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Abstract

Reconfigurable antennas play a central role in next-generation wireless communication
systems by enabling dynamic adaptation of operating frequency, radiation pattern, and
polarization. Tunable metasurfaces have emerged as a powerful and compact approach
to antenna reconfiguration, allowing electromagnetic wave manipulation through engi-
neered, planar structures whose properties can be dynamically controlled. By embedding
active devices or tunable materials within metasurface unit cells, antenna characteristics
can be modified without altering the antenna geometry. This review provides a com-
prehensive overview of reconfigurable antennas enabled by tunable metasurfaces. We
adopt a functionality-based classification that focuses on operating frequency, radiation
pattern, polarization, and multifunction reconfiguration. An overview of major tunability
technologies, including PIN diodes, varactors, MEMS, graphene and two-dimensional ma-
terials, and liquid crystal (LC) or phase-change materials, is first presented. Subsequently,
metasurface-based reconfiguration strategies are discussed and compared for each antenna
functionality, highlighting design principles, practical trade-offs, and limitations. The
review concludes with an assessment of challenges and future research directions relevant
to next-generation wireless communications and beyond.

Keywords: antenna; tunability; reconfigurability; metasurface

1. Introduction

The rapid development of wireless systems in terms of data rate, spectrum flexibil-
ity, and network diversity has driven a rising demand for antennas capable of adaptive
operation. Traditional fixed antennas, optimized for a single band, pattern, or polariza-
tion, are not suitable for systems in which channel conditions, spectrum availability, or
operating requirements change. Reconfigurable antennas address these challenges by
enabling dynamic modification of key electromagnetic characteristics, thereby improving
spectral efficiency, reducing hardware redundancy, and enhancing system flexibility [1,2].
Such capabilities make reconfigurable antennas well-suited to advanced wireless systems.
By providing multiple operational modes within one structure, they can replace several
dedicated antennas, yielding notable reductions in size and expense, while simplifying
system-level integration and improving overall performance [3,4].
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Early reconfigurable antenna designs typically involved altering the radiating element
or feed network with switches such as PIN diodes, RE-MEMS, or mechanically actuated
structures to change resonant frequency, pattern, or polarization [5-8]. These techniques
can significantly perturb the current distribution, increase mechanical and electrical com-
plexity, and limit scalability when multiple degrees of reconfiguration are required [6]. The
limitations of direct radiator modification prompted a conceptual shift in antenna reconfig-
uration strategy. Instead of embedding tunable elements into the antenna itself, researchers
began to investigate approaches that modify the electromagnetic boundary conditions
surrounding the antenna. This led to the development of metasurfaces to enable precise
control over reflected, transmitted, or radiated waves. By offering reconfiguration without
altering the radiator itself, metasurfaces provide a flexible platform for multifunctional and
adaptive antenna systems [9-14].

The foundations of metasurfaces originate from decades of research into engineered
planar structures capable of manipulating electromagnetic fields. Initial research on
frequency-selective surfaces demonstrated that periodic, subwavelength apertures or
patches patterned on a surface could selectively transmit or reflect incident waves, re-
vealing the potential for controllable boundary-layer electromagnetics [15-17]. In the
late 1990s, the development of high-impedance surfaces and electromagnetic bandgap
(EBG) structures, most notably Sievenpiper’s “mushroom” configuration, introduced pla-
nar artificial magnetic conductors (AMCs) that supported surface-wave suppression and
in-phase reflection [18-20]. These studies established the possibility that engineered sur-
faces, rather than bulky volumetric structures, could serve as functional electromagnetic
interfaces [21-23].

A major shift emerged when researchers realized that patterned surfaces could be
systematically engineered to control electromagnetic wavefronts. It was shown that arrays
of subwavelength elements are capable of introducing engineered phase, amplitude, or
polarization changes, establishing generalized laws of reflection and refraction [24-26]. This
finding demonstrated that a single thin layer could realize functions previously feasible
only with bulk metamaterials, driving the rapid expansion of metasurface research across
the electromagnetic spectrum [27].

Progress during the following decade shaped metasurfaces into a coherent scientific
framework. Holloway and co-workers formalized electromagnetic models capable of
treating metasurfaces as generalized impedance or susceptibility boundaries, providing a
unified theoretical language applicable across frequency bands, device types, and imple-
mentations [28]. Glybovski et al. then compiled the various conceptual, analytical, and
technological threads into a widely referenced review that established common definitions,
classifications, and performance metrics, helping metasurfaces emerge as a distinct research
discipline [29].

Parallel advances broadened the functional scope of metasurfaces beyond conventional
reflection-phase engineering. Alt and Engheta first established tunable scattering control
using nanocircuit-loaded optical inclusions, introducing the meta-atom concepts that later
enabled ultrathin cloaking implementations [30]. These ideas were realized in practice
through the mantle cloaking metasurface concept, where patterned two-dimensional coat-
ings suppress scattering without volume metamaterials [31-35]. Complementary work
on Huygens metasurfaces further showed that properly designed metasurfaces can bal-
ance electric and magnetic responses to support reflectionless transmission and highly
efficient wavefront transformation [36,37]. Collectively, these developments reshaped
metasurfaces from patterned conducting sheets into versatile platforms capable of sophis-
ticated wave manipulation, including cloaking, beam control, and multifunctional field
transformations [38—40].
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With metasurface capabilities firmly established, metasurfaces rapidly migrated from
conceptual demonstrations to antenna technology, where their ability to engineer boundary
conditions and suppress unwanted radiation proved significant [9,41]. Patterned surfaces
that tailor local phase, amplitude, and polarization responses can improve key antenna char-
acteristics, such as gain enhancement [42,43], bandwidth improvement [44,45] impedance
matching [46,47], suppression of surface-wave losses [48,49], radar cross-section (RCS)
reduction [50,51], and reduction in back radiation and miniaturization [52,53], while also
enabling directive beam formation without the need for bulky structures [54-58]. More
recently, the incorporation of active materials, tunable meta-atoms, and embedded bias-
ing networks has enabled reconfigurable metasurface antennas capable of dynamically
modifying beam direction, operating frequency, or polarization without altering the phys-
ical footprint of the radiating element [14,59-64]. These advances position metasurfaces
not only as passive enhancing layers but also as fully reconfigurable interfaces that can
adapt antenna behavior in real time for emerging wireless, sensing, and communication
applications [13,65-67].

