain
enhancement of a patch antenna. Light grey depicts metalliza-
tion.

advantage of the same principle, a metamaterial lens of S-
shaped cells with metal strips was designed and fabricated
in [69]. The placement of a single lens over a WLAN patch
antenna resulted in a 2.05dB increase in gain, while addi-
tional 0.6dB enhancement was reported with a double lens.
Furthermore, three layers of ELC (Electric Field Coupled)
resonators were utilized as a radome of a patch antenna
in [70] and the realized gain was 80% of the radiation of
a perfect radiating surface with the same area. Hence, the
proposed structure accomplished a remarkable 7.8dB gain
improvement in comparison to the conventional patch an-
tenna. Zhou et al. designed an array of thin metallic patches
which exhibits zero index of refraction at 8.75GHz and
consequently high directivity of 17.3dB was reported when
two of these arrays were placed above a patch antenna [71].
In [72], a circular SRR-based superstrate enhanced the beam
focusing of a microstrip antenna by 4dB while the bandwidth
was also improved due to the presence of this metasurface. A
flat lens in front of a horn antenna resulted in 2dB more gain
and highly improved its aperture efficiency [73]. It is worth
mentioning that an increase in the gain is not necessarily
accompanied by lower side lobes or higher front-to-back
ratio. In fact, the superstrate used in [74] led to higher side
and back lobes. It follows that if the side and back lobes
can be suppressed the gain of the main beam will be further
improved.

FIGURE 20: Superstrate placed above a patch antenna.
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AMC surfaces have a great potential for gain enhancement
and a standard configuration is shown in Fig. 21. A dual-band
AMC was designed in [76] and consisted of square patches
with annular slots. The structure was placed at a distance of
λ/8 behind a wideband patch monopole and resulted in a
gain enhancement of almost 10dBs while it also performed
better than typical PEC reflectors of the same size. Similarly,
a fractal AMC was utilized in [77] for performance improve-
ment of a bow-tie antenna and the gain was increased by
approximately 4dB. In [78], the authors optimized an electro-
magnetic band-gap structure (EBG) in order to maximize the
frequency window in which wave propagation is prohibited
(i.e. imaginary wave number), while such a structure also
exhibited a reflection phase response similar to an AMC.
Hence, a dipole antenna was improved in terms of reflection
coefficient and gain when placed at a distance of 1.5mm
from the top of the EBG surface. The gain increased by a
maximum of 5.7dB within the operating bandwidth, while
contrary to a PEC placed at a same distance from the antenna,
the AMC allowed for proper impedance matching.

FIGURE 21: Standard configuration of radiator placed above
an AMC.

GRIN (Gradient Index) lenses are known for their ability
to focus electromagnetic radiation and transform spherical
waves into planar ones. This is accomplished by a gradual
variation of the refractive index n(x, y, z), where x, y, z are
the cartesian coordinates, that is capable of manipulating and
shaping the radiation beam. In this way, the realisation of
lenses that do not exhibit the aberration of the conventional
lenses (i.e. conventional dielectric lenses which rely on di-
electric interfaces) but have equivalent performance is possi-
ble. An advantage of GRIN lenses compared to conventional
ones is that they can theoretically accomplish wave colli-
mation with arbitrary geometry given a sufficient refractive
index profile [79]. Among the most famous refractive index
profiles of GRIN lenses are the Luneburg distribution [80]:

n(r) =
√
ǫr =

√

2− (
r

R
)
2

, 0 ≤ r ≤ R (17)

and the Maxwell’s fish-eye distribution:

n(r) =
√
ǫr =

n0

1 + ( r
R
)
2
, 0 ≤ r ≤ R (18)

where R is the radius of the lens, r is the distance from
any point to the center of the lens and ǫr is the relative
permittivity. The distribution of Eq.17 in its discrete form is

FIGURE 22: Gradient refractive index distribution of the cross
section of a spherical Luneburg lens. The distribution here is
discrete and not continuous, since this is the easiest profile that
can be synthesized in practice.

illustrated in Fig.22 A point source lying on the surface of
a Luneburg lens is transformed into a collimated beam on
its diametrically opposite side. Meanwhile, Maxwell’s fish-
eye lens is capable of focusing a point on its surface to the
diametrically opposite one, such that a spherical wave at the
surface of the lens is converted into a plane wave at the center
and is retransformed into a spherical one on the opposite side.
Thus for transforming a spherical wavefront to a planar one,
usually half Maxwell’s fish-eye (hemispherical) lenses are
deployed.

The main concern is the feasibility of implementing GRIN
lenses with properly engineered refractive index profiles,
given that such materials do not exist in nature and should
be synthesized in a different way. Hence, an alternative ap-
proach for the realisation of GRIN distributions was reported
and is based on metamaterials and the ability of alternating
their effective refractive index by tuning their geometric
parameters [81]. In contrast to the ZIM and NZRI cells, the
metamaterials that compose a GRIN lens are being oper-
ated at frequencies far away from their resonant frequency.
Therefore, their dispersion curves are almost constant in this
regime, as shown in Fig.4 and Fig.2 for ω ≫ ωm and ω ≫ ωp

respectively. This means that the effective refractive index of
the cells is also constant at these frequencies and changes
with small variations in the cell’s geometry. A GRIN lens
can be synthesized by different layers (meta-layers), where
each one of them consists of metamaterial cells that exhibit
different index of refraction according to their geometry.
With the placement of these layers as in Fig.22, the total
distribution approximates the one required for beam collima-
tion. A tremendous advantage of GRIN lenses in comparison
to the previous methods is their wide bandwidth and low loss
since the metamaterial cells are far from their narrowband
resonance and can offer great performance.
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FIGURE 23: The half Maxwell’s fish-eye lens proposed in [84],
where complementary square rings are etched on a thin metallic
sheet. The refractive index increases as the dimensions of the
squares increase.

The researchers in [82] combined an antipodal vivaldi
antenna with a planar GRIN lens consisting of unit cells
of three rectangular-shaped metallic strips etched on both
sides of a dielectric substrate. Different strip size exhibited
different index of refraction that varied between 1.2 to 3.7. A
gain enhancement of 9.5dB over a bandwidth of 5GHz was
measured after the lens was placed at a distance of 0.38λ
over the vivaldi antenna. A lens composed of thin wires
was reported in [83], where several layers were placed in
front of a wideband monopole (distance of λ/2 at the center
frequency), thus resulting in an additional gain of 5.3dB. A
vivaldi antenna was embedded in a parallel-plate waveguide
in order to illuminate a half Maxwell’s fish-eye lens [84]. The
lens is illustrated in Fig.23. The spherical waves produced
by the vivaldi antenna enter the lens and reemerge as planar
ones at its output. The lens consists of complementary square
rings, where the refractive index depends on the square’s
dimensions and thus a gradient profile is created. The pro-
posed antenna accomplished a directivity that is only 1-3dB
(over the operational bandwidth) lower compared to an ideal
aperture with the same physical dimensions.

Another interesting feature of GRIN lenses is the fact that
they can enhance the radiation towards a desired direction
regardless of the input wave’s incident angle. This charac-
teristic emerges in symmetric lenses and is attractive for
beamsteering applications, where the gain has to be high as
the steering angle varies and not only towards the boresight
direction. This is illustrated in Fig. 24, where the spherical
waves of the feed antenna are transformed to planar waves
at the output of the GRIN lens independently of the feed’s
orientation. This has been demonstrated in [85], where a
horn antenna was rotated in order to illuminate the GRIN
lens from different angles. The gain dropped about 2.5dB
for a scan angle of 40◦. Planar log periodic dipole antennas
(PLPDA) were used as source for a Luneburg lens that was
constructed with layers of different dielectric constant [86].
The antennas were placed along the circumference of the
lens with different orientations covering the angles from 5◦

up to 175◦. Beam scanning was accomplished by switching
between the PLPDA elements (activating one feed at a time),
while the lens provided high gain for all directions. Although
this lens was not based on metamaterials, it is a great example
of the applications of GRIN lenses.

FIGURE 24: Illustration of transformation of a spherical wave
into a quasi-planar one (through a GRIN lens) for different
incident angles θ. This characteristic is attractive for beamsteer-
ing applications. Although the lens is depicted as a square for
simplicity, it usually has a symmetric shape.

