
Vol.:(0123456789)1 3

Journal of Electronic Materials (2021) 50:3129–3148 
https://doi.org/10.1007/s11664-021-08927-3

INVITED REVIEW ARTICLE

Metasurfaces for Stealth Applications: A Comprehensive Review

Vineetha Joy1  · Alka Dileep2 · P. V. Abhilash1 · Raveendranath U. Nair1 · Hema Singh1

Received: 3 November 2020 / Accepted: 31 March 2021 / Published online: 23 April 2021 
© The Minerals, Metals & Materials Society 2021

Abstract
Metasurfaces are ultrathin, two-dimensional structures composed of periodic or quasi-periodic arrays of sub-wavelength 
scatterers. They possess the unique ability to comprehensively control the phase, amplitude and polarization of incident 
electromagnetic waves with added advantages such as ease of fabrication and less space consumption. On account of these 
factors, they are progressively replacing their three-dimensional counterparts, i.e. metamaterials in a wide gamut of fields 
such as signal multiplexing, stealth technology, holographic imaging, planar optical devices, polarization transformation 
devices and so on. Further, metasurfaces offer a strong and promising platform for aerospace applications due to their diver-
sified functionalities and reduced weight penalties. Moreover, it has been widely used for the realization of thin, broadband 
and polarization independent radar absorbing structures (RAS). In this regard, this paper presents a concise review on the 
recent advancements in the field of metasurfaces specifically for stealth applications. Special emphasis has been laid on 
diffusion and coding metasurfaces due to their attractive properties towards the realization of low observable platforms. 
Furthermore, various types of metasurfaces as well as the different techniques used for the optimization of metasurfaces are 
also described in detail.
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Introduction

The concept of metamaterial has been of immense research 
interest for decades due to their unusual capabilities in 
accomplishing electromagnetic (EM) properties not nor-
mally found in nature. They are artificially engineered struc-
tures consisting of periodically arranged unit cells and are 
best described by effective medium theory.1 Metamaterials 
evoke extraordinary EM responses such as negative-refrac-
tion index, artificial magnetism, EM-induced transparency 
effects, and invisibility cloaking w.r.t. incident waves.2 How-
ever, volumetric bulkiness, requirement to precisely align 
different layers, significant ohmic losses at optical frequen-
cies, fabrication complexity, etc. are certain factors limit-
ing their utility for real-world applications. In spite of the 
exceptional EM properties exhibited by metamaterials espe-
cially for stealth applications,3 they are progressively being 

replaced by their two-dimensional counterpart, metasur-
faces, due to the aforementioned barriers.4 Further, amongst 
other available material candidates, metal alloy compounds 
are used for several practical applications including that for 
magnetostatic shielding. However, these compounds are 
easily affected by changes in temperature, oxygen levels 
and electromagnetic radiation.5 M-type barium hexaferri-
tes, with their exceptional chemical stability and resistance 
to corrosion, present an attractive alternative in such cases. 
For this reason, they are widely used in the synthesis of 
microwave absorbers.6 But they are inherently narrowband 
and exhibit increased payload due to their high density.7 Fur-
ther, gallium-doped hexaferrites and nano-composite based 
dielectric and magnetic materials can be used to enhance 
absorption performance.8,9

Metasurfaces are generally composed of an array of 
artificially engineered sub-wavelength scattering particles, 
i.e., meta-atoms with uniform or non-uniform arrangement. 
Because of the sub-wavelength characteristics of meta-
atoms, metasurfaces can be considered homogenous struc-
tures with their response characterized by effective param-
eters. The distribution of meta-atoms on the surface can be 
represented by equivalent boundary conditions using electric 
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and magnetic susceptibilities. This method of homogeniza-
tion employing generalized sheet-transition conditions has 
been widely used for the development of fractal metasur-
faces, leaky wave antennas, etc. Another popular technique 
used for modelling metasurfaces is using Huygen’s princi-
ple. On striking a surface, an electromagnetic wave induces 
electric and magnetic dipole moments which in turn produce 
surface currents. In accordance with Schelkunoff’s princi-
ple, these induced currents can be replaced with equivalent 
tangential electric and magnetic fields which tailors the elec-
tromagnetic response of the metasurface. Therefore, each 
individual sub-wavelength element must be polarizable for 
a surface to be characterized as a metasurface.10

Unlike the bulky three-dimensional metamaterials, metas-
urfaces are ultra-thin structures with negligible thickness and 
hence occupy less physical space. The thin profile of metas-
urfaces, designed using suitable materials and meta-atoms, 
also aids in reducing undesirable losses in the direction of 
wave propagation. Moreover, they provide more degrees of 
freedom to accomplish spatial inhomogeneity over a thin 
surface. In comparison with the application of frequency 
selective surfaces (FSS) for radar cross-section (RCS) reduc-
tion, the dimensions, positions and spatial arrangement of 
constituent sub-wavelength meta atoms of metasurfaces have 
more flexibility in accomplishing the same. Furthermore, the 
fabrication of metasurfaces is much easier than that of meta-
materials. A notable difference exists in the methodology of 
characterization as well. While metamaterials are described 
by effective medium theory, generalized sheet transition con-
ditions are adopted for modelling metasurfaces due to their 
thin profile.11 The diversified EM manipulation capabilities 
of metasurfaces in combination with their reduced weight 
penalties make them excellent choices for accomplishing 
stealth characteristics on various military platforms. In 
this regard, the present paper gives a concise review on the 
recent advancements in the field of metasurfaces for low 
observable applications. Special emphasis has been laid on 
diffusion and coding metasurfaces due to their attractive 
properties like broad bandwidth, polarization insensitiv-
ity and reduced thickness. Furthermore, various types of 
metasurfaces as well as the different techniques used for the 
optimization of metasurfaces are described in detail.

