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ABSTRACT The ability of metasurfaces to manipulate electromagnetic waves has drawn much attention
especially with its ability to implement multifunctional structures such as simultaneous reflection and
transmission. This paper discusses the fundamental principles and key design metrics such as bandwidth
performance, efficiency, polarization control, frequency, and angular stability, which describe performance
capabilities and limitations of metasurfaces. A wide operational bandwidth is indeed a requisite for multiple
applications; while efficiency allows for energy efficient operations and optimal throughput. Additionally,
polarization control and angular stability improves the performance of the metasurface, especially for
dynamic environments and next generation communication systems. However, these metasurfaces have
some design limitations; for example, trade-off between bandwidth and angular stability, and independent
control of reflected and transmitted waves. This paper outlines these challenges and offers avenues for further
innovation toward fully realizing the potential of metasurfaces in next-generation technologies.

INDEX TERMS Metasurface, reflection, transmission, angular stability, full space manipulation,
polarization.

I. INTRODUCTION

Metamaterials possess unique electromagnetic (EM) prop-
erties, representing a new modality in controlling electro-
magnetic waves. In recent years, metamaterials have sparked
considerable scientific interest due to the unique physical
phenomena and novel functional devices they offer [1],
[2], [3], [4], [5], [6]. However, significant manufacturing
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challenges and material loss impede its advancement [7].
Metasurface, [8], [9], [10], [11], [12], [13], [14] as a
planar form of metamaterial, has recently evolved due
to its ability to manipulate electromagnetic wavefronts
in unique ways and its ease of fabrication [15]. Meta-
surfaces significantly reduce the fabrication needs and
material loss compared to bulk metamaterials due to their
small characteristic thickness, which is significantly lower
than a wavelength [16]. Multipurpose electromagnetic
devices are in demand as integration technology advances.
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Recently, many metasurfaces have demonstrated various
electromagnetic capabilities, by engineering permeabil-
ity and permittivity it enables the realization of devices
with properties not found in nature such as absor-
bers [17], [18] imaging and holograms [19], [20] energy
harvesting [21], [22] polarization conversion [23] and so on.
Multifunctional metasurfaces are typically fabricated by
strategically arranging different sizes or geometries of
meta-atoms within a single layer or by stacking them
across multiple layers. The need now arises for multi-
functional metasurfaces to simultaneously control reflection
and transmission for intricate wavefront alterations. Mostly,
metasurfaces are fabricated to either reflect [24], [25] or
transmit received waves [26], [27]. Inclusion of such dual
functionality in a single metasurface significantly widens
the scope for further development. In communication sys-
tems, this multifunctional capability improves the efficiency
of signal routing and beamforming, yielding optimal data
transmission. In optical systems, it creates avenues for
the deployment of high profile lenses and improved holo-
grams [28]. Because of its ability to control reflected and
transmitted waves, metasurfaces can perform beam split-
ting, focusing, and holography in a compact and efficient
manner. Additionally, it opens up myriad opportunities in
wireless communication, imaging systems [29], and energy
harvesting [16], [30].

Although several literature review papers summarized in
Table 1 have provided different thoughts and insights on
various aspect of metasurface ranging from basic tutorials
to comprehensive surveys. However, this paper highlights
new insights on a different topic. Many prior review liter-
atures [31], [32], [33], and [34], primarily focus in specific
domains of reconfigurable intelligent surface (RIS) applica-
tions such as machine learning based optimizations, signal
processing and channel estimation. Some of these reviews
such as [35] and [36] highlights the application of RIS tech-
nology for VLC and resource allocation without addressing
broader design strategies, while [37], [38], [39], explores
RIS performance within particular use case like hardware
architecture, communication systems, and wireless sens-
ing. Additionally, most of the reviews [31], [40], [41]
focus on reflective metasurface, but a few recent stud-
ies [42], [43] have shifted their attention toward simultaneous
reflection and transmission, diverging from earlier works
that concentrated exclusively on reflective surfaces. How-
ever, these recent studies provide limited reportage of the
core concepts, design principles and approaches, perfor-
mance trade-off, applications and future directions for these
metasurfaces.

This review addresses these gaps by providing a systematic
overview of metasurfaces that are capable of simultaneous
control of reflection and transmission. It discusses basic
principles, design strategies, and practical applications of
these metasurfaces. It also highlights major challenges and
discusses future research directions. The review encompasses
the following:
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o A detailed study of the fundamentals of metasurfaces
and their functionality.

« An examination of the key performance parameters and
design considerations of metasurfaces.

« A comprehensive analysis of various design strategies,
highlighting their advantages and limitations.

« An outline of the unresolved challenges and proposes
potential research directions to unlock the full potential
and benefits of multifunctional metasurfaces.

In this paper, we present a holistic overview of metasur-
face fundamentals, including reflective, transmissive, active,
passive, and hybrid metasurfaces in section I. In section II
we explain the design parameters and metrics of metasurface.
Section III covers design strategies and comparison of the
various design. Research Challenges, Potential solutions, and
Future Directions is discussed in Section IV. Lastly with the
conclusion in Section V.

Il. FUNDAMENTAL PRINCIPLES OF METASURFACE
Metasurfaces are electromagnetically thin sheets engineered
to manipulate electromagnetic fields distributed over a
surface through a localized, subwavelength polarization
responses. Such structures are to be considered as zero thick-
ness discontinuity sheets, but not as traditional material slabs,
the effect of which is described as field jumps at the sheet
position. This perspective is a natural extension of the dis-
tribution based formulation of the metasurface Generalized
Sheet Transition Condition (GSTC) theory in which a dis-
continuous field quantity f(z) of a sheet at Z=0 is expressed
as a a regular plus singular (delta-function) part [45]. The
generic expansion for the discontinuous sheet problem is
expressed as;

Fo) = @)+ 3 fis @ (M

where the first term on the right side of equation (1) is the
regular part of f, which represents the value of the function
everywhere except at Z=0, and the second term is the sin-
gular part, which corresponds to the expansion over the kth
derivatives of the delta distribution.

For a metasurface in the XY plane and in the Z=0 plane,
discontinuities of normal and tangential components of field
across the sheet describe the interaction with an incident elec-
tromagnetic excitation. In the common truncation, in which
only discontinuities of first order are preserved (i.e., higher
order derivative discontinuities are neglected), the metasur-
face boundary relations can be simplified to the GSTCs.
In [45] the GSTCs are written (Eqn. (2) — (5)) in terms of the
surface electric polarization density P and surface magnetic
polarization density M;
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TABLE 1. Recent review papers on RIS.

Ref. Year Contribution

[31] 2021 Integration of Reconfigurable Intelligent Surface (RIS) into wireless network has provided cutting-
edge answers to three physical layer problems; low complexity shift optimization, passive information
transfer, and efficient channel state information (CSI) acquisition.

[35] 2021 Outlined possible uses and provided a study of methods for analysing performance, managing
resources, and using machine learning in RIS-assisted wireless communications.

[39] 2021 RIS, reflection, hardware architecture, channel models, and practical constraints were reviewed.

[37] 2022 Provided an overview on RIS-aided sensing and localization and presented the prototype with the
testing results to resolve the primary technical obstacles.

[38] 2022 From a signal processing perspective, this article provides an outline of the current state of the art in
RIS outlining the basics, with emphasis on localization, and communication

[44] 2022 Presented a thorough overview of RIS-assisted wireless communications, focusing on potential
solutions to actual estimation and beamforming design challenges.

[33] 2022 Reviewed IRS, addressed shortcomings in existing research, and explored IRS-related research
opportunities.

[36] 2022 Presented the concept of 10S, facilitating comprehensive multidimensional communications serving
users on the interface. Additionally, a novel hybrid beamforming method is introduced to enhance wireless
communications utilizing using I0S framework.

[34] 2022 This IOS review addresses future cellular network applications along with beamforming, channel
modelling, experimental implementation, and performance measurements

[32] 2023 Explored RIS technology for indoor VLC systems, focusing on how it solves problems with device
alignment and line-of-sight (LoS) blocking.

[40] 2023 Machine learning algorithms are examined for reconfigurable intelligent surfaces, accompanied by a
review of intelligent spectrum allocation in Internet of Things systems. Additionally, it examines the
integration of several machine learning techniques and their potential integration into existing machine
learning solutions.

[41] 2023 Presented an overview of RIS emphasizing hardware.

[42] 2023 Provided a survey on current advancement in resource allocation techniques and performance
assessment methods.

[43] 2024 This review discusses the potential of reconfigurable intelligent surfaces (RIS) to support 6G
networks in terahertz (THz) communication. It also reviews the efficiency of RIS, especially in reducing
signal attenuation and improve diffraction performance in terahertz communications.

Our 2025 This review provides a systematic overview of metasurfaces designed to enable simultaneous control

Work of reflection and transmission. The study discusses basic principles, design strategies, and identifies key
challenges and future directions in the field, providing valuable insight into developing areas for further
research.

Here A (-) denotes the difference of the total fields evaluated
above and just below the metasurface. These relations indi-
cates that metasurfaces operate by the controlled electric and
magnetic sheet polarizations that imprint desired discontinu-
ities on E and H fields, rather than relying on bulk propagation
phase accumulation [46].

Another approach for metasurface operations particularly
for shaping wavefront is by introducing a spatial phase
discontinuity at the interface as depicted in figure 1. Accord-
ing to the authors in [47], metasurfaces create a designed
phase gradient d¢/dx which changes the balance of tangen-
tial momentum, resulting in generalized refraction/reflection
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laws (Eqn. (6)). Although the resultant equation is commonly
expressed in the context of refraction/reflection, the general
concept is that artificial gradients in tangential phase intro-
duce an artificial transverse wavevector component to the
scattered field.

1) &1

8_7 kt,x = ki,x + — (6)
X

kr,x = ki,x + ax

where k; x, k; x, and k;  are the components of the incident,
reflected, and transmitted wave, and d¢/dx is the phase
gradient respectively. The subwavelength control of the phase
response is enabled by the metasurface so that tangential
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wavevector of the outgoing wave is prescribed by the imposed
phase gradient.

FIGURE 1. A depiction of phase-gradient principle, where phase-gradient
metasurface wavefronts are bent into arbitrary directions within their half
space [47].

In addition to propagation phase control, metasurfaces can
also be based on geometric phase, where the anisotropic
inclusions are mainly controlled by rotation to provide a
phase response. The authors in [47] clearly calculate the
rotated response by Jones-matrix operations and demonstrate
how circularly polarized excitation generates a term with
an extra phase of 26 which reflects the geometric phase
mechanism in a form that is easy to understand.

What Are Metasurfaces

Metasurfaces are 2D engineered structures that can manip-
ulate electromagnetic waves to create a phase shift and
change the propagation of the wave [48], this is shown in
figure 2. They are quite similar to their 3D counterparts i.e.,
metamaterials, which also derive their characteristics from
volumetric structures. However, metasurfaces can generate
nearly the same features while being ultra-thin [49]. One
of the main guiding principles for metasurface design is
the generalized Snell’s law. Similar to Snell’s law, taking
a step further from classical reflection and refraction laws,
metasurfaces can manipulate additional phase jumps across
the surface [50]. This allows metasurfaces to bend, focus, and
steer waves in ways that classical optics cannot achieve [51].
Once the geometry, disposition, and material properties of
meta atoms are designed with an intended functionality, the
technology can be customized for specific scenarios. Pos-
sible functionalities include but are not limited to: beam
shaping, holography, invisibility cloaking, and polarization
control [23], [52], [53]. Metasurfaces have the ability to
harness and manipulate surface waves using specially engi-
neered unit cells with distinct physical properties. They can
be purposely designed to direct waves or split waves in differ-
ent directions. Metasurfaces have greatly advanced the field
wavefront engineering, offering lightweight planar solutions
to be easily incorporated into modern electronic and photonic
systems [54]. Metasurfaces function as ultra-thin lenses or
beam deflectors, or even dynamically changing wavefronts,
all of which cover a vast range [55], [56]. In general, all of
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these are of considerable interest to metasurfaces due to the
unique electromagnetic properties associated with them.

Typical scaterer
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FIGURE 2. conceptual illustrations of typical metasurface unit cell: (a) a
random shaped planar array of metasurface unit cells. (b) planar arrays of
metallic scatterers arranged on a substrate [57].

A. METASURFACE FUNCTIONALITY
The behaviour of metasurfaces is governed primarily by
the interactions of incoming electromagnetic waves with the
surface elements. Each meta atom acts as a localized res-
onator that modifies the wavefront according to its shape,
size, orientation, and material [58]. When these meta atoms
are systematically arranged in periodic or quasi-periodic
patterns, the metasurfaces can realize different optical and
electromagnetic effects that include:
« Beam Steering: Steering electromagnetic waves without
bulky mechanical components [59].
o Holographic Imaging: Creating three-dimensional
wavefronts for display and sensing use [19].
« Polarization Control: Converting linear polarization into
circular polarization and vice versa [23].
o Wave Absorption: Suppressing reflection to realize
ultra-thin absorbers for stealth purposes [18].
Different designs of metasurface can lead to different effects
based on the geometric arrangement of the meta-atoms and
material properties. For example, a gradient metasurface
changes the phase shift to steer the wave, while an anisotropic
metasurface can selectively control polarization dependent
behaviour [60].

B. TYPES OF METASURFACES

Metasurface can be divided into distinct types based on the
functional properties they offer, table 2 summarizes the vari-
ous types of metasurfaces in terms of critical design features:

1) REFLECTIVE METASURFACES

These surfaces allow control of how waves are reflected
for applications such as beam reflectors, retroreflectors, and
holographic surfaces [61]. When an incident wave impinges
on an interface between two media, some of its energy is
dissipated in the original medium. This is termed reflection.
The metasurfaces use the design of meta-atoms with specific
phase modifications that provide an altered angle of reflection

VOLUME 14, 2026
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TABLE 2. Design features of passive, active, and hybrid metasurfaces.

Passive MS | Active MS Hybrid

Features Reflection/ Reflection/ Reflection/
Transmissio | Transmission Transmission
n

Performan | Low High High

ce

Phase Reflect/ Reflect/ Reflect/

Shift Transmit Transmit Signal | Transmit Signal
Signal

Coverage | 180° 180° 180°

Design Simple Complex Less

complex
Energy High Low Medium
Efficiency

and direction of propagation of beam steering and anomalous
reflection.

Reflective RIS [62] employs elements on the order of
subwavelength to manipulate the phase response of the elec-
tromagnetic wave when reflected [63]. By adjusting these
elements, the technology enables advanced functionalities
such as beam steering [23], focusing [64], and polarization
control [65], [66]. It finds its application in metasurface engi-
neering and hence, has a potential future in next-generation
communication networks due to this capability to enhance
signal quality and efficiency [67]. Its lightweight, low-profile
design allows deployment on different surfaces in varying
environments.

2) TRANSMISSIVE METASURFACES

Transmissive metasurfaces allows a controlled passage of
waves. Figure 3 shows how a wave can be propagated through
metasurface into another medium. The interference pattern
allows these metasurfaces to exhibit fascinating phenomena
such as lensing, holography, and beam shaping by precise
control of the amplitude and phase of the transmitted wave.
The ability to implement transmission and reflection on the
same metasurface opens up possibilities for reconfigurable
and multifunctional optical devices.

Transmissive metasurface [68] provides a dynamic
approach of redirecting signals as they pass through its
medium, thereby optimizing the phase and amplitude of
the signal efficiently [69].This configuration boost indoor
coverage by redirecting outdoor signals. The transmissive
metasurface manipulates and redirects signals in the sur-
rounding environment, mitigating interferences and signal
losses due to attenuation, thus providing solution for
applications requiring reliable and efficient communication
indoors [70].

3) PASSIVE METASURFACES
Passive metasurfaces have static properties, Passive intelli-
gent surfaces are inexpensive and make use of electromagnetic

VOLUME 14, 2026

Controller

|

Power

Supply —> ,’ .

Antenna
Reflect Signal

L o @

Base Station 1 Transmissive RIS

FIGURE 3. Reflective and transmissive metasurface [43].

materials that blend into their environment, enhancing wire-
less transmissions through passive signal reflection [62],
[71], [72]. They ensure a virtual line-of-sight (LoS) and
are energy efficient [73]. Nonetheless, the performance of
passive metasurfaces suffers from double fading due to large
path losses introduced by the multiple transmissions from
the transmitter, surface, and receiver combined. This entails
reduced effectiveness and comparatively less gain over sys-
tems without RIS [35].

4) ACTIVE METASURFACES

Active metasurfaces are based on a tunable mechanism such
as liquid crystals or phase change materials like MEMs to
adjust their wave manipulation dynamically [74]. It attempts
to resolve the passive metasurface challenges by amplifying
signals to counter the multiplicative fading problems [74],
[75], [76]. Unlike passive metasurfaces as shown in figure 4,
active RIS operates by introducing additional contrivances
in the form of specialized hardware which allows active
boosting of the signal strength through phase shift circuits
and reflection amplifiers [77], [78]. However, this approach
compromises performance with energy consumption, which
can compete with conventional base station amplifiers [42].
The hybrid integration of active and passive metasurface pro-
vides a solution to manage the trade-off between optimization
and energy efficiency.

Controller Passive

‘ clement
\ v
\ : I
A
/

Passive
RIS

ontroller
S Active

’ " I“E elemen

L/ amplifier

Incident Signal

Active
RIS

4 o
o Reflect Signal 4 Reflect Signal
Base Station <,
Base Station (*‘
Passive RIS Active RIS

FIGURE 4. Active and passive metasurface [42].

5) HYBRID METASURFACES

Hybrid metasurface offers a compelling and flexible solu-
tion that combines the best features of active and passive
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technologies [79]. Active metasurface can improve real time
signal processing and interference control, but the drawback
of active metasurface is high power consumption particularly
in off grid challenge [80]. Hybrid metasurface mitigates this
by implementing active components to allow for real time
dynamic adaptability, in addition to passive elements that can
limit energy usage during the reflection process [81], [82].
As shown in figure 5, a smart combination of active and
passive element offers a good compromise between respon-
siveness and efficient energy use, and it therefore fits into
the rising needs of evolving wireless communication sys-
tems [83]. By virtue of its modular design, it can be adaptably
deployed from next generation networks to indoor systems,
thus providing a flexible approach to the implementation of
performance and energy constraints [84].

| Active reflective element

Phase Shift Crouit

Palch

Supply

Power La-' .

D

A
Patch

‘% User

FIGURE 5. The figure illustrates the architecture of hybrid RIS [43].

Passive reflective element

Hybrid RIS

C. WAVEFRONT ENGINEERING AND THE BASICS OF
REFLECTION AND TRANSMISSION CONTROL
In wavefront engineering, the phase and amplitude of an elec-
tromagnetic wavefront are precisely controlled to produce
the required propagation properties. This is made possible by
metasurfaces, which modify the wavefront when it interacts
with the surface [85]. The meta-atoms’ phase shifts can be
engineered to produce either constructive or destructive inter-
ference patterns, which will drive the wavefront in particular
directions [86].