This paper reviews reconfigurable antennas enabled by tunable metasurfaces and
summarizes recent advances across four major capability areas: frequency tuning, radiation
pattern control, polarization switching, and multifunctional operation. Representative
designs and implementation strategies are discussed, along with associated performance
considerations, trade-offs, and practical limitations. The review concludes with emerging
directions and opportunities that position tunable metasurface-based antennas as promising
candidates for future wireless communication systems.

2. Fundamentals of Metasurface-Enabled Antenna Reconfiguration

Metasurfaces are two-dimensional arrangements of subwavelength scattering ele-
ments engineered to enforce customized electromagnetic boundary conditions. Each unit
cell interacts locally with the incident field and produces a controllable phase, amplitude,
or polarization response. When assembled into periodic or quasi-periodic structures, the
collective behavior of these unit cells enables precise manipulation of reflected, transmitted,
or guided electromagnetic waves [68-72].

2.1. Wavefront Manipulation Using Engineered Phase Gradients

A key capability of metasurfaces lies in their ability to enforce intentionally engineered
phase gradients along the plane of interaction. Rather than obeying classical Snell’s law,
metasurfaces can redirect reflected and transmitted beams according to generalized refrac-
tion and reflection laws due to the engineered phase gradient along the surface [24,73].

Figure 1 illustrates this concept for a planar metasurface illuminated by an incident
plane wave. The metasurface lies in the x-y plane and enforces a controllable phase
distribution ®(x, y). When the surface imparts a nonuniform phase response, characterized
by gradients 0®/dx and d®/dy, the reflected and transmitted beams are deflected into
anomalous directions, distinct from the ordinary angles predicted by conventional refractive
behavior. The generalized laws of refraction for such anisotropic boundary conditions are

given by [73]:
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where n;, ny, and n, are the refractive indices of the incident, transmitted, and reflected
media, respectively, and k is the free-space wavenumber.

Incident wave

Anomalous
reflection

Anomalous

transmission

Figure 1. Schematic illustration of generalized reflection and refraction at a planar metasurface,
adapted from: [73].

As illustrated, a nonzero phase gradient forces the reflected beam to deviate into an
anomalous reflection direction (red arrow) and drives the transmitted field toward an
anomalous refraction path (blue arrow). This generalized behavior enables metasurfaces to
perform beam steering, focusing, multi-beam generation, and other transformations using
a single ultrathin layer.

2.2. Roles of Metasurfaces in Antenna Structures

In antenna systems, metasurfaces may be incorporated in several geometries depend-
ing on the desired functionality:

(1) Superstrate loading
Placed above a radiator to modify aperture illumination, enhance gain, or control the
far-field pattern [74,75].

(2) Reflectarray or transmitarray configurations
Arrays of phase-gradient elements act as compact reflectors or lenses, replacing bulky
antennas while enabling beam steering or multi-beam generation [76,77].

(3) Engineered ground planes (AMCs/EBGs)
High-impedance or bandgap structures suppress surface waves, reduce back radiation,
and lower physical profile [78,79].

(4) Near-field parasitic coupling layers
Patterned surfaces located within the near-field region modify resonance, impedance,
and polarization without altering the radiator geometry [80,81].

In all configurations, antenna performance results from electromagnetic coupling
between the radiator and the engineered boundary conditions imposed by the metasurface.

2.3. Tunable Metasurfaces for Antenna Reconfiguration

Static metasurfaces exhibit fixed electromagnetic responses. Introducing tunability
allows the surface boundary conditions to be dynamically modified, enabling real-time
control of antenna characteristics. In practice, this is achieved by embedding controllable
elements or materials within the metasurface unit cells, allowing adjustment of effective
surface impedance, phase response, or anisotropy. Such tunable metasurfaces form the
foundation for reconfigurable antenna operation, enabling dynamic control of frequency,
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radiation pattern, and polarization [9,60,82-87]. Detailed implementations and tuning
mechanisms are discussed in later sections.

3. Overview of Tunable Metasurface Technologies

This section provides an overview of the major technologies used to realize tunable
metasurfaces in antenna applications. The discussion focuses on physical operating princi-
ples, advantages, and practical limitations.

3.1. Semiconductor-Based Tuning: PIN Diodes and Varactors

PIN diodes are widely employed as RF switches due to their ability to switch between
low-resistance (ON) and high-impedance (OFF) states under forward and reverse bias
conditions [88-90]. When integrated into metasurface unit cells, they enable discrete
reconfiguration by modifying current distribution and surface impedance. This makes them
particularly suitable for applications such as beam switching, polarization reconfiguration,
and multi-state operation requiring fast and reliable transitions. However, their discrete
nature limits tuning resolution, and the presence of parasitic resistance and inductance can
introduce losses, especially at higher frequencies [91,92].

Varactor diodes provide continuous tuning through voltage-dependent junction ca-
pacitance. By adjusting the reverse bias voltage, the effective capacitance varies, enabling
smooth control of resonant frequency and phase response [89,93]. This property makes
varactors attractive for applications such as continuous beam steering and frequency tuning.
However, they generally introduce higher losses compared to PIN diodes and require more
complex biasing networks, particularly in densely packed metasurface arrays. A direct
quantitative comparison between PIN-diode- and varactor-based metasurfaces is difficult,
as the reported loss strongly depends on the specific unit-cell design, operating frequency,
and implementation details. Nevertheless, it is generally observed that PIN-diode-based
approaches exhibit lower loss, whereas varactor-based designs tend to introduce higher
loss, particularly at millimeter-wave frequencies [94-98].