Overview of Metasurfaces

Metasurfaces are basically planar metamaterial struc-
tures that control the phase, amplitude, frequency, angular 
momentum and polarization of EM waves by intelligent 
manipulation of boundary conditions.12 When an electro-
magnetic wave is incident on a static but spatially inhomo-
geneous metasurface, the frequency remains unchanged. 
However, the transverse momentum varies due to the change 

in momentum caused by the metasurface. This kind of spa-
tially modulated metasurface can be used to manipulate the 
spatial distribution of fields. On the other hand, if the wave 
is incident on a dynamic (time-varying surface susceptibil-
ity) but spatially homogeneous metasurface, the frequency 
changes with an unchanged transverse momentum. The latter 
category, popularly known as time-varying metasurfaces, 
can be conveniently used for frequency conversion applica-
tions. In this case, the effective parameters can be made to 
change with time providing the impression that it is mov-
ing in a particular direction with a specific velocity. Finally, 
space–time-modulated metasurfaces with spatio-temporal 
variation of effective parameters provide options for modu-
lating both frequency as well as momentum. This concept 
has been employed in Doppler cloaks for restoring the invis-
ibility of dynamic cloaked objects.13–17

Further, the planar configuration of metasurfaces enables 
easy implementation at terahertz (THz) and visible spectra 
using standard photolithography. These extra-ordinary prop-
erties and capabilities exhibited by  metasurfaces18 have led 
to its application in a wide gamut of fields such as signal 
multiplexing, stealth technology, holographic imaging, pla-
nar optical devices, and polarization transformation devices. 
A brief overview on the theoretical background of meta-
surfaces including the various types and functionalities is 
presented in the following sections.

Theoretical Background

When an EM wave is incident on the interface between two 
homogenous media with different refractive indices, the 
wave splits into reflected and transmitted waves as per the 
Snell’s law of refraction.19 However, the reflection/trans-
mission properties will change if a metasurface composed 
of sub-wavelength resonators is introduced at the inter-
face. This is due to the resonant behavior of the structure 
which produces an effective current within the metasurface 
leading to phase alteration. Generalized laws of reflection 
and refraction have been introduced to interpret this phase 
discontinuity.20

The generalized laws are based on Fermat’s principle 
which states that light always travels along the path which 
takes the least amount of time to traverse between two 
points.10 Consider a plane wave incident on a metasurface 
placed at the interface between Medium#1 and Medium#2 
with refractive indices n1 and n2 , respectively (Fig. 1). The 
angle of incidence and refraction are denoted by θ1 and θ2 , 
respectively. The possible paths that the wave can take are 
highlighted in blue and red lines in Fig. 1. Because of the 
abrupt discontinuity in phase caused by the metasurface, 
the phase at points P and P′, separated by a distance dx, are 
taken as ϕ and ϕ + dϕ, respectively. If the two paths are 
infinitesimally close, the phase difference between them will 
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be zero at the boundary. Under this assumption, the general-
ized Snell’s law of refraction for a constant phase gradient 
along the interface gives,19

Similarly, the generalized law of reflection can be writ-
ten as,

where λ0 is the free space wavelength and θref is the angle 
of reflection.

Moreover, the generalized law of reflection also con-
firms an angle of incidence above which the reflected wave 
becomes evanescent. It can be expressed as,19

Equation 1 shows that the refracted wave can be redi-
rected in a desired direction by controlling the phase gradi-
ent. Further, it is clear from Eq. 2 that the angle of reflection 
is no longer equal to the angle of incidence for a metas-
urface. However, if there is no phase discontinuity at the 
interface (dϕ/dx = 0), i.e., in the absence of metasurface, 
Eqs. 1 and 2 simplify to the original Snell’s law of refraction 
and reflection, respectively. Therefore, it is apparent that the 
direction of wave propagation and shape of the wavefront 
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can be adjusted by controlling the spatial phase variation 
on a metasurface.

Comparison Between Metasurfaces and Frequency 
Selective Surfaces (FSS)

The difference between metasurfaces and FSS can be bet-
ter understood by drawing an analogy to their 3D coun-
terparts, i.e., metamaterials and conventional electromag-
netic band gap (EBG) structures.21 In general, the EM 
behaviour of periodic 3D materials can be divided into 
three domains based on the operating frequency range, 
as shown in Fig. 2. Domain#1 corresponds to the low fre-
quency region, where the wavelength is much higher than 
the periodicity of the constituent scatterers making up the 
composite material. Similar to atoms/molecules in nor-
mal materials, these scatterers can have induced or perma-
nent dipole moments. Conventional mixing formulas are 
used in this domain to compute the effective constitutive 
parameters. Moving further up along the frequency axis, 
there exists domain#2 where the wavelength is still higher 
than the periodicity. However, the constituent scatterers 
can resonate by themselves in this region. The materials 
belonging to this domain where the scatterers resonate but 
not the lattice is referred to as metamaterials. Although the 
medium is dispersive here, they can still be represented 
using their effective permittivity and permeability. In 
domain#3, the operating wavelength is closer to or smaller 
than the periodicity and consequently the EM waves will 
be unable to view the material as an effective medium. 
Full wave approaches such as Floquet–Bloch mode expan-
sion are generally used for studying the behaviour of fields 
in this domain. The composite materials in this domain 
where lattice/array dispersion predominates, are referred 
to as EBG or photonic band gap (PBG) structures. These 
structures can have pass bands or stop bands based on the 
frequency of incident wave. Bragg scattering, the founda-
tion for various practical applications, is observed in this 
domain. These three domains of 3D-composite materials 
can be correlated to the 2D arrangement of scatterers. 
In this case, domain#1 corresponds to conventional thin 
film media and lattice dispersion (resonances related to 
the periodicity) predominates in domain#3.21 Frequency 
selective surfaces (FSS) belong to domain#3. On the other 
hand, metasurfaces belong to domain#2 where individual 
scatterers resonate but not the lattice. In this case, the 
constituent meta atoms/scatterers have to be appropriately 
designed so that their resonant frequency is much lower 
than the frequency of the next higher-order Floquet–Bloch 
mode. Otherwise, the material will behave as a conven-
tional FSS. Unlike metasurfaces, FSS have limited signal 
processing capability.22

Fig. 1  EM wave propagation at the interface between two media sep-
arated by a metasurface.
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Classification of Metasurfaces

Any two-dimensional periodic structure with thickness and 
periodicity comparable to the operating wavelength can 
be considered as a metasurface. It can be broadly classi-
fied into two classes, namely metafilms and metascreens. 
Metasurfaces characterized by cermet configuration (array 
of isolated scatterers) are known as metafilms. On the other 
hand, metasurfaces having fishnet configuration (periodi-
cally spaced apertures) are classified as metascreens. Meta-
surfaces can also be categorized based on the underlying 
mechanism used for phase  manipulation23 as follows.

Multi‑resonance Metasurfaces

Multi-resonant metasurfaces are capable of producing multi-
ple narrow resonances which can be tapped for applications 
such as nonlinear optics, filtering, and molecular fingerprint-
ing. A ‘V’ shaped plasmonic antenna with two equally long 
nanorods hinged at a certain angle was the first proposed 
structure of this kind.19,24 It supports both symmetric and 
anti-symmetric modes which contributes to the dual reso-
nance characteristics, as shown in Fig. 3. These modes are 
excited when the polarization of incident wave is along ⌢a or 
⌢

s directions and if it is so, the scattered waves will have the 
same polarization as that of the incident wave. At oblique 
incidence, both the modes will get excited simultaneously, 
resulting in scattered waves with different amplitude and 
polarization. In Fig. 4, eight unit cells with the same ampli-
tude but with a phase increment of �∕4 at cross-polarized 
radiation are shown. This type of metasurfaces have low 

efficiency due to the co-existence of both anomalous as well 
as ordinary reflection/refraction.

Gap‑Surface Plasmon Metasurfaces (GSPM)

These are reflective array metasurfaces constructed by 
inserting an optically thin dielectric layer between a metallic 
antenna array and the ground plane.25 Here, the thin spacer 
leads to strong near field coupling between the antenna array 
and their mirror elements in the ground plane which in turn 
leads to phase modulation in the range of 2π. The anti-par-
allel currents induced on the array and the metallic ground 
plane generate a strong magnetic field called gap-surface 
plasmon modes inside the dielectric layer. In this approach, 
the polarization of the reflected wave will be the same as that 
of the incident wave and the phase shift can be effectively 
controlled by changing the element length.23

These metasurfaces are used in various applications such 
as beam steering, planar metalens design, GSPM-based 
hologram, ultra-thin absorber design, high resolution colour 
printing, polarimeter control, and detection/development of 
surface wave couplers.25  Poers et al. 26 described the opera-
tion of gap-plasmon gradient metasurface at optical regime 
and experimentally proved that the two degrees of freedom 
of a gold nanobrick geometry can be efficiently used for 
the independent control of reflection phases of orthogonally 
polarized components. The corresponding unit cell with a 
gold nanobrick and a thin golden film (ground plane) sepa-
rated by glass is shown in Fig. 5. The supercell of a metas-
urface generated using this unit cell with 80% reflectivity is 
shown in Fig. 6.

Fig. 2  Distinct domains of a composite material.
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Pancharatnam–Berry‑Phase Metasurfaces

Pancharatnam–Berry (PB) phase metasurfaces achieve 
phase modulation by changing the orientation angle of the 
unit cell. These metasurfaces are easy to design and they 
have large fabrication tolerance, but are limited to circu-
larly polarised light operations. Consider an anisotropic GSP 
meta-atom, rotated by an angle θ from the x-axis, illumi-
nated by a linearly polarized wave. The corresponding Jone’s 
matrix can be written as,

where

Mxx and Myy represent the reflection and transmission coef-
ficients for linearly polarized light along the two primary 

(4)M� = R(−�)

(
Mxx 0

0 Myy

)

R(�)

(5)R(�) =

(
cos � sin �

− sin � cos �

)

Fig. 3  ‘V’ shaped antenna element with two resonant modes (Data from 19).

Fig. 4  Plasmonic antenna array (Data from 24).

Fig. 5  Basic meta-atom of an optical GSPM with gold brick and a 
golden film separated by a glass spacer (Data from 25).
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axes of the meta-atom, respectively.25 When the incident 
wave is circularly polarised, the reflected/transmitted field 
can be expressed as,

where E±
i
 represents the incident left-handed circularly 

polarised light (LHCP) and right-handed circularly polar-
ised light (RHCP), respectively. Equation 6 can be viewed 
as a sum of two components in which the first term is the 
circular polarized scattered wave with the same helicity as 
that of the incident wave. On the other hand, the second term 
indicates light with opposite helicity with an additional PB 
phase (± 2θ). Therefore, the phase shift can be tuned from 
0 to 2� by adjusting the orientation of the meta-atoms from 
0 to �.

Using PB phase technique, metasurfaces with large con-
version efficiency (> 25%) and broad bandwidth has been 
developed in Ref. 27 using a ‘C’ shaped split-ring resonator 
(SRR) unit cell as shown in Fig. 7.

Huygens’ Metasurface

Huygens’ metasurfaces (HMS) are two-dimensional arrays 
of polarizable particles on a thin dielectric layer that can 
tailor electric as well as magnetic polarization currents to 

(6)
M� . E

±
i

=
1

2

(
Mxx +Myy

)
E±
i

+
1

2

(
Mxx −Myy

)
e± 2�E∓

i

produce specific wave fronts.28 They are extensively used 
in various electromagnetic applications such as stealth 
technologies, polarization control devices, and beam trans-
formers. HMS work in accordance with equivalence prin-
ciple where equivalent electric (

→

Js) and magnetic currents 

Fig. 6  Super cell of a GSPM metasurface with gold nanobricks and glass spacer (Data from 26).

Fig. 7  Illustration of a PB phase metasurface (Data from 27) used as a beam splitter (a) metasurface (b) unit cell.

Fig. 8  Illustration of equivalence principle (arbitrary fields in two 
regions separated by a closed surface ‘S’).
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(
→

Ms) are introduced on the interface between two media as 
shown in Fig. 8 to satisfy the boundary conditions.

The equivalent surface currents can be expressed as,

These fictitious surface currents can be replaced with 
polarization currents that are induced when a field is inci-
dent on the array of polarizable particles. The boundary con-
ditions shown in Eq. 7 can be transformed into impedance 
boundary conditions in terms of electric sheet admittance 
(Y) and magnetic sheet impedance (Z). Once the boundary 
condition is formulated for obtaining a specific wavefront, 
the suitable values of Y and Z can be found. Further, this 
required surface impedance can be implemented by sub-
wavelength texturing of the metallic patch on a dielectric 
layer. Y and Z can be conveniently defined in terms of sur-
face polarizabilities which can also be used to represent 
the equivalent electric and magnetic surface currents. For 
a plane wave incident normally on a periodic metasurface, 
they can also be extracted from the complex reflection (RC) 
and transmission (TC) coefficients as follows:

where � =
√
�∕� is the free space wave impedance. It is 

evident from Eq. 8 that the magnitude of the meta atom’s 
transmission coefficient tends to unity when the normalized 
Y and Z are purely imaginary and equal. Moreover, the mag-
nitude of impedance can be modified appropriately to vary 
the phase of the meta-atom anywhere between − π to + π.

Huygens’ metasurfaces are extensively used in microwave 
as well as optical regime as they can fully control both co-
polarized as well as cross-polarized waves with zero reflec-
tion losses. An HMS with 86% transmission efficiency has 
been proposed in Ref. 28 that can refract incident waves at 
45° from the normal without any reflection. A broadband 
HMS based on mutually shifted split ring resonator (SRR) 
with 360° phase coverage has been presented in Ref. 29. A 
lossless multi-layered augmented HMS has been proposed 
in Ref. 30 where baffles have been used in between adjacent 
microcells to shield one microcell from another.

All‑Dielectric Huygens’ Metasurfaces

Conventional metasurfaces with metallic patterns suffer 
from high dissipative losses in the visible frequency range. 
Dielectric metasurfaces have been introduced to overcome 
this challenge where displacement currents generate the 
strong optical response rather than ohmic currents.31 An all 
dielectric bi-anisotroptic nanoparticle based metasurface 

(7)
→

Js = n̂ ×

(
→

H2 −
→

H1

)

;
→

Ms = −n̂ ×

(
→

E2 −
→

E1

)

(8)Y =
2(1 − TC − RC)

�(1 + TC + RC)
�
; Z =

2�(1 − TC + RC)

(1 + TC − RC)

without a metallic backing has been presented in Ref. 32 for 
achieving out of band transmission in reflect arrays. Here, 
the geometric parameters of the nanoparticle have been 
tuned to modify the phase.

Odit et  al.33,34 experimentally realized an all-dielec-
tric bianisotropic metasurface in the frequency range of 
4–9 GHz. The measurements revealed that the excitation 
of metasurface from opposite directions result in different 
reflection phases. Moreover, a 360° phase change with the 
amplitude of reflection coefficient close to unity has been 
observed at 6.8 GHz. The corresponding meta atom and 
metasurface are shown in Figs. 9 and 10, respectively.

High‑Contrast Metasurfaces

High-contrast metasurfaces consist of periodically arranged 
high refractive index dielectric particles separated/discon-
nected from each other. These kinds of structures can con-
trol phase as well as polarization at the same time. Because 
of the huge difference between the refractive index of the 
dielectric scatterers and the surrounding environment, opti-
cal energy is predominantly focused inside these scatterers. 
Therefore, the transmission characteristics of the metasur-
face is determined by the geometry of the nanoscatterer. 
Under this category, visible light metasurfaces with beam 
steering ability and focusing property have been proposed.35 
High-contrast gratings (HCG) based on gallium nitride have 

Fig. 9  Single bi-anisotropic nano-particle (Data from 33).

Fig. 10  All-dielectric bi-anisotropic metasurface (Data from 33).
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been used here to attain near unity reflection, beam steering 
and polarisation splitting. A flexible high contrast metas-
urface has been presented in Ref. 36 to modify the opti-
cal properties of any arbitrarily shaped object onto which 
it conforms.

Based on the remarkable properties exhibited by differ-
ent classes of metasurfaces, they are extensively used in 
numerous  applications37–39 such as polarization conver-
sion, focusing of reflected and transmitted waves, generation 
of holographic images, realization of band pass/bandstop 
characteristics, implementation of flat lenses, and stealth 
technologies.

Optimization of Metasurfaces

Optimization is a crucial step in the design of highly func-
tional metasurfaces catering to various applications. Con-
ventionally, parameter sweep is the initial step taken by 
designers towards optimization. However, they are highly 
inefficient in dealing with multi-dimensional and multi-
objective optimisation problems with several constraints 
imposed on input parameters. Therefore, selection of a suit-
able optimization method is an integral part in the design 
process of metasurfaces and an appropriate algorithm tai-
lored to the problem at hand will greatly reduce the com-
putational cost.

The selection of optimisation technique for a particular 
application is based on several factors like number of input 
parameters, input space topology, number of objectives and 
computational cost.40 The primary decisive factor is with 
respect to the discreteness of input space. The input space 
is termed as discrete if there are fixed number of solutions 
from which an optimal one is to be chosen. In such cases, 
genetic algorithm (GA) is preferred if the metasurface can 
have non-contiguous scatterers. Moreover, GA is highly 
efficient in searching in large solution spaces.41 Contigu-
ous metasurfaces are those containing spatially continuous 
patterns such as meander lines and sinusoidally modulated 
metallic patches, whereas non-contiguous metasurfaces con-
sist of discrete meta atoms. Although GA has been success-
fully used for the optimization of pixelated metasurfaces, its 
application is usually constrained to planar configurations 
due to the probability of disconnected pixels in conformal 
models. On the other hand, ant colony optimization (ACO) 
or multi-objective lazy ant colony optimization (MOLACO) 
is capable of mapping the optimal path traced by the artifi-
cial ants in the graph topology to a contiguous model. There-
fore, If the metasurface is to have a contiguous pattern like 
in the case of meander-line antennas, ACO or MOLACO 
would be a better choice.40

In case of a continuous solution space, i.e., where the 
input parameters can take any value satisfying certain 

pre-defined constraints, the selection of suitable optimiza-
tion algorithm is a herculean task. A local optimization tech-
nique is the best option in such scenarios provided a good 
initial solution exists. Further, if the problem can be framed 
as a finite element (FE) one, then topology optimization 
can be efficiently employed else gradient based approaches 
such as Newton’s method (NM) and multi-objective gra-
dient descent algorithm (MDGA) can be used. However, 
local optimization algorithms suffer from the issue of mul-
tiple local minima during the optimization process. Several 
strategies such as radically modifying the error function, 
temporarily over-designing the system, and movement from 
one local minimum to a neighbouring one by tracing a sad-
dle point between them can be employed to alleviate this 
problem.42

In the absence of a good starting point, one may have 
to go for global optimization algorithms such as GA and 
particle swarm optimization (PSO).43–45 PSO has several 
advantages in comparison with GA. The population (swarm 
of bees) in PSO is observed to function more independently 
and in co-operation with other members. Moreover, in sev-
eral cases like that of design of negative index metamateri-
als,46 PSO has been found to outperform GA. But a major 
disadvantage of global optimization algorithms such as PSO 
and GA is their sensitivity to internal parameters (size of 
population, acceleration constants, etc.) which must be tuned 
based on the problem at hand. In most cases, adaptive tun-
ing of these parameters are required during the optimization 
process in order to increase the efficiency of the algorithm. 
Covariance matrix adaptation evolution strategy (CMA-ES) 
is an attractive alternative to GA and PSO w.r.t. this aspect. 
CMA-ES has very few user-defined internal parameters and 
has been found to be better than  GA47 in the optimization of 
Bézier metasurfaces. If the time required for the evaluation 
of a single function is very large, then techniques such as 
multi-objective with tolerance (MOTOL), deep learning, and 
surrogate modelling must be used. Figure 11 summarizes the 
criteria for selecting the appropriate optimization technique 
to solve a task at hand.

Metasurfaces for Stealth Applications

Metasurfaces have gained significant research attention in 
the recent decades due to their exceptional properties cou-
pled with simplified fabrication process and reduced weight 
penalties. Moreover, they are promising substitutes to their 
conventional three dimensional counterparts, i.e., metama-
terials with respect to functionality as well as compactness. 
These attributes are highly beneficial for aerospace applica-
tions where a slight increase in payload can have detrimental 
effects on the aerodynamic performance. In this direction, 
the present section discusses the recent advancements in the 
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application of metasurfaces for aerospace applications with 
detailed attention to stealth technology.

Metasurfaces for Radar Cross Section Reduction 
(RCSR)

The capability of metasurfaces in tailoring reflected wave-
fronts can be effectively tapped for reducing the radar cross-
section (RCS) of potential hotspots. A combination of two 
unit cells with closely spaced absorption peaks has been 
used in Ref. 48 for widening the bandwidth of operation. 
The combined unit cell (substrate: FR-4; thickness = 1mm) 
and the corresponding equivalent circuit model derived 
w.r.t. the direction of current flow on the unit cell is shown 
in Fig. 12. Here, LI (/LO) and CI (/CO) corresponds to the 
effective inductance and capacitance of the inner (/outer) 
set (complete ring and split ring), respectively. Further, Cc 
and Cd denote the coupling capacitance between the inner 
and outer sets and the effective capacitance between the top 
patch and the bottom metallic ground plane, respectively.

The equivalent impedance (Z(ω)) of the circuit can be for-
mulated using principles of network analysis and the absorp-
tion frequencies can be solved by imposing impedance 
matching conditions. By appropriately tuning the circuit 
parameters, the absorption frequencies can be brought closer 
to each other for enhanced bandwidth. The proposed struc-
ture achieved a bandwidth of 1.15 GHz (9.40–10.55 GHz) 
with two absorption peaks at 9.66 GHz and 10.26 GHz, 
respectively (range of incident angles: 0°–40°). In a similar 
manner, equivalent circuits can be modelled for any unit 
cell for gaining better insight of the absorption mechanism.

A periodic array of quasi-L-shaped patches imprinted on 
a substrate and connected to the ground plane using non-
symmetric vias (Fig. 13a) has been proposed as an ultra-
wideband polarization rotation reflective surface (PRRS) 

Fig. 11  Summary of the criteria used for selecting appropriate opti-
mization techniques

Fig. 12  Equivalent circuit modelling of meta atoms (Data from 48) (a) Unit cell, (b) Equivalent circuit.
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with wideband RCSR.49 Here, the frequency response has 
also been found to be stable over the range of incident angles 
from 0° to 30°. An ultra-thin model with two concentric 
circular split-rings etched on an FR-4 substrate (Fig. 13b) 
of thickness 2mm exhibited more than 90% power absorp-
tion in the entire X-band.50 It has been observed in this case 
that the broadband absorption steadily changes to dual-band 
response with increase in angle of incidence. Similar model 
with two concentric SRRs etched on consecutive layers, 
as shown in Fig. 13c, achieved power absorption greater 
than 90% from 5.69 GHz to 15.12 GHz (range of incident 
angles: 0°–40°) along with polarization insensitivity.51 Bhat-
tacharyya et al. 52 presented a periodic arrangement of two 
identical metallic patches placed diagonally (Fig. 13d) with 
greater than 90% power absorption over the entire X-band 
and over a wide range of incident angles (0°–45°). Further, 
a cross-loaded split-ring based hybrid unit cell (Fig. 13e) on 
an FR4 substrate of thickness 2 mm exhibited a 90% absorp-
tion bandwidth in the range of 8.5–16 GHz with the response 
being steady till an angle of incidence equal to 30°.53

A metasurface with three square patches of varying 
dimensions stacked on top of each other has been proposed 
in Ref. 54. Here, the non-uniformly distributed reflection 
phase suppressed the specular reflections by scattering 
the incident energy in all directions subsequently leading 
to RCSR in the frequency range of 3–6 GHz. Aligned in 
this direction, a multi-layered random patch design based 
on phase cancellation has been proposed in Ref. 55. The 
four-layer structure showed RCS reduction in the range of 
20 dB from 5.8 GHz to 11 GHz. Multi-band absorption has 
been achieved in Ref. 56 by using resistive square patches of 
varying dimensions on an ultra-thin substrate of thickness in 
the order of λ/27 at 11 GHz. Further, the bandwidth has been 
broadened by accommodating square patches of different 
dimensions in a single unit cell and tuning their absorption 
bandwidths closer to each other.

Metasurfaces for Controlling Phase and Polarization

The configuration and arrangement of meta-atoms on 
a metasurface can be efficiently optimized in order to 
achieve specific phase control and polarization conversion. 
A high contrast optical metasurface with dimensionally 
different elliptical dielectric nano-posts (Fig.14a) has been 
found to exhibit complete control over polarization and 
phase with a measured efficiency in the range of 72–97%.57 
An adaptability of this nature can be used for the imple-
mentation of various optical elements such as lenses, beam 
splitters, polarizers, and polarization-switchable phase 
holograms. Khan et al. 58 presented a multi-functional 
ultra-thin metasurface with capabilities for linear to cir-
cular polarization conversion and cross-polarization con-
version in the X-band. Here, cross-polarization conversion 
has been accomplished over 8 GHz to 11 GHz with an effi-
ciency of 95% and linear-to-circular polarization conver-
sion has been implemented in two frequency bands from 
7.5 GHz to 7.7 GHz and 11.5 GHz to 11.9 GHz. The unit 
cell, shown in Fig. 14b has also been found to be stable in 
its performance over a wide range of incident angles for 
both TE as well as TM polarizations. Chen et al. 59 experi-
mentally realized an ultra-wideband metasurface based on 
a double-head arrow structure (Fig. 14c) with nearly 100% 
polarization conversion efficiency at 6.8 GHz, 12.17 GHz, 
15.45 GHz, and 23.13 GHz. Further, a polarization rota-
tion reflective surface (PRRS), shown in Fig. 14d has been 
used for achieving 10-dB RCS reduction from 6.1 GHz to 
17.8 GHz.60

Fig.13  Unit cells used in metasurfaces for radar cross-section reduc-
tion: (a) Data from 49 (b) Data from 50 (c) Data from 51 (d) Data 
from 52 (e) Data from 53 (f) Data from 56.

Fig. 14  Unit cells used in metasurfaces for control of phase and 
polarization (a) Data from 57 (b) Data from 58 (c) Data from 59 (d) 
Data from 60.
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Diffusion Metasurfaces for RCSR

A conducting patterned surface with uniform distribution of 
phase orthogonal to the direction of radiation is convention-
ally used for focussing EM energy in the specular direction. 
In the case of conducting surfaces with uniform distribu-
tion of reflection phase, the scattered wave front will have 
a planar equiphase surface with respect to the incident EM 
wave causing the reflected wave to be completely focussed 
in a particular direction. Therefore, if the pattern on the con-
ducting plate is designed to have non-uniform distribution of 
reflection phase, the equiphase wave front will be disturbed 
and the impinging EM wave will be scattered randomly in 
different directions. This implies that the directional reflec-
tion in the specular direction will be minimized as the EM 
energy gets diffused in various directions. Further, the spec-
ular reflection can be completely eliminated by appropriate 
distribution of reflection phase of the conducting elements.54 
This is the theoretical background behind the application of 
diffusion metasurfaces for RCSR (Fig. 15).

The scattered waves from different parts of the conduct-
ing surface will undergo destructive interference due to 
non-uniform phase shifts eventually leading to diffusion of 
the reflected waves. A comparatively huge phase swing is 
required to effectively diffuse the scattered energy into all 
possible directions with the magnitude of the normalized 
reflection coefficient of each meta-atom close to 0 dB.61 
Paquay et al. 62 demonstrated that a chessboard configura-
tion (Fig. 16a) consisting of both perfect electric conductors 
(PEC) and artificial magnetic conductors (AMC) can reduce 
RCS due to destructive interference between the reflected 
waves from both units. PEC reflects the incident EM wave 
with a phase shift of 180°, whereas AMC reflects without 
any phase shift at the operating frequency. However, the 
bandwidth of this configuration is very narrow. Zhao et al. 
63 achieved -10dB RCS reduction over slightly broader fre-
quency range from 7.38 GHz to 10.47 GHz with an orthog-
onal arrangement of complementary split-ring resonator 

(CSRR) based AMC blocks, as shown in Fig. 16b. Another 
chessboard-like configuration using Jerusalem cross-based 
AMC shown in Fig. 16c has been proposed in Ref. 64 with 
broadband RCS reduction from 14.5 GHz to 21.8 GHz. In 
this case, the operational bandwidth has been found to be 
stable for incident angles to 10°. In a similar way, a chess-
board model based on saltire arrow and E-shaped unit cells 
on 2.28mm of RO4003 substrate (Fig. 16d) accomplished 
wideband RCSR over a frequency range of 9.4–23.28 GHz.65

An ultra-wideband polarization-insensitive diffusion 
metasurface has been presented in Ref. 66 where dimen-
sionally different square ring meta-atoms (Fig. 17a) have 
been distributed appropriately using the principles of array 
synthesis and particle swarm optimization. The total pro-
cessing time taken by the algorithm for optimization has 
been estimated as 83 s. Further, Su et al. experimentally 
demonstrated that the ultra-thin metasurace fabricated using 
RT/duroid 5880 substrate (thickness = 1.57 mm) have reflec-
tion coefficients less than 0.2 over the entire frequency range 
from 11.3 GHz to 40 GHz and over the range of incident 
angles from 0° to 40°. Similar algorithm has been used in 
Ref. 67 for optimizing a single layer metasurface based 
on asymmetric double arrows (Fig. 17b), towards achiev-
ing monostatic as well as bistatic RCSR for co-polarized 
and cross-polarized incident waves. The optimized distri-
bution achieved 10 dB monostatic RCSR from 7.5 GHz to 
22.5 GHz. Further, the performance was found to remain 
stable to an angle of incidence of 30° for both TE as well 
as TM polarizations. On an identical note, Wang et al. 61 
obtained RCSR greater than 10 dB (within the range of inci-
dent angles from 0° to 45°) in the frequency range of 7–13 
GHz using a windmill shaped unit cell,68 shown in Fig. 17c. 
Here, the far-field scattering algorithm took almost 10 min 
for each iteration in comparison with approximately 9 h for 
the same using numerical simulation. This methodology 
has been used for realizing low reflection surfaces in the 
THz  domain69,70 as well. A representative flowchart sum-
marizing the methodology for the optimization of diffusion 

Fig. 15  Working principle of diffusion metasurfaces. (a) Metasurface with diffused reflections (b) Metal plate with specular reflection.
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metasurfaces using PSO and array pattern synthesis (APS) 
is shown in Fig. 18.

Several reported works have combined diffused reflec-
tion mechanism along with other physical phenomena in 
order to achieve reduced RCS over broad frequency range. 
Diffused reflections in combination with surface wave con-
version have been used in Ref. 71 for achieving more than 
10 dB RCSR in the frequency range of 7.8–17.0 GHz. A 2D 
phase gradient metasurface (PGM) based on combined split-
ring resonator (CSRR), as shown in Fig. 19a has been used 
for accomplishing this. Further, polarization conversion and 

phase cancellation has been simultaneously accomplished in 
Ref. 12 using a chess board configuration based on concen-
tric split ring meta atom as shown in Fig. 19b. This metas-
urface could achieve broad band RCS reduction (within the 
range of incident angles from 0° to 30°) over a frequency 
range of 8.6–17.7 GHz.

Diffused reflections along with multiple resonances have 
been employed in Ref. 72 for realizing a polarisation insen-
sitive metasurface with reduced RCS in the X-band over a 
range of incident angles from 0° to 30°. The corresponding 
configuration is shown in Fig. 19c. Zhao et al. 73 proposed a 

Fig. 16  Diffusion metasurfaces with chessboard configuration. (a) Data from 62 (b) Data from 63 (c) Data from 64 (d) Data from 65.
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flexible metasurface using an achiral rotationally asymmetric 
meta atom (Fig. 19d) for achieving RCSR in X-band. Here, 
metallic patches have been printed onto a polyimide film 
using flexible printed circuit (FPC) technology.

Coding Metasurfaces for RCSR

Coding/programmable metasurfaces present an efficient and 
powerful design approach for realizing unique functionali-
ties by controlling the EM propagation.1,74 In this method, 
meta atoms with different reflection phases are arranged on 
the metasurface using coding sequences optimized for real-
izing a specific functionality. For instance, a 1-bit coding 
metasurface for RCSR will typically consist of two meta 
atoms assigned as ‘0’ and ‘1’ with their reflected wave fronts 
out of phase by 180°. The scattered waves from this digital 
metasurface can be tailored by optimizing the arrangement 
of ones and zeros on the surface using suitable optimization 
algorithm. Similarly, a 2-bit coding metasurface will have 
four digital elements.75 Yan et al. 76 proposed a flexible 
2-bit coding metasurface composed of four elements (‘00’, 
‘01’, ‘10’, and ‘11’) based on double cross metallic line, as 
shown in Fig. 20a. The distribution of digital elements has 
been optimized using PSO and the resultant metasurface 

achieved reflection coefficients less than − 10 dB over a 
broad frequency range from 0.8  THz to 1.5  THz. The 
metasurface also exhibited a stable frequency response for 
angles of incidence to 50° for TM polarization. Liang et al. 
77 achieved similar performance using a 1-bit polarization 
independent metasurface based on metallic ring resonator. 
Similarly, Zhang et al. 75 experimentally realized a 1-bit 
coding diffusion metasurface based on square ring patches 
as shown in Fig. 20b. The digital elements have been opti-
mized to have a reflection phase difference of 180° ± 37° 
and consequently achieved RCSR over a broad frequency 
band from 8.4 GHz to 22.76 GHz. Array analysis and simu-
lated annealing algorithm have been used in Ref. 78 to opti-
mize the layout of another 1-bit coding metasurface based 
on a simple rectangular patch element, as shown in Fig. 20c. 
The optimized metasurface exhibited reduced RCS in the 
frequency ranges of 5.26–6.80 GHz and 5.56–6.82 GHz for 
x- and y-polarizations, respectively. Similar configuration 
of meta atom has been used in Ref. 79 to realize a 1-bit cod-
ing metasurface (Fig. 20d) with reduced RCS in the THz 
regime. Here, the optimal layout has been generated based 
on Golay-Rudin-Shapiro (GRS) sequences. Further, a 3-bit 
coding metasurface based on a symmetric split ring unit 
cell (Fig. 20e) has been  proposed80 with 10 dB co-polarized 

Fig. 17  Diffusion metasurfaces optimized using PSO and principles of array synthesis. (a) Data from 66 (b) Data from 67 (c) Data from 68.
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RCSR (within the range of incident angles from 0° to 30°) 
from 8 GHz to 18 GHz. Both 1-bit as well as 2-bit coding 
metasurfaces with varied functionalities under polarizations 
have been theoretically and experimentally demonstrated at 
THz frequencies.81 A summary of prospective metasurfaces 
discussed so far with significant RCS reduction over a broad 
band is presented in Table I. Further, Table II summarizes 
the prominent techniques used by researchers to obtain the 
optimal layout in the case of diffusion metasurfaces.

Metasurfaces for RCS Reduction of Antennas

Antennas form an integral part of the communication 
systems with multiple entities deployed on military vehi-
cles for navigation, tracking, surveillance, etc. They con-
tribute immensely to the total RCS of the vehicle owing 
to their functionality to efficiently transmit and receive 

signals. Therefