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ABSTRACT Metamaterials are three-dimensional engineered structures that manipulate electromagnetic
waves in bulk, while Metasurfaces are their two-dimensional counterparts, enabling wave control with
reduced thickness and simpler fabrication. These technologies have revolutionized antenna design, enabling
the development of advanced metasurface antennas (metantennas) with unprecedented electromagnetic
wave control. This article comprehensively reviews the classification, advancements, and prospects of
metantennas, emphasizing applications in 5G and beyond. Metantennas, which use metasurfaces as primary
radiating apertures, achieve significant improvements in key performance metrics. The review categorizes
electromagnetic metasurfaces by operation, generation, and function, and analyzes various metantenna
types with their design principles, advantages, challenges, and applications. It also highlights the impact
of emerging materials and technologies on metantenna evolution. A comparative performance analysis
illustrates their diverse applications in wireless communication, radar systems, satellite communication,
and sensing. The review concludes with insights into future challenges and opportunities, underscoring the
potential of metantennas to enable ultra-thin, conformal, and multifunctional antennas for next-generation
systems, and serving as a valuable reference for researchers advancing metantenna technology toward
superior performance in compact designs.

INDEX TERMS Electromagnetic metamaterials, leaky wave antennas, meta-atoms, metasurface antennas,
subwavelength structures, 5G and 6G communication.

I. INTRODUCTION
Metamaterials are composed of meta-atoms, which serve as
their unit cells, and can be approximately regarded as homo-
geneous Electromagnetic (EM) materials using the effective
medium theory [1], [2]. In contrast, Metasurfaces (MTSs)
represent a 2-D expansion of this concept and are comprised
of planar arrays of uniform or nonuniform meta-atoms. The
design of MTSs allows for the attainment of unique char-
acteristics in terms of how space waves are reflected or
transmitted and the alteration of the dispersion properties
of surface or guided waves [3], [4], [5], [6]. In the field
of microwave antenna applications, MTSs are commonly
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created using a structured pattern of diminutive elements on a
grounded surface, either with or without shorting connections
(vias) [7], [8], [9], [10], [11], [12]. Conversely, in submil-
limeter wavelength applications, MTSs can be composed
of a densely packed array of metallic pins on a ground
plane [13]. Metasurface Antennas (Metantennas) represent
the seamless integration of MTSs with traditional antenna
technology, where meta-atoms, the fundamental building
blocks of MTSs, enable unprecedented control over electro-
magnetic waves. This integration offers reduced thickness,
lower fabrication complexity, and enhanced performance
compared to bulk metamaterials [14]. By using MTSs as
the radiating aperture, metantennas achieve superior perfor-
mance in terms of gain, bandwidth, efficiency, and radar
cross-section (RCS) reduction, making them highly suitable
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for next-generation communication systems such as 5G and
beyond.

Unlike conventional antennas that rely on bulky reflec-
tors or complex feed networks, metantennas utilize sub-
wavelength meta-atoms to precisely modulate phase and
amplitude, enabling functionalities such as beam steer-
ing, focusing, and polarization conversion. This fusion of
metasurfaces and antennas into a unified structure [15]
has opened up new possibilities for compact, lightweight,
and high-performance antennas across diverse applications,
including wireless communication, radar, satellite systems,
and sensing [16], [17], [18].

The way a metantenna works is rooted in the interaction
of electromagnetic waves with the meta-atoms that constitute
the MTS. When a Surface Wave (SW) interacts with locally
modulated and periodically varying Boundary Conditions
(BCs) created by MTSs, it facilitates the replication of a
desired aperture field, which then radiates through the Leaky
Wave (LW) effect [16], [19]. This mechanism forms the basis
for metantenna operation, allowing for precise wavefront
manipulation, beamforming, and polarization control.Metan-
tennas are characterized by their low profile, lightweight
design, and ease of fabrication, often using standard Printed
Circuit Board (PCB) techniques. The integration of the feed-
ing element within the metasurface plane eliminates the need
for bulky external reflectors or complex feed networks, fur-
ther enhancing their practical advantages. These features,
along with their ability to finely tailor aperture fields, have
led to the development of a variety of innovative metantenna
designs in recent research.

The fundamental design of a meta-atom is governed by the
concept of sub-wavelength structures. Traditionally, atoms
are considered the smallest building blocks of matter. Despite
their small size, atoms are so minuscule that even today,
humans have limited control over them and cannot alter their
internal structures. However, in the context of electromag-
netic metamaterials, the definition of ‘‘small’’ is relative to
the operating wavelength (λ) [17]. A general design rule
for meta-atoms in metamaterials and metasurfaces is that
their dimensions should be much smaller than the operating
wavelength, typically satisfying the λ/10 criterion [20].When
a structure is reduced to this sub-wavelength scale, it can
exhibit effectivemedium properties, allowing it tomanipulate
electromagnetic waves in ways that conventional materials
cannot.

The electromagnetic properties of metantenna unit cells
are defined by their permittivity (ε) and permeability (µ),
leading to classifications such as Double-Negative (DNG)
and Single-Negative (SNG) meta-atoms. DNG meta-atoms
exhibit both negative permittivity (ε) and negative permeabil-
ity (µ), enabling a negative refractive index, which results
in unique wave propagation effects such as super-resolution
imaging and improved impedance matching. These mate-
rials enhance beam focusing and directivity, which is cru-
cial for high-gain antennas [17], [21]. SNG meta-atoms

include either negative permittivity (Epsilon Negative, ENG)
or negative permeability (Mu-Negative, MNG), provid-
ing selective wave suppression and impedance matching
properties. These materials contribute to low-profile, high-
efficiency antenna designs, making them ideal for confor-
mal and miniaturized applications. Meta-atoms designed to
achieve these properties enable significant enhancements
in beam steering, polarization control, and radiation effi-
ciency, making them essential for advanced metantenna
implementations [17], [21].

The design of unit cells in a metantenna follows a
structured process to achieve the desired electromagnetic
response. The dipole mode is often the primary resonant
mode of a scatterer, making it the preferred choice for meta-
atoms. The first mode in a scatterer’s spectrum, the dipole
mode, exhibits the smallest electrical size, making it suit-
able for unit cell designs [22]. A metallic dipole antenna
typically has a length of λ/2, making it too large for sub-
wavelength applications. By using Split-Ring Resonators
(SRRs) and other compact resonators, the dipole’s effective
size can be reduced to sub-wavelength dimensions. Increas-
ing capacitance and inductance (e.g., by extending the length
or narrowing the gap of parallel strips) enables further minia-
turization while preserving resonance properties [3], [17].

Meta-atom geometries such as cylinders, cubes, and
spheres must be carefully engineered to satisfy the λ/10 crite-
rion. Complex structures like cross-shaped, Jerusalem cross,
or complementary resonator designs allow for enhanced
polarization manipulation and frequency selectivity [20],
[22]. Unlike traditional Frequency-Selective Surfaces (FSS)
[23], High-Impedance Surfaces (HIS) [24], and Electromag-
netic Bandgap (EBG) structures [25], metantennas derive
their properties from their constituent elements rather than
overall periodicity. As discussed in [26], [27], and [28],
FSS and EBG are historically important periodic structures
that differ from metasurfaces in both physical mechanisms
and functionality. Metasurfaces, in contrast, act as the
two-dimensional counterparts of metamaterials, enabling
broader wavefront manipulation beyond filtering or bandgap
behavior. The periodicity of meta-atoms influences metasur-
face performance, with nonuniform designs offering greater
flexibility for beam shaping and frequency selectivity. The
increasing complexity of metasurface design necessitates
the use of computational optimization techniques, including
genetic algorithms [29], [30] and machine learning-based
models [31], [32]. Fabrication techniques such as 3D printing,
liquid crystal tunable materials, and liquid metals are being
explored to develop reconfigurable and dynamically tunable
meta-atoms [33], [34], [35], leading to the advancement of
metantennas.

Metantennas have significantly advanced antenna design
and wireless communication by enhancing key performance
metrics such as gain, directivity, bandwidth, efficiency, and
RCS reduction. They are particularly promising for 5G net-
works, enabling beamforming, polarization control [36], [37],

183934 VOLUME 13, 2025



M. A. I. Oni et al.: Advances in Metantennas: Classification and Future Prospects

and frequency-selective surfaces, while their compact design
makes them suitable for sensing applications in biomedi-
cal, environmental, and security fields, as well as Internet
of Things (IoT) and wearable devices. The development of
metantennas relies on a fundamental understanding of meta-
atom behavior, unit cell design, and material classification.
By leveraging double-negative and single-negative proper-
ties, researchers can design antennas with improved radiation
control and efficiency. The integration of reconfigurable
and nonlinear metasurfaces allows for dynamic electromag-
netic property modifications, facilitating beam steering and
frequency generation. Additionally, metantennas can be com-
bined with sensors, Radio Frequency Identification (RFID),
and other emerging technologies to develop innovative sys-
tems. However, challenges remain in scalable fabrication,
seamless integration, and application-specific optimization.
The ongoing advancements in sub-wavelength unit cell
optimization and fabrication techniques continue to drive
the evolution of metantennas. Rather than serving as mere
enhancements to conventional antennas, metantennas are
evolving into independent radiating structures, with advance-
ments in materials and Artificial Intelligence (AI)-driven
design expected to shape the future of wireless communica-
tion, radar, satellite, and sensing technologies. Fig. 1 illus-
trates general application scenarios of a metantenna system
designed for Fifth Generation (5G) and beyond communica-
tion systems, leveraging a mesh-type network topology for
flexible and adaptive network deployment. The metantenna
enables dynamic beamforming and multi-beam steering, cru-
cial for supporting high-speed, low-latency communication.
Additionally, the integration of Reconfigurable Intelligent
Surface (RIS) and smart radio environments enhances signal
propagation [38], [39], [40] by mitigating multipath effects
and improving spectral efficiency. This system is particularly
beneficial for Autonomous Aerial Vehicle (AAV)-assisted
networks, vehicular communications, and smart city appli-
cations, where obstacles can disrupt direct line-of-sight
communication. Operating in Millimeter Wave (mmWave)
and sub-THz frequencies, such technologies are expected
to revolutionize next-generation wireless networks. Further-
more, metantennas play a key role in satellite communication
by enabling efficient downlink/uplink connectivity and adap-
tive coverage for space–terrestrial integrated networks.

