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Abstract: Metasurfaces have emerged as game-changing technology ranging from microwaves to
optics. This article provides a roadmap to the evolution of electromagnetic metasurfaces with a
focus on their synthesis techniques, materials used for their design and their recent and futuristic
applications. A broad classification is provided, and the design principle is elaborated. The efficient
and economical use of available computational resources is imperative to work with state-of-the-art
metasurface systems. Hence, optimization becomes an integral part of metasurface design. Several
optimization methodologies reported to date have been discussed. An extensive study on the
current research database gathered a comprehensive understanding of meta-atom topologies and
the preferred fabrication technologies. The study concludes with a critical analysis and highlights
existing and future research challenges to be addressed.
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1. Introduction

Metasurfaces are unequivocally excellent spatial processors with exotic surface waves
that strongly enhance their electromagnetic (EM) wavefront control capabilities leading to
fascinating physical effects and versatile applications. They are a promising candidate for
real-world solutions. They have garnered significant interest and have seen tremendous
advancement in recent years in almost all regimes of electromagnetic, acoustics and optics
that have been elucidated in numerous review articles from different perspectives and areas
of applications [1-7]. This review provides a blueprint for the evolution of metasurfaces
to adapt to the growing need for arbitrary control of EM wave properties and overcome
the limitations of naturally existing materials and metamaterials. The study focuses on
the history and working principle of in-homogeneous metasurfaces in general and the
electromagnetic applications of these metasurfaces in particular.

The discussion begins with the limitations of naturally existing materials and the
advent of three-dimensional metamaterials to extend their capability for arbitrary EM wave
manipulation. It is then emphasized how the evolution of two-dimensional metasurfaces
addressed the bulky attribute of metamaterials and led to a new era of scientific innovations.
The history, development and broad classification of metasurfaces and available synthesis
methods constitute this study’s body. An in-depth analysis for selecting materials in
designing metasurfaces based on the application and several optimization approaches is
also covered.

Physical systems that provides full control on properties of EM waves have a vital
role in the current and upcoming generations of industrial revolution. Maxwell’s equations
suggest that the behaviour of an EM wave propagating in a medium is governed by the
permittivity and the permeability of that medium. However, almost all naturally occurring
materials have a very narrow range of permittivity variation and their permeability is very
close to one, which renders a very limited control on the EM wave properties [8].
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1.1. Metamaterials: Transcending Abilities of Natural Materials

The advent of metamaterials in late 90’s led to an upsurge in the intriguing possibilities
for tailoring the EM wave properties. Metamaterials are three dimensional (3D), artificially
engineered EM media composed of sub-wavelength structures, often periodic and can
exhibit any arbitrary values of permittivity and permeability [9]. The augmented param-
eter range bestows exceptional ability on metamaterials, which transcends all naturally
occurring materials to control and transform EM waves. Due to their strong and exotic
interaction with electric and/or magnetic fields, they demonstrate unique advantageous
EM behavior, which actuated myriad fascinating applications in EM and optics engineering.
Despite their diversified potentials and novel functionalities, metamaterials faced great
challenges owing to their bulky profile, fabrication complexity, high insertion losses, mass
production difficulty and high cost.

1.2. Metasurfaces: Dimensional Reduction of Metamaterials

The solution to the aforementioned problems of metamaterials was found in metasur-
faces. Metasurfaces, which are often referred to as engineered EM surfaces, are free-standing
artificial planar array of engineered identical or distinct sub-wavelength inclusions (with
tailored response) arranged in a particular global sequence. In principle, a metasurface is a
2D analogue of a volumetric metamaterial. Unlike metamaterials, which rely on constitu-
tive parameters in 3D space [9], metasurfaces manipulate the characteristics of propagating
and evanescent waves by enforcing artificial boundary conditions on EM fields. Reduced
physical profile due to surface confined wave-matter interactions made metasurfaces an
attractive alternative to metamaterials. Tremendous research interest towards metasur-
faces in many areas of applications is explained by their easy and cost-effective large-scale
fabrication and the prospect of seamless device integration, as well as low insertion losses.

1.3. Metasurfaces: Past, Present and Future

Although, the thin composite interface discontinuities have been only recently referred
to as metasurfaces, their concept and operating principle is not new. One of the earliest work
was reported by Prof. H Lamb in 1896 [10], where he studied the reflection and transmission
of electric wave (which he referred to as Hertzian wave) from a plane grating composed
of equispaced metallic strips. The results and mathematical formula obtained in his work
solved various problems in hydrodynamics, magnetic induction and acoustics. A few years
later in 1902, Robert W. Wood observed unusual dark areas in the reflection spectrum of
sub-wavelength metallic gratings, which he called as Wood’s anomaly and it led to the
discovery of Surface Plasmon Polariton (SPP). It provided a particular solution of surface
waves at metal-dielectric interface [11]. Subsequently, another remarkable phenomenon
was reported in [12] as Levi-Civita relation which shows that a dramatic change in EM
boundary conditions occur at interface discontinuities of electrically small thickness.

In 1910, Marconi designed a polarization reflector using array of straight wires for
telegraphy and telephony applications [13]. Metal wire meshes have a long history of
being used as antenna reflectors and various screens. The optical properties of metallic
mesh (wire grid) first observed in [14] in the year 1964 by studying the reflection and
transmission properties of waves for normal and oblique incidence, are in principle the
same phenomenon we observe in today’s metasurfaces. A simple work reported in [15]
investigated the solution of Maxwell’s equation in hypothetical media having negative
isotropic permittivity and permeability.