In general, it seems that NZRI superstrates are more
suitable for antennas that already have a directive radia-
tion pattern whereas AMC surfaces are more beneficial for
transforming omni-directional radiators into directional ones.
GRIN lenses have a superior performance in terms of band-
width and are compatible with beamsteerable antennas as
well. In addition, the gain can theoretically remain constant
for all steering angles, when a symmetric lens is used. This
feature is of great importance and is usually not the case
for electronically scanned arrays. Furthermore, they exhibit
lower loss as their metamaterial cells are far from their res-
onance. Their drawback is the increased design complexity
in comparison to NZRI and AMC surfaces, since the design
and combination of several layers with different properties
is required. Finally, some of the works associated with the
gain enhancement methods along with the corresponding
gain improvement and radiator - metasurface distance are
summarized in table 2.

TABLE 2: Gain Enhancement in the literature

Reference Distance to

Radiator

Gain

Improve-

ment

Technique

[66] λ/12 3.4dB NZRI
[67] λ/2 6.2dB NRZI
[68] - 6.6dB NRZI
[69] 0.55λ 2.1dB NRZI
[70] 0.75λ 7.8dB NRZI
[72] λ/2 4dB NRZI
[76] 0.4λ 10dB AMC
[77] λ/8 4dB AMC
[78] λ/40 5.7dB AMC
[82] 0.38λ 9.5dB GRIN
[83] λ/2 5.3dB GRIN
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C. ISOLATION

Isolation is of great importance for innumerous applications,
in which the antenna elements are placed in close prox-
imity either due to the system’s design (e.g. typical λ/2
interelement spacing in antenna array configurations) or for
minimizing the structure’s volume. As a result, crosstalk
arises because of the electromagnetic coupling between the
antennas. In particular for planar antennas that are printed
on the same board, surface waves are regarded as the main
source of crosstalk. Surface waves are TE or TM modes that
propagate along the antenna’s substrate and get diffracted on
the air-dielectric interface [87]. The cut-off frequencies of the
modes are given by:

fc =
nc

4h
√
ǫr − 1

(19)

where n = 1, 3, ... for TE, n = 0, 2, ... for TM, h
and ǫr are the substrate’s height and relative permittivity
respectively. It is clear that the TM0 is always excited and it is
not possible to prohibit its propagation with proper substrate
design. This is also illustrated in Fig.25. Furthermore, some
applications for which decoupling of antennas and suppres-
sion of surface waves are required for optimum performance
are the following:

• Repeaters: Isolation between the transmitter and re-
ceiver of a repeater is necessary for protecting the am-
plifier that enhances the desired signal from saturation
[88].

• Radars: The sensitivity of FMCW radars is severely
affected by the phase noise that is included in the
transmitter’s signal which leaks into the receiver. The
phase noise is usually of sufficient magnitude compared
to the target’s echo and thus the SNR is significantly
decreased unless the transmitter and receiver modules
are adequately decoupled [89].

• MIMO: Here, mutual coupling between antenna ele-
ments increases the correlation of the received signals
and thus is detrimental to the channel capacity [90].

• Beamforming: Interelement coupling in densely-
packed antenna arrays results in radiation pattern dis-
tortion that degrades the beamsteering [91].

Prior art concerning isolation includes i) placement of
parasitic elements which create a reverse coupling [92], ii)
polarization diversity [93] , iii) decoupling networks and
grounds [94]- [96], iv) increased distance between the trans-
mitt and receive antennas [99] or placement of metal sheets
between them [97], [98]. Under certain circumstances, these
methods have proven to be effective for isolation enhance-
ment but also lead in high complexity, increased volume
and are limited to specific applications. Several metamaterial
decoupling structures have been proposed as an alternative
to the previously mentioned techniques. Emphasis is mainly
placed on isolation enhancement in planar antenna topolo-
gies, since they are low-profile and suitable for most of the
applications but also suffer from high coupling due to the
excitation of surface waves and space waves.

More specifically, a compact MIMO platform consisting of
two printed monopoles operating at 2.4GHz was examined
in [100]. The platform is shown in Fig. 26. The distance
between the two antennas was λ/8 and thus the coupling
between them (S21 and S12 coefficients) has a high value
of -5dB. The authors proposed an easy to fabricate and
efficient solution. They first examined the electric field of
the structure, in order to find the path through which the
power flows from one antenna to the other. After this, they
placed a capacitive-loaded split rectangular loop (CLSRL)
[101], exactly at the point where the power flow is maximum.
In this manner, more than 30dB coupling reduction was
accomplished.