This article presents several novel contributions to the field
of metantennas, including the first comprehensive classifi-
cation and detailed analysis of various metantenna types.
It provides a comparative performance evaluation, high-
lighting their advantages, limitations, and applications in
wireless communication, radar, and satellite systems. To fur-
ther strengthen the technical depth, it examines unit cell
design mechanisms through equivalent circuit modeling,
offering intuitive and design-oriented insights into how differ-
ent unit cells govern metantenna performance, an aspect not
systematically addressed in earlier reviews. It also explores
emerging materials and fabrication techniques, such as liquid
crystals, liquid metals, and 3D printing, which are shaping

FIGURE 1. General application scenarios of Metasurface Antennas
(Metantennas) in next-generation wireless networks.

the evolution of metantennas. Unlike conventional reviews,
this work bridges the gap between metasurfaces and antenna
technology by emphasizing how metantennas employ

metasurfaces as primary radiating apertures rather than
supplementary components, thereby enabling superior per-
formance in gain, bandwidth, efficiency, and radar cross-
section reduction. In addition, it identifies key challenges and
future research directions, including reconfigurable metasur-
faces, miniaturization, and AI-driven optimization, making
it a valuable reference for researchers in both academia
and industry. By synthesizing classifications, performance
analyses, design methodologies, and future prospects, this
review provides a comprehensive overview of metantennas
and serves as a valuable reference for researchers and pro-
fessionals, particularly for applications in next-generation
communication systems such as 5G and beyond. In that
manner, the first section describes the classification of EM
MTSs and MTS-based antennas. In the following section,
metantennas are illustrated in detail, with several types
described along with their respective advantages and chal-
lenges. A comparative performance analysis of different
categories of metantennas is then presented in categorized
tables. In addition, the limitations of current designs, unit
cell design mechanisms, and potential future developments
and challenges are discussed. The next section describes how
metantennas have seen significant advancements through the
incorporation of novel materials and fabrication technologies.
Finally, concluding remarks are provided in the last section.

II. CLASSIFICATION OF ELECTROMAGNETIC
METASURFACES AND METASURFACE-BASED ANTENNAS
A. CATEGORIZATION OF ELECTROMAGNETIC
METASURFACES
MTSs can be categorized using several approaches. One
common method is based on their operational frequency,

VOLUME 13, 2025 183935



M. A. I. Oni et al.: Advances in Metantennas: Classification and Future Prospects

FIGURE 2. The classification of MTSs based on their operation [41] and the generation [42].

distinguishing between MTSs designed for optical or
microwave applications. The classification of MTSs can be
broadly divided into three categories: operation-based MTSs,
generation-based MTSs, and antenna-inspired MTSs, shown
in Fig. 2. Each category provides a unique perspective on how
MTSs are designed, developed, and applied.

1) OPERATION-BASED MTSS
They are categorized based on their functional mechanisms
in manipulating electromagnetic waves. These include wave-
front control, guided by Huygens’ principle, where the wave-
front is shaped to achieve desired behaviors. Electromagnetic
bandgap MTSs are designed to block specific frequency
bands to regulate wave propagation. Two-dimensional leaky-
wave MTSs enable the gradual dispersion of energy in a
controlled manner, while two-dimensional lenses act as flat
lenses for focusing electromagnetic waves efficiently without
requiring bulky curved surfaces [41].

2) GENERATION-BASED MTSS
They focus on the evolutionary stages of metasurface devel-
opment [42]. First Generation (1G) describes the uniform
or homogeneous MTSs with consistent structures, Second
Generation (2G) introduces spatial modulation, enabling the
MTS to alter its properties across its surface, thereby achiev-
ing complex functionalities like beam steering and wavefront
manipulation, Third Generation (3G) represents the MTSs
that modifies its attributes with space and time both enabling
theMTSs dynamic, reconfigurable, and adaptive. This allows
for real-time control of electromagnetic waves and expands
the scope of their applications.

• First Generation (1G):The concepts related to MTSs
have been explored since the 1970s and 1980s, primarily
in the form of FSSs. FSSs, consisting of periodic arrays
of conducting patches or apertures, have been employed
for applications such as frequency-dependent mirrors
and filters. The understanding of FSSs has evolved from
optical diffraction gratings [42].

• Second Generation (2G):The transition to the second
generation of MTSs spans from 2010 to 2020. Dur-
ing this phase, aperiodic MTSs with spatially varying
boundary conditions emerged. There are two categories
of nonuniform MTSs: those designed for space-wave

control and those for in-plane SW and LW control.
Notably, the introduction of the concept of Huygens’
MTS is regarded as transparent MTSs that transform
wavefronts and enable applications like thin lenses and
beam deflectors [42].

• Third Generation (3G):The ongoing transition to the
third generation of MTSs is where boundary conditions
change both in space and time, becoming controllable
and intelligent. Reconfigurability is achieved through
electronics, time-varying materials, or switchable feed
points distributed over theMTSs. Concepts like ‘‘digital-
coded MTSs’’ and ‘‘programmable MTSs’’ are intro-
duced, allowing for the control of various functionalities
based on different digital states of the elements. The
self-adaptive and cognitive MTSs are also potential
candidates [42].

3) ANTENNA-INSPIRED MTSS
These MTSs draw inspiration from traditional antennas. The
characteristics of theseMTSs first closelymatch those of con-
ventional reflect-array and transmit-array antennas [43], [44].
This marks the initial encounter betweenMTSs and antennas.
The basic building blocks of traditional transmit-arrays and
reflect-arrays consist of antenna radiators that are λ/2 in size,
such as metal patches [45]. These λ/2-sized radiators can
alter the phase profiles of reflected or transmitted waves
on two-dimensional planes by integrating phase shifters,
lumped elements, delay lines, and related features [44]. This
manipulation shapes the wave fronts of the waves based on
planar configurations, deviating from the use of parabolic
reflectors or convex lenses. On the other hand, functional
MTSs utilize sub-wavelength meta-atoms as building blocks,
introducing spatial phase variations without the need for
extra accessories. Consequently, MTSs provide more cus-
tomization options for the wave-fronts of transmitted or
reflected waves. Motivated by transmit arrays and reflect
arrays, diverse MTSs have been created with distinctive char-
acteristics, including anomalous refraction and reflection for
beam steering [46], [47], and transmissive or reflective focus-
ing for achieving higher directivity [48], [49]. Furthermore,
by employing active phase-shift characteristics, similar to
transmit or reflect array antennas, programmable and repro-
grammable, reconfigurable MTSs enable dynamic switching
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FIGURE 3. The classification of metasurface-based antennas based on the functions of MTSs [17].

FIGURE 4. A classification scheme for metasurface antennas (metantennas).

functionalities [50], [51]. The theory of phased array antennas
elucidates these distinctive modulations of electromagnetic
waves.

Last but not least, another classification has been
reported for metasurface-based antennas by the functions of
MTSs [17]. Metasurface-based antennas have been classified
into two broad categories: antennas assisted by MTSs, and
metasurface-antennas (metantennas), showcased in Fig. 3.

B. METASURFACE-BASED ANTENNAS
MTSs can be utilized to improve the performance of anten-
nas, including enhancing characteristics like gain [46], [47],
[48], [52], bandwidth [53], [54], Axial Ratio (AR) [55], and
aperture efficiency [56]. In these setups, theMTS and antenna
are typically designed independently and then integrated. The
MTS serves as an additional component that enhances the
antenna’s performance. If the MTS is removed, the antenna
can still function, but with reduced performance. As a result,
antennas with this type of configuration are referred to as
metasurface-assisted antennas.

As MTSs continue to advance, their design methodology
is progressively integrated into antenna design. Instead of
acting as supplementary superstrates or substrates, MTSs
are utilized directly as antennas’ radiator-aperture [57], [58],
[59], facilitating the seamless fusion of MTSs and anten-
nas. In this merged configuration, the meta-atoms of MTSs
function as the radiator elements of array-antennas, while the
MTS itself serves as the radiating aperture. This approach,
utilizing the MTS as both the radiating aperture and for its
other electromagnetic functionalities, has led to the proposal
of various innovative MTS antennas. These include end-fire
antennas, frequency scanning antennas, lower Radar Cross

Section (RCS) antennas, and more. At the present point, the
MTS and antenna are combinedly designed like an indivis-
ible element, merging together seamlessly to form a unified
entity known as ‘‘metantenna’’ [17], leveraging the combined
strengths of both components.

III. METASURFACE ANTENNAS (METANTENNAS)
The metantenna is composed of a collection of meta-atoms
arranged over a structure that is large electrically. Every
meta-atom size is in the sub-wavelength range and is posi-
tioned at a distance from its neighboring atoms that is also
in the sub-wavelength range [20]. Typically, a metantenna
includes an MTS along with one or multiple feeds, where
the MTS serves as the aperture of the antenna, while the
feed is often positioned at either end or at the center of
the MTS. The antenna and MTS are combined together
like a unified structure, giving rise to the term ‘‘metan-
tenna’’ to describe this fusion [17]. In this setup, the MTS
functions like the antenna’s aperture, emitting or receiving
electromagnetic waves through the feed. Apart from wave
radiation and reception, MTSs can also incorporate various
additional functionalities depending on the frequency band
and polarization, such as multiple beams, holography, fre-
quency scanning, polarization manipulation and detection,
lower RCS, enhanced isolation and expanded bandwidth, and
many more. This section provides a brief overview of the
recent developments in ‘‘metantenna’’ technology.Metanten-
nas can be further categorized as embodied in fig. 4.

A. HOLOGRAPHIC METANTENNAS
The optical concept of holography can also be applied
to explain the operation of a unique class of leaky-wave
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antennas, holographic antennas. In the case of a holo-
graphic antenna, the radiating aperture is constructed using
a hologram, which receives input from surface-wave modes
traveling on thin substrates. This hologram is essentially
the result of combining the traveling surface wave with the
radiated plane wave, forming an interference pattern. Con-
sequently, it becomes feasible to manipulate the direction
and shape of the antenna’s beam by altering the hologram’s
configuration. In comparison to other types of leaky-wave
antennas, holographic antennas offer advantages in terms of
both manufacturing and system integration, rendering them
highly promising for various millimeter-wave applications
such as radar systems [60]. The typical holographic anten-
nas have drawbacks in terms of low aperture efficiency
and a complicated beamforming feeding network. With the
help of the MTS structures, holographic metantennas pro-
vide extraordinary performance such as beamforming and
frequency scanning with multiple polarizations, high gain,
narrow beam width, and lower profile [8], [61], [62], [63],
[64], [65].