In 1998, the work reported by T.W. Ebbensen described some astounding optical
transmission features with zero order transmission spectra through an array of sub-micron
cylindrical cavities (holes) in the metal films [16]. The unconventional and innovative
concept of perfect lensing by using negative refractive index materials proposed by J.B.
Pendry in the year 2000 [17] was a major breakthrough in the advent of metamaterials
that could efficiently reshape EM wavefronts. Since then, the metamaterials enjoyed the
undivided attention of researchers for almost a decade before it succumbed to the grand
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challenges of fabrication due to bulky profile and high insertion losses. A SPP based
nanofabrication technique was proposed in 2004, to lithographically fabricate fine patterns
beyond diffraction limit [18]. The phase delay concept of SPP was implemented in [19] to
design a metallic beam deflector. This idea was further extended to derive and validate the
generalized laws of reflection and refraction.

The anomalous reflection and refraction observed at an artificial interface consisting
of an array of V-shaped metallic antenna was discussed in detail and the concept of judi-
ciously and arbitrarily engineering an EM wavefront using such interface discontinuities
was developed in [20]. Amidst the growing apprehension towards production and com-
mercialization of metamaterials, it became evident that their 2D counterparts, metasurfaces,
are the future facing technology that has potential for device development. A staggering
number of trailblazing technology and applications have been proposed and demonstrated
ever since the formulation of generalized Snell’s laws [20].

Today, RF engineers and researchers focus more on developing controllable, pro-
grammable, digitally coded and intelligent metasurfaces [21-25]. The metasurface includes
RF active components and electronic switches that allow its properties to be tailored to
specific needs and applications. Meta-atoms can actively or passively change their state
and are made to look like digital bits [7,26]. The ideas behind metasurfaces have progressed
to the point where self-adaptive and cognitive metasurfaces are now possible [27]. Figure 1
gives a pictorial representation of how metasurfaces have evolved over the years.

Near-field Phase
Transformation State-of the art
Metasurfaces

Space time Modulation

» Liquid Crystal based MS

» Digital Coded MS

» Programmable MS

» Computational Imaging MS

» Reconfigurable Intelligent
Surfaces (RIS)

» Self-adaptive and Cognitive
Metasurface-RIS

Huygen’s Measurface )
Equivalence Principle

Modulated Measurface (MS)
Surface wave phenomenon

[ 2013

| f 7

rrz .

) Phase Gradient Measurface
rr/ ; .

iwea Geometrical Optics

rrvz| .

LTI Generalized Snell’s Law

-
2011

L

LAN
LLW\YT
LLOYT
LLO\T
LLANT
LLAT

Figure 1. Evolution of metasurfaces over the last decade and some state-of-the-art metasurface
technlogogies. The source for metasurface figures are as follows: 2011 [20], 2013 [9], 2016 [28],
2017 [29], 2021 [30] and 2022 [31]

1.4. Classification of Metasurfaces

Metasurfaces can be broadly divided into two categories: homogeneous metasurfaces and
inhomogeneous metasurfaces. When a metasurface is composed of a periodically arranged
array of identical unit cells in xy-plane, the propagation constant is uniform over the entire
surface area. This structure is known as a homogeneous metasurface. Unit cell size and
metasurface periodicity are often subwavelength; therefore, a homogeneous metasurface
transmits or reflects plane waves like a homogeneously polarized sheet [32]. Such meta-
surfaces can be used to manipulate the key parameters of EM waves, which are phase,
amplitude and polarization, either passively or actively. The second category includes
2D structures with non-identical subwavelength inclusions referred to as “meta-atoms”
(also known as unit-cells, phase-transforming cells or phase-shifting cells) arranged in a
specific “macro-order”. Hence, they are locally non-periodic and called inhomogeneous
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metasurfaces. The macroscopic order can be tailored to achieve a desired gradual variation
in surface properties to realize several functionalities, such as metalenses, meta-holograms,
metasurface-based cloaking, unique beam generation, and tunable inhomogeneous meta-
surfaces. One of the subcategories of inhomogeneous metasurfaces is gradient metasurfaces
(GMs) [2]. They have incremental phase discontinuity and are characterized by a trans-
versely inhomogeneous surface impedance profile. Such inhomogeneous synthetic surfaces
exhibit spatially varying amplitudes, phases and polarization of scattered fields. These
locally non-periodic gradient metasurfaces are capable of anomalous reflection and refrac-
tion, which significantly enhances their wave molding capability in both near-field and
far-field, with an increased degree of freedom, large efficiency and minimal footprint. A
set of distinct meta-atoms are arranged to form a supercell that is periodically repeated to
create a complete metasurface. They exhibit transverse variation in their surface impedance
profile. In fact, these in-homogeneous gradient metasurfaces are a bridge between propa-
gating waves and surfaces waves since a gradient phase profile can be exploited to couple
propagating waves to surface waves with a 100% efficiency [33].

Metasurfaces are also classified based on the fundamental response of its constituent
elements to excitation. If a metasurface can support either only electric surface currents
or only magnetic surface currents, they are termed electrically polarizable metasurfaces and
magnetically polarizable metasurfaces, respectively [34]. Metasurfaces with non-zero thickness
magneto-electric sheets that supports both electric and magnetic surface currents are
known as electrically and magnetically polarizable metasurfaces [35]. Linear metasurfaces
where both electric and magnetic polarizations can be induced by both incident electric
and magnetic fields are known as bianisotropic metasurfaces [36]. Furthermore, there are
metasurfaces that can simultaneously control reflection and transmission of incident EM
wave together with the surface waves travelling along the metasurfaces. These are referred
to as metasurfaces for surface wave control and they have opened a new avenue of research
known as metasurfing [37].

Two important sub-classes based on the topology that constitutes the metasurface was
proposed in [38], namely metafilms and metascreens. Metafilms are the metasurfaces with
cremet topology that indicates an array of isolated, non-touching scatterers [39]. Metascreens
are the metasurfaces that have a fishnet structure and are composed of an array of apertures
in a reflective, otherwise impenetrable sheet [40].

In this article we focus on metasurfaces for electromagnetic applications. Section 2 de-
scribes the design principle of thin artificial interfaces more widely known as metasurfaces.
Section 3 discusses several methods available in literature for synthesis of electromagnetic
metasurfaces. Materials used and fabrication methodlogies preffered based on the choice
of materials is explained in Section 4. Various types of meta-atoms (or unit cells) used for
the design of EM metasurfaces are critically analyzed and discussed in Section 5. Section 6
the applications of metasurfaces in electromagnetics. Section 7 summarized the work with
several open questions and inferences.