« Reflection Control
When an incident wave impinges on an interface between
two media some of its energy is dissipated in the origi-
nal medium, this is termed reflection. The metasurfaces use
the design of meta atoms with specific phase modifications
that provide an altered angle of reflection and direction
of propagation of beam steering and anomalous reflection.
Reflecting metasurfaces are engineered surfaces designed to
manipulate the direction, polarization, and phase of reflected
EM waves. They function by introducing a spatial varia-
tion of surface impedance across an interface, which leads
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to customized reflection behaviour. This is in accordance
with the generalized Snell’s law, which states that a sudden
phase change at the interface can induce anomalous reflection
angles [86], [87]. To engineer surface impedance, subwave-
length elements such as patches, loops, or dipoles are used.
The geometry of these subwavelength determines the local
phase shift of the reflected wave, where each unit cell is
designed to reflect the incoming wave with either delay or
phase shift. Patterned arrangement of these meta-atoms, can
cause the surface to bend, focus, or split the reflected wave in
the desired direction [88].

As illustrated in figure 6(a), the reflectarray metasur-
face presented in [89] converts the spherical waves from
a horn into a focused directive plane waves. It employs
an element in Figure 6 (b) incorporating triple resonances
that provide high efficiency and broad phase coverage.
Reflecting metasurfaces have long been used in reflectar-
rays, which are widely applied in antenna beam steering.
Initially limited by bulky 3D structures [90], the develop-
ment of 2D microstrip reflectarrays [91] brought significant
improvements in size, performance, and manufacturability.
These metasurfaces are now crucial in applications such as
such as beam steering [23], focusing [64], and polarization
control [65], [66].

v 42,0' ;
,{/, + 83
2 "y =
l":J C,
S v ;
5\ ST BB M
& - & / L
2 1 W
] B Spherical wave B oM 2
inci ° | |
incidence gt 8
o A\
A ™ [ A\
J i I-shaped dipol:
Feed antenna x shaped dipole

dy

(a) ®)

FIGURE 6. Schematics of (a) Reflectarray metasurface with spherical
incident wave and (b) Top patch view of the proposed unit cell [89].

Basic Design Principles

o Subwavelength Unit Cells: The basic building blocks,
often patch or loop structures, are smaller than the wave-
length to ensure fine control [92].

o Phase Shift: The unit cell geometry determines the
phase shift (0 to 2r), and the steepness of the phase
across the surface redirects the reflected wave [93].

« Structural Layout: The physical layout of the metasur-
face is usually flat, which makes it easy to integrate into
compact systems and quite portable [94].

o Multi-Resonant Structures: In order to increase the
operational bandwidth, a multi-layered or nested ele-
ments may be employed [89].

Reflecting metasurfaces are found in antenna systems,
imaging, and sensing applications. Nonetheless, they have
limitations of narrow bandwidth [89], and signal losses due
to material type and fabrication processes [95], [96].
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¢ Transmission Control

Transmission in metasurface is simply the propagation of sig-
nals into a different medium. The unit cell pattern allows these
metasurfaces to attain interesting phenomena such as lensing,
holography, and beam shaping simply by manipulating the
amplitude and phase of the transmitted wave. The ability to
control transmission and reflection in a single structure gives
the opportunities to create reconfigurable and multifunctional
devices. In transmitting metasurfaces electromagnetic wave
is manipulated to propagate through a medium, controlling
both amplitude and phase. The design principle is based on
gradient index (GRIN), where each unit cell is placed to
introduces a different phase shift that can result in beam
refraction, focusing, or redirection [97]. In figure 7 classical
unit cell designs that use split-ring and square ring resonators
(SRRs) in order to produce variable responses are depicted.
These structures allows control over refractive index and
polarization [98], [99], [100], as well as support electric and
magnetic resonances.

A different type of transmitting metasurfaces like the Huy-
gens’ surfaces (HSFs) employs co-engineered electric and
magnetic resonances to enable a highly controllable transmis-
sion of EM waves [101], [102].

(d) (e)

FIGURE 7. Several typical SRR elements reported in [103].

Basic Design Principles

o Huygens’ Surfaces (HSFs): Exploits electric and mag-
netic responses to shape transmitted beams [102] and
minimize reflection.

o Multi-Layer Symmetric Designs: layered structures
significantly improve transmission bandwidth and can
support dual polarization [97].

o Full Phase Control: It is essential that each unit cell
produces full phase coverage for consistent beam shap-
ing [93], [101].

« Polarization Conversion: Introduction of certain struc-
tures enable polarization conversion, for example,
V-antennas or anisotropic structures [104].

Transmissive metasurface [68] presents a unique and a adap-
tive technique of redirecting signals through its medium,
effectively optimizing both the phase and amplitude [69].
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This particular attribute boosts indoor coverage by harness-
ing nearby outdoor cellular signals. Such metasurface steers
and shapes the signals into the surrounding environment,
efficiently mitigating signal losses due to attenuation and
interference and also presents a potential solution for high
quality communication indoors [70]. Transmitting metasur-
faces are effective, but are limited by some challenges such as
insertion loss [105], polarization dependence [104], limited
bandwidth [102], and delicate fabrication needs [106].

IIl. SIMULTANEOUS TRANSMITTING AND

REFLECTING METASURFACES

Based on the general principles of metasurface operation
and the control of reflection and transmission discussed in
Section II, this section highlights some of the various struc-
tural and design strategies used to implement multifunctional
metasurfaces, with emphasis on their unique implementation
and performance.

Incident Incident
wave wave

Metasurface
Metasurface
Metasurface

Transmitte!
wave

Transmite
wave

() (b) ()

FIGURE 8. lllustration of wave interaction with metasurfaces
(a) Reflecting metasurface (b) Transmitting metasurface
(c) Simultaneously reflecting and transmitting metasurface.

Metasurfaces manipulate incident waves, and this happens
in three distinct modes of performance: reflection, trans-
mission, and reflection-transmission. This is illustrated in
Figure 8 where (a) is operating in reflection mode, reflecting
the incoming wave back to the same specified side of the
interface, (b) is operating in transmission mode, it allows the
incoming wave to pass through it, (c) represents metasurfaces
that is designed to reflect and transmit simultaneously. In this
case, the incident wave is split into a reflected and transmitted
wave, and both of them can be manipulated in terms of their
properties to be independent from each other. The principle
of transmission and reflection design can be illustrated by
generalized Snell’s law [107]:

Mo d

ny sin(@;) — n; Sil’l(@l’) = _0_¢ (7)
27 dx
Ao d

n, sin(6,) — n; sin(6;) = _O_d’ (8)
27 dx

where 6; and 6, are the refraction and reflection angle,
n; and n, are the refractive indexes of the incident and out-
put medium, 6; is the angle of incidence, and % indicates
the phase gradient along the interface. When the angle of
incidence is 0°, that is in free space, ny = n, =n; = 1,
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the formular can be written as:

a1 20

6, = sin (pN) 9
| A0

6, = sin (p_N) (10)

where p represents the length of the unit cell, and N the
number of unit cells.

Simultaneous control of reflected and transmitted electro-
magnetic waves extends the functionality of metasurfaces
beyond traditional single mode operation to allow full space
wave manipulation of the waves in a planar structure. In prac-
tice, this ability is especially useful in situations where
electromagnetic energy should be redistributed instead of
merely redirected it. In wireless communication systems,
simultaneous use of reflection and transmission enables the
enhancement of coverage to users on both sides of a surface
to enable better spatial use without the use of multiple distinct
devices. In sensing and imaging applications, independent
control of the wave enables multifunctional operation such
as polarization conversion in transmission while maintain-
ing reflective beam shaping. Furthermore, in compact and
integrated systems, it enhances design flexibility and reduces
structural redundancy. These practical implications demon-
strate why it is necessary to design metasurfaces that would
have the ability to control reflection and transmission. One
crucial factor to be considered, is to realize such design with-
out compromising performance, and effective design needs.

A. DESIGN STRATEGIES FOR SIMULTANEOUS REFLECTION
AND TRANSMISSION

A more flexible and efficient wave manipulation is achieved
due to metasurfaces ability to reflect and transmit signals
simultaneously. However, a careful engineering and different
design approaches is required to realize this dual functionality
in a practical and scalable way.

Reflecting and transmitting metasurfaces, offer unique
benefits, integrating the strengths of both, researchers are
already working on multifunctional metasurfaces that can
simultaneously and reasonably perform both functions on a
single structure. The goal in designing such metasurface is to
achieve control of phase, amplitude, and polarization in both
channels while maintaining efficiency. Here are some design
approaches:

1) HUYGENS' METASURFACES

Unlike designs that depend on phase compensation across
varying polarization states, Huygens’ metasurface priori-
tize impedance matching at the interface while ensuring
polarization insensitivity [101]. This undoubtedly enables
co-excitation of electric and magnetic dipole moments [108].
As stated by the surface equivalence principle, the electric
and magnetic surface currents are essential to achieve the
intended field distribution and boundary conditions, this is
shown in figure 9 (a), and (c). Hence, it is necessary to handle
the field discontinuities by applying the following relation for
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best results [109]:

Jy =7 x (Hy — H)) (11)
M; = -7 x (B — E)) (12)

Here, Ji and 1\7IX represents the surface electric and mag-
netic currents, respectively. Usually, a patterned metallic
structure is placed on a substrate to achieve the desired
impedance for the unit. A universal technique has been
proposed that could alter the phase distributions of transmis-
sion and reflection required for effective surface profiles for
Huygens’ metasurfaces. This technique could revolutionize
the capability and performance of these materials. A high
contrast transmit/reflect arrays was developed using a robust
high-index layer to improve performance and reduce trans-
mission loss [110].