Furthermore, two meander-like structures were placed
between two closely spaced patch antennas in [102]. The
resonators provided an isolation improvement of 16dB at
4.5GHz. A Mu-negative isolation technique for densely
packed monopoles was proposed in [103]. The authors con-
sidered this metamaterial-structure as a filter, that decouples
the antennas over the whole operational bandwidth. In a
similar manner, SRR inclusion pairs were inserted between
monopoles in [104] and resulted in 25dB coupling reduction,
while the impedance matching of the antennas was not af-
fected. A four-element isolation enhancement of 42dB was
presented in [105], where a mushroom-like structure was
utilized. The authors of [106] presented a systematic ap-
proach for a dual-band metasurface design that significantly
decreases the coupling between two adjacent elements in
two frequency bands (2.6 GHz, 3.5 GHz). The metasurface
layer consists of double layer cut wires of different lengths
and is placed above the antennas as a superstrate. A similar
decoupling mechanism was proven to be effective in [107],
where a SRR-based superstrate offered wideband isolation
(S21 < −27dB), while the volume of the structure was not
dramatically increased.

Moreover, dual-band (2.34-2.47GHz, 3.35-3.65GHz) iso-
lation improvement was presented from the authors of [108].
After they designed an electrically small CSRR-based an-
tenna, they placed two of those in proximity (e.g. edge-to-
edge spacing of 10 mm. For the decoupling, they utilized a
2 x 3 array of modified CSRRs (called CSR2) that exhibit a
bandgap in the corresponding frequencies and thus resulted
in coupling reduction in both bands. Excellent decoupling at
the 28GHz 5G band was reported in [109]. Three CSRRs
connected with extra slots were inserted between the ele-
ments and adequately decreased the coupling by 27dB. The
authors used the theory of the characteristics mode to opti-
mise the CSRR structure in order to act as a band-rejection
filter. It was observed that by connecting the CSRRs with
slots the stopband response had wider bandwidth and offered
better isolation. In [110], a flower-shaped metamaterial cell
was designed to exhibit high absorptivity at 5.5GHz. By
placing an array of these cells between two closely spaced
patch antennas, the coupling was reduced by 12.41dB. The
authors report also 4% higher efficiency due to the higher
isolation. A fractal metamaterial was utilized in [111] and
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FIGURE 25: Illustration of coupling due to surface waves in multi-antenna platforms.

FIGURE 26: Decoupling of two closely spaced monopole an-
tennas with a single metamaterial CLSRL unit cell [100]. Light
grey depicts metallization and the ground plane (black outline)
is placed underneath the substrate (dark grey).

FIGURE 27: Standard configuration of isolation enhancement
with metamaterials placed between two closesly spaced anten-
nas.

offered wideband decoupling at five frequency bands without
degrading the radiation pattern or the efficiency. Hence, it is
a promising candidate for multi-band isolation.

Reconfigurable and tunable metamaterials are a novel
concept that combines the benefits of metamaterials with
the adaptivity of tunable elements such as varactors and
MEMS [112]- [114]. Such a structure was utilized in [115]
for adaptive decoupling of closely spaced antennas. A screen
consisting of many varactor-based metaresonators was in-
troduced between the antennas and thus the response of the
structure could be manipulated by applying proper voltages
on each unit cell. Since it is impossible to derive an analyt-
ical solution, a genetic algorithm was applied to optimize
the isolation by finding the corresponding voltages of each
unit cell. In this manner, a remarkable coupling reduction
was accomplished with S21 = -120dB. On another note,
a phased array consisting of patch antennas operating at

5.6 GHz was presented in [116]. A metamaterial slab act-
ing as a wall is placed between adjacent H-plane elements
and significantly reduced the mutual coupling by almost
20dB. Consequently, an overall performance improvement
was noticed with smoother radiation pattern and eliminated
scan blindness. In addition, the metawall was composed of
modified SRRs that exhibit low loss and thus the efficiency
was not mitigated. Moreover, a MIMO system with enhanced
isolation is reported in [117]. The proposed unit cell in
this case is a meander-like structure where one part of the
metalization is a bit elevated (3D) and connected with short
cylinders to the rest of the body. This structure reduced the
coupling of adjacent elements with an edge-to-edge spacing
of 0.13λ0 by 18dB.