2. Design Principle

Classical optics assumes that a physical interface acts as an ideal boundary condition
and does not change the properties of impinging EM waves. Snells’ laws of reflection and
refraction form the basis for geometrical optics, which states that behaviour of a light beam
at the interface between two media is completely determined by the refractive indices of
these two media according to:

{ sin; = sin 6, 1)
1y sin 6; = ny sin 6;

where 6; is the angle of incidence in medium 1 with refractive index 14, 6, is the angle of
reflection in medium 1, and 6; is the angle of refraction in medium 2 which has a refractive
index of n,.
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Metasurface synthesis based on generalized Snell’s laws can be dated back to 2011
when Capasso and group revisited the classical Snell’s laws to reformulate them for in-
terface discontinuities [20]. Phase discontinuity introduced by artificial boundaries are
expressed by generalized Snell’s laws that apply Fermet’s principle.

Figure 2 illustrates the difference (Only refracted wave is shown for brevity. A similar
ray diagram can be made for reflection). When an EM wave propagating with an angle
0; relative to the surface normal, meets an artificial interface, the behaviour of EM wave
can be determined by generalized Snell’s law (2), which considers propagating phase and
abrupt phase introduced by the interface discontinuity:

Ny sinf; — nqsinf; = &dj
27T dx )

g, _sing — o

Sy = SNV = o tny dx

where 11 and n, are the refractive indices of the two mediums on both sides of the artificial
interface, A, is the free space wavelength, 8;, 6, and 6; are the angles of incidence, reflection
and refraction, respectively. The term 4¢/4x is the gradient of phase discontinuity (in
the plane of incidence) introduced in the incident EM wave by the artificial interface. If
d¢/dx = 0, Equation (2) becomes Equation (1), and we obtain the conventional Snell’s laws
with a continuity of in-plane wave vector. The generalized law of reflection and refraction
overcomes the constraints imposed by the conventional Snell’s law with a possibility to
decouple incident, reflected and refracted angles. A further look into Equation (2) shows
that for a given angle of incidence 8;, there exists such value of the phase gradient term
d¢/dx that results in parallel wave propagating with 6; = 90°. If 4¢/dx is increased further,
6 becomes a complex quantity at which point the refracted waves will vanish and plane
wave will be converted to surface waves as explained in [33]. Based on generalized Snell’s
law, the local reflection and transmission coefficients of a PGM can be engineered such that
the incident wave obtains a tangential momentum required to be locally rerouted towards
the desired direction.

Medium 2

Medium 1

Figure 2. Generalized Snell’s law (A 2D situation where the phase gradient lies along the plane of
incidence). PGM referes to phase-gradient metasurface.

3. Methods of Synthesis

An efficient design technique is imperative to implement the metasurfaces to their
full potential. Majority of electromagnetic metasurfaces which require high transmission
are designed based on Huygen’s principle [41]. An ideal gradient with continuously
varying surface parameters can transform an EM wave with a 100% efficiency. Due to
subwavelength nature of its constituent elements (meta-atoms or unit-cells), metasurfaces
can be considered as infinitesimally thin sheets with arbitrary lateral extension and a
tailored EM wave transformation can be achieved via generalized sheet transition condition
(GSTC) [35,42]. Typically, realization of a metasurface is a two step process: (1) determine
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a continuous mathematical transfer function for transverse variation of surface waves
followed by discretization of the derived transfer function to obtain the subwavelength
element corresponding to the transfer function at each position in the supercell (macroscopic
design). (2) perform full wave parametric sweep to obtain the phase and magnitude lookup
table to determine appropriate geometry of each unit-cell within the supercell to finally
realize a complete 2D metasurface using periodic boundary conditions (microscopic design).
Some analytical synthesis techniques introduced in the recent past have proven to be
powerful and versatile tool for metasurface design [9,43—45].

3.1. Synthesis Based on Generalized Snell’s Laws (The Phase-Shift Approach)

Metasurface synthesis based on generalized Snell’s laws can be dated back to 2011 when
Capasso and group revisited the classical Snell’s laws to reformulate them for interface
discontinuities [20]. In 2011, it was demonstrated that an artificial interface composed of an
ensemble of V-shaped nano-antennas exhibits position dependent abrupt phase change
®(x,y) for transmitted and reflected waves [20]. In this work the double resonance prop-
erty of V-shaped antenna was exploited to achieve a full phase range from 0 to 27t with
high amplitude. The concept of imparting controlled interfacial phase discontinuity along
the path of wave propagation has been used in various metasurface designs based on
generalized Snell’s laws and (Panchratnam-Berry) PB phase [46] metasurface design based
on spin-dependent generalized Snell’s laws [47,48]. The phase profile required to achieve a
desired aperture field is stipulated and the unit cells with unity transmission magnitudes
and required phase shifts with respect to impinging field are arranged in a 2D array to
design the complete metasurface [49].

Electrically large phase gradient metasurfaces with supercell periodicity are very
common in antenna applications and they are often synthesised using near-field phase
transformation method (essentially the same phase-shift approach) which also follows from
generalized Snell’s laws and uses highly transparent unit-cells with required phase delay
obtained from a lookup table of scattering parameters. Details of near-field phase transfor-
mation method can be found in [29,50,51]. Some articles [35,52] drew the attention towards
the limited efficiency of this method for extreme wave transformation and the trade-off
that exists between efficiency and steering angle in canonical problems of plane waves
steering. This drawback can be attributed to the impedance mismatch between incident
and refracted wave which results in reduced efficiency and spurious scattering. The fol-
lowing two approaches can overcome these limitations by implementing exact boundary
conditions to obtain desired surface impedance profile or surface susceptibility profile
taking into account the existing mismatch.