Early Huygen’s metasurfaces were designed with pure wire
and loop unit cells, as depicted in figure 9 (b), but the evolu-
tion of this field allows for in-depth research [111]. Currently,
researchers are implementing all types designs with meta-
atoms, omega-shaped, spiral shapes, and cascaded layered
configurations yielding interesting possibilities. layered
metallic structures have unique capacitive and inductive prop-
erties it allows effective manipulation of the impedance and
admittance. The authors of [111] applied a dual layer meta-
surface to decrease the total thickness, with the unit cells
designed for independent control over amplitude and phase
of EM waves. The design uses orthogonal polarization to pro-
vide dual band functionality with minimum coupling. Results
show very high transmission and reflection efficiency across
both frequencies but limited bandwidth in the design due to a
few specific operational frequency ranges. The metasurface
exhibited excellent performance across the two frequency
bands. However, there are restrictions due to the nature of
metamaterial resonance in establishing a bandwidth. The
design in [109] establishes a connection between electric (Je)
and magnetic (Jm) resonances, enhancing the metasurfaces
performance concerning manipulating phase, amplitude, and
polarization of waves. By appropriately tuning coupling
strength and phase difference between these resonances, the
transformability of polarized waves and the manipulation
of wavefront can be achieved. The metasurface had been
designed to split an incoming polarized wave into trans-
mitted and reflected waves cross polarized to the incidence
wave. Unless properly designed, only two layers of metal
resonated only with low coupling, but placement of approx-
imately distance away on different planes expected high
coupling to enhance transmission and reflection efficiency.
The design permits controlling reflection and transmission
independently at the same frequency.

A three-layer configuration was presented in [114], it fea-
tures two identical gold rectangles on either side of a
dielectric layer, with a gold resonator strategically positioned
in the centre. The intermediate dielectric layer offers an
exceptional capability for tuning the metasurface’s admit-
tance without altering its impedance, giving it an edge
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FIGURE 9. (a) Schematic of the element of the polarization conversion
device based on Huygen’s principle [109] (b) Omega-Bianisotropic
wire-loop Huygens unit cell [112] (c) The surface equivalence principle for
boundary conditions [113].

in performance. By carefully selecting the surface impedance
and admittance, the structure can use the metasurface res-
onators in an effective way, thus reaching certain heights
of excellence. Gold was chosen as the resonator material
driven by the BCB dielectric layer for optimum results with
no lower losses, as well as the enriching structure. Vari-
able lengths of resonators switch the metasurface between
transmission (refraction) and reflection modes with equal
efficiency. This deliberate design promises minimally dis-
sipative wave manipulation with efficiencies over 60% in
both reflection and transmission modes. Metasurface design
is fine-tuned for 0.83 THz and a stated bandwidth. Though
it is also worth mentioning that performance is affected at
oblique incident angles essentially by changes in impedance
matching. Four-unit cells were also designed in [115] to
produce uniform quantization of phase in 2 bits in the trans-
mission and reflection process; to fabricate this structure,
a three-layer model consisting of two dielectric slabs and
three impedance sheets was utilized. Applying the bound-
ary conditions and equivalence principle guaranteed the
same transmission and reflection coefficients, thus establish-
ing relationships between electric admittance and magnetic
impedance. The proposed unit cells demonstrate effective
operation over a 13% relative bandwidth with minimal vari-
ation in transmission and reflection coefficients. This setup
allows a normally incident plane wave to be evenly divided
into transmitted and reflected components, while enabling
arbitrary phase shifts in the scattered waves. Phase coupling
between transmission and reflection indicates that in the opti-
mization of one, there is a direct effect on the other, this could
limit design options for some applications.

2) PANCHARATNAM-BERRY
Pancharatnam-Berry (PB) phase signifies a notable develop-
ment in geometric phases regardless of material resonance
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or wavelength, resulting from the spatial variation of wave
polarization or orientation. Pancharatnam-Berry (PB) phase
was first presented by S. Pancharatnam in 1956 and then
enhanced by Sir Michael Berry in 1984 accurately manip-
ulates wavefronts. The allows tuning of the wave’s phase
and amplitude in simultaneous reflection and transmission
designs with high accuracy. The unique arrangement of the
meta-atoms produces a distinct phase change with respect
to its rotation angle, resulting in dynamic wavefront mod-
ification as long as the metasurface elements are arranged
in a specific configuration. This process improves the capa-
bilities of dual-wave regulation and optimization in designs.
A ground-breaking, ultrathin single layer metasurface oper-
ating efficiently along an ultra-wideband spectrum within
the modes of transmission and reflection has been revealed
in [116]. The metasurface achieves impressive manipulation
of the waves by harnessing the Pancharatnam Berry phase
control and adopts unique scatter designs that minimize its
thickness. Made of Z-shaped metallic scatterers covered with
a ring-shaped copper shell, it allows several resonant electric
dipole modes activated by its asymmetric geometry, leading
to extraordinary operation over ultra-wide bandwidth. This
photo illuminating metasurface can achieve simultaneous
control of transmission and reflection and operates over a
wide frequency band across 9.3 to 32.5 GHz, yielding a
remarkable bandwidth of 112%. It works nicely to control cir-
cularly polarized incident waves, but functionality is reduced
for arbitrary polarization states due to its specialization.
Through an alternating use of propagation phases and Pan-
charatnam Berry (PB) phase modification, authors in [117]
proposed a metasurface that utilizes both propagation phases
and Pancharatnam Berry (PB) phase modification to achieve
two distinct functionalities. A frequency-selective surface
(FSS) operates effectively at two specific frequency ranges
approximately 18 GHz for reflection and 12 GHz for trans-
mission facilitating the I-shaped patch employed in the design
for PB phase control. As shown in figure 10, to control the
PB phase, the FS-MS is composed of multilayer structures
with I-shaped patches that can change orientation. The per-
formance of the PB phase is enhanced by the inclusion of
propagation phases through the frequency selective surface
(FSS) in the design. The system performs well in specific
frequency bands, but it may not function effectively over
larger bandwidths if further design considerations are not
made. To reflect and propagate waves across a range of fre-
quency bands, the authors in [118] present a metasurface that
makes use of a meta-film with ring slots. This metasurface is
partitioned into regions for reflection and transmission, each
featuring unique designs to fulfil particular roles. It comprises
two categories of meta-atoms: RO for reflective units and R1
for transmissive units. To reduce radar cross-section (RCS)
at lower frequencies, especially in the 5.9 to 10.1 GHz range,
the reflection units are fabricated as artificial magnetic con-
ductors (AMC). For higher frequencies, 15.5 to 15.7 GHz,
the transmission units use PB phase techniques to manipulate
circularly polarized (CP) waves, facilitating beam deflection.
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(a) (d) (e)

FIGURE 10. (a) 3D view of the proposed design. (b) Top patch view
(c) Bottom patch view (d) Polarizer unit, and (e) polarization
converter [117].

A 3D reflection/transmission integrated (TRI) designed
to control left hand circularly polarized (LHCP) and right
hand circularly polarized (RHCP) mode, shown in figure 11
was reported in [119]. The design consists of meta atoms
made of linearly polarized patches with phase delay lines
connecting the patches. Adaptive phase control for both
LHCP and RHCP channels is accomplished by altering the
dimensions of these patches and rotating the meta-atoms.
The global rotation of meta-atoms facilitates Pancharatnam
Berry (PB) phase shifting, thereby decoupling the left handed
circularly polarized (LHCP) and right handed circularly
polarized (RHCP) channels in the reflection domain. In the
transmission domain, local rotation of the transmitting ele-
ment induces contrasting geometric phase shifts for LHCP
and RHCP components, hence enabling their differentiation.
This technique facilitates independent phase manipulation of
LHCP and RHCP channels, hence augmenting adaptability
in both operational modes.
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FIGURE 11. (a) Phase response of LHCP and RHCP components under
LHCP incident wave varying |, values. (b) Front layer (c) Back layer [119].

3) FABRY-PEROT CAVITIES

Optical resonators known as Fabry-Perot cavities are a sand-
wich of a metasurface between two reflecting surfaces. This
configuration produces high-quality resonances that intensi-
fies the interaction between light and the metasurface [120].
It is a legitimate technique for wavefront manipulation
because it provides exact control of the phase and ampli-
tude of transmitted and reflected waves. In order to achieve
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nearly 100% efficiency, a new ultrathin metasurface has
been presented in [121] that allows dynamic manipulation of
reflected and transmitted phases and amplitudes. In the design
exhibited in figure 12 the unit cell incorporates a double-
split-ring resonator (DSRR) at its core. This device uses two
orthogonally polarized metallic gratings to construct a Fabry
Perot cavity. The authors are able to independently regulate
the phase and amplitude of the wave by altering geometrical
characteristics of the DSRR, such as its size and orientation.

(b) (b)

FIGURE 12. (a) DSRR structure (b) Schematic of the proposed
metasurface [121].

A Fabry-Perot-like cavity has been used as the basis for
the development of a multifunctional metasurface [122]. This
layout provides control over directions and polarization of
incident light in either reflection and transmission modes. The
metasurface contains anisotropic unit cells that utilize a split
ring structure oriented at 45 degrees as well as two orthogonal
metallic gratings shown below in figure 13. The transmitted
and reflected phases and amplitudes can be independently
controlled using this configuration. The reflection and trans-
mission coefficients for various polarizations, which provide
asymmetric transmission are represented as Jones matrices.