The mechanism of a scalar impedance holographic MTSs
and a comparative study of the operation of Holographic
Artificial Impedance Surface (HAIS) at phase crossover and
non-phase crossover frequencies have been presented in [8].
The proposed modified-HAIS design is intentionally oper-
ated at a non-phase crossover frequency to obtain a null in
the azimuth component along the desired direction, and it has
improved beam-forming capabilities compared to the conven-
tional HAIS. The article claims a pencil-beam with higher
aperture efficiency can be achieved with a modified-HAIS
whose physical area is 18.5λ2. However, the circular polar-
ization criterion has barely been met. Reference [61] presents
a low-profile, straightforward holographicmetantenna design
using a printed circuit board-based Parallel-Plate Waveguide
(PPW), capable of generating radiation patterns with dual
polarization and multiple beams. The MTS is created using
an arrangement of unit cells with slot-like shapes that are
subwavelength in size, coupled to a reference wave launched
into the PPW utilizing only one coaxial feed. The proposed
dual-polarization multibeam metantenna consists of a dielec-
tric substrate with copper-clad surfaces on both sides. The
front surface of the antenna is patterned into an array of
slot-shaped subwavelength unit cells. The generation of the
metasurface-encoded multibeam patterns is achieved using a
holographic principle, by interacting the PPW guided-mode
reference with the metasurface layer. Although vertical and
horizontal polarization have been claimed but supporting
evidence was not produced.

The proposed Si/GaAs metantenna design in [62] appears
to be a promising solution for high-performance and low-
profile antennas at W-Band (75-110 GHz). The study demon-
strates that the holographic approach allows for the molding
of the radiated beam, resulting in a high directivity of 31.9 dBi
and a low-profile design [fig. 5 (a)] appropriate for com-
pact platforms such as CubeSats/SmallSats. The exemplar
demonstrated in the study achieved a reflection coefficient

FIGURE 5. (a) Holographic metantenna, pillbox structure loaded with the
metasurface layer, (bottom) cross-section of the antenna in the xz plane
is shown as an inset. Dimensions: a = 0.85 mm, b = 0.17 mm, c = tapered
from 0.38 to 0.4 mm, d = 0.53 mm, h1 = 0.35 mm, h2 = 0.175 mm
(b) S-parameter patterns for the Si-GaAs holographic metantenna [62].

below −15 dB at 94 GHz, depicted in Fig. 5 (b), which
is a desirable characteristic for efficient signal transmission
and reception. However, enough evidence was not provided
for the multibeam characteristics, which were claimed in the
article. The Kymeta’s electronically-scanned antenna tech-
nology, which is based on the concept of holographic beam
forming implemented through a diffractive metasurface and
liquid crystal display technology was presented in [63]. The
technology suggests dynamic beam pointing and polariza-
tion control, which are essential for meeting the demands of
today’s communications networks. The challenges involved
in developing user terminals for non-geostationary satel-
lite networks, where dynamic beam steering antennas are
needed to maintain a link as satellites change position in the
sky, were also discussed. They suggest that electronically
steerable flat panel antennas may be the only solution to
this complex problem. Overall, the article provides valuable
insight into the technology behind electronically-scanned
antennas and the potential applications for this tech-
nology in industries such as transportation, telecommu-
nications, and defense, but the antenna’s capability for
beam pointing and polarization control was not elaborately
discussed.

A novel approach to metantenna design using the
one-dimensional holographic concept has been presented
in [64]. The proposed metantenna achieves beam-tilt with
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fewer unit cells, simplifying the design process and result-
ing in a more compact structure. The proposed metantenna
achieves a continuous beam-scanning angle with high gain.
However, it is worth noting that the article focuses on the
design and validation of the proposed metantenna using the
one-dimensional holographic concept and does not provide
a comprehensive comparison with other relevant existing
metantenna designs. The modified plane-wave surface wave
launcher enhances the frequency band of impedance match-
ing and antenna radiation efficiency, but increases the overall
volume of the design by not being conformal.

A new kind of metantenna, the Frequency-Diverse Holo-
graphic Metasurface (FDHM) antenna, which produces
randomly frequency-diverse radiation patterns, has been
demonstrated in [65]. The proposed near-field microwave
computational imaging system is built using the FDHM
antenna, and it achieves high-quality imaging with a much
smaller number of measurements than traditional imaging
systems. The compressed sensing technique and iterative
shrinkage/thresholding algorithms are applied for the imag-
ing reconstruction. The achieved compressive ratio of this
computational imaging system on the physical layer is 30:1.
The proposed FDHM antenna and the near-field microwave
computational imaging system have potential applications
in various fields, such as medical imaging, security screen-
ing, and non-destructive testing. However, it is worth noting
that the demonstration of the feasibility of achieving com-
putational imaging by the FDHM antenna is conducted by
numerical analyses, and experimental validation is yet to be
performed. Additionally, the proposed system is based on
reflected signals in the frequency domain, which may limit
its applicability in certain scenarios.

B. FREQUENCY SCANNING METANTENNAS
A frequency scanning metantenna is an advanced electro-
magnetic device that operates by dynamically adjusting its
electromagnetic properties to steer, focus, and control the
direction of incoming or outgoing electromagnetic waves
over a range of frequencies. Phase Gradient Metasurface
(PGM) is an important early metasurface that enables phase
gradients within the plane for waves that are transmitted or
reflected [66], [67], [68]. Within the metasurface plane, the
phase gradient deflects the antennas’ primary lobe direction
by acting as a wave vector. The dispersive nature of these
phase gradients, caused by resonance phases, leads to fre-
quency scanning as the position of the primary lobe changes
with frequency. In-plane feed planar antennas are a com-
mon configuration for metantennas, where the metasurface
aperture’s phase gradient is greater than the wave vector
of free-space [69]. Incident waves are converted into Spoof
Surface Plasmon Polaritons (SSPPs) through reflective or
transmissive PGMs, propagating along the metasurface and
concentrating into the feed. During the radiation process,
electromagnetic waves on the surface from the feed are trans-
formed into propagating waves in free space, facilitated by

FIGURE 6. (a) Schematic diagram of the Spoof Surface Plasmon
Polaritons (SSPPs) planar antenna based on Transmissive Phase Gradient
Metasurface (TPGM) (b) Simulated and measured reflection coefficient
|S11| (c) Simulated results of the radiation and total efficiency [58].

the antiparallel phase gradients of the MTS [58], [70], [71].
The direction of the main lobe of the antenna changes as the
operating frequency varies due to the dispersive nature of the
phase gradient provided by the metasurface.

The design and analysis of a novel SSPP planar antenna
based on Transmissive Phase Gradient Metasurface (TPGM)
has been presented in [58]. The SSPP planar antenna offers
advantages over existing planar antennas, including wide-
band frequency scanning, higher efficiency, and greater
design

flexibility. The antenna consists of TPGM placed above
the SSPP guided wave structure shown in Fig. 6, exhibiting
a directive radiation pattern described by the generalized
Snell’s law. The SSPP planar antenna can achieve wideband
frequency scanning from backward to forward from 7 GHz
to 10 GHz, with a maximal total efficiency higher than
90%. Still, it is difficult to further improve the antenna
efficiency due to the Driven Surface Wave (DSW) cou-
pling and decoupling by means of reflective PGM, which
is not an eigenstate of EM waves and can experience
severe scattering before coupling to an eigenmode SSPP,
leading to a fast attenuation of field intensities during the
transmission process. Reference [50] presents a study on a
carefully designed gradient meta-surface that supports high-
efficiency anomalous reflections for near-infrared light. The
authors demonstrate that the meta-surface can achieve broad-
band anomalous reflection with high efficiency, and that
the reflected wave becomes a bounded surface wave as
the incident angle exceeds a critical value. The study also
compares the performance of the gradient meta-surface to
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previously fabricated gradient meta-surfaces in the infrared
regime and discusses potential applications of this technol-
ogy in shorter wavelength regimes. Additionally, while the
study demonstrates high efficiency for anomalous reflec-
tion at normal incidence, it is unclear how the performance
of the meta-surface would be affected by changes in inci-
dent angle or polarization. A method of achieving frequency
scanning radiation using decoupling spoof surface plasmon
polaritons via phase gradient metasurface has been proposed
in [70]. The proposed approach allows for continuous beam
scanning and has the potential to be expanded for creating
adaptable frequency scanning antennas along curved con-
tours. A prototype antenna operating at 8.8-10.7 GHz was
designed, fabricated, and measured, and the results show the
high-efficiency beam scanning performance of the prototype.
The method can be an effective alternative to the design
of either planar or conformal frequency scanning antennas
due to its low loss, low profile, low cost, and simple fab-
rication. Although the side lobes in the radiation pattern
are mainly attributed to the nonuniform leakage constant,
which is caused by inconsistent resonant amplitudes of the
Corrugated Metallic Strip (CMS), this may affect the overall
performance of the antenna. Here, an approach to frequency
scanning is demonstrated using a planar antenna based on
SSPP. The antenna, consisting of a phase-gradient meta-
surface and a feed structure, operates effectively within a
0.6 GHz bandwidth, maintaining a low reflection coefficient
and consistent gain. The antenna can couple the wave from
the feed into a spatial radiated wave whose beam pointing
angles at 8.9, 9.1, 9.3, and 9.5 GHz are −12◦, −8◦, −4◦, and
0◦, respectively, which verifies the radiation mechanism and
frequency scanning feature of the antenna. On the contrary,
exciting SSPP through the feed structure is more difficult and
inefficient compared to exciting Transverse Electromagnetic
waves (TEM) due to the particularity of the field distribution.

C. MULTI-BEAM METANTENNAS
Through the strategic arrangement of meta-atoms with
diverse properties on a 2-D plane, it becomes viable to gen-
erate phase-gradients focused towards various directions in
azimuth. As a result, surface mode electromagnetic radia-
tions could be disengaged from the feed, enabling them to
propagate in various directions within free space. This excit-
ing capability unlocks possibilities for designing multi-beam
metantennas. Two common arrangements are used to achieve
multibeam functionality [72], [73], [74], [75]. In the first
approach, the metasurface aperture is divided into angular
sectors, each dedicated to generating a beam in a specific
direction. Alternatively, the second configuration involves
overlaying multiple phase modulations on the metasurface
aperture, resulting in higher gain compared to the first con-
figuration. Additionally, by programming the patch antenna
arrays’ antenna components’ feeding phases, it becomes fea-
sible to implement multibeammetantennas directingmultiple
radiated beams toward different directions using specific cod-
ing sequences [76]. Furthermore, multi-beam planar antennas

FIGURE 7. (a) Schematic of the entire multi-beam metantenna system,
capable of performing two-dimensional beam scanning in free space. The
radiation aperture is the 1D impedance-modulator metasurface, and the
feeding network is the Luneburg lenses. The unit cells depicted in
(b) comprise all metasurfaces. These unit cells can be represented as the
surface impedance and the surface refractive index. Because of the x and
y axes’ symmetry, only ports 1-4 are examined in the experiments’
radiation results. (b) Diagram of the fundamental unit cell, where the
unit’s period was 2.5 mm. Under various gap sizes, the textures’
dispersion curves are provided [72].