3.2. Synthesis Based on Surface Impedance Tensor

Metasurfaces are electrically thin sheets (zero-thickness film) due to subwavelength
nature of its fundamental building block (meta-atoms or unit-cells), and hence can be char-
acterized by their surface impedance which depends on unit-cell geometry and supercell
periodicity. If the supercell has subwavelength periodicity, only the fundamental Floquet
modes propagates as a plane wave while the other higher order modes are evanescent and
contribute towards surface impedance. Wave propagation constant depends on surface
impedance. In order to achieve arbitrary EM field distributions both electric and magnetic
surface currents must satisfy the transition conditions (field discontinuities). The ultra-
thin metallic surface patterns are commonly used to realize electric surface impedance
while metallic loops creates a magnetic surface impedance [53]. Scalar impedance metasur-
faces provide full control over transmission and reflection properties of EM wave. Tensor
impedance metasurfaces have enhanced ability to control polarization, spin Hall effects
and are applied for far-field imaging, group negative refraction and lensing, surface waveg-
uides, surface wave holographies, local density-of-states tailoring, spontaneous emission
enhancement and illusion scattering [54]. The proportionality between tangential electric
and magnetic field on one side of the surface defines the impenetrable surface impedance
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while the relationship between tangential electric and magnetic field across the surface is
termed as penetrable surface impedance [55]. An impedance relations between averaged
surface current and tangential electric and magnetic field is established to characterize
the metasurface.

The general recipe for surface impedance based metasurface synthesis has been eluci-
dated by Pfeiffer and Grbic in [9,56,57]. To know more about GSTCs [40] and impedance
tensor based metasurface synthesis, along with the derivation of mathematical expressions
for calculations of electric sheet admittance and magnetic sheet impedance in terms of
average tangential fields along the interface, readers are encouraged to read the work pub-
lished in [58-61]. Another synthesis technique follows a similar approach from polarization
perspective since transmissions and reflections dyadic are functions of polarizabilities of
subwavelength inclusions (unit-cells) [43,57,62]. Modulated metasurface antennas have
emerged as a captivating area of research in the last decade. An impedance-based approach
towards amplitude synthesis of the aperture field distribution in modulated metasurface
antennas is proposed and exemplified in [28].

3.3. Synthesis Based on Surface Susceptibility Tensor

Two different methods to synthesise metasurface for time-harmonic waves are dis-
cussed in [63] by Caloz and group. In the first method spectral conservation of momentum
was implemented to scalar and paraxial wave transformation problems. However, extend-
ing their application to vectorial problems involves further complex analysis which makes
the implementation difficult [64].

Second proposed method involves direct spatial approach to extract susceptibility
tensor of metasurface which is later implemented by the same authors in 2015 [45] for the
synthesis of metasurfaces to transform arbitrary incident waves to arbitrary reflected and
transmitted waves. The metasurfaces are characterized by spatial surface susceptibility
tensors related to incident, reflected and transmitted waves via GSTCs. This method is
intrinsically vectorial hence more suitable for beyond paraxial (full vectorial) EM prob-
lems. It provides closed-form expressions relating surface susceptibilities and scattering
parameters calculated with periodic boundary conditions and is therefore extremely fast.
Synthesis involves determining exact tensorial susceptibility function for the metasurface
while realization involves full wave EM simulations to find the scatterers (unit-cells) with
appropriate susceptibility based on S-parameter. The mathematical expression and im-
plementation detailed are not included in this manuscript for brevity and the inquisitive
readers are advised to read [65-69].

3.4. Synthesis Based on Diffraction Grating Method (Meta-Grating)

Rerouting an incident wave towards an arbitrary direction with a 100% efficiency with-
out spurious diffraction can be achieved by complex transverse metasurfaces [66] which
exhibit either mono-isotropy with loss and gain, non-reciprocity [70] or bianisotropy [71].
However, these configurations suffer from implementation difficulty in terms of fabrication
resolution. Recent studies show that PGMs emulate the behaviour of a blazed grating [72].
A new concept of meta-gratings based on classical diffraction grating principle was pro-
posed by Ra’ di and group for extreme wavefront transformation [73]. It opened up an
interesting alternative to synthesise metasurfaces. Several metasurfaces based on the con-
cept of metagrating were later reported in [74,75]. Metagratings are engineered to cancel
spurious propagating diffraction orders and allow the desired ones, by exploiting the
well-established physics of a periodic grating. A 1D metagrating is analogous to periodic
array of supercells composed of N thin wires each and hence is analyzed by using theory of
diffraction of plane waves by periodic arrays. It is imperative to mention that the inter-wire
distance is in the orders of operating wavelength A. The diffraction angles of Floquet-Bloch
modes can be found using grating formula given in the equation below:

L(sin6,, — sinf;) = mA (©)]
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where m is the diffraction order number, 6; is the angle of incidence, and L is the period of
the array (length of supercell). Thus, it is evident that by suitably tailoring the local period
and the electromagnetic response of each wire (which in practice are implemented using
subwavelength unit cells in the metagrating ) one can control the number of diffraction
orders. For an incident wave, the scattered waves are represented by a set of Floquet-Bloch
modes that depend on the period of the array (length of supercell). Metagratings overcome
the efficiency limitations and complex fabrications which is otherwise experienced with
PGMs. In [76], a simple varactor diodes based re-configurable metagrating was proposed
and implemented at microwave frequency. It is an important precursor for a new generation
of re-configurable microwave devices that enable a dynamic and exceptional control over
transmitted and reflected diffraction patterns. Additionally, metagratings do not need to
provide a gradient impedance profile to reroute the incident wave. Hence, their realization
is comparatively more straightforward than graded metasurfaces. The elaborate theory
of metagrating and its implementation can be found in some astounding works reported
in [73,77-79].

4. Materials and Fabrication Methods

The choice of materials in implementing EM metasurfaces significantly impacts physi-
cal and electrical performance. This also determines the success of the prototypes intended
for particular RF applications. The associated cost, design and fabrication complexity are
also attributed to the materials used to design metasurfaces. Over the past, different types
of metasurfaces have been successfully investigated based on various synthesis methods
discussed in Section 2. In this direction, in the literature, metasurfaces are typically made
of all-dielectrics, composite or fully metallic materials in the RF domain.

Under the first group, as shown in Figure 3a, metasurfaces are synthesized using fully
dielectric materials. In the 3D versions, thick and bulky dielectric blocks are typically used
to develop metasurfaces for various RF applications, requiring expensive and sophisticated
machining tools and techniques for fabrication [80]. Recently, the 3D printed technology
advanced all-dielectric metasurfaces even further by using low-cost tailored dielectrics and
in-house rapid prototyping facilities [30]. Unlike conventional RF laminates, the dielectric
constant (effective permittivity) can be modulated locally simply by implementing the air
inclusion or by varying the in-fill percentage in the printing process [81]. Due to the need
for discretized phase shifts, such all-dielectric metasurfaces preferably well choose to be
synthesized via the phase-shifting approach. All-dielectric metasurfaces have also been
realized using susceptibility tensors [82].

| T DR DR DD TES,
S5 Fo 20 00 99 96 Qo 2 To
T LALE S 96,95 20 1
A B 0G96515%5, 95,00, 00%
'r 5 LR LA LA TR

(b) ()

Figure 3. Front layouts of metasurfaces developed on (a) all-dielectric (color indicates variable
dielectric constants) [30], (b) composite (different metal shapes printed on dielectrics) [83] and
(c) fully metallic materials (slots are created in thin monolithic metal sheets) [31].

The metasurfaces in the second group are typically made of different shapes of periodic
metallic patterns printed on single or multilayer dielectric substrates and sandwiched to-
gether to make a single one, as shown in Figure 3b. Through the use of a surface impedance
and susceptibility tensor approach, GSTCs or homogenized boundary conditions (BCs),
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such printed metasurfaces can be efficiently designed [28,37,38,45,47,58,66,67,84]. One can
modify the BCs spatially by changing the shape, orientation or geometric dimensions of
the printed patterns in the host dielectric substrates while keeping the meta-atom size
fixed [83]. In addition, phase-shifting and array theory approaches have also been widely
investigated to develop printed metasurfaces for different RF applications [29,72,85,86].
In the latter case, the incident EM waves are modulated locally by discrete meta-atoms
derived through Floquet-mode analysis. The composite metasurfaces are relatively thin,
light and easy to fabricate using low-cost printed circuit board (PCB) technology.
However, despite having industry-grade performance, the all-dielectric or dielectric-
loaded metasurfaces suffer from dielectric losses, especially in high radio-frequency appli-
cations, whereas low-loss dielectrics are costly. Moreover, they are limited in high-power
applications with a possibility of dielectric breakdown or space applications due to envi-
ronmental stress such as ionization, carbonization or cryogenic temperature issues. On the
other hand, all-metal metasurfaces in the third category eliminate dielectrics, as shown
in Figure 3c. They can be made of thin, light metal sheets and are applicable even in
space and high-power microwave applications where high-power or extreme temperature
variations are expected [31,87-90]. Depending on the proposed metallic architecture, such
metasurfaces can be fabricated using commercially available low-cost metal manufacturing
facilities, including computer numerical control (CNC) machining, plasma cutting, metal
additive manufacturing, waterjet cutting, metal stamping and laser cutting. Furthermore,
metals are far less expensive than low-loss RF laminates, and no bonding technique is
required, resulting in lower production costs. Such metasurfaces are mainly synthesized
based on generalized Snell’s laws, the phase-shifting approach, and classical array theory.
A separate family of plasmonic metasurfaces operate at high frequencies where metals
sustain states propagating along, and tightly bound to, metal-dielectric interfaces while
exhibiting relatively low dissipation losses and resonance-enabled potential for arbitrary
control over the amplitude, phase, direction and polarization of their impinging wave [91].

5. Design and Optimization
5.1. Meta-Atoms: Microscopic Units of Metasurface

The fundamental elements for metasurfaces commonly known as meta-atoms (also
called unit cells, phase-shifting cells) have to be carefully designed to have near-perfect
transmission (or reflection in the case of reflective metasurfaces) characteristics. For instance,
in order to designing transparent phase gradient metasurfaces a full phase range of 360°
with high transmission efficiency is required. Several topologies have been investigated to
design efficient metasurfaces considering transmission characteristics, bandwidth, oblique
incidence sensitivity, design complexity and ease of mass manufacturing. Some common
unit cell topologies that have been widely used in designing metasurfaces using phase-shift
approach are listed below:

*  Composite meta-atoms which are single or multi-layer structures with metallic patches
sandwiched between layers of dielectrics. The metallic patches can have various
shapes such as circular, square, circular-ring, square ring, circular or square patch
inside a wireframe, Jeruselem cross, Swastika and flange shaped or a combination of
these. The size of the meta-atom is usually kept less than or equal to half wavelength.
The metallic patch pattern is varied along x, and/or y direction to achieve a desired
phase and amplitude profile in the near-field.

e All dielectric (metal-less) meta-atoms which are essentially a block of substrate. It
may sometimes have a through hole (for example square or circular or cross slots).
The phase delay is varied either by changing the height of the meta-atom or the
permittivity of the substrate used. Delay in transmission phase is proportional to
height as well as the permittivity of the dielectric material used. An all-dielectric
metasurface can be easily fabricated using 3D printing technology.

*  All-metal meta-atoms are composed of single or multi-layer metal sheets with slotted
patters. Several types of slots’ shapes that have been successfully implemented to
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design planar, lightweight fully metallic metasurfaces include modified-eight-arms-
asterisk (MEAA) slot, Jerusalem slot (JS), Swastika slot (SS). Such slots-in-sheets (5iS)
design approach avoids the 3D metallic structures and also confirms the mechanical
robustness of the metasurface [31,87,88].