3.2. RF-MEMS-Based Tunable Metasurfaces

RF-MEMS devices achieve reconfiguration through mechanically controlled variations
in circuit geometry, typically using movable membranes actuated by electrostatic forces.
Because they do not rely on semiconductor carrier transport, RE-MEMS devices exhibit
very low insertion loss, high linearity, and excellent RF performance across microwave and
millimeter-wave frequencies [99-104].

These characteristics make RFE-MEMS particularly attractive for high-efficiency meta-
surface antennas. However, their switching speed is limited by mechanical motion, typically
in the microsecond range (~1-100 ps), which is significantly slower than semiconductor-
based tuning mechanisms. This limited response speed can restrict their performance in
applications that require rapid beam reconfiguration, such as real-time beam tracking in
dynamic wireless environments and adaptive MIMO systems. In addition, their fabrication
and packaging processes are more complex than those of semiconductor-based solutions,
while reliability and cost considerations remain important challenges for large-scale imple-
mentations [105-110].

3.3. Liquid-Crystal-Based Tunable Metasurfaces

Liquid crystals enable continuous tunability by exploiting electrically controlled molec-
ular reorientation, which modifies the effective permittivity of the medium. This allows
smooth adjustment of the metasurface response without altering the physical structure.
Such behavior is particularly advantageous for applications that require analog phase
control, such as beam steering and reconfigurable reflectarrays [111-118].

https:/ /doi.org/10.3390/ electronics15081610


https://doi.org/10.3390/electronics15081610

Electronics 2026, 15, 1610

6 of 28

Liquid-crystal-based metasurfaces typically exhibit low power consumption and rela-
tively simple biasing schemes. However, their tuning speed is limited by molecular dynamics
and is generally in the millisecond range, thereby restricting their applicability to fast, real-time
reconfigurable systems [117,119-121]. This limitation originates from the physical reorien-
tation of liquid crystal molecules, which directly governs the update speed of the effective
permittivity and, consequently, the electromagnetic response of the metasurface. Because this
process occurs on a millisecond timescale, the metasurface cannot track rapid changes in beam
direction or polarization, restricting its use in fast-switching applications.

Despite the progress in liquid-crystal-based tunable metasurfaces, several research gaps
remain. One major limitation is the relatively slow response time associated with molecular
reorientation, which restricts their use in fast and real-time reconfigurable systems. In
addition, achieving uniform and stable alignment of liquid crystal molecules over large
apertures remains challenging, particularly in complex biasing configurations. Another open
challenge is the integration of LC layers with compact and low-loss metasurface designs,
especially at higher frequencies, where material losses and fabrication tolerances become
more critical. Furthermore, improving the long-term stability and environmental robustness
of LC-based devices is still an important research direction for practical deployment.

3.4. Phase-Change-Material-Based Tunable Metasurfaces

Phase-change materials (PCMs), such as vanadium dioxide (VO,) and chalcogenide
alloys such as Ge;SbyTes (GST), enable reconfiguration through reversible transitions
between distinct material states with significantly different electrical properties. These
transitions result in substantial changes in conductivity and permittivity, allowing strong
modulation of resonance and wave interaction [122-130].

PCM-based metasurfaces are particularly effective for applications such as frequency
switching, dual-mode operation, and multifunctional devices. Their ability to maintain a given
state without continuous biasing (nonvolatile behavior) is a key advantage [83,126,131-139].
However, they also have significant limitations. The switching process may lead to perfor-
mance degradation and reliability issues under repeated switching operations. In addition,
thermal or electrical activation increases power consumption and complicates system inte-
gration. Their relatively slow switching speed compared to electronic approaches also limits
their use in real-time applications. Therefore, although PCMs are promising, their use in
large-scale and high-speed systems is still under development [129,140-142]. In addition,
achieving a uniform phase transition across large metasurface apertures is challenging due to
thermal nonuniformity, where spatial temperature variations can lead to incomplete or uneven
switching of the material. To mitigate this issue, several thermal management strategies have
been explored, including the use of uniform heating schemes, thermally conductive substrates
or layers to improve heat spreading, and localized heating elements for more precise control
of the phase transition. Multilayer structures and optimized thermal design can further
help reduce temperature gradients across the aperture. Despite these efforts, their relatively
slow switching speed compared to electronic approaches still limits their use in real-time
applications. Therefore, although PCMs are promising, their use in large-scale and high-speed
systems is still under development [143,144].

3.5. Graphene and Other Two-Dimensional Materials

Graphene and related two-dimensional materials offer electrically controlled tunabil-
ity through modulation of carrier density. By adjusting the Fermi level via electrostatic
gating, their surface conductivity can be continuously tuned, enabling dynamic control of
amplitude, phase, and polarization response [145-152].
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These materials are particularly promising for terahertz and higher-frequency ap-
plications, where strong light-matter interaction enables compact and efficient tunable
metasurfaces. They provide continuous and reversible tuning with potentially very fast
intrinsic response [153-157]. Despite these advantages, graphene-based metasurfaces still
face several practical challenges. Their performance strongly depends on material quality
and fabrication processes, which remain difficult to control over large areas. In addition,
biasing and integration of graphene in large arrays can be complex, and losses can be
significant depending on the operating frequency. As a result, most graphene-based imple-
mentations are still at the laboratory stage and require further development for large-scale
practical deployment [158,159].

For graphene-based metasurfaces, the static bias power is generally very low because
the tuning is mainly capacitive. Ideally, each unit cell consumes nearly zero static power,
and the main contribution comes from small leakage currents in the bias network. For
large, continuously tuned apertures, the total static power increases with the number of
unit cells due to this accumulated leakage. Therefore, while the power per unit cell is very
small, the overall power consumption can become noticeable in large arrays. As a result,
the main challenge is not the intrinsic power of graphene but the scalability of the biasing
network and leakage control [160-162].