Finally, some of the works presented are summarized in
table 3, while the methodology for isolation enhancement of
antennas is the following:
1.) Find the position/s where the power flow from one
antenna to the other is maximum for the given frequency
of operation. In particular for printed antennas, observe the
power flow within the substrate.
2.) Examine the electric and magnetic field vectors at the
position where the power flow is maximized, when only one
antenna is excited. This will highly depend on the antenna’s
radiation characteristics (e.g. standard monopoles/patches
create well-known electric and magnetic field polarisations).
3.) Choose a metamaterial unit cell that can operate under the
presence of the electric and magnetic fields observed in the
previous step. For instance, SRRs are excited by magnetic
fields perpendicular to their axis, while CSRRs are excited
from electric fields. Optimize the unit cell’s parameters for
resonance at the desired frequency and minimum magnitude
of the permittivity’s and permeability’s imaginary part. The
latter is important for reducing the loss which is directly
related to the imaginary part of the constitutive parameters.
This analysis can be carried systemically with the techniques
presented in [118], a full wave simulator and an optimisation
algorithm or a simple parametric sweep. For example, the
simulation setup for the extraction of a CSRR’s parameters is
illustrated in Fig.28. The boundary conditions PEC (Perfect
Electric Conductor) and PMC (Perfect Magnetic Conductor)
are utilized to simulate an incident plane wave with the
electric field being perpendicular to the CSRR’s axis.
4.) Place the optimized metamaterial cells at the position
of maximum power flow. It should be pointed out that the
isolation improves with an increase in the number of the
metamaterial cells but the efficiency is usually degraded due
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FIGURE 28: Simulation Setup of a single CSRR unitl cell. Light
grey depicts metalization.

to higher energy storage and losses caused by additional
cells.

TABLE 3: Isolation in the literature

Reference Method Element dis-

tance

Isolation en-

hancement

[100] CLSRL λ/8 30dB
[102] Meanders λ/9 16dB
[103] CLSRL λ/9 30dB
[104] SRR λ/8 45dB
[105] Mushroom λ/2 16dB
[106] Wires 0.008λ 25dB
[107] SRR

super-
strate

0.02λ 19dB

[108] CSRR 0.08λ 15dB
[117] 3D cell 0.13λ 18dB

IV. DISCUSSION AND FUTURE CHALLENGES

A. METAMATERIAL ESA CHALLENGES

In several works the antenna dimensions were considerably
reduced and the structures were remarkably small in compar-
ison to the wavelength. Since ESAs exhibit limitations, their
design is challenging and requires compromises between
antenna size and performance (i.e. bandwidth, efficiency).
Although metamaterials proved to be effective in reducing
the size of the radiators by enabling novel resonant modes
(i.e. ZOR antennas), the main challenges remain unchanged.
For instance, the narrowband nature of metamaterials directly
affects the bandwidth of the small metaresonator antennas.
In addition, most of the designs focused exclusively on
reducing the size by leveraging the subwavelength resonance
of metamaterial cells, but the overall antenna performance
was not optimized. In particular, the interaction between the

metamaterial cell and the rest of the antenna (e.g. monopole,
patch) was not taken into account, despite the fact that this
interaction is rather crucial for the current distribution that
highly determines the antenna performance. Designing an
ESA with a metaresonator loading can be straightforward,
but accomplishing an overall good performance requires
further design considerations such as feeding mechanism,
metamaterial type, position of the unit cell/s, shape of the
main antenna body, etc. Hence, we conclude that metama-
terials accelerate and assist the design of ESAs, but further
investigations are needed.

In addition, there is a great necessity for theoretical for-
mulations that will act as design guidelines in order for the
antenna characteristics to be optimized. Clearly, the field is
not mature yet and although there are some great exam-
ples of metamaterial antennas, the scientific insight into the
working principles is limited and the designs mainly rely on
EM simulations. Hence, the formulation of a solid theory
behind metamaterial-inspired antennas that will accelerate
the design process and ultimately benefit the performance is
necessary. In particular, techniques for improving the narrow
bandwidth and low efficiency of ESAs with metamaterials
are of great importance for future communications. As the
bandwidths become larger, the devices more compact and
SNR is the dominant parameter for the upcoming 5G and
beyond networks, small, power-efficient and wideband an-
tennas will be a vital component.