Huygen’s metasurfaces intuitively used wire/loop unit cells in their stages of infancy.
However, this field has matured since and several unit-cell designs such as omega-shaped
patterns, spiral-shaped patterns including cascaded multi-layer unit cells have widely
experimented and used. The capacitive and inductive properties of stacked metallic
patterns are used to synthesis desired values of impedance and admittance reactances [92].

Another approach of designing metasurfaces involves determining the spatial distri-
bution of the sheet impedance tensor or sheet susceptibility tensor for each metasurface
layer in the cascade using GSTCs, as explained earlier in Sections 3.2 and 3.3. The subwave-
length elements are printed on a grounded dielectric slab and topologies that have been
widely used in designing metasurface antennas based on surface impedance tensor method
includes coffee bean shaped patch, split ring resonators, coffee bean, patch with slot, grain
of rice, patch with cross slot, double 7w and double anchor [83]. These unit cell elements
are generally of the size between A9/10 Ag/5 and essentially behave like pixels in a black
and white printed image. Metasurfaces that use simple canonical metallic shapes generally
have larger bandwidths [93].

Standard configurations of unit cells noted in the design of metagratings include an
array of loaded metallic strips, omega dipoles or electric dipoles, fish-shaped multipolar
single element, bianisotropic meta-molecule supporting four resonances, single high-index
dielectric cylinder, elliptical hollow cylinders carved periodically in a steel background,
silicon rods with different sizes, N polarization electric line currents per unit cell, multilayer
multi-element metagratings which enable higher degrees of freedom such as multilayered
loaded-wire metagrating, and reconfigurable metagratings based on graphene [78,79].
Microelectromechanical systems (MEMS) based programmable and smart metasurfaces,
Microfluidic technology based fluidic metasurfaces, fluid-background metasurface (a solid-
liquid mixed metasurface) and metasurface on fibre are some of the upcoming technologies
where the unit cells are and various innovative unit cells are used in these designs. However,
the details are not provided for brevity.

5.2. Optimization

Despite the remarkable progress in the design framework, metasurface optimization
remains an exhilarating topic hereafter. Strict design and performance requirements in
advanced realms of technology necessitates optimization of metasurface based systems
to maximize the metasurface efficiency. Metasurfaces are often electrically large with
thousands of small inclusions/features and their simulations using conventional numerical
methods incur high computational costs. Choice of geometry and material for unit cell
design involves time-consuming parameter search to build a lookup table. However such
parameter sweeps do not account for near-field interactions (mutual coupling) that strongly
influence the device performance. Besides, optimization over a large parameter space
is complex. Dedicated electromagnetic CAD tools combined with suitable optimization
strategies are needed to meet such immense computational challenges. New and advanced
method such as inverse design, neural network and machine learning techniques could
potentially extend the capabilities of metasurfaces.

Some articles reported in the recent past have attempted to make these problems
more computationally tractable by exploiting the periodic nature of metasurfaces [72,94].
Optimization is implemented to a smaller sub-section (supercell) of metasurface and the
full surface is then designed by periodically repeating the optimized sub-sections. Thus,
the computational complexity of the optimization is reduced from high-polynomial to
linear. Both local and global search strategies have been exploited. With a good initial
parameter guess, local methods such as topology optimization provide rapid convergence
to local minima/maxima. On the other hand, global methods like genetic algorithm (GA)
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and evolutionary algorithms (EA) implement stochastic search technique and guarantee a
global or near global optimum. Evolutionary algorithms are highly efficient in handling
large parameter space optimization as it supports parallel computation. A metasurface
is optimized based on multi-element phase cancellation method using particle swarm
optimization in [95] for ultra-wideband radar cross-section (RCS) reduction. Other signifi-
cant efforts towards metasurface optimization can be found in [85,86,96]. Oftentimes the
isolated behaviour of optimized supercell is different than when stitched together to form a
complete surface. This is primarily due to the fact that simpler subsection optimization
considers infinite periodicity whereas in reality the metasurfaces have finite dimension.
Mutual coupling and edge effects are hard to model in the available EM solvers. In [97], a
summary of recently proposed optimization methods for phase-gradient metasurfaces is
presented. Based on the objective function, the optimization methods were categorized as,
radiation pattern-based optimization and Floquet-mode-based optimization. Both methods
exploit periodicity and use simpler equivalent models to reduce the computation complex-
ity multiple folds. They also take into account the variations in mutual coupling between
dissimilar adjacent cells in a supercell during the process of optimization.

6. Applications of Metasurfaces

To date, metasurfaces have been widely used in the area of optics, electromagnetics as
well as acoustics. However, we avoid discussing the applications in optics and acoustics
for brevity as they are beyond the scope of this article. Some of the electromagnetic func-
tionalities of metasurfaces are spectrum filtering [98], engineered beam refraction and/or
reflection [99], controlled absorption [100], cloaking [101], surface electromagnetic wave
couplers, plane wave to surface wave conversion [102], energy harvesting using graded
metasurfaces [103] and encoding for secure communication [104]. In antenna applications,
metasurfaces are used for improving bandwidth and enhancing antenna gain [105,106],
beam splitting [107], beam steering [29], multi-beam scanning [108], advanced radiation
pattern molding [71], beam focusing [109], polarization manipulation [110], collimating
leaky waves in high gain planar antenna and acting as superstrates in high gain low profile
antennas [111].

Some of the recently found applications of metasurfaces in electromagnetics include,
anti-reflection coating, phase shifters, stable beam traction, analog computing, coherent
perfect absorption, imaging beyond diffraction limit, ultra-thin black-body absorber and
Bessels’s beam generator [24]. They can be applied for intelligent transportation sys-
tems, Vehicular Communications, Internet of Things (IoT) networks in moving platforms
such as spacecraft and drones, unmanned aerial vehicle (UAV)-based wireless communi-
cation, and simultaneous wireless information and power transfer systems. Some of the
future facing applications are next generation imaging, sensing and quantum information
processing. Metasurfaces for smart electromagnetic platforms are known as intelligent
metasurfaces and are capable of digitalization, programmability, and intelligence [112].
Metasurface-based smart systems when integrated with detection, artificial neural net-
works, and feedback systems are expected to play an important role in wireless communi-
cations, advanced sensing technologies and artificial intelligence.