can be created by directing surface-waves from various feeds
upon MTSs because the MTS effectively isolates surface-
waves, allowing them to radiate independently [77].
The metasurface system proposed in [72] achieves

multi-beam by using two surface Luneburg lenses as the
feeding network, illustrated in Fig. 7, which can transform
point sources located near the Luneburg lens into surface
plane waves propagating in various directions. Next, the One-
Dimensional (1D) impedance MTS is positioned between the
Luneburg lenses modulates the surface plane waves with

distinct wave vectors. Ultimately, the surface waves radi-
ate into free space after leaving the impedance metasurface.
By merely altering the feeding position and operating fre-
quency, the radiation beams can then encompass the 2D
spatial scanning region. With the help of the working fre-
quency, the spatial waves can also be scanned in the elevation
plane, or roughly the x–z plane. Therefore, unlike a con-
ventional phase-array system, the entire metasurface system
may achieve 2D spatial beam scanning by just altering the
feeding point and operating frequency. However, because of
the leaky wave’s attenuation loss, the low-profile system’s
aperture efficiency was not very great. The design of multi-
beam antennas using a single metasurface aperture has been
explored in [74]. The authors investigate feedingmethods that
are single-source and multisource, and they offer closed-form
formulae for the metasurface surface impedance in each sug-
gested solution. They also compare the performance of the
different designs in terms of beam efficiency, side-lobe level,
and cross polarization. Overall, the study shows that metan-
tennas can provide a low-complexity solution for multibeam
applications with higher beam efficiency and low cross-
polarization. In order to validate the performance of both
single-source and multisource feeding schemes, a compari-
son of the performance of these designs with other existing
multibeam antenna solutions needs to be done. In [75], a tech-
nique for creating holographic leaky-wave metasurfaces that
can execute intricate multi-beam radiations while scanning
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frequencies is showcased. The proposed theory allows for
one- and two-dimensional multi-beam scanning by varying
the frequency. The authors described twomethods for record-
ing the appropriate interferograms: one method records the
interferograms on the entire metasurface while side feeding,
while the other method records the interferograms on a few
of the metasurface’s subdomains while central feeding. The
experimental results agree with numerical simulation and the-
oretical predictions. The simulation results have confirmed
the ability to provide strict frequency-based restrictions on
electromagnetic radiation. However, because of the extremely
difficult experimental procedure based on their existing
measuring apparatus, the measurement has only been possi-
ble for three-beam radiations with 2D frequency scanning.
A novel surface-wave-based high-impedance surface multi-
beam antenna with full azimuth coverage is presented in [77].
With a tilted elevation angle, the suggested antenna design
enables effective azimuthal beam scanning. The use of
high-impedance surface technology based on surface waves
offers advantages in antenna design, including a relatively
compact size and improved radiation performance. The pro-
posed antenna design has an advantage in terms of stability
and radiation performance. Experimental results of a pro-
totype of the proposed antenna with 28 feeding ports are
illustrated. Though the paper focuses on the azimuth scanning
capability of the proposed antenna, its scanning performance
in elevation needs to be investigated.

D. HUYGENS’ METANTENNAS
Huygens’ metantennas (HMSs) operate based on the prin-
ciples of Huygens’ principle and metasurfaces. The core
component of an HMS is the metasurface itself, which con-
sists of an array of tiny subwavelength-scale structures called
meta-atoms. These meta-atoms are strategically arranged
across the metasurface to interact with incoming electro-
magnetic waves effectively. When an electromagnetic wave
encounters the metasurface, each meta-atom imparts a spe-
cific phase shift and amplitude change to the incident wave.
These individual changes combine across the metasurface,
determining the overall impact on the wavefront. Huygens’
principle is crucial here, as it treats each point on the wave-
front as a secondary source of spherical waves. In the context
of the metasurface, each meta-atom becomes a secondary
source emitting spherical waves. The constructive interfer-
ence of these spherical waves forms a new wavefront, which
can be precisely controlled. HMSs use this capability to
steer the direction of wave propagation, shape the wavefront
to achieve specific radiation patterns, and even focus or
diverge the electromagnetic beam. These antennas are also
highly frequency-selective, and their operating frequency
band depends on the design of the metasurface. Engineers
can tailor HMSs to operate within specific frequency ranges
or even across multiple bands. HMSs find applications in
a wide range of fields, including wireless communication,
radar systems, and imaging devices. In general, HMSs utilize
MTSs and Huygens’ principle to control electromagnetic

waves meticulously, making them versatile tools in modern
technology [56], [78], [79], [80], [81], [82], [83], [84].

A solution to the problem of low-profile devices with
very directed beams through the design of cavity-excited
HMS has been presented in [56]. The proposed design yields
near-unity aperture illumination efficiencies from arbitrar-
ily large apertures, offering new capabilities for microwave,
terahertz, and optical radiators. The article also highlights
the overall design process that is developed and illustrated,
whichmakes it easier to optimize these devices going forward
for a range of uses. The great flexibility in selecting the
source configuration, along with the effective semi-analytical
method, permits investigating other excitation sources, such
as those with varying orientations and current distributions,
to further customize the aperture fields. The range of appli-
cations could be further expanded by using the suggested
technology to construct pencil beam radiators that are both
compact and efficient across the electromagnetic spectrum.
A simple and comprehensive strategy for synthesizing HMS
has been demonstrated in [79]. The design of Huygens’
metasurfaces is based on the equivalence principle, where
properly engineered electric and magnetic surface currents
enable arbitrary control of electromagnetic wave transforma-
tions. The proposed strategy builds an equivalent model of the
HMS antenna and deals with the designs from the perspective
of phase optimization, which is simple and straightforward,
as shown in Fig. 8. The algorithm suggests passivity and
losslessness of the HMS antenna. Although authors claim
the proposed strategy is more comprehensive and easier to
implement than existing methods, the performance of the
proposed strategy was not compared with existing meth-
ods in terms of radiation efficiency, bandwidth, and other
metrics.

In addition to the fundamental theory, several works have
presented efficient methods for extracting the characteris-
tic parameters of metasurfaces and synthesizing their unit
cells [85], [86], [87]. These approaches provide practical
guidelines for accurately modeling surface susceptibilities
and for realizing passive, lossless bianisotropic metasurfaces.
Such methods are highly relevant for advancing HMSs,
as they facilitate precise unit-cell synthesis and enable more
effective design strategies for applications in beam shap-
ing, polarization manipulation, and wavefront engineering.
A novel Offset Electric Dipole Pair (OEDP)-based wide-
band dual-layer Huygens unit cell that achieves wideband
transmission has been reported in [81]. The proposed Huy-
gens’ unit cell can provide over 300 degrees phase coverage
from 28 to 44 GHz with a less than 3 dB transmission loss.
The authors then developed a Rotman lens, a parallel-fed
slot antenna array, and a Huygens’ metasurface to create
a wideband and high-gain multibeam array antenna. This
design operates throughout a comparatively large bandwidth
(28–32 GHz) and claims it can increase the antenna gain
further. While the Huygens’ unit cell offers a phase coverage
of more than 300 degrees within the 28 to 44 GHz range, its
phase shift slope varies with different frequencies, potentially
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FIGURE 8. (a) Top view and (b) Back view of the HMS (c) Frequency
properties of the far fields of the design with smooth phases (average
gain and directivity in regions 1 and 2) [79].

introducing additional phase errors when operating away
from the central frequency.

A new type of metasurface, called a bipartite Huygens’
metasurface, was introduced in [83], which can reflect an
incoming electromagnetic wave into any direction with per-
fect power efficiency. The authors demonstrate that this can
be achieved using a passive and lossless metasurface with
only two cells per period. Through simulations and exper-
iments, they show that this metasurface can anomalously
reflect an incident electromagnetic wave over a wide angular
and frequency range. However, the proposed metasurface is
limited to reflection angles that are less than 90 degrees,
and it may not be suitable for applications that require
reflection angles greater than 90 degrees. Reference [84]
presents the design and experimental verification of a pas-
sive Huygens’ metasurface lens for gain enhancement of
frequency-scanning slotted-waveguide antennas. The meta-
surface lens is designed for enhancing the gain of 1-D
frequency-scanning slotted-waveguide antennas centered at
34.3 GHz. The paper demonstrates the upward of 13 dB of
directivity enhancement achieved by the metasurface lens.
The study showcases the versatility of Huygens’ metasur-
faces in improving the gain and scanning capability of
feed antennas. Additionally, the metasurface lens’s dispersive
focal distance could be modified so as not to have the gain
reduction at lower frequencies.

E. LOW-PROFILE HIGH-GAIN METANTENNAS
This type of metantennas are two-dimensional flat array
of sub-wavelength scatters with ultrathin thickness, offering

unique advantages in antenna design. By serving as antennas’
radiation aperture, such metasurfaces enable ultralow-profile
antennas with high gain. For high-gain antennas with sub-
wavelength interelement spacings, the metasurface unit
cell functions as an array element when the constituent
sub-wavelength scatters are equal and fed with the same
amplitude and phase [57]. The in-plane feed layout is
another low-profile high-gain antenna arrangement [71],
which allows for narrowband metantennas, involving a sin-
gle feed situated at the metasurface’s extremity. The phase
gradient produced by the metasurface is opposite in direc-
tion and of identical magnitude to the wave vector of
the electromagnetic waves radiated from the feed. Conse-
quently, this setup facilitates the separation of surface mode
waves, converting them into propagating waves that prop-
agate freely in free space [59]. Additionally, the use of
circular radially modulated anisotropic metasurfaces [88]
with a center-fed configuration facilitates double circularly
polarized, low-profile, high-gain metantennas that convert
cylindrical surface waves into directional radiated waves
in the broadside direction. The center-fed-metasurface con-
figurations also enable the implementation of various low-
profile antennas, such as low-sidelobe and shared-aperture
antennas [89].

The limitations of conventional electrically small antennas
and the potential of metasurfaces for developing new antenna
applications have been presented in [57]. The metantenna
presented in the article is an array of 8 × 8 electrically
reconfigurable resonator elements periodically arranged on
a square substrate. The article discusses the metantenna’s
design, optimization, and performance comparison with a
conventional array antenna. The findings indicate that com-
pared to the traditional array antenna, the metantenna has a
larger bandwidth and a greater gain. The article concludes
that the metantenna concept has the potential to revolution-
ize the design of antennas and open up new possibilities
for antenna applications. While the antenna excels in high
gain, it is important to acknowledge its limitations, includ-
ing the complex design of several layers of the elements
and the complex feeding network. Experimental validation
of a Ku-band dual-circularly polarized metantenna has been
demonstrated in [88] and shown in Fig. 9. The measured
maximum gain of the antenna is 23.8 dBi for two different
feeding systems. The antenna is an anisotropic single-layer
MTS that is radially modulated, which works by exciting two
decoupled phase-matched transverse magnetic and transverse
electric surface waves with balanced amplitude. These waves
interact with the modulated surface, which is an ultrathin
grounded dielectric slab printedwith subwavelength elliptical
slotted metallic patches, leading to a Circularly Polarized
(CP) broadside radiation. Two different orthomode transduc-
ers have been designed to excite the surface waves with
orthogonal polarization and equal amplitude. The first feed-
ing system is composed of a metallic stepped septum inside
an air-filled square waveguide, while the second feed is an
extremely compact circular waveguide completely filled with

183942 VOLUME 13, 2025



M. A. I. Oni et al.: Advances in Metantennas: Classification and Future Prospects

FIGURE 9. (a) Top view (diameter 355 mm) (b) Details of various printed
elements of the low-profile high-gain metantenna (c) Effect on the
broadside Right Hand Circular Polarization (RHCP) (red) and Left Hand
Circular Polarization (LHCP) (green) radiation patterns at 13.4 GHz when
the Axial Ratio of the feeding system that excites the metantenna
varies [88].