In addition to the discussed approaches, chemical reconfiguration has also been ex-
plored as an alternative tuning mechanism. In this approach, the electromagnetic properties
of the metasurface are modified through chemical processes such as doping, adsorption of
molecules, or electrochemical reactions, which alter the material’s conductivity or permit-
tivity. While this method can enable large and sometimes nonvolatile changes in material
response, it typically suffers from slow response times, limited reversibility, and challenges
in precise control. As a result, chemical reconfiguration remains less developed for real-time
tunable metasurface antenna applications [163].

At terahertz frequencies, graphene-based and other two-dimensional material plat-
forms are among the most promising candidates for implementing reconfigurable meta-
surfaces due to their strong light-matter interaction and electrically tunable conductivity.
However, their performance is still limited by material losses and fabrication challenges.
Alternatively, liquid crystals and phase-change materials can provide larger modulation
depth, but their relatively slow response time restricts their use in dynamic applications.
Therefore, the most suitable approach depends on the specific application requirements,
with graphene-based solutions being particularly attractive for fast and continuously tun-
able THz metasurfaces [129].

Table 1 summarizes and compares the main tunable metasurface technologies in terms
of key performance parameters, including tuning type, switching speed, insertion loss,
tuning resolution, biasing complexity, and integration considerations. This comparison
highlights the inherent trade-offs among different approaches and facilitates the selection
of appropriate tuning mechanisms for specific antenna applications.

Table 1. Comparative summary of the main tunable metasurface technologies used in antenna
applications. The reported values represent typical ranges observed in the literature and may vary
depending on device design, material properties, and operating conditions.

Technology  Freq. Loss Speed Resolution Biasing Applications

PIN diodes =~ MHz-mmWave Mod.-high 1-100 ns Binary 1-5V Beam/polarization switching

Varactors MHz-mmWave Mod.-high 1ns-1ps High 120V Beam steering, freq. tuning

RE-MEMS GHz-mmWave  Low 1-100 ps Med.-high 20-80 V Low-loss arrays

LCs GHz-THz Low-mod. 1-10 ms High 1-10V Reflectarrays, phase shifters

PCMs GHz-THz Moderate 10 ps—-1 ms Medium 1-10V Frequency switching, reconfigurable antennas
Graphene THz-optical Moderate 1-100 ps High 15V THz beam steering, tunable absorbers
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3.6. General Tunable Metasurface Design Methodology

To provide a clear overview of the design process of tunable metasurfaces, Figure 2
presents the general workflow from electromagnetic specifications to fabrication. The
design begins with specifying the electromagnetic performance, followed by the estimation
of physical parameters, incorporating appropriate tuning mechanisms and materials, and
the design of unit cells and array configurations. The process is then refined through
iterative simulation and optimization, where feedback from both numerical simulations
and experimental measurements is used to achieve the desired performance.

EM / System Specifications
(Frequency, bandwidth, gain,
beam steering, polarization)

l

Physical Requirements
(Aperture size,
unit-cell periodicity, profile)

1

{ Tuning Mechanism }

(PIN, MEMS, LC, graphene, PCM)

Material Selection
(Loss, tunability, conductivity)

1

{ Unit Cell Design }

(Geometry, local response, biasing)

1

Array / Aperture Design
(Cell arrangement, coding, phase distribution,
feeding)

Simulation & Optimization
(Full-wave, parametric)

1

—[Fabrication & Measurement}

Figure 2. Design flow of tunable metasurfaces from specifications to fabrication.

The performance characteristics of different tuning mechanisms, such as switching
speed, insertion loss, and tuning resolution, directly determine how effectively the electro-
magnetic response of each unit cell can be controlled. Since metasurface antenna function-
alities arise from the collective response of these unit cells, the choice of tuning mechanism
fundamentally governs the achievable reconfigurable behaviors, including beam steering,
frequency tuning, and polarization control. Therefore, the following section discusses how
these tuning technologies translate into specific functional reconfigurations in practical
antenna systems.

4. Applications of Tunable Metasurfaces in Reconfigurable Antennas

Beyond their role as tunable electromagnetic surfaces, metasurfaces have enabled a
wide range of reconfigurable antenna functionalities by engineering the electromagnetic
environment surrounding the radiator. By appropriately designing and tuning the meta-
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surface response, antenna characteristics such as operating frequency, radiation pattern,
and polarization can be dynamically controlled without directly modifying the radiating
element [164]. In recent years, increasing attention has been devoted to system-level im-
plementations and real-time operation of tunable metasurface-based antennas [165-167].
This section reviews the major applications of tunable metasurfaces in reconfigurable
antenna systems.

4.1. Radiation Pattern Reconfiguration and Beam Steering

Radiation pattern reconfiguration is one of the most prominent applications of tunable
metasurfaces in antenna systems. By dynamically controlling the phase or amplitude distri-
bution across the metasurface aperture, the main beam direction can be steered or reshaped
without mechanical movement or complex phased-array feeding networks [100,168,169].

In [170], a two-dimensional steerable reflectarray based on LC technology is developed
for reconfigurable intelligent surface (RIS) applications. The metasurface consists of an
LC-loaded reflectarray aperture in which the phase response of each unit cell is controlled
through applied bias voltages. The beam-steering principle is conceptually depicted
in Figure 3a, where different voltage states applied to the LC elements generate a two-
dimensional phase gradient, leading to dynamic beam deflection in both azimuth and
elevation planes.

Voltage
controller

Bias lines

1
Tunable o Bias 4 Steerable beams
{f t connection

eeeee

(a) (b)

Figure 3. Liquid-crystal-based two-dimensional steerable reflectarray. (a) Schematic of the LC unit-
cell array with individually addressable bias voltages. (b) System-level configuration of the LC
reflectarray, both adapted from [170].

Recently, metasurface-based RF signal modulation and programmable beamforming
have attracted increasing attention for secure communication applications, enabling new
strategies for physical-layer security and adaptive transmission control [171,172].