Other applications of metasurfaces to antennas include but are not limited to, synthetic
aperture radar (SAR) imaging with dynamic metasurfaces [113], remote/wireless sens-
ing [114], microwave imaging for tumour detection [115], spatial filters [116], telemetry and
tele-command of deep-space missions [117], reconfigurable antenna design, frequency scan-
ning metantennas [118], energy harvesting [119], wearable metasurface enabled antenna for
medical implants [120], future applications such as chiral quantum metasurface-based an-
tennas, computational microwave and through-wall imaging [113] and frequency-diversity
imaging [121]. Metasurfaces open another very fascinating approach towards integrating
solar cells with antennas, which has potential applications in autonomous communication
systems and CubeSats. Such powerful combination of solar-cells with antennas could be
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very beneficial for self-sustaining wireless devices, radio frequency identification (RFID)
and the Internet of Things (IoT) [122,123].

6.1. Metasurfaces for Linearly Polarized EM Waves

The metasurfaces discussed in this section worked devotedly for linearly polarized
EM waves. The fundamental building blocks for all the below mentioned metasurfaces
are planar resonating meta-atoms. The first gradient metasurface realized using eight
distinct V-shaped nano-antennas of varying size, direction and opening angle could tilt
the transmitted EM wave to a pre-defined direction by providing desired phase pattern
over the surface at both mid-infrared [20] and near-infrared frequencies [124]. Despite
exceptional wave transforming abilities along with a full 360° transmission phase coverage,
the V-shaped nano-antenna based metasurface exhibits only partial anomalous refraction
which significantly reduced their efficiency.

An alternative approach based on reflection geometry and MIM (metal-insulator-
metal) meta-atoms [33] was used to enhance the efficiency of gradient metasurfaces. A
highly efficient reflection-type gradient metasurface composed of H-shaped MIM meta-
atoms that inherently support a 100% anomalous reflection efficiency was demonstrated
and fabricated exhibiting as high as 80% efficiency in the near-infrared regime [124]. The
reflection based approach was still unsuitable for many other applications since the feed
for reflecting gradient metasurfaces block the radiated wave. A high efficiency gradient
metasurface based on the concept of Huygen’s surfaces was proposed where the meta-
atoms were meticulously engineered to obtain a 100% transmission amplitude and a
linear varying phase covering entire 360° phase range. A maximum efficiency of 86% was
obtained in such Huygen’s metasurfaces [9].

An array of C-shaped split rings resonators with constant amplitude and linearly
varying phase profile were used to design a gradient metasurface at 1 THz to obtain
a maximum beam tilt of 84° [125]. Digital metasurface designed by Cui et al. used
meta-atoms with discretized phase values and their functionalities were extended to beam-
manipulation and scattering reduction [126,127]. In 2015, a simple yet elegant metasurface
composed of trapezoidal shape silver antenna array was designed by Li et al. which
provided quasi-continuous full range (277) reflection phase and extremely high amplitude
with 85% efficiency. The metasurfaces discussed in this section could only support linear
polarization and also exhibited drawbacks such as frequency dispersion, limited bandwidth
and fabrication complexity.

6.2. Metasurfaces for Circularly Polarized EM Waves

A completely new strategy for metasurface design was explored after realizing the
limitations of resonance based linearly polarized metasurfaces. An assembly of identical
sub-wavelength elements (unit-cell) with varying orientation angles are used for meta-
surface design. The varying phase is governed by the orientation angle of each unit-cell
which holds the ability to mould the wavefront of a circularly polarized wave [46]. When
a circularly polarized (CP) wave is incident on such unit-cells, it excites electric field in
orthogonal directions with a phase difference of 90°. Such anisotropic nature bespeaks the
existence of both spin-conserved and spin-reversed components of CP wave that generates
a spin-dependent diffraction known as photonic spin Hall effect (PSHE).

The groundbreaking discovery by Pancharatnam in the year 1956 [128], unveiled
that the spin-reversed component carries an additional phase of exp j26 corresponding
to 6° rotation of the resonator. Such phase was later interpreted as geometrical phase
by Berry [129]. The first Pancharatnam-Berry (PB) phase metasurface design based on
the concepts developed in [128,129] used an array of identical sub-wavelength dielectric
gratings with periodically varying orientation angle [46]. Another startling contribution
was made in 2011 by Hasman and group were they report the use of coupling-induced
anisotropy in a curvilinear array of circular apertures drilled in a gold plate to create PSHE.
The work done in [130] succinctly encapsulates the concept of PB phase along with a
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description of spin-dependent generalized Snell’s law. Despite growing interest, the PB
devices failed to achieve high efficiency which was theoretically limited to a maximum of
only 25% [131] and the same was later manifested in the design reported in [132].

An increase in efficiency was indispensable to extend the applicability of PB phase
metasurfaces. A high efficiency (nearly 80%) PB phase metasurface for holography was
designed using meta-atoms that satisfied a similar criterion [133]. In 2017, Luo and group
made a tedious effort to design a PB metasurface in transmission geometry with a 100% effi-
ciency by exploring the possibility of inducing both electric and magnetic response withing
the meta-atom [134]. Some other significant recent contributions are [29,135-137]. A multi-
layer metasurface can simultaneously increase the gain and transform linear polarization
to circular polarization in a patch antenna. Thus, metasurfaces have been implemented in
the design of several single and multi-band, high-gain, CP antennas [138,139].