AD1000 dielectric. Yet, the feeding system needs to be more
compact to be a low-profile antenna. Reference [89] proposes
a metamaterial-like design for a 2D center-fed transmission
line grid-antenna with exceptionally high values of aperture
efficiency, with a measured gain of 22.22 dB is observed
compared to a simulated one of 23.80 dB. The architecture is
flexible for different array sizes and scalable to terahertz and
millimeter-wave frequencies. The unloaded transmission-line
grids can be used as corner-fed Dirac leaky-wave antennas
that can produce pencil beams at broadside and tilted angles
in the forward and backward radiation directions because they
show Dirac cones in the dispersion relation that support both
forward and backwardwave propagation.When the operating
frequency is swept, the pencil beam that is produced sweeps
the antenna’s E plane. The generated beam nevertheless scans
often and does not show a high aperture efficiency, even if
it does not divide or deteriorate into a conical beam. Yet,
it is not suitable for broadband applications due to the narrow
bandwidth of operation.

F. POLARIZATION MANIPULATION AND DETECTION
METANTENNAS
Polarization Manipulation and Detection (PMD) metanten-
nas operate based on their ability to control the polariza-
tion state, phase, and direction of electromagnetic waves.
These antennas consist of carefully engineered meta-atoms
arranged in a 2D metasurface. PMD metantennas primarily
operate by manipulating the polarization of incident elec-
tromagnetic waves. The meta-atoms in the metasurface are
designed to interact with incoming waves, altering their elec-
tric and magnetic fields to control their polarization. This

means they can convert between different polarization states,
such as changing linearly polarized waves into circularly
polarized ones, or vice versa. These antennas are versatile in
their applications. They can not only manipulate polarization
but also detect the polarization state of incoming waves. This
capability is useful in various fields, including remote sens-
ing and communication, where knowledge of polarization
provides valuable information. Moreover, PMD metantennas
can adjust the phase of different parts of the wavefront. This
feature allows them to steer or shape the radiation pattern of
the antenna, which is crucial in applications like radar and
satellite communication. One of the significant advantages of
PMD metantennas is their compact and lightweight design.
Traditional antennas can be bulky, whereas PMD antennas
are thin and lightweight, making them suitable for integration
into devices and systems where space is limited. As a whole,
PMD metantennas are sophisticated devices that leverage
engineered meta-atoms to control polarization, phase, and
wavefront properties of electromagnetic waves. Their versa-
tility, ability to manipulate polarization, and compact design
make them valuable in numerous applications, including
communication systems, remote sensing, and imaging [90],
[91], [92], [93], [94], [95], [96], [97].

Recent progress on all-dielectric metasurfaces for polar-
ization manipulation has been reviewed in [91]. The article
discusses the principles and emerging applications of meta-
surfaces, which offer a new paradigm for designing ultracom-
pact optical elements with great potential for miniaturizing
optical systems. The review highlights the advantages of
all-dielectric metasurfaces over plasmonic-type metasurfaces
in terms of higher efficiency. The article also discusses
the use of anisotropic dielectric nanostructures to support
a large refractive index contrast between orthogonal polar-
izations of light. The emerging applications of metasurfaces
in optical systems include polarization detection and imag-
ing, data encryption, display, optical communication, and
quantum optics. A novel approach utilizing a phase gradient
metasurface for a broadband terahertz polarization converter
with anomalous reflection has been discussed in [92]. The
proposed polarization converter can manipulate the polar-
ization and wavefront of terahertz waves, and has potential
applications in antireflection coating, high-efficiency non-
destructive biological sensor, THz detection, imaging, and
sensing. According to the simulation results, when the side
lobe level is less than −14 dB, the reflecting angle varies
from 39◦ to 22◦ between 0.40 and 0.60 THz. The increased
ratio of polarization conversion achieved by the polarization
converter is analyzed through reflection phase and reso-
nant branch analysis. Although it would be beneficial to
have experimental results to confirm the effectiveness of
the proposed technology. The design and investigation of
a novel converter for cross-polarization using an FSS has
been presented in [93]. The converter features a rotationally
asymmetric fourfold supercell structure that allows for the
conversion of an incident wave linearly polarized at any
azimuth into the state of cross-polarization, in addition to
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FIGURE 10. (a) Top view of the metantenna, (b) Polarization
discrimination antenna, (c) Recorded output DC voltages of the
polarization discrimination antenna at various frequencies controlled by
the Field Programmable Gate Array (FPGA) while the antennas’ distances
from transmitting to receiving are one meter [95].

functioning as an FSS filter for circularly polarized waves.
The converter has a transmission bandwidth of 3.0 dB and
a peak insertion loss of less than 0.16 dB at 5.8 GHz.
But the investigation of the cross-polarization converter was
limited to a specific frequency band (5.8 GHz). A digital
coding metasurface is used in an early version of Polariza-
tion Modulation (PoM) for wireless communications, which
may dynamically modify the polarization of electromagnetic
radiation in a particular frequency range [95]. A schematic of
the metantenna is showcased in Fig. 10. With this technology,
by regulating the bias voltages on themetasurface in real time,
allows binary digital messages to be effectively encoded on
the optical rotation states of circularly polarized beams and
decoded at the receiving end. The study shows that PoM can
enhance physical-layer security in wireless communication
systems and provides more flexibility in antenna operating
frequencies. Moreover, signal identification requires high
power intensity and polarization stability of the receiving
EM wave, so there is still an urgency to improve the com-
munication distance through the relay stations. A smart
sensing metasurface that can detect microwave incidences in
dual-polarization modes and alter the reflected phase con-
figurations using a FPGA as a control mechanism has been
showcased in [96]. The metasurface is equipped with inci-
dence detection and 1-bit digital phase modulation, and can
achieve self-recognition and determination through a novel
sensing mechanism and programmable reaction units. The
article presents three schemes containing six coding patterns,
two of which are measured and show good agreement with

the designs. The authors envision that this work maymotivate
studies on smart metamaterials with high-level recognition
and manipulation. On the other hand, the proposed meta-
surface was designed to sense and manipulate microwave
scattering fields, which limits its further intelligence because
of the missing information on the tailoring target.

G. LOW RCS METANTENNAS
Arranging the distributions of the reflection phase in a
strategic manner on two-dimensional metasurfaces offers a
substantial reduction in monostatic RCS when exposed to
plane wave illumination. This reduction is achieved through
various mechanisms, including beam splitting, beam deflec-
tion, scattering cancellation, polarization conversion, and
the widespread absorption of reflected waves [98], [99],
[100], [101], [102], [103]. Placing RCS reduction meta-
surfaces near the antenna element effectively decreases the
RCS of planar antenna apertures. The meta-atoms of meta-
surfaces respond differently to reflected and transmitted
waves, enabling a significant reduction in RCS for scattered
waves while preserving the antenna’s radiation performance
for emitted waves. Common configurations for low RCS
metantennas involve surrounding the antenna radiator with
meta-atoms [104] or arranging antenna components in a
configuration akin to RCS-reduction metasurfaces’ meta-
atoms [105]. Moreover, using antenna elements with diverse
configurations on the two-dimensional plane, similar to
meta-atoms on RCS-reduction MTSs, can result in high-
gain, low RCS planar array antennas. It is also possible to
combine meta-atom antenna elements that operate at various
frequencies to construct multiband low RCS planar array
antennas [106]. In cases where antennas possess substantial
metallic regions, like rectangular patch antennas, reflective
metasurfaces can be placed atop the metallic patch to achieve
RCS reduction through scattering cancellation [107]. For
RCS reduction, a 2D Coding Phase Gradient Metasurface
(CPGM) is proposed in [99]. The proposed 2D phase gradient
modulates the coding element’s principal pattern, providing a
more adaptable way to manipulate scattering. The particular
scattering patterns of the 2D CPGM under phase gradient and
coding sequence modulation are analyzed in this research.
By adjusting both the phase gradient and the coding sequence,
a controlled backward diffusion scattering coding phase gra-
dient metasurface based on Pancharatnam–Berry (PB) phase
is produced. Its effectiveness on RCS reduction is demon-
strated by both measured and simulated outcomes. Further
optimization or improvement of the proposed CPGM design,
such as by exploring different coding sequences or phase gra-
dients to achieve better performance or more flexible manip-
ulation of electromagnetic waves, is expected. The reduction
of both in-band and out-of-band RCS through anti-phase
energy cancellation and scattering has been demonstrated
in [101]. The SRRs serve as unit cells of the MTS for RCS
reduction and as array elements for linear polarization. The
manufactured model working in the X-band has an overall
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FIGURE 11. (a) Front view, (b) Back view of the metantenna (c) and
(d) Frequency response for realized gain and Axial Ratio of the
metantenna [101].

bandwidth of 16% with a highest realized gain of 17.9 dB,
as shown by the measurements in the paper depicted in
Fig. 11. The observed specular reflection has been lowered
by 10 dB between 9.2 and 10.8 GHz and by 7.5 dB between
10.8 and 14 GHz under normal lighting conditions. How-
ever, the feeding network is a bit complex with respect to
the design perspective. A low radar cross-section broadband
circularly polarized antenna array using metasurface-based
elements have been presented in [104]. The low-RCS charac-
teristic and broadband circularly polarized radiation are both
concurrently achieved by the design. The metasurface-based
element produces antiphase reflections under orthogonal
polarized incident waves, which leads to low RCS. To con-
firm the design, a 4 × 4 array prototype was built and
measured. The proposed design has potential applications in
various fields, such as satellite communication, radar, and
wireless communication. Yet, the article does not explore
the potential impact of the proposed design on the over-
all system performance, such as the impact on the receiver
sensitivity and the system noise figure. The effectiveness of
using randomly rotated components to keep radiation perfor-
mance high while lowering radar cross section in microstrip
phased-array antennas has been demonstrated in [105]. The
authors propose a new method for in-band RCS reduction
that involves randomly rotating the elements in the array. The
results show that this method can achieve significant RCS
reduction while maintaining high radiation performance. The
article also discusses the use of a cross-shaped metasurface
for low RCS. Although the article focuses on in-band RCS
reduction, it does not address out-of-band RCS reduction or
other aspects of antenna design that may affect RCS. Also, the

axial ratio was not described to claim the design as circularly
polarized microstrip arrays.