In Figure 3b, the overall configuration of the LC-based reflectarray is illustrated, in-
cluding the feed antenna, voltage controller, and distributed biasing network. A horn
antenna illuminates the reflectarray aperture, while the voltage controller applies individ-
ually controlled bias voltages to the LC unit cells through patterned bias lines. The LC
layer is integrated within each reflectarray element, and its effective permittivity is tuned
by the applied electric field across the cell. This configuration enables spatially varying
phase control across the aperture, allowing the reflected beam to be electronically steered
in two dimensions.

In [173], a tunable metasurface reflectarray antenna is reported for radiation pattern
reconfiguration and beam steering. The use of varactor-based tuning elements within the
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Feed horn

metasurface unit cells enables electrical control of the antenna radiation characteristics,
allowing the main beam direction to be adjusted electrically.

The unit-cell configuration and metasurface layout are shown in Figure 4a, while the
corresponding radiation patterns for different tuning states are presented in Figure 4b. The
experimental results demonstrate continuous beam steering with stable gain, confirming
the effectiveness of varactor-tuned metasurfaces in reconfigurable beam steering antennas.

l — Beamat-50° ——Beamat-30° —— Beamat0® -—— Beamat30° ~—— Beamat50° ‘

Radiation Pattern (dB)

H Varactor
i [ Top patch b_%_r Top patch ﬂ

Substrate £,

[Ground plane

i : Angle, 6 (degrees)
(a) (b)

Figure 4. Varactor-tuned metasurface reflectarray antenna for beam steering: (a) metasurface reflec-
tarray configuration and unit-cell geometry, adapted from [173]; (b) Representative radiation patterns
adapted from [173] to illustrate the beam-steering concept under different bias states.

In [174], a metasurface-based reconfigurable antenna employing PIN diodes as the
tuning mechanism is demonstrated for electrically controlled beam steering. As illustrated
in Figure 5a, each unit cell integrates a PIN diode and biasing vias, enabling discrete
switching between different reflection-phase states. In addition to PIN-diode switching, the
metasurface employs two geometrically distinct unit-cell designs with different physical
dimensions. Combining PIN-diode switching with two unit-cell geometries yields four
discrete phase states, realizing a quasi-2-bit coding scheme. The metasurface module
is constructed by spatially arranging the two unit-cell types, enabling expanded phase
coverage. The corresponding phase distributions are shown in Figure 5b,c, where different
digital coding states produce beam steering toward 6 = —18° and 6 = 18°. This hybrid
approach enables multi-state phase control through a compact unit-cell configuration with
minimal biasing complexity.

@
Figure 5. Cont.
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(b) (c)

Figure 5. Quasi-2-bit metasurface antenna. (a) Geometry of the reconfigurable unit cell with inte-

grated PIN diode adapted from [174]. (b,c) Representativephase distributions of the metasurface
corresponding to two considered beam-steering states, showing four discrete phase levels (0°, 90°,
180°, and 270°) adapted from [174].

4.2. Polarization Reconfiguration

Polarization reconfiguration is another important application of tunable metasurfaces
in antenna and electromagnetic systems. By dynamically adjusting the response of meta-
surface unit cells, such structures enable real-time control over the polarization state of
radiated or reflected waves, including switching between linear, circular, and elliptical
polarizations. This capability is particularly valuable in wireless communications, sensing,
and imaging systems, where polarization diversity can improve link robustness, mitigate
interference, and enhance system adaptability without requiring multiple antennas or
mechanical reorientation.

In [175], an electrically reconfigurable polarization converter based on an active meta-
surface is presented for dynamic polarization control. The metasurface is composed of
periodically arranged anisotropic unit cells loaded with PIN diodes, enabling polarization
reconfiguration in the transmission mode. As illustrated in Figure 6a, the unit cell consists
of elliptic split-ring elements arranged on a thin dielectric substrate, forming an active
metasurface whose polarization response can be controlled through discrete bias states. By
switching the bias state of the integrated PIN diodes, the metasurface enables polarization
switching between linear and circular polarization for an incident linearly polarized wave
oriented at 45° with respect to the metasurface axes.

The metasurface is subsequently integrated as a superstrate of a horn antenna to
enable polarization reconfiguration of the antenna, as shown in Figure 6b. The antenna
polarization can be reconfigured without modifying its structure, confirming the suitability
of tunable metasurfaces for polarization-reconfigurable antenna systems.

In [176], a graphene-based metasurface is applied to realize a polarization-reconfigurable
terahertz antenna. The metasurface functions as a polarization-conversion layer integrated
with a dual-band antenna, enabling dynamic control of the antenna polarization state
without altering the physical geometry. By electrically tuning the graphene layer, the
antenna can switch between linearly polarized and circularly polarized radiation at two
distinct terahertz frequency bands. The unit-cell configuration of the graphene polarization-
conversion metasurface and the antenna layout are illustrated in Figure 7. The integration
of the metasurface with the antenna is illustrated in Figure 8. The results confirm stable po-
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larization switching with consistent radiation characteristics, highlighting the suitability of
graphene-based metasurfaces for polarization reconfiguration in terahertz antenna systems.

@) (b)

Figure 6. (a) Unit-cell geometry of PIN-diode-controlled metasurface for polarization reconfiguration
and (b) metasurface used as a superstrate above a horn antenna, both adapted from [175].

z

A

(@) (b)

Figure 7. (a) Layout of the metasurface unit cell; (b) Antenna structure and corresponding representa-
tiveradiation patterns at different operating frequencies, both adapted from [176].

Figure 8. The integration of the metasurface with the antenna, adapted from [176].
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4.3. Frequency Reconfiguration and Multiband Operation

Frequency reconfiguration represents another key application of tunable metasurfaces
in reconfigurable antenna systems, enabling dynamic control of the operating frequency or
the realization of multiband functionality within a single radiating aperture. By modifying
the electromagnetic response of the metasurface unit cells through electrically or exter-
nally controlled tuning elements, the resonance frequency of the antenna can be adjusted
without altering its physical geometry. This capability allows antennas to adapt to differ-
ent frequency bands, support band switching, or achieve continuous frequency tuning,
which is particularly desirable for modern wireless, sensing, and adaptive communication
systems [59,177].