Metal
Grating PMI form FR4

Metal

FR4 PMI form Grating _

Split Ring

hs h: ht

FIGURE 13. The overall structure of the multilayer unit cell [122].

4) POLARIZATION DEPENDENT MULTIFUNCTIONAL
METASURFACE

The polarization of electromagnetic waves is vital wave prop-
agation, and has garnered increasing interest, particularly in
designing compact and multifunctional Metasurfaces.

A typical metasurface for transmissive polarization conver-
sion is designed without a metallic backplate accompanied
with a metallic pattern and a dielectric layer. As a result,
almost all of electromagnetic waves pass through or rather are
transmitted through the metasurface, with a near zero reflec-
tion coefficients. The polarization conversion occurs based on
the interaction of the incoming wave with the metallic pattern.
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For areflective metasurface, the unit cell for polarization con-
version metasurface comprises a patterned layer, a dielectric
layer, and a metallic backplate. The backplate hinders the pas-
sage of electromagnetic waves. Which as a result, allows most
of the incident wave to be reflected with different polariza-
tion. Similarly, the polarization conversion happens due to the
interactions of the incident waves with the metallic pattern.
Han et al. [123] developed an enhanced metasurface to attain
polarization conversion within the 8 — 18.9 GHz spectrum.
Additionally, Li et al. [124] proposed a double band cross
polarization conversion unit across 10.36 and 11.62 GHz fre-
quency respectively. Similarly, Ruan et al. [125] introduced
a double band ultra-thin metasurface polarization conversion
unit operating within (15.25 — 18.9 GHz) and (29.7 —
36.7 GHz) frequency ranges. Furthermore, Fahad et al. [126]
designed a broadband polarization converter functioning
within the frequency range of 0.94 to 1.47 THz. A polar-
ization converter with multiple layers in [127] is utilized
to produce a tri-band metamaterial. In [128] the authors
employed a 2-bit coding structure to manipulate the reflected
waves at 7.5 and 13 GHz, thereby achieving a robust
meta-hologram with four channels. Nonetheless, most of the
work undertaken on polarization conversion before the advent
of phase changing materials [129] were solely accomplished
on either reflection or transmission. An important aspect of
phase-transition materials is the possible advantages from
metal-insulator transitions. Jiang et al. [130] presents a vana-
dium dioxide layer combined with three metal gratings to
build a switch that performs the polarization conversion.
When the vanadium dioxide acts as a metal, reflection will
occur, whereas in the insulator state there is transmission
conversion. This method relies on properties of the mate-
rial to produce adjustable polarization conversion. Hence,
it is difficult to achieve effective simultaneous transmission
and reflection in one structure that also has polarization
conversion.

5) CODING METASURFACES

In 2014, Cui et al. [131] introduced the concept of coding
metasurfaces, primarily operating at microwave frequencies.
The discrete elements provide distinct phase responses; for
instance, the cell 0 and 1 represent phase shifts of 0 and 7,
respectively, which consists of coding units configured in
distinct numerical sequences. The coding metasurface creates
a bridge between the analog and digital world through the
discretization of the phases. An illustration of a proposed
1-bit coding metasurface and a unit cell structure is shown in
figure 14. The geometric design and order of spatial arrange-
ment of these meta-atoms or cells can be designed with high
precision based on the phase distribution, which can be used
to manipulate of electromagnetic waves to realize several
functionalities. The capacity to simultaneously transmit and
reflect waves represents a very innovative application of
this technology, offering multifunctionality within a single
device. This capability is crucial for advanced technologies
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such as 5G and 6G communication systems, where wavefront
management is vital for enhancing network performance.

FIGURE 14. Proposed 1-bit coding metasurface and a unit cell structure.
(a) multi-function of RCP beams in reflection and LCP beams in
transmission. (b) front views of the proposed unit cell [132].

A Fabry-Perot-like cavity metasurface was presented
in [122] where the incident wave are manipulated for both
transmission and reflection simultaneously but at different
frequencies and polarization states. The Fabry-Perot-like cav-
ity enhances the manipulation of phase and amplitude for
efficient performance of reflection and transmission, exhibits
co-polarized reflection at 21 GHz and cross-polarized trans-
mission at 16 GHz, possesses asymmetric transmission char-
acteristics, and broadband capabilities. The authors in [133]
designed a tri-layer dual band coding metasurface with a
very low interference for polarization states and different fre-
quency bands. The metasurface operates in dual band, K-band
(16GHz to 24GHz) and the Ka-band (37.5GHz to 40GHz)
with independent space manipulation and control over the
transmission and reflection in these frequency ranges. The
tri-layered structure achieves minimal interference between
co-polarized reflection and cross-polarized transmission,
thereby leading to high efficiency polarization conversion
across a broad bandwidth as seen in the performance of
the metasurface while maintaining polarization dependent
control of incident waves. Coding metasurfaces can be con-
trolled by different characteristics of EM waves, for example
in [134] the polarization states of incident waves are altered
to achieve transmission and reflection functions at different
frequencies. A filter layer is inserted between the transmis-
sion and reflection layer to ensure optimal performance in
both reflected and transmitted mode. Although, it does not
support simultaneous transmission and reflection at the same
frequency but allows independent full space manipulation of
the waves. A single layer transmission/reflection integrated
(TRI) metasurface was proposed in [135], the multi-layered
anisotropic structure can transmit and reflect simultaneously
at the same frequency 15GHz due to the change in the
direction of the incident wave and polarization. When the
incident wave is at a 45° along the x-axis, the metasurface
can work in reflective and transmissive mode simultaneously
at the same frequency, thereby generating two functionalities
on both sides of the metasurface. To obtain more degrees
of freedom, thermally switchable coding metasurface was
proposed in [136], the properties of phase changing materials
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vanadium dioxide (VO;) and Indium antimonide (InSb) were
utilized as depicted in the fabrication process in figure 15 for
the realization of switchable bidirectional metasurface. These
two materials exhibit different temperature-dependent prop-
erties, the transmission mode operates at lower temperatures
(290 K to 330 K), while reflection mode is activated at higher
temperature of 370 K, it reflects at one frequency when the
material is in a metallic state and transmits at another when
in a dielectric state, the transmission and the reflection mode
wavefront can be independently manipulated by the phase
transition of VO, while, InSb is used for frequency switch-
ing and the increasing the working bandwidth. Although
the metasurface shows effective dual-mode performance but,
the transmission bandwidth is narrower than the reflection
bandwidth.
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FIGURE 15. Fabrication processes of the metasurface [136)].

Dual circular polarization coding metasurface was pre-
sented in [132], it ensures minimal interference between the
two modes with a phase difference of 180° between transmis-
sion and reflection. The elements arranged on the metasurface
are rotated to control phase which generates four distinct
beams for the left circularly polarized (LCP) transmissive
waves and right circularly polarized (RCP) reflective waves.
The transmission and reflection happen for different polariza-
tions, not the same one. Thus, it does not transmit and reflect
the same wave at the same frequency in the same polarization.

A dual-band coding metasurface capable of indepen-
dent electromagnetic wave control in both the X band and
Ku band was presented in [137], the metasurface achieves
independent control of transmission and reflection in two
frequency bands, operating efficiently and demonstrating
high efficiency in both bands. The unit cells are designed to
independently manipulate phase and polarization in the two
bands without crosstalk, although the design is limited by
polarization crosstalk, especially at higher frequencies where
the reflection phases are difficult to independently control.
Transmission and reflection occur at separate frequencies.
The digital coding of the elements is listed in Table 3 to pro-
vide a concise design chart. It demonstrates that under x or y
polarized excitation, we obtain a 2-bit co-polarized and 1-bit
cross-polarized phases; also, under u or v polarized excitation
(£ 45°-polarized), we obtain 2-bit co-polarized and 1-bit
co-polarized phases.

46816

TABLE 3. Coding elements for multifunctional ms.

Qutput/Inp | x(y)- X(y)- + 45°- | + 45°-

ut Pol. Pol. Pol. Pol.

(!, @)(mm, | X- Ku- X-band | Ku-

deg) band | band (Co- band
(Co- (Cross- | pol.) (Co-
pol.) | pol.) pol.)

(10.5,-45) | 00 0 (0°) 00 (0°) | 0(0°)
(0°)

(8.9, —45) 01 0 (0°) 01 (90°) | 0 (0°)
(90°)

(8.2, —45) 10 0 (0°) 10 0 (0°)
(180°) (180°)

(6.5, —45) 11 0 (0°) 11 0 (0°)
(270°) (270°)

(10.5, 45) 00 1(180°) | 00 (0°) | 1(180°)
(0°)

(8.9, 45) 01 1(180°) | 01(90°) | 1(180°)
(90°)

(8.2, 45) 10 1(180°) | 10 1(180°)
(180°) (180°)

(6.5, 45) 11 1(180°) | 11 1(180°)
(270°) (270°)

In coding metasurfaces, finite phase quantization and
non-ideal amplitude control impairs the beamforming gain
and spatial multiplexing capacity, which decreases the spec-
tral efficiency capability compared to ideal continuous-phase
models. Angular sensitivity also affects the coverage proba-
bility where users with oblique incidence have lesser effective
aperture and channel reconfiguration. Additionally, dynamic
reconfigurations need to be re-estimated by estimation and
calibration of the channels and surfaces on a regular basis,
increasing the overheads in dynamic setups. These are some
limitations to the performance gains in real world systems and
the gains in spectral efficiency or coverage is achieved at a
cost in terms of increasing the complexity of the hardware
and the cost of the system itself.