H. LEAKY WAVE METANTENNAS
Leaky-wave metantennas represent an innovative approach
to control phase precisely and manipulate electromagnetic
waves for various applications in modern technology. These
antennas consist of a 2D array of subwavelength-scale ele-
ments called meta-atoms. The key principle behind their
operation is precise phase control.When an incoming electro-
magnetic wave, often referred to as a surface wave, interacts
with themetasurface, themeta-atoms induce controlled phase
shifts in the wave. This interaction causes the surface wave
to ‘‘leak’’ energy into free space, resulting in radiation away
from the surface. By carefully adjusting the phase distribution
across the metasurface, the antenna can steer the direction
of the emitted beam, a capability known as beamforming.
Leaky-wave metantennas operate within specific frequency
bands determined by their design. They can also function
across multiple frequency bands, enhancing their versatil-
ity. These antennas are invaluable for applications requiring
accurate and dynamic beam steering, such as in wireless
communication and radar systems [108], [109], [110], [111],
[112], [113], [114], [115].
The design and experimental results of A miniature

magnetic dipole composite Leaky-Wave Antenna (LWA)
for right- and left-handed transmission lines with stable
wide beam-scanning characteristics have been discussed
in [108]. The addition of an alumina ceramic block improves
impedance matching and radiation efficiency, resulting in a
reliable, broad beam-scanning range and increased antenna
gain. The antenna’s performance was evaluated through sim-
ulations and experiments, and the results demonstrate the
suggested design’s efficacy. The article also highlights the
potential applications of LWAs in various fields, including
5G networks, direction-of-finding, remote sensing systems,
near-field-focused antennas, and point-to-point communica-
tion. Yet, the presence of the alumina ceramic block imposes
constraints on the antenna’s applicability, particularly in
scenarios where a low-profile design is imperative, like
in compact mobile communication devices such as smart-
phones. [109] discusses the design and implementation of
a leaky-wave metantenna for arbitrary aperture synthesis,
shown in Fig. 12, which can be used for high-performance
low-profile transceivers in wireless communication. The
authors introduce the concept of the continuum’s quasi-bound
states and show how customized perturbations can be used
to control the amplitude, phase, and polarization state of
metasurface aperture fields. The article also presents several
functional capabilities of metantenna prototypes, incorpo-
rating far-field beam shaping and single-input multi-output
and multi-input multi-output near-field focusing. The authors
conclude that leaky-wave metantennas offer a promising
solution for meeting the technological needs of 5G/6G net-
working and broadband satellite internet access. On the other
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FIGURE 12. (a) Designed Leaky Wave Metantenna (LWM), (b) Realized
gain of the LWM (simulated and measured) [109].

hand, the article notes that the multi-beam LWM has a
rather low numerically computed radiation efficiency of 44%
(including dielectric and conduction loss). This is because
the capacity to precisely pattern the amplitude profile of the
entire LWM aperture in a point-wise fashion is limited by
the tiny perturbation regime, which also limits the degree of
asymmetry of eachmeta-unit. As a result, the antenna designs
may not be able to achieve optimal performance in terms of
beam shaping and focusing.

In [111], an approach for lessening beam squinting in
radiating structures was suggested, with an emphasis on
LWAs. The approach uses Huygens metasurfaces to refract
the beam without degrading the gain or distorting the beam
shape. The metasurface is designed to match the dispersion
diagram of the LWA, which dictates its beam-squinting char-
acteristics. According to the experimental results, at angles
near broadside, the suggested method can minimize beam
squinting by 50% over a 10% bandwidth. However, the need
for precise design and fabrication of the Huygens metasur-
face can be challenging and time-consuming. This article
proposes a novel concept of a leaky-wave antenna based on
the use of Huygens’ metasurfaces. A fishnet-like element
has been proposed in [114], allowing a flexible synthesis of
the surface impedance, providing very low values of reac-
tance and, thus, very high directivities without requiring an
extreme variation of the Periodic Resonant Structure (PRS)
geometrical parameters. The remarkably negligible spatial
dispersion, together with its negligible modal Transverse
Electric-Transverse Magnetic (TE-TM) coupling, allows for
a simple but accurate modeling. The proposed Fabry-Perot
Cavity LWAs (FPC-LWAs) allow for achieving high radiat-
ing performance at a low cost and with low complexity of
fabrication. However, a tradeoff is established between Frac-

tional Bandwidth (FBW) and directivity, and lower values of
reactance lead to a highly directive FPC-LWA working in a
narrow bandwidth, whereas higher values of reactance lead
to moderately directive FPC-LWA working in a considerable
bandwidth. Using analytical and computational techniques,
the radiative performance of several designs for reaching
theoretical directivities between 15 and 30 dB is assessed.
Although it is necessary to conduct experiments in order to
substantiate these findings.

Achievement of controlled radiation by using a bian-
isotropic metasurface of the omega type in a parallel-plate
waveguide is proposed in [115]. The metasurface transforms
the guided mode into a leaky mode with arbitrary con-
trol of the leakage factor and pointing direction, achieving
broadside radiation without degradation. The paper includes
simulations and experimental results of two prototypes to
validate the proposed concept. The paper concludes that the
proposed design paves the way to implement leaky-wave
antennas with completely arbitrary radiation patterns. How-
ever, several constraints of the proposed design include its
unsuitability for wide bandwidth, high gain, and low-profile
applications.

I. PERFORMANCE ENHANCER METANTENNAS
Performance Enhancer Metantennas (PEM) have revolu-
tionized the performance of traditional antenna technology.
They operate on the principle of using a specially designed
metasurface to manipulate incoming electromagnetic waves,
resulting in superior antenna performance across various
applications. The working principle of these antennas hinges
on precise control over the properties of electromagnetic
waves, including phase, amplitude, and polarization. This
control is achieved through an array of subwavelength
meta-atoms embedded in the metasurface. These meta-atoms
are meticulously engineered to exert influence over the inci-
dent waves, enabling advanced functionalities.

One of the primary advantages of PEM is its capability for
beam steering. By carefully adjusting the phase distribution
across the metasurface, these antennas can alter the direction
in which the electromagnetic waves are emitted. This feature
is invaluable in applications such as radar systems, where
tracking moving targets requires dynamic beam control. Fur-
thermore, these antennas excel in beam shaping. They can
sculpt the emitted beam into various configurations, includ-
ing narrow, focused beams for long-range communication
and wider beams for broader coverage. This adaptability
makes them highly versatile and applicable in scenarios
where flexible beam patterns are needed. Another critical
aspect of these antennas is their efficiency enhancement.
Through precise control of wavefronts and phase distri-
butions, they can significantly improve the efficiency and
gain of the antenna system. This results in stronger signal
transmission and reception, which is essential for reliable
communication in various domains. PEM also exhibits fre-
quency selectivity. Some designs are optimized to operate
within specific frequency bands, making them suitable for
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applications like wireless communication, where efficient
spectrum utilization is crucial. Despite their advanced capa-
bilities, these antennas are characterized by their compact and
lightweight design. This feature makes them well-suited for
integration into devices with space and weight constraints,
such as smartphones, drones, and satellite communication
terminals. In a nutshell, PEM Antennas leverage advanced
metasurface technology to significantly enhance the perfor-
mance compared to traditional antennas. Their ability to
control wavefronts, steer beams, shape radiation patterns,
improve efficiency, directivity, gain, and exhibit frequency
selectivity makes them invaluable in applications ranging
from telecommunications and radar systems to satellite com-
munication. Their compact and lightweight design further
underscores their suitability for modern, space-constrained
devices [90], [116], [117], [118], [119], [120], [121].
A dual-polarized MRMTA design achieves significant

reductions in radar cross section (embodied in Fig. 13) and
the ability to steer scattered beams, which are important
parameters for many applications [90]. The article dis-
cusses the effectiveness of the MRMTA design in achieving
quasi-independent radiation andmultiple in-band x-polarized
scattering manipulations using Characteristic Mode Analysis
(CMA). The MRMTA unit cells in radiation and scattering
modes have different resonance behaviors around meander-
ing edges and inner slots, respectively. Tuning the inner
slots of the MRMTA unit cells can alter the reflection phase
distributions for MRMTA’s different scattering functions but
leave a weak influence on the radiation mode resonance. The
antenna’s profile is significantly reduced when ametasurface,
rather than an accessory, is used as the antenna radiator
aperture [116]. This article presents a miniaturized recon-
figurable tri-polarization metantenna based on characteristic
mode analysis with high-aperture efficiency. The metantenna
consists of a single-layered 4×4 array of windmill-like units,
wherein PIN diodes can be used to switch between three
distinct polarization states for each. The proposedmetantenna
achieves a high-aperture efficiency of up to 80%. Overall, the
use of a metasurface in the design of themetantenna improves
its performance in terms of profile, aperture efficiency, and
bandwidth. A metasurface structure allows for the opti-
mization of the antenna’s radiation performance, resulting
in broadband and low-profile RF wireless energy harvest-
ing [118]. By modifying the metasurface structure, the design
achieves a harmony between Optical Transmittivity (OT) and
electrical performance, resulting in an OT of more than 50%.
By integrating radiation and in-band co-polarized scatter-
ing functions, an Anisotropic Complementary Metantenna
(ACMA) design provides low sidelobe radiation and low in-
band co-polarized scattering [119]. ACMA design achieves
reduced sidelobe and in-band co-polarized scattering levels
below −17.2 dB, ranging from 8.87 to 9.78 GHz. The
parameters that have been improved by using a metasurface
in [121] are the AR bandwidth and the aperture effi-
ciency of the proposed antenna. The proposed non-uniform
metasurface superstrate layer, composed of an array

FIGURE 13. Schematic of (a) Multiresonant Metantenna (MRMTA)
without feeding structure and (b) its unit cell, (c) Scattering patterns of an
equal-sized grounded substrate, open and matched MRMTAs with the
random layout at 5.4 GHz in xz plane, (d) Gain fluctuation of MRMTA with
the gradient layout, (e) Simulated scattered far fields in xz plane of a
gradient MRMTA with fixed MTS and varying sizes of metal ground
planes [90].

of 3 × 4 non-uniform rectangular patches, a finite square
ground plane, and a rectangular slot, provides a significant
performance enhancement with respect to a uniformmetasur-
face in terms of both AR bandwidth and aperture efficiency.
The proposed MTS antenna is compact (0.068 λ0) and pro-
vides a remarkable aperture efficiency going from 86 % up
to 96 % and an AR coverage in the upper hemisphere greater
than 84 % within the desired S-band (2.025 – 2.29 GHz).
The use of metasurface in [120] improves the inter-element
mutual coupling and reduces the number of phase shifters,
which in turn lowers the system complexity and cost.