A frequency-reconfigurable metasurface antenna is presented in [11], realized by in-
tegrating a tunable metasurface layer incorporating vanadium dioxide (VO;) films. The
frequency agility is achieved by exploiting the reversible insulator-to-metal transition of
VO,, which induces a substantial change in the electromagnetic response of the metasur-
face. As a result, the antenna operates at two distinct frequency bands corresponding
to the dielectric and metallic states of VO,, without modifying the antenna geometry or
feeding network.

Figure 9a shows the geometry of the proposed metasurface unit cell. As illustrated,
the VO, film is placed across the branch gap within the metasurface unit cell, making the
unit-cell response dependent on the material state of VO,. In the semiconducting state, the
high resistivity of VO, results in a weak electrical coupling across the gap, while in the
metallic state, the reduced resistivity enhances the coupling between the branches. The
change in unit-cell behavior is attributed to the large variation in the electrical properties
of VO, during the insulator-to-metal transition, as expressed by an equivalent circuit
model in the paper. The corresponding antenna performance is summarized in Figure 9b.
When the VO, film is in its insulating state, the antenna operates over the 23.25-24.3 GHz
band with a maximum gain of approximately 8.7 dBi. Upon transition of VO, to the
metallic state, the operating band shifts to 37-39.8 GHz, where a peak gain of about
7.6 dBi is achieved, confirming that the VO, phase transition provides a clear two-state
frequency reconfiguration.
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Figure 9. (a) Schematic of the VO,-integrated metasurface unit cell, (b) Representative reflection
coefficient and realized gain for the insulating and metallic states of VO,, both adapted from [11].

In [114], a liquid-crystal-tunable metamaterial unit cell is introduced as an enabling
element for frequency-reconfigurable metasurface antennas. By integrating a nematic LC
layer into the metasurface structure, the effective dielectric properties of the unit cell can be
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continuously adjusted through an external bias, leading to a shift in its resonant frequency.
The results demonstrate a wide and stable frequency tuning range within a compact planar
configuration, highlighting the potential of liquid-crystal-loaded metasurfaces for dynamic
and frequency-agile antenna apertures.

4.4. Multifunctional Tunable Metasurface Antennas

Multifunctional antennas enabled by tunable metasurfaces provide the capability to
dynamically switch between multiple operational modes within a single radiating structure.
By exploiting the programmable electromagnetic response of metasurfaces, such antennas
can support different combinations of frequency bands, radiation patterns, and polariza-
tion states without increasing system complexity or antenna size. This mode-switching
functionality allows a single antenna platform to adapt to diverse operational requirements,
making tunable metasurface-based designs particularly attractive for compact, adaptive,
and next-generation wireless systems [178,179].

In [180,181], 1-bit reconfigurable transmit- and reflectarray antennas based on tunable
metasurface architectures are reported. Each metasurface unit cell integrates PIN diodes
that switch the electromagnetic response between two discrete states, enabling digital
control of the aperture phase. By appropriately configuring the diode states across the
surface, the antennas can dynamically operate in either transmitarray or reflectarray mode
within the same physical structures. Figure 10 provides a conceptual illustration of the re-
configurable transmit-reflect metasurface antenna capable of independently manipulating
reflected and transmitted waves to support users in different spatial regions [180].

Base
Station

T user
Reflection
space V4 Transmission
8 space
R user

Figure 10. Conceptual illustration of the reconfigurable transmit-reflect metasurface design, adapted
from [180].

In [182,183], multifunctional antenna operation is realized through radiation pattern
reconfiguration enabled by PIN-diode-controlled programmable metasurface apertures. In
both works, a single metasurface-based structure supports multiple radiation functions,
including sum beams for directive radiation and difference beams for monopulse opera-
tion, with the ability to electronically switch between these modes. These beam patterns
are synthesized by programming the phase distribution across the metasurface aperture,
while a single feed antenna is used only as an illuminator. Reference [182] realizes this
functionality using a reflective metasurface and [183] adapts this concept to a transmit
array configuration, and both designs demonstrate that tunable metasurface apertures
can integrate beam shaping, beam steering, and monopulse operation within a single
antenna platform.

The metasurface unit cell integrating PIN diodes and biasing vias is illustrated in
Figure 11, highlighting the multilayer configuration used to enable discrete phase control.
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The corresponding measured and simulated radiation patterns in Figure 12a,b show clear
formation of sum and difference beams in the E-plane, with good agreement between
simulation and measurement. Beyond mode switching between sum and difference beams,
the metasurface also supports electronic beam steering through reconfiguration of the

coding patterns across the aperture.

Substrate

Ground

Figure 11. Geometry of the metasurface unit cell incorporating PIN diodes and biasing vias, adapted
from [182].
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Figure 12. RepresentativeE-plane radiation patterns of the metasurface antenna for (a) sum-beam
and (b) difference-beam operation, both adapted from [182].

In [94], a multifunctional metasurface antenna is proposed that simultaneously enables
beam steering, polarization conversion, and phase offset control within a single reflective
aperture. Figure 13a illustrates the metasurface unit cell, which consists of a metallic
pattern incorporating a varactor allowing reflection-phase control. By properly adjusting
the spatial phase distribution across the metasurface, the reflected wavefront can be shaped
while maintaining polarization control. Figure 13b presents the conceptual operation of
the metasurface, demonstrating its ability to manipulate the propagation direction and
polarization state of an incident wave using a single planar structure.

The multifunctional performance is experimentally validated through measured radi-
ation patterns shown in Figure 14. These results demonstrate polarization-selective beam
steering for multiple polarization states, including XP-to-XP, YP, left-hand circular polariza-
tion (LHCP), and right-hand circular polarization (RHCP) conversions, over a wide angular
range. The metasurface achieves directive performance while switching between differ-
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ent polarization responses, confirming that beam steering and polarization conversion are
realized simultaneously.