6) SIMULTANEOUSLY TRANSMITTING AND REFLECTING
RECONFIGURABLE INTELLIGENT SURFACES (STAR RIS)

A reconfigurable intelligent surface (RIS) is a two-
dimensional (2D) structure that incorporates numerous low
cost passive components. In contrast to traditional metasur-
faces, a smart controller is integrated with the RIS, allowing
for the modulation of wireless signal propagation impinge
on the RIS due to the tuned phase response. Additionally,
traditional relay systems and multi-antennas actively generate
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signals using expensive radio frequency chains, whereas
Reconfigurable Intelligent Surfaces (RISs) merely passively
recycle existing signals in the network and do not necessitate
RF chains. Consequently, RISs are less expensive and envi-
ronmentally sustainable compared to the old antenna systems.

Reflecting
beam '»
N Reflecting
F .I/) GA 4 space
/ y y Transmitting
Transmitting y space

STAR-RA

beam "

FIGURE 16. Concept of STAR-RA [138].

STAR-RIS uses the concept of reconfiguring of unit cells
to control the electromagnetic wave properties (amplitude,
phase, or polarization) in both directions, the key feature of
STAR-RIS is its ability to split energy between transmission
and reflection efficiently in a typical STAR-RIS configura-
tion, the incident signals are separated into two (transmitting
and reflecting) signals to facilitate a full-space manipulation
by passing into both sides of the spaces. STAR-RISs are
capable of transmitting and reflecting the incident signals
simultaneously, covering both spaces, thereby serving the
half-spaces with a single design as captured in figure 16. For
instance, in [7] the properties of incident wave are adjusted to
control the transmitted and reflected signals simultaneously.
Three (3) operating modes were compared by the authors
energy splitting ES, Mode switching MS, and Time switching
TS in a unicast and multicast scenario, it was asserted that
TS is advantageous for unicast communication due to its
low interference, ES is more suited for multicast scenarios
due to its full utilization of time and resources. for high
quality of service (QoS) requirements, especially in multicast
communication, TS is less efficient because it does not fully
utilize the available communication time and MS is a sim-
pler approach with less flexibility and gain compared to ES.
Similarly, as captured in [139] the transmission and reflection
coefficients can be changed by varying electric and magnetic
currents of the STAR-RIS elements. consequently, a highly
dynamic full-space manipulation can be realized. Despite
the advantages stated above, research on the integration of
how STAR-RISs can be into wireless communication systems
is still in its infancy. Energy splitting and mode switching
schemes are used in STAR-RIS to determine the signal-to-
interference plus noise ratio (SINR) of users on opposite sides
of the surface, therefore, affecting sum-rate and performance.
The design made at EM levels, create some fundamental limi-
tations to communication performance that highlight the need
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to co-design metasurface physics with wireless system goals.
The more elements that are controllable, the more power
consumption, latency, and reliability issues that come up
with biasing networks and digital controllers. In STAR-RIS,
simultaneous transmission and reflection makes switch-
ing architecture more challenging and reduces fabrication
tolerances.

Though the reviewed approaches are different in struc-
tural implementation, the relative performance can simply
be explained in terms of the mechanism applied to reg-
ulate the phase and impedance of the transmission and
reflection channel. Huygens metasurfaces provides a wave-
front control by balancing both the electric and magnetic
responses, and this has demonstrated high efficiency and an
almost perfect impedance match, but at a restricted frequency
range, limiting the operation to the broadband. Pancharatnam
Berry (PB) phase designs, are based on geometrical accu-
mulation of phases with rotation of elements, which enables
full coverage of phases, which are largely independent of
frequency, yet their work is necessarily conditioned by the
polarization conversion efficiency that may limit uniformity
of amplitude when reflection and transmission efficien-
cies are both required to be high. Metasurfaces based on
Fabry Perot cavity introduce more longitudinal resonances,
making them have more bandwidth and efficiency through
controlled multi-path interference This however, leads to
increased thickness, sensitivity to loss, and complexity of
fabrication. Coding metasurfaces are based on digital phase
states and programmability, allowing them to operate mul-
tifunctionally and reconfigurably, however quantization and
switching tend to negatively affect efficiency and introduce
dispersion over large bandwidths. Lastly, STAR-RIS archi-
tectures take the simultaneous reflection and transmission
beyond a system level paradigm where energy separation and
switching of the mode allows adaptive network control, but
the practical implementation of these systems is currently
restricted by the complexity of hardware and immature imple-
mentations. As a result, there is no single strategy that is
perfect in all cases, but rather, all strategies would be better
than the other subject to certain limitations based on band-
width, polarization, efficiency, structural and system level
complexity.

B. DESIGN PARAMETERS AND METRICS

Figure 17 above outlines key design parameters that defines
the behaviour and performance of metasurfaces. Wavefronts
can be manipulated by modifying the phase of the inci-
dent waves on each meta atom, and thereby enabling beam
steering and focusing schemes, which are important in mod-
ern communication systems [140], [141], [142]. In addition
to phase, amplitude modulation provides another means to
adjust the intensity of transmitted or reflected waves, which
determines the energy distribution at the wavefront. It is also
an important parameter for applications that require signal
control over strength [143], [144].
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FIGURE 17. Metasurface design parameters and metrics.

Impedance matching [145], on the other hand limits
reflection losses in order to maximize power transmissivity.
Impedance matching constitutes the hallmark feature of
major operations such as transmitarray antennas, since suf-
ficient power testing will not yield good results [146]. The
resonances of meta atoms delineate the usable frequency
band of the metasurface [147], putting constraints on their
viability and considerations for some applications such as
terahertz phase modulation [148]. Broad bandwidth encom-
passes greater effective operation range [149], [150], thus
enabling a metasurface to operate in multiple frequency
bands, leading to a broadened application horizon such as in
multiband communication systems [151], [152].

Advanced functionalities are achieved through polariza-
tion control [153], wherein metasurfaces may establish, alter,
and manipulate the polarization state of incoming waves.
These functionalities are quintessential to several applica-
tions that involve the conversion or operation of surface
waves, such as polarization conversion or producing circular
polarization, as has been proven in several studies [53], [154],
[155], [156]. An overall performance metric of a metasur-
face is its efficiency, it is measured as power transmitted or
reflected divided by incident power. An efficiency close to
one indicates a good standard in any design and fabrication
[157], [158]. The angular stability [159], [160], [161] of
a metasurface indicates its capability to work efficiently at
different incidence angles which has a special significance
for near-field passive mm-wave imaging [162].

The specifications identified will influence the design
and optimization techniques for the metasurfaces and assist
engineers in formulating the desired package to fulfil the
necessary operational requirements and application demands.

In addition to the above design parameters and met-
rics, surface current density cannot be overlooked in the
design of a metasurface. The reflection and transmission
properties of a metasurface are determined at a physical
level by the spatial distribution of the induced surface cur-
rent density on the unit cell elements. The magnitude and
phase of the reflected and transmitted waves are directly
proportional to the strength, orientation, and symmetry of
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these currents, which can radiate either to the incident half-
space, the transmission half-space or both. Designs that sup-
port reflection and transmission simultaneously are usually
engineered based on many current components such as simul-
taneous electric and magnetic currents on the surface or polar-
ization dependant current paths to allow enough degrees of
freedom to be independently controlled. Consequently, most
of the strategies discussed in this paper such as impedance
matched designs, multi-resonant structures and polarization
based designs could be viewed as various ways of shaping the
distributions of surface currents to attain the desirable scatter-
ing characteristics. A typical example is in [107] where the
authors investigate the resonance mechanism of the unit cell
in figure 18.
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FIGURE 18. The schematic diagram of a full space metasurface. A view of
the Tri-layered structure, where (A-C) correspond to the front, middle and
back layer of the structure [107].

The induced surface current distributions on the resonator
elements of layers A, B, and C are examined for a y-polarized
incident wave at 0.55 THz and a left-hand circularly polar-
ized (LCP) wave at 1.37 THz propagating along the -z axis.
At 0.55 THz, as shown in Figure. 19(a—c), the induced
currents are predominantly concentrated on the outer SSR
elements of layers A and B, as well as along the edges of
the C-shaped slot resonator in layer B.

Max

Min

FIGURE 19. The surface current distribution on the structure and the
corresponding layers A (a, d), B (b, e) and C (c, f) under y-polarized and
LCP waves along-z axis [107].

At higher frequency of 1.37 THz, Figure. 19(d-f) indicate
that the induced currents are largely concentrated on the
inner structures of layer A and the C-shaped slot resonator
of layer B. The opposite current directions in layers A
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and B represent the magnetic resonance, and in this situa-
tion, the conversion of circular polarization on the higher
frequency is carried out by the magnetic resonance. The
weak coupling and interaction of the inner ring and the
C-slot structure allow independent linear-polarized transmis-
sion and reflection phase of the circular-polarized by rotation
of the inner ring and changing the geometrical parameters of
the C-shaped slot resonator.