J. END-FIRE METANTENNAS
End-fire metantennas, also known as end-fire metamaterial
antennas, are designed to radiate electromagnetic waves in a
specific direction, typically along the axis perpendicular to
the antenna’s surface, but not necessarily. In order to achieve
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FIGURE 14. (a) Perspective view of the proposed low-profile End-fire
metantenna, (b) Results of measured and simulated gain for the
suggested metantenna [122].

high efficiency mutual conversion between radiation waves
and surface waves, metasurfaces play a crucial role. Metasur-
faces can create surface waves with high coupling efficiency,
propagate them along the metasurface with minimal radiation

loss, and finally radiate them at the opposite end when
placed in the near-field zone of feeding structures such as
waveguides or probes. Because of this unique attribute, end-
fire antennas can be designed with metasurfaces serving as
the main radiation aperture; as a result, they are also known
as surface wave antennas. One side of a feeding monopole
probe with a metasurface is used in the most basic end-fire
design [122]. This article presents a novel design for an end-
fire surface-wave antenna with a metasurface coating that
achieves a wide bandwidth and low profile demonstrated in
Fig. 14. The proposed antenna is compared with previous
designs in terms of fractional bandwidth, profile size, gain,
polarization, and conformal requirement. The metasurface
coating is shown to improve the antenna’s performance by
suppressing higher-order modes and enhancing the radiation
pattern. The air-to-dielectric interface’s surface impedance
can be altered by the generated electric currents on the meta-
surface, which can then regulate the transmitted field’s phase
and magnitude. The scattered fields on either side of the
metasurface can be investigated to enhance the antenna’s
radiation pattern by varying the metasurface’s shape and
periodicity. The monopole and the meta-atoms’ near-field
coupling on the metasurface generate and guide surface mode

waves to radiate toward the end. Moreover, complex feeding
networks, such as those that use patch array metasurfaces
as surface wave structures and Substrate-Integrated Waveg-
uide (SIW) power-splitters as substrate-integrated waveguide
antennas, can be used to create high-gain end-fire array anten-
nas, enabling the realization of broadband end-fire high-gain
antenna arrays [123]. A new high-gain SIW-fed double-
layer metantenna array operating at 28–37 GHz is presented
in this study. A 1 × 8 SIW power divider is combined
with the planned antenna elements, including a double-layer
metasurface. The antenna array’s simulation gain ranges
from 12 to 18.1 dBi between 28 and 37 GHz. The antenna
array can be used for end-fire radiation in mm-Wave appli-
cations. The Double Layer Metasurface Antenna (DLMA)
has better performance than the Single Layer Metasurface
Antenna (SLMA) in terms of gain and bandwidth. The band-
width of the proposed antenna array is 26.1-38.2 GHz and can
be simply combinedwith low transmission loss printed planar
antennas. However, precise calculation and design steps need
to be followed to design the SIW feed network. Additionally,
metasurfaces can incorporate advancedmanipulations on sur-
face waves, including focusing, enhancing the versatility and
functionality of the metasurface design [124], [125], [126].
A novel implementation of a two-dimensional microwave

Luneburg lens antenna with a configurable printed metasur-
face has been showcased in [124]. By varying the surface
impedance inside a parallel-plate structure, the lens is realized
by modifying the effective refractive index in accordance
with the Luneburg law. An array of circular patches on a
planar substrate is used to generate the metasurface, and the
patches’ sizes are adjusted to change the surface impedance.
The article highlights the design criteria and limitations of
the metasurface and demonstrates how the lens operation
is affected by the metasurface’s properties. Based on the
conceived lens, A basic parallel-plate antenna that has the
ideal height for the waveguide is suggested, and two taper-
ing solutions are proposed to improve the thin parallel-plate
waveguide’s free space matching. Moreover, the proposed
antenna design may not be suitable for broadband applica-
tions due to the limited bandwidth of the Luneburg lens.

IV. ANALYSIS AND DISCUSSION
Metantennas have shown great potential in various applica-
tions, including 5G and beyond, satellite communications,
and phased array antennas. Tables 1 to 10 present a list of
various types of metantennas, including their respective sizes,
unit cell dimensions, bandwidth and operating frequencies,
gain, efficiency, polarization, reconfigurability, validation
method, substrate materials, and novelty and applications
developed over recent years. The respective brief discussion
of these metantennas has been demonstrated in the previous
section. These metantennas are designed for different pur-
poses and cover a wide range of applications across various
frequency bands, including beamforming, wireless communi-
cation, remote sensing, radar, and more. They utilize different
substrates and structures tailored to their intended purposes.
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TABLE 1. Comparison of Holographic Metantenna design based on various parameters.

The analysis indicates a growing interest in metanten-
nas and their potential for various applications. Each article
addresses different aspects of metantenna design, including
modeling, beamforming, beam steering, and reconfigurabil-
ity. The transition to the third generation of metantennas
suggests a promising future for metantennas in wireless com-
munication, imaging, and other fields. It’s clear that staying
informed about developments and innovations in this area
is crucial for researchers and engineers to remain at the
forefront of antenna design and applications. Here are some
limitations of present designs and potential future develop-
ments and challenges interpreted from Tables 1 to 10 for
metantennas:

A. LIMITATIONS OF PRESENT DESIGNS
• Limited Bandwidth: Some metantenna designs, such as
Luneburg lens-based metantennas, may not be suitable
for broadband applications due to their inherently lim-
ited bandwidth.

• Efficiency and Losses: Metantennas, especially those
based on leaky-wave or holographic principles, can
suffer from efficiency losses due to surface wave atten-
uation, scattering, and other factors. These losses can
impact the overall performance, particularly in high-gain
or long-range applications.

• Reconfigurability and Dynamic Control: While
reconfigurable metasurfaces offer dynamic control over
electromagnetic properties, achieving real-time recon-
figurability with high precision remains a challenge.
Current designs often require complex control mecha-
nisms and may suffer from limited response times.

• Complex Design and Fabrication: The increasing com-
plexity of metasurface designs necessitates the use of
computational optimization techniques, such as genetic
algorithms and machine learning, making their practical
realization challenging.

• Scalability Issues: The development of efficient and
scalable fabrication techniques remains a significant
challenge, limiting the large-scale implementation of
metantennas in commercial applications.

• Integration Challenges: Metantennas require seamless
integration with other components and systems, such
as sensors and RFIDs, to fully realize their potential in
advanced communication networks.

• Performance Trade-offs: There is often a trade-off
between fractional bandwidth and directivity, meaning
that optimizing one parameter can negatively impact the
other.

• Material Limitations: The use of novel materials such
as liquid crystals and liquid metals can enhance per-
formance but also introduce reliability concerns due to
environmental sensitivity and fabrication difficulties.

B. UNIT CELL DESIGN MECHANISMS AND EQUIVALENT
CIRCUIT MODELS FOR METANTENNAS
The performance of metantennas is fundamentally deter-
mined by the electromagnetic response of their unit cells.
A clear understanding of these responses, together with
equivalent circuit models (ECMs), provides intuitive and
design-oriented insights into the analysis and design of meta-
surfaces. Below, we summarize the main classes of unit cells,
their working principles, and their corresponding ECMs.
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TABLE 2. Comparison of frequency scanning Metantenna design based on various parameters.

• Resonant Propagation-Phase Unit Cells: Patch, slot,
ring, and cross-shaped inclusions are commonly used
for reflectarrays and frequency-selective surfaces. Their
behavior can be modeled using LC resonators, where
the capacitance arises from gaps between metal-
lic elements and the inductance from the current
path. By tuning these parameters, such cells can
provide full 360◦ phase control at resonance [44],
[127]. While compact and effective, they often exhibit
a narrow bandwidth due to their high Q-factor
nature.

• High-Impedance and Artificial Magnetic Conductor
(AMC) Surfaces:Mushroom-type structures, consisting
of patches connected to a ground plane via vias, act as
parallel LC resonators. The capacitance is set by the
patch gap, and the inductance by the via and substrate
thickness. At resonance, the surface impedance tends
toward infinity, creating an in-phase reflection charac-
teristic of an artificial magnetic conductor [128]. These
unit cells suppress surface wave propagation and enable

low-profile antennas, though their bandwidth remains
limited.

• Huygens’ Unit Cells:Huygens’ metasurfaces are real-
ized by balancing electric and magnetic dipole
responses. In circuit terms, they can be modeled
as matched impedance sheets, with electric dipoles
represented as capacitive/inductive elements and mag-
netic dipoles as loops or apertures. When properly
balanced, these cells enable near-unity transmis-
sion amplitude with arbitrary phase control, thereby
achieving highly efficient transmitarrays and gradient
metasurfaces [85], [129].

• Geometric Phase (Pancharatnam-Berry) Unit Cells:
PB-phase cells impart phase through element rotation
rather than resonance, where the imparted phase is
given by φ = ±2ψ , with ψ as the rotation angle.
Unlike propagation-phase cells, their mechanism is
explained via polarization transformations and Jones
matrices rather than LC circuits. These cells are par-
ticularly powerful for circular polarization and orbital
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TABLE 3. Comparison of multi-beam Metantenna design based on various parameters.

angular momentum (OAM) beam generation, though
their efficiency is polarization-dependent and bandwidth
is limited by polarization conversion [130], [131].

• Bianisotropic and Omega-Type Unit Cells: These
cells incorporate magnetoelectric coupling, where
electric fields induce magnetic moments and vice
versa. Their ECMs are expressed in generalized
impedance/admittance matrices with off-diagonal terms
to represent this coupling. Such designs provide
additional degrees of freedom, enabling asymmetric
transmission, angularly stable reflection, and perfect
anomalous refraction [132].

• Absorbing Unit Cells: Metasurface absorbers, such as
metal–insulator–metal (MIM) configurations or Salis-
bury screens, can be modeled using RLC circuits. Here,
resistive loading provides loss, capacitance is defined
by metallic patches, and inductance arises from sub-
strate thickness. By matching the surface impedance
to free-space impedance (η0 = 377�), such cells
achieve perfect absorption, making them valuable for
radar cross-section (RCS) reduction and electromag-
netic interference mitigation [133].

Recent studies have shown how equivalent circuit models
guide practical unit cell optimization. A Leaky-waveAntenna

FIGURE 15. ECM of CRLH-TL LWA unit cell [108].