6.3. Metasurfaces for Near- and Far-Field Synthesis

Near-field phase transformation in an aperture-type antenna (resonant cavity antenna)
was incorporated by placing a pair of rotating phase gradient metasurfaces close to and
above the antenna to steer the beam in a conical range with an apex angle of 102° in [29].
Metasurfaces can mimic a perfect magnetic conductor or a perfect electric conductor
within a particular frequency range [140]. Thus, most low-profile antenna systems have
replaced metallic reflectors placed quarter-wavelength below the antenna radiator with
metasurfaces placed in very close proximity, with perfectly matched impedance assisting
in unidirectional radiations.

Electrically large metasurfaces are very common in antenna applications and they
are often synthesised using near-field phase transformation method (essentially the same
phase-shift approach) which also follows from generalized Snell’s laws and uses highly trans-
parent meta-atoms with required phase delay obtained from a lookup table of scattering
parameters, to synthesize a desired near-field phase profile (for example Figure 4a. Details
of near-field phase transformation method can be found in [29,50,51]. This method is
used to design metasurface lens [107,141], phase correcting surfaces [87,88], radar cross
section reduction surfaces [142], beam steering antennas [31,72,85] and beam-splitting
antennas [26]. This approach has recently been successfully re-explored to create antenna
technology that can steer the quasi-non diffractive beam over a large range of angles, from
0 to 54° in the zenith, with a stable depth of field view [143]. Near-field imaging technology
and wireless power transmission are potential sectors to use such antenna systems.
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Figure 4. Metasurface-based beam-steering antennas. (a) 2D beam-steering antenna system driven
by a pair of metallic metasurfaces [31]. (b) Metasurface antenna and illustration of the excitation by
the feed wave [144].
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Focusing metasurfaces with hyperbolic phase distributions are a prominent choice for
the design of high-gain antennas due to their planar profile, easy fabrication, and excellent
beam control [145]. A multi-layered PGM was used to design a high-gain lens antenna for
X-band applications in [146]. The Huygens’ metasurfaces-based lens is found to extend the
angular scan range of phased arrays in [61,147]. It is important to understand that, PGMs
are non-radiating and need a base antenna to operate (Figure 5a) whereas metasurface
antennas as shown in Figures 4b and 5b are self-radiating.

Front View
Back View o
=

Metasurface lens

198 MM (6.6A):

. 1.0 mm (
Bessel beam launcher

(@) o (b)

Figure 5. Metasurface for high-gain antennas. (a) A circularly polarized metasurface lens placed on
top of the Bessel beam launcher [147]. (b) PGM based high gain lens antenna [148].

7. Discussion

Metasurfaces are unequivocally excellent spatial processors with exotic surface waves
that strongly enhance their EM wavefront control capabilities leading to fascinating physical
effects and versatile applications. They are a promising candidate for real-world solutions.
Recent years have seen significant advancement of metasurfaces in almost all regimes of
electromagnetics and optics that has been elucidated in numerous review articles from dif-
ferent perspectives and areas of application. In this article, we focus on the story behind the
discovery, evolution and exponentially growing popularity of metasurfaces in almost all ar-
eas of application that an inquisitive human mind can think of. The history of metasurfaces
started with the birth of metamaterials to surpass the abilities of naturally existing materials,
followed by the advent of metasurfaces to address the limitations of metamaterials, and the
world since then has seen several disruptive, trailblazing technologies that aim to achieve
unprecedented control over the properties of EM wave. The metasurfaces expanded in
various realms and are classified broadly in this article to provide more clarity. The in-depth
understanding of physics and EM wave phenomenon at artificial boundaries/interfaces
led to easy synthesis techniques which are encapsulated and briefly discussed. A critical
analysis is made based on the study of materials and manufacturing methodology used for
design of metasurfaces. An evaluative deduction is provided on optimization techniques
developed and implemented in metasurface design. Several applications of electromagnetic
metasurfaces are highlighted and broadly classified. The article in its entirety provides a
detailed understanding of metasurfaces in general and can help the new researchers make
an educated decision for application-specific metasurface designs.

The design and fabrication of metasurfaces is often very complex and lacks preci-
sion due to multi-layer profile and small complex sub-wavelength inclusions. Using
PCB technology, it might be possible to affordably prototype composite metasurfaces and
metasurface antennas. In contrast, the 3D printed technolgy could be the best choice for
low-cost in-house fast prototyping. The metallic metasurfaces could also be low-cost alter-
natives with a broader spectrum from space to high-power applications. Implementation
of metasurface concept to curved surface are a foreseeable challenge for conformable and
aerodynamic applications. This indirectly begets extension of creeping-wave theory to
curved metasurface coated surfaces. No significant work is done in this direction until
now and would need sizable effort. Metasurfaces with integrated active devices are more
reliable and efficient in terms of losses and performance as opposed to discrete active
devices. However, large scale implementation of such integrated devices needs excellent
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accuracy and repeatability in the fabrication process. Lately, the interest has shifted to
tunable metasurfaces-based beam steering antennas that allows real-time reconfiguration
of phase distributions to achieve continuous beam steering. At microwave frequency,
field programmable metasurfaces provide real-time and powerful beam manipulation
capabilities. Using tunable materials and micro-electro-mechanical systems (MEMS) in
conjunction with field-programmable metasurfaces enable similar abilities at terahertz
frequency. However, non-linearity or breakdown associated with active metasurfaces can
generate unwanted harmonics and grating or side lobes in radiation pattern due to self-
steering tendency at high power. Mechanical varactors and MEMS devices can decrease
the non-linearity to some extent. Advanced liquid crystals or ferro-electric materials also
hold a similar potential. Nonetheless, most of these results are theoretical and lack exper-
imental verification and optimization. Metasurfaces opens up another very fascinating
approach towards integrating solar cells with antennas that have potential application in
autonomous communication systems, as well as space communication systems (CubeSats).
Investigations made so far in field of metasurfaces have revealed several challenges and
open questions that call for more research to be conducted. We are collectively moving
towards a new generation of smart devices with metasurfaces forming the backbone of
the technology.
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