"(} o

(a) (b)

Figure 13. (a) Geometry of the metasurface unit cell with key structural parameters. (b) Perspective
view of the metasurface aperture illustrating beam steering and polarization manipulation under
different coding states, both adapted from [94].
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Figure 14. Representative radiation patterns demonstrating simultaneous beam steering and polar-
ization control for different polarization states: XP-to-XP, YP, LHCP, and RHCP conversions, adapted
from [94]. Different colored curves correspond to different steering angles.

5. Design Challenges and Future Perspectives of Tunable
Metasurface Antennas

Despite the rapid progress in tunable metasurface antennas, several practical chal-
lenges remain before these systems can be widely adopted in next-generation wireless
platforms. While various tuning mechanisms—including PIN diodes, varactors, RE-MEMS
switches, LCs, phase-change materials (PCMs), and two-dimensional materials—enable
dynamic control of electromagnetic responses, their integration into large-aperture, high-
performance antenna systems introduces significant design trade-offs [11,184].
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5.1. Design Challenges
A.  Loss and Efficiency Degradation

One of the primary limitations of tunable metasurfaces is the additional loss intro-
duced by active components. Semiconductor-based tuning elements such as PIN diodes and
varactors introduce ohmic resistance and parasitic capacitance, which degrade radiation effi-
ciency and reduce gain, particularly at millimeter-wave and terahertz frequencies [185,186].
Similarly, LCs exhibit dielectric loss at higher frequencies, while VO,-based phase-change
materials may suffer from increased absorption in their metallic state [184,187]. In large-
aperture reflectarrays or transmitarrays, these losses accumulate across hundreds or thou-
sands of unit cells, significantly impacting overall efficiency. RE-MEMS switches offer
lower insertion loss compared to semiconductor devices; however, their low switching
speed, packaging complexity, and fabrication cost remain concerns [11,188]. Therefore,
achieving high radiation efficiency while maintaining reconfigurability remains a major
design challenge.

In metasurface-based antennas, these losses are further amplified due to the dis-
tributed nature of the aperture. Since the overall radiation performance results from the
collective response of a large number of unit cells, even small losses at the unit-cell level
can accumulate and significantly reduce the aperture efficiency. In addition, phase tuning
is inherently associated with changes in the unit-cell impedance and resonance condi-
tion, which simultaneously affect both amplitude and phase responses. As a result, unit
cells designed to provide specific phase shifts may also exhibit different amplitude levels.
While the required phase variation across the metasurface is preserved, the accompanying
amplitude nonuniformity alters the relative contribution of individual unit cells in the
overall field superposition. This leads to distortions in the resulting wavefront, degrading
beamforming accuracy and increasing sidelobe levels.

B. Biasing Network Complexity and Electromagnetic Interference

In tunable metasurface antennas, reconfiguration is typically realized by applying
external control signals such as DC bias voltages, electric or magnetic fields, temperature
variations, mechanical stress, or optical excitation. These control inputs modify the electri-
cal properties of the unit cells and consequently alter the electromagnetic response of the
metasurface. However, achieving adaptive functionality generally requires dedicated bias-
ing networks and additional circuit components. The presence of bias lines, vias, capacitors,
and inductors increases structural complexity and can degrade RF performance. In densely
packed arrays, these additional elements may introduce parasitic coupling, insertion loss,
impedance perturbations, and distortion of the radiation characteristics. Furthermore, the
associated control hardware increases power consumption and limits scalability to large
apertures, motivating ongoing research toward minimizing the electromagnetic impact of
bias circuitry in metasurface-based antennas [185,189]. This challenge becomes particularly
critical in large-scale and high-frequency implementations, where the bias network directly
influences overall antenna performance.

In large-scale metasurface apertures consisting of hundreds or thousands of unit cells,
the biasing network must be treated as an integral part of the electromagnetic design rather
than a purely electrical subsystem. The routing of bias lines across the aperture introduces
parasitic radiation, phase perturbations, and mutual coupling between adjacent unit cells,
which can significantly affect the intended wavefront manipulation.

A key challenge arises from the fact that bias lines and vias may behave as unintended
radiating elements, especially when their physical dimensions become comparable to a
fraction of the operating wavelength. This effect is particularly pronounced at millimeter-
wave and terahertz frequencies, where even short interconnects can disturb the local
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electromagnetic response. As a result, improper routing can degrade beamforming accuracy,
increase sidelobe levels, and distort the desired phase distribution across the metasurface.
Moreover, in densely packed arrays, the proximity of control lines can lead to strong
electromagnetic coupling between neighboring elements, reducing the independence of
unit-cell tuning and complicating precise phase control in beam-steering and wavefront-
shaping applications.

Although the biasing network can noticeably affect aperture efficiency and sidelobe
levels in dense arrays, its impact is strongly design-dependent and is rarely reported as
a separate figure of merit; instead, it is usually embedded in the measured overall array
efficiency and radiation pattern.

To address electromagnetic interference introduced by biasing networks in large-scale
metasurface arrays, detailed routing and isolation strategies must be carefully implemented
at both the unit-cell and system levels. In particular, bias lines can act as unintended
radiating elements or scattering paths if they carry RF currents, thereby disturbing the
designed current distribution on the metasurface. To suppress this effect, DC and RF paths
are typically separated using high-impedance bias lines or RF chokes, which prevent RF
signals from propagating along the control network while allowing the required biasing
signals to pass. Additionally, resistive or distributed biasing grids are employed to damp
parasitic currents and reduce the formation of standing waves along bias lines.

From a layout perspective, routing bias traces along regions of minimal surface current
or electromagnetic field intensity is essential to limit their interaction with the radiating
elements. This is particularly important in large apertures, where dense routing networks
can otherwise introduce significant coupling and unintended scattering. Multilayer con-
figurations further improve isolation by relocating bias networks to separate layers, with
vertical interconnects (vias) providing localized connections to the unit cells while minimiz-
ing disruption to the radiating surface. Grounded shielding layers and proper grounding
schemes can also be incorporated to reduce electromagnetic leakage and coupling between
control and RF signals.

Moreover, symmetric and periodic routing strategies are often adopted to maintain
uniform electromagnetic behavior across the metasurface and avoid pattern distortion
caused by asymmetric bias layouts. These combined approaches demonstrate that effective
co-design of the biasing network and metasurface geometry is essential for preserving
radiation efficiency, minimizing parasitic effects, and enabling scalable implementation of
large-scale reconfigurable metasurface antennas [91,190-192].

C.  Switching Speed

The dynamic response of tunable metasurfaces is primarily determined by the un-
derlying physical tuning mechanism. Semiconductor devices such as PIN diodes offer
nanosecond-scale switching speeds, making them suitable for high-speed beam steering,
adaptive communication links, and real-time reconfigurable systems. Varactor diodes pro-
vide continuous tuning with similarly fast intrinsic electrical response, although the effec-
tive switching time may be influenced by bias-network time constants and control circuitry.
Multiple-input multiple-output (MIMO) switches typically exhibit microsecond-scale
switching times, determined by the mechanical motion of the movable membrane. Material-
based tuning mechanisms generally operate at slower time scales. LCs rely on molecular
reorientation under an applied electric field and typically respond in milliseconds. Thermal
phase-change materials such as VO, can exhibit microsecond-to-millisecond switching
depending on the excitation mechanism, whereas optically or electrically driven phase
transitions may achieve faster response at the expense of increased power consumption.

From a system perspective, switching speed directly impacts the feasibility of beam
tracking, adaptive MIMO systems, frequency hopping, and RIS applications. Consequently,
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the choice of tuning mechanism involves a trade-off between response time, insertion loss,
tuning range, power consumption, and implementation complexity [103,193-197].

D. Practical Limitations and Industrial Considerations

Beyond the primary challenges, several additional practical limitations affect tun-
able metasurface antennas. Nonlinear behavior of semiconductor-based tuning elements
may degrade spectral purity and dynamic range under high RF power [198,199]. Fabrica-
tion tolerances and component variability can introduce phase errors across electrically
large apertures, reducing beamforming accuracy and increasing sidelobe levels. In prac-
tical environments, thermal effects, particularly under varying or extreme temperature
conditions, can lead to performance drift by altering material properties and biasing
conditions [200,201]. In addition, long-term reliability and lifetime performance under
repeated switching operations remain critical concerns, as device degradation and vari-
ability may accumulate over time [202-204]. From a manufacturing perspective, achieving
consistent and reproducible performance across large-area metasurfaces is challenging due
to material inhomogeneity, process variations, and the complexity of integrating large-scale
biasing networks. Moreover, large-scale integration of tunable materials or active com-
ponents into standard PCB and integrated fabrication processes remains technologically
demanding [185,186,205,206]. These factors highlight important engineering reliability
challenges that must be addressed for practical and industrial deployment.

5.2. Intelligent Control and Machine Learning for Large-Scale Metasurfaces

An important emerging direction in tunable metasurface antennas is their evolution
toward programmable information metasurfaces and reconfigurable intelligent surfaces
(RISs). In these systems, large arrays with hundreds or thousands of unit cells must be
controlled in real time. Conventional tuning methods become inefficient in this context
due to the large number of control parameters and the coupling between unit cells. As
a result, data-driven and machine-learning-based approaches have attracted increasing
attention [207,208].

Machine learning provides an effective framework for optimizing metasurface config-
urations under complex and dynamic conditions. For instance, codebook-based methods
can be combined with learning techniques to reduce the search space and enable fast beam
selection and adaptive beamforming. Reinforcement learning has also been investigated
to learn control strategies without relying on explicit electromagnetic models, making it
suitable for time-varying or uncertain environments [209,210].

In addition, supervised and deep learning models have been used to directly map
desired electromagnetic responses, such as beam direction, polarization, or frequency,
to the corresponding metasurface configurations. This significantly reduces the need
for computationally intensive full-wave optimization and enables real-time operation.
Furthermore, machine-learning-assisted beam-search algorithms can reduce control latency
by quickly identifying near-optimal configurations with limited feedback [211,212].

Despite these advantages, several challenges remain unresolved. These include the
need for large training datasets, reduced performance under varying operating condi-
tions, and practical hardware constraints such as limited phase resolution due to discrete
tuning states. Future research directions include the development of more data-efficient
learning methods, improved adaptability in dynamic environments, and the co-design of
electromagnetic structures and intelligent control algorithms. In addition, the development
of scalable real-time control strategies and efficient hardware implementations will be
essential for enabling practical large-scale metasurface systems [207,213-218].
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6. Conclusions

This review presents a comprehensive overview of tunable metasurface antennas, with
emphasis on underlying tuning mechanisms, implementation strategies, and emerging
applications in radiation pattern reconfiguration, polarization control, frequency agility, and
multifunctional operation. Various reconfiguration approaches, including semiconductor
switches (PIN diodes and varactors), RE-MEMS devices, LCs, phase-change materials,
and two-dimensional materials, were investigated in terms of their physical principles,
performance trade-offs, switching characteristics, and integration complexity.

Application-oriented discussions highlighted how tunable metasurfaces enable dy-
namic beam steering, polarization switching, frequency reconfiguration, and simultaneous
multifunction radiation control within compact and planar antenna platforms. Practical
challenges associated with biasing networks, switching speed, fabrication tolerances, scala-
bility, and material integration were also analyzed. These factors are essential to ensure
that initial prototype designs can be successfully developed into reliable large-area systems
capable of operating at high frequencies and under high power conditions.

Overall, tunable metasurface antennas represent a promising paradigm for next-
generation adaptive electromagnetic systems. Continued advancements in material engi-
neering, device integration, and large-scale programmable architectures are expected to
further expand their capabilities and facilitate their deployment in future communication,
sensing, and radar technologies.
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