B. GAIN

Gain depends on two main parameters: aperture efficiency
and size. Various NZRI superstrates and AMC surfaces have
been proposed for gain improvement with the former having
the ability of focusing electromagnetic power on a single
point and the latter acting as reflectors or forming cavities.
Metamaterial-inspired GRIN lenses have also been reported
and provided increased gain over a wide bandwidth. Unar-
guably, the corresponding gain increase of these methods
is mainly attributed to the increase in aperture size (i.e. su-
perstrates, lenses and reflectors have larger dimensions than
the radiators). Nevertheless, they also offer higher aperture
efficiency and can be placed closer to the antennas than
conventional reflectors. In addition, such surfaces are cheaper
and easier to fabricate than metallic reflectors that require ex-
treme surface smoothness in higher frequencies.In particular,
metamaterials are an excellent alternative for the realisaiton
of gradient index profiles that are traditionally implemented
by combining different dielectric layers. On the other hand,
the NRZI and AMC based gain enhancement techniques
have only been applied to fixed-beam antennas and their
integration with beamsteerable antennas has not been ex-
amined yet. This arises from the fact that AMC and NRZI
superstrates focus the radiation towards a specific direction.
For simultaneous gain enhancement and beamsteering to be
viable, the metamaterial radomes shall be reconfigurable so
that they adapt to the changes and increase the directivity
regardless of the main beam’s direction. Only GRIN lenses
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have been integrated with beamsteerable antennas, where
the system relies either on mechanical rotation of the feed
antenna or switching between elements with different orien-
tation. This is rather uncomfortable as there is a necessity
for electronically controlled/scanned antenna systems that
have the benefits of being faster and adaptive. Furthermore,
this kind of GRIN lenses are usually not planar and thus
somewhat unsuitable for many applications where a low
profile is required. Since beamforming is a key technology in
modern wireless communications, an increase in gain for any
given beam direction will further increase the performance
and result in even higher SNR at the receiver. Hence, adaptive
NRZI and AMC metasurfaces and low-profile metamaterial
GRIN lenses for gain enhancement of beamsteerable arrays
are an interesting research topic.

C. ISOLATION

Regarding metamaterial-based isolation, the electrodynamics
of SNG and DNG media can offer a solid understanding
of the working principles. Here, metamaterials offer an ex-
cellent alternative and are a smart, low-profile solution for
adequate decoupling. In fact, they nor increase the size
and neither significantly affect the antenna characteristics.
Despite the fact that the levels of the achieved isolation
are considered sufficient for several applications, the corre-
sponding bandwidth is limited. This is again attributed to the
narrowband metamaterial response. As a result, it is chal-
lenging to decouple wideband antennas with the proposed
methods. Apart from this, metamaterial isolation of multi-
band antennas is also exigent, since most of the metamaterial
insulators operate at a single frequency. Hence, there is a
clear antithesis to the ever increasing bandwidth and multiple
frequency operation of modern communication systems. In
addition, most of the works discussed here, consider a single
horizontally arranged pair of antennas. This is opposed once
again to the demands of modern and future technologies such
as massive MIMO, where a large number of antennas in
various configurations is required. As a result, we identify
a clear necessity for wideband/multi-band isolation solutions
for multi-antenna systems that have arbitrary antenna topolo-
gies.

In parallel, most of the works regarding isolation have
focused on antennas for communication systems, where the
specifications are less strict (i.e. usually -20dB for MIMO
arrays). Radars are more demanding and require as high
transmitter-receiver isolation as possible. Hence, metamate-
rial solutions that provide extreme levels of isolation (e.g be-
low -100dB) are necessary for improving radar performance
and maintaining a low profile by avoiding the placement of
large metal sheets between the transmitter and the receiver.

V. CONCLUSION

This article presented a detailed review of antennas inspired
by metamaterial principles and highlighted their strengths
and weaknesses. A brief introduction in the theory of meta-
materials provided an insight into their novel properties and

capabilities. Electrically small antennas, antenna gain and
isolation enhancement with metamaterials were discussed in
detail and an overview of the state-of-the-art was also pre-
sented. The design tradeoffs considerations and methodolo-
gies show that metamaterials offer exciting new opportunities
for future wireless communications and radar systems. Their
unique characteristics offer design techniques that were not
applicable in the past but can be realized today though many
design challenges are yet to be addressed as discussed in this
review.

As a final note, we are of the view that more designs
should be studied in order for the field to become mature
and for metamaterial-inspired antennas to have an active
role in future wireless communications thus penetrating into
the global market. They can certainly contribute to the new
era of enhanced connectivity and power efficiency. Finally,
we believe that this review can serve as an inspiration and
reference point in further developing metamaterial antennas
to enable wide-ranging applications.
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