A comparison of various metasurface design strategies for
simultaneous reflection and transmission depicted in Table 4
provides ample diversity in performances that fit different
working requirements. The analysis of bandwidth, efficiency,
polarization, frequency, and angular stability provides a
good basis to differentiate the advantages and disadvantages
of these designs as well as their potential improvements.
A strong point where a few designs stand head and shoulders
above others is bandwidth. The PB Berry metasurface boasts
about 112% fractional bandwidth from 9.3 GHz to 32.5 GHz,
making it a good candidate for ultra-wideband applications,
where wide frequency coverage is an obligation. In stark
contrast, a few others worked on STAR-RIS, which oper-
ates within a bandwidth of only about 10% (5.7-6.3 GHz),
designed for a more focused application, such as that used
for 5G communications. Many of the synthesized designs did
not report the bandwidth associated with their designs. This
may reflect poor reporting on their part, or minimal emphasis
is given to bandwidth optimization. Accurate assessment for
wideband applications may be difficult without definitive
bandwidth performance. The performance of a metasurface
is measured primarily through its efficiency. Consistently,
Fabry-Perot metasurfaces and some polarization converters
have 90% efficiency, indicating minimum insertion losses
and high performance. conversely, PB has an efficiency of
about 25% but provide exceptionally wide bandwidth. Some
designs do not provide enough data which could hinder
their usage in applications that require energy efficient sys-
tem. Furthermore, polarization adds a level of uniqueness
to metasurfaces. Linear polarization (LP) remains superior
in terms of compatibility with modern systems and sim-
plicity of operation. However, PB and some coding designs
can provide dual polarization (LP and CP), exponentially
improving their functionality and versatility. For example,
polarization conversion metasurfaces operate in both linear-
to-linear (LL) and linear-to-circular (LC) modes to support
terahertz prospects, where advanced polarization control is
required. These metasurfaces have so far covered the tradi-
tional GHz to terahertz bands, indicating their diversity in
various application. STAR-RIS has a range of use in the
mid-range GHz frequency bands (5.7 to 6.3 GHz), while
showing robustness for an application space around the com-
munication system proposed for a contemporary wireless
system. Performance in real life scenarios requires angular
stability but is poorly addressed. The STAR-RIS, for exam-
ple, shows angular stability at oblique angles up to 30° in
a controlled environment, whereas many other designs did
not state angular stability in their characterization. Failure to
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perform such characterization calls for further research,
because angular stability is a crucial parameter for metasur-
face design deployed in multi-user environments.

The comparative analysis of various metasurface designs
demonstrates their respective advantages and limitations
against one another. While PB metasurfaces are excellent
for their bandwidth, they lag in efficiency. STAR-RIS thus
provides a middle ground with fair efficiency, single fre-
quency function, and angular stability, to cater for numerous
applications like 5G. Nevertheless, not reported ‘““NR”” entries
of various parameters indicate reporting and characteriza-
tion gaps that provide further spaces for evaluation. This is
mainly because of disparities on design goals and evaluation
techniques used in the different studies. A number of papers
focus on proof-of-concept demonstrations, with the empha-
sis on phase manipulation or operating functionality at one
frequency and at normal incidence, but with no further anal-
ysis of broadband or angular behavior. Elsewhere, the scope
of reported results is limited by numerical or experimental
constraints, e.g., by limited simulation bandwidth, fixed-
angle measurement configurations, or application specific
optimization goals. This leads to the fact that not all entries
can be compared directly and quantitatively. This brings out
the fact that more consistent reporting practices are necessary
in the future research. Future advancements in metasurface
technology should focus on widening the frequency response,
angular stability, and efficiency in order to let metasurfaces
exploit their full potential in next-generation communication
systems.

IV. RESEARCH CHALLENGES, POTENTIAL SOLUTIONS,
AND FUTURE DIRECTIONS

A. FULL SPACE MANIPULATIONS

The manipulation of electromagnetic (EM) waves in
full-space is receiving considerable attention, primarily
because of its benefits in terms of variable EM responses and
the ability to manage multifunctional wave fronts. Reflec-
tive or transparent Metasurfaces can control EM waves in
half-space through reflection or transmission, leaving the
other half-space unused [174], [175], [176]. Full space con-
trol of electromagnetic waves involves the simultaneous and
independent manipulation of both the reflected and transmit-
ted waves. This allows for the simultaneous and independent
control of radiations in both directions.

Several techniques have been reported in the literatures
to realise full space manipulations such as decoupling
spin channels [119], amplitude and phase control [177],
[178], [179], double split ring resonator (DSSR) [121], polar-
ization state [7], [180], digital coding [9], etc. The engineered
metasurfaces make use of multilayer structures that enable
precise control of EM waves from both directions. This
innovation significantly increased information capacity and
extended the range of the signal, which is of tremendous
value for advanced communication systems. Nevertheless,
the presence of amplitude fluctuation in meta-atoms caused
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TABLE 4. Comparison of various simultaneous reflection and transmission design strategies.
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Design Operation Bandwidth | Efficiency | Polarization | Frequency Angular Ref Design
Feature stability Limitations
Reflection NR NA LP 2 to 60° [109] | Resonance
& 5GHz 2019 limited
transmission bandwidth
Reflection NR >80% LP 11 & NR [111] | -Electric—
o | & 16GHz 2023 magnetic
§ transmission balance
5 . 0 sensitivity
& Reflection 13% NR LP 30GHz 0 [115]
g & Relative 2023 -Moderate
< | transmission | BW fabrication
& ] complexity
2 Reflection NR =60% LP 0.83THz NR [114]
T | & 2024
transmission
Reflection 59 to NR [118]
& 52% ~90% Lp&cp | 157 OHz 2019 Polarization
transmission
dependent
Reflection 112% ~25% CP 9.3 to NR [116] Cross-
& Fractional 32.5 GHz 2020 ..
o polarization
transmission | BW .
- efficiency
A Reflection NR >90% LP 12GHz 0° [117] | limit
E & . & 18GHz 2022 -Often
transmission
narrowband
Reflection NR >78% CP 28-30 Up to [119] wher} )
& GHz 400 2024 hybridized
transmission
Reflection NR NR CP 9GHz 0° [163]
& 2025
transmission
Reflection NR 90% LP 18- NR [122]
& 26GHz 2019
transmission
Reflection | NR >90% LP 23t037| NR [121] rg:g;glce
& GHz 2022 K
.. narrowband
transmission
Reflection | NR NR LP 09 to| NR [164] s‘z‘lfs“levﬁy
& 1.2 THz 2023
transmission -Increased
. thickness
Reflection 13.4% NR Dual 34 to 40 Up to [165]
8 & Fractional GHz 40° 2024
L transmission | BW
£ Reflection | NR 80% LP 0.7 to| NR [158]
2% & 1.0 THz 2024
transmission
Reflection NR 88.7% LP 15GHz 18.2° [135]
& 2018
.. Phase
transmission ..
quantization
Reflection NR 90% LP & CP 9 to NR [134] | error
& 14GHz 2021 -Biasing
transmission network
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TABLE 4. (Continued.) Comparison of various simultaneous reflection and transmission design strategies.

Reflection NR 80% LP 10GHz NR [166] | complexity
& 2023
8 .. -Increased
3 transmission
& power
2 Reflection NR NR CP 1 to Up to [136] | consumption
k5] & 5GHz 2490 2024
> transmission
&
'"g: Reflection NR NR LP 0.5- 0° [167]
o & 0.9THz 2025
transmission
Reflection NR 90% LL & 4.62- NR [168]
& LC 13.56GHz 2019 .
. Multi-layer
transmission
structural
o Reflection NR ~80% LL & 0.5 to NR [107] | complexity
.2 & LC 1.4THz 2022 .
a . -Fabrication
o transmission
= tolerance
S Reflection ~37% NR LL & 2 to NR [169] | sensitivity
g
5 fc o LC 5GHz 2023 Limited
_§ ransmission broadband
% Reflection NR ~70% LL 7 to NR [170] | decoupling
[ & 17GHz 2024
transmission
Reflection NR NR LP NR NR [171]
& 2021
.. Power
transmission ..
splitting
Reflection ~10% ~68% LP 5.7-6.3 30° [138] | constraint
& GHz 2023
.. -Control
transmission . .
circuitry
Reflection NR NR LP NR NR [172] | overhead
& . 2024 -Calibration
transmission ;
n complexity
x Reflection ~28% NR LP 26GHz | R, up to [173]
Sé & 4590 2025
= transmission
n Tx up to
30°

by the intricate phase modulation scheme continues to be
a topic of concern for future research [119]. Various MSs
have been proposed to allow manipulation of EM waves
in half or full space [108], [118], [134], [181], [182].
However, they are unable to simultaneously and indepen-
dently manipulate both reflection and transmission under
the same incident wave. The authors’ in [168] proposed a
multifunctional reconfigurable metasurface that can trans-
mit and reflect but not simultaneously, although it can
control the propagation and conversion mode simultane-
ously. Similarly, in [181] the structure can either transmit or
reflect non simultaneously a linearly polarized (LP) incident
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wave. However, different parameters factor in to indepen-
dently manipulate the phase of either the transmitted or
reflected wave

Open Issues and Future Directions:

a. In order to achieve simultaneous control of phase
and amplitude intricate designs, often involving com-
plex geometric or multi-layered structures are required.
Optimal phase and amplitude control often leads to
efficiency trade-offs, where optimizing one parameter
invariably impacts the other.

b. One important issue influencing the effectiveness of
full-space manipulation in metasurfaces is bandwidth.
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Metasurface’s adaptability is limited by narrow band-
widths to certain frequencies, larger bandwidth allows
the metasurface to be more versatile and dependable in
manipulating waves. Precise control of both transmis-
sion and reflection modes becomes somewhat difficult
with wideband structure.

c. Angular stability is an essential feature in manipulating
waves in full-space and ensures consistent control of
electromagnetic waves for normal and oblique angles
of incidence. If a metasurface lacks angular stability,
the performance of the metasurface could deteriorate
at certain angles, resulting in poor manipulation of the
wave and loss of phase or amplitude control.