(LWA) unit cells have been modeled in [108] as Composite
Right/Left-Handed (CRLH) transmission lines (TL), where
the gap and stub acted as series capacitance and shunt induc-
tance, shown in Fig. 15. By enhancing capacitance with
an Alumina Ceramic Block (ACB) and varying unit cell
dimensions, they achieved miniaturization, stable wide-angle
scanning (−70◦ to +69◦), and higher gain (7.7 dBi). This
demonstrates how ECM-based analysis links geometry to
performance improvements in efficiency, scanning stability,
and compactness.

Through equivalent circuit modeling, designers can cap-
ture the essential physics of diverse unit cells without
resorting immediately to full-wave simulations. Resonant
cells provide phase agility but limited bandwidth; AMC struc-
tures enable low-profile integration; Huygens’ cells achieve
efficient transmission; PB-phase cells offer geometric sim-
plicity; bianisotropic unit cells add powerful control; and
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TABLE 4. Comparison of Huygens’ Metantenna design based on various parameters.

absorbers enable stealth and EMC functionality. Together,
these approaches form the design toolkit that underpins
metantenna development.

Table 11 summarizes the working principles, equivalent
circuit models, and performance impact of commonly used
metasurface unit cells. Equivalent circuit modeling provides
an intuitive understanding and simplifies the design of metan-
tennas by linking geometric parameters to electromagnetic
response.

C. POTENTIAL FUTURE DEVELOPMENTS, CHALLENGES,
AND SCOPE FOR IMPROVEMENT

• Advancements in Antenna Design:Metantennas have the
potential to revolutionize antenna design by enabling
the development of ultra-thin, conformal, and mul-
tifunctional metantennas. These metantennas can be
seamlessly integrated into a wide range of devices and
systems, paving the way for next-generation wireless
communication and sensing technologies.

• Enhancements in 5G and Beyond Communications:
One of the most promising applications of metanten-
nas lies in 5G and future communication networks,
where they can significantly enhance wireless perfor-
mance. By enabling beamforming, polarization con-
trol, and frequency-selective surfaces, metantennas can
improve signal strength, reduce interference, and sup-
port high-speed data transmission.

• Advanced Sensing Applications: Metantennas can be
leveraged to develop highly sensitive and selective
sensors for diverse applications, including biomedical
sensing, environmental monitoring, and security sys-
tems. Their ability to manipulate electromagnetic waves
at a subwavelength scale makes them ideal for precision
sensing and detection.

• Optimization for Superior Performance: Future research
should focus on enhancing metantenna performance
metrics such as gain, directivity, bandwidth, and
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TABLE 5. Comparison of low-profile high-gain Metantenna design based on various parameters.

TABLE 6. Comparison of polarization manipulation & detection Metantenna design based on various parameters.
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TABLE 7. Comparison of low RCS Metantenna design based on various parameters.

miniaturization. Optimizing unit cell design and inte-
grating novel materials can lead to metantennas that
surpass traditional antenna capabilities.

• Miniaturization for Wearable and IoT Applications:
With the increasing demand for compact wireless
devices, metantennas can be further miniaturized to
facilitate integration into wearables, IoT devices, and
portable communication systems. Developing even
smaller and more efficient metantennas will be essential
for next-generation technology.

• Reconfigurable Metasurfaces for Dynamic Applica-
tions: The ability to dynamically reconfigure metasur-
faces will be crucial for applications such as adaptive
beam steering and real-time polarization control. Future
advancements should explore the integration of liquid
crystals, tunable materials, and programmable metasur-
faces to achieve greater flexibility. Additionally, rapid
optimization techniques using genetic algorithms and
machine learning will play a key role in designing adap-
tive metantennas.

• Exploring Nonlinear Metasurfaces for Frequency Gen-
eration: Nonlinear metasurfaces can be employed to
generate new frequencies and enable nonlinear opti-
cal effects, expanding the functionality of metanten-
nas. Future research should focus on integrating these
advanced properties to develop multifunctional and
frequency-agile antenna systems.

• Integration with Emerging Technologies: Metanten-
nas can be combined with RFID, sensors, and
smart surfaces to develop next-generation intelligent
communication and sensing systems. Future develop-
ments may focus on seamless integration with other
technologies, enabling metantennas to serve as key com-
ponents in wireless networks, smart environments, and
autonomous systems.

To fully unlock the potential of metantennas, several key
challenges must be addressed, including the development of
efficient and scalable fabrication techniques, seamless inte-
gration with other components and systems, and performance
optimization for specific applications. By overcoming these
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TABLE 8. Comparison of Leaky wave Metantenna design based on various parameters.

challenges and exploring future advancements, metanten-
nas can revolutionize wireless communication, sensing, and
beyond. The future of metantennas looks highly promising,
with expected progress in enhanced performance, seam-
less integration with emerging technologies, miniaturization,
cost-effectiveness, reconfigurability, and nonlinear metasur-
faces. Furthermore, advancements in Artificial Intelligence
(AI) and Machine Learning (ML) could play a crucial role

in optimizing metantenna design and adaptive beamforming,
further enhancing their capabilities in next-generation com-
munication systems.

V. EMERGING MATERIALS AND TECHNOLOGIES FOR
METANTENNA DESIGN
Metantennas have seen significant advancements through the
incorporation of novel materials and technologies, including
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TABLE 9. Comparison of performance enhancer Metantenna design based on various parameters.

liquid crystals, liquid metals, and 3D printing. These inno-
vations have led to improved performance, reconfigurability,
and miniaturization of antenna designs.

A. LIQUID CRYSTALS IN METANTENNAS
Phase Shifting and Beam Steering: Liquid crystals are uti-
lized in metantennas primarily for their ability to adjust
the phase of electromagnetic waves, which is crucial for
electronically steered phased arrays and metamaterial-based
antennas. This adjustment is achieved through various liquid
crystal-based phase shifters and is essential for controlling
the refractive index around antenna elements to influence
resonance [34], [134], [135].
Reconfigurable Metasurfaces: Liquid crystals enable

the development of electronically tunable metasurfaces,
which are high impedance surfaces that can dynamically
alter their reflection phase. This capability is particularly
useful for creating large, dual-polarized, beam-steering

metantennas suitable for millimeter-wave applications
[136], [137].
Dual-Tuned Modes: Advanced designs incorporate

dual-tuned modes of liquid crystal materials, allowing for
expanded beam-steering ranges and enhanced flexibility in
metantenna design. These designs use composite right/left-
handed transmission lines to achieve continuous electronic
beam-steering across a broad frequency band [138].

B. LIQUID METALS IN METANTENNAS
Liquid metals offer significant advantages for flexibility
and adaptiveness in metantenna designs. They allow for
the creation of reconfigurable antennas that can alter their
properties by changing the arrangement of the liquid metal
within microfluidic channels. This approach enhances func-
tionality, enabling the metantennas to be stretchable or
wearable without sacrificing performance [35]. Additionally,
liquid metal metantennas can be developed to effectively
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TABLE 10. Comparison of End-fire Metantenna design based on various parameters.

TABLE 11. Working principles, Equivalent circuit models, and performance impact of metasurface unit cells.

manage radar cross-section, making them suitable for stealth
applications [139].

Recent studies have also highlighted the ability of liquid
metals to enable independent modulation of antenna units,
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forming arrays that can achieve flexible beam steering capa-
bilities. This flexibility is vital for applications in advanced
communication networks, particularly during dynamic oper-
ational conditions [138].

C. 3D PRINTING IN META-ANTENNA FABRICATION
3D printing technologies are revolutionizing the fabrica-
tion of metantennas by allowing the creation of complex
geometries and structures that are difficult or impossible
to achieve with traditional manufacturing methods. This
additive manufacturing process not only enables the inte-
gration of multiple materials with varying electromagnetic
properties but also facilitates speed, cost-effectiveness, and
design flexibility [33]. Researchers are exploring various
printing techniques to manufacture antennas with specific
performance characteristics, such as enhanced gain and band-
width, by varying layer compositions and structures during
the printing process. Liquid metals, such as gallium-based
alloys, are used in the fabrication of 3D metantennas. These
metals can be vacuum-filled into 3D printed cavities, allow-
ing for the creation of complex, conductive geometries
without defects. This method supports rapid prototyping
and the development of reconfigurable metantennas, as the
liquid metal can be manipulated to alter the antenna’s
properties [140].

Moreover, 3D printing allows for the incorporation
of metamaterials that can impart unique electromagnetic
responses, aiding in compact designs that maintain high
performance despite size reductions [141]. The ability to
create complex internal structures could lead to innovations
in antenna designs that efficiently utilize space while maxi-
mizing functionality.

VI. CONCLUSION
The emergence of metasurfaces has revolutionized antenna
design, driving significant advancements in performance,
integration, and functionality. These developments have
had a twofold impact. First, the incorporation of func-
tional metasurfaces has notably enhanced antenna perfor-
mance, encompassing improvements in gain (directivity),
expanded operating bandwidth, increased aperture effi-
ciency, reduced profile or volume, lowered RCS, controlled
radiation patterns, among other factors. Second, metasur-
faces have evolved into primary radiating apertures, where
metantennas, when integrated with feeding structures, pro-
vide superior performance and additional functionalities.
Unlike conventional supplementary elements, metasurfaces
actively couple, transmit, and decouple electromagnetic
waves, enabling highly integrated and reconfigurable antenna
architectures. The ability of metasurfaces to manipulate
electromagnetic waves introduces a new level of technical
competence, making them highly relevant across industries
such as telecommunications, transportation, and defense.
As the demand for compact and adaptive antennas grows,
metasurface-based designs offer a transformative approach.
While their design can be complex and resource-intensive,

rapid advancements in computational techniques, includ-
ing machine learning, genetic algorithms, and optimization
methods, are helping to streamline their development. Addi-
tionally, innovations in material science, such as liquid
crystal-based tunable metasurfaces and 3D-printed struc-
tures, are expanding their adaptability for next-generation
applications.

This article presents a comprehensive overview of metan-
tennas, including their first-ever detailed classification based
on operation, generation, and function. It explores vari-
ous metantenna types, their advantages and challenges, and
provides a comparative performance analysis. By offering
valuable insights into their design and applications, this
work serves as a critical reference for researchers striv-
ing to develop compact, high-performance metantennas for
diverse applications. Looking ahead, metantennas are poised
to play a crucial role in the evolution of wireless commu-
nication, sensing, and beyond. Ongoing research continues
to refine their capabilities, improve efficiency, and expand
their applications. Furthermore, advancements in Artificial
Intelligence (AI) and novel materials will be instrumental in
shaping the next generation of metantennas, enabling unpar-
alleled adaptability and integration with intelligent systems.
With continuous innovations in reconfigurability, miniatur-
ization, and smart antenna technologies, metantennas hold
immense potential to drive unprecedented advancements in
next-generation electromagnetic systems.
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