B. ANGULAR STABILITY

The response of a metasurface is carefully assessed based
on its angular stability performance. Angular stability is the
ability of a metasurface to maintain its intended transmission
and reflection responses over a range of angle of incidence
without significant degradation in efficiency or phase control.
The response of metasurfaces is typically required to be inde-
pendent of the angle of incidence of the electromagnetic wave
in almost all applications. Metasurfaces with angular stabil-
ity are important for applications where the electromagnetic
waves may not be exactly aligned at normal incidence. Such
as antenna systems, sensors, and other optical devices. Meta-
surfaces with angular stability can work efficiently at certain
oblique angles across frequency bands while maintaining
their performance. An oblique angle of incidence up to 45°
was reported in [183], it also performs polarization conver-
sion (co and cross) at different frequency band with high
efficiency. Similarly, an oblique incident with an angle of 40°
was presented in [119] with full space manipulation achieved
using space spin-decoupled channels. A metasurface’s angu-
lar stability allows it to perform well in wave manipulation
and polarization conversion throughout a large incidence
angle range. High angular stability means the metasurface
can control electromagnetic waves from multiple directions.
To determine angular stability the polarization conversion
ratio (PCR) is commonly used. A high PCR, usually above
90%, often translate to a stable metasurface even when the
angle of incidence increases, ensuring successful polariza-
tion conversion across all angles. Authors in [121], [182],
and [183] reported to have a high efficiency of greater than
90% PCR, for both transmission and reflection respectively.

Open Issues and Future Directions:

a. Metasurface with single polarization control tend to
have certain performance degradation with respect to
angular stability. For example, the limitation in [121] is
that the metasurface can only process on type of polar-
ization (LP) and the polarization has to be perpendicular
on the two sides

b. Certain operations at higher oblique angle of inci-
dence may result in reduced bandwidth. Mostly
there is a trade-off between angular stability and
bandwidth operation. Designs with narrow bandwidth
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operating in both reflection and transmission simultane-
ously have been reported in [7], [177], and [178]

c. Multi-objective optimization that is assisted by machine
learning can help in the simultaneous optimization of
phase linearity and angular tolerance.

C. BANDWIDTH PERFORMANCE

Over the years several efforts have been made to increase
the efficiency and bandwidth of metasurfaces. Conventional
Huygens’ principle [108] involves the utilization of balanced
electric and magnetic resonances in transverse direction,
another approach is the Pancharatnam Berry phase princi-
ple [116], [118] where phase control is achieved to enhance
the efficiency and bandwidth based on the azimuthal rotation
of the subwavelength scatterer which exudes some degree
of freedom. Bandwidth is greatly influenced by factors such
as element design, material properties and phase control.
The orientation, size and shape of Metasurfaces element
determine the bandwidth and resonant frequencies, for exam-
ple, to broaden the operational bandwidth multiple resonant
elements can be incorporated, complex designs can limit
bandwidth, so also achieving simultaneous transmission and
reflection with independent phase control requires complex
designs. However, cascaded metasurface have shown promis-
ing results in mitigating these limitations. To independently
manipulate the transmitted and reflected wave the cas-
caded Metasurfaces integrate resonant and geometric phase
cells [184]. A metasurface with reciprocity-protected trans-
mission and diffuse reflection combined in [185] examine the
bandwidth performance and demonstrate that arranging each
element in a random sequence can result in a wide working
bandwidth. In addition, they highlight the need to balance
the trade-offs between maintaining a broad bandwidth and
achieving optimal efficiency. Furthermore, they emphasize
that this trade-off between bandwidth and efficiency can be
minimized by optimizing the metasurface element design
specifically through careful selection of geometry, material
composition, and arrangement strategy.

Open Issues and Future Directions:

a. Designing a metasurface with high efficiency and broad
bandwidth plus angular stability is a challenging task.
The major drawback is its reduced bandwidth at higher
oblique incidence angles.

b. The designs still exhibit low efficiencies due to the
unwanted mutual coupling, although there is a signifi-
cant enhancement in the bandwidth [116].

c. Future studies can examine dispersion engineered
meta-atoms, multi-resonant stacking and non-local
metasurface designs.

A consistent finding in the literature reviewed is that there
are interdependent trade-offs of bandwidth, efficiency and
angular stability. Strong resonant coupling or multi-layer
interference are often used to achieve designs optimized
to work in ultra-wide bandwidth which improves phase
coverage, but add to the dielectric and conductive losses,
making such designs less efficient. On the other hand,
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TABLE 5. Summary of key challenges and future directions.

Key Parameter Features Challenges Future Direction

Full space | Involves simultaneous | Complexity in designs, | Development of simpler

manipulation manipulation of reflected and | often requiring intricate | designs that can achieve
transmitted waves, allowing | geometric or multi- | effective full-space
for independent control in both | layered structures. manipulation without
directions. significant trade-offs in

performance.

Angular stability | Essential for maintaining | Limited performance at | Focus on achieving high
performance across various | certain angles can lead | angular stability while
angles of incidence. High | to ineffective wave | maintaining efficiency and
angular  stability  ensures | manipulation. Trade- | bandwidth across a wide
effective wave manipulation | offs between angular | range of incident angles.
and polarization conversion at | stability and bandwidth
oblique angles. are common.

Bandwidth Influenced by element design, | Narrow bandwidths | Exploration of cascaded

Performance material properties, and phase | limit usefulness; | metasurfaces and
control; larger bandwidth | complex designs may | innovative designs that
increases versatility but can | restrict bandwidth | balance broad bandwidth
complicate design. while optimizing for | with optimal efficiency.

reflection and
transmission
simultaneously.

with high-efficiency single-layer metasurfaces, there is typ-
ically narrow band operation and poor angular stability with
oblique incidence because the phase dispersion is rapid.
Symmetric or multilayer designs are used to enhance the
stability of angular responses but this tends to add to
the overall thickness and sensitivity to fabrication, espe-
cially at millimetre-wave frequencies and beyond. Although
impedance-matched Huygens metasurfaces partially coun-
teract the losses of efficiency, but there is still a need to
balance the electric and magnetic response with a wide band
of incidence angles in an efficient manner. These results
suggest that optimization of performance of simultaneous
reflection-transmission metasurfaces is multi-objective by
nature and that any improvement in a single measure is
typically at the cost of another, yet it is important to note that
application specific design selection is needed.

Table 5 highlights the key challenges and ways forward for
metasurface development. It highlights three challenges; full-
space manipulations,maintaining angular stability, and band-
width performance, all of which are necessary for efficient
multifunctional designs. Future work can aim to simplify
designs without compromising efficiency while maintaining
angular stability, and bandwidth performance.

Based on the challenges discussed above, some avenues of
open research can be more clearly outlined. One major issue
is how the transmission and reflection phase responses can be
successfully separated over broad bandwidths without neces-
sarily using very complex structures or multilayer systems.
The other significant direction is the design methodology
development that is both high in transmission and reflec-
tion efficiency in oblique incidence (angular dispersion and
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impedance mismatch are high). Also, the ability to operate
on broadband with the angular stability is yet to be solved,
especially in single layered designs. The answers to these
queries require unit cell design, dispersion engineering and
systematic optimization frameworks, which considers band-
width, efficiency, and angular response jointly, rather than
treating them independently.

V. CONCLUSION

This paper has presented an extensive review on metasur-
faces, specifically the design and realization of structures
that can reflect and transmit electromagnetic waves simul-
taneously. Whereas traditional metasurfaces have primarily
been used to control wavefronts through either reflection
or transmission, the unidirectional nature of these opera-
tions limits usability in scenarios that require full-space
manipulation. The review examines the fundamental princi-
ples of electromagnetic waves, structural classifications, and
performance considerations for reflective and transmissive
metasurfaces and how the two functionalities can be merged
either in hybrid or cascaded configurations to improve
coverage and reconfigurability. Nonetheless, realizing inde-
pendent control phase and amplitude in both directions poses
considerable challenge in design and fabrication. The use
of complex unit cell geometries, the need for symmetry-
breaking, and the electric and magnetic responses will incur
considerable trade-offs between efficiency, bandwidth, angu-
lar stability, and polarization control. Numerous strategies for
implementing multifunctional metasurfaces were reviewed,
such as Pancharatnam Berry phase, Huygens’ metasurfaces,
multi-resonant and cascaded designs, and anisotropic or
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active materials. Each of these strategies presents opportu-
nities for decoupling the phase profiles for reflected and
transmitted waves, which allows more versatile engineering
of the wavefront. For example, both resonant and geomet-
ric phase elements can achieve wider operational bandwidth
and still maintain independent control of the reflection and
transmission channels. Novel design approaches like ran-
domized element arrangements and layered structures were
also presented as innovative methods to expand bandwidth
and increase angular response, however, this may create
additional complexity in fabrication. Metasurfaces capable
of simultaneous reflection and transmission offer exciting
functional advantages, but the realization of this structures
demands several design trade-offs. Achieving high efficiency
and broad bandwidth often necessitates more intricate struc-
tural designs, which can hinder scalability. However, the
studies reviewed in this article show that these challenges
can be remedied. With refined unit cell engineering, smart
layering arrangements, and the use of tunable or reconfig-
urable elements, many of the performance constraints can be
effectively resolved.

Metasurfaces that support simultaneous reflection and
transmission represents a pivotal step towards advancement
in electromagnetic wave control. Extending the capabili-
ties of conventional metasurfaces configurations, opens up
new modes of wave manipulation. Furthermore, continued
advances in design strategies and materials technologies
will be essential for unlocking their potential across diverse
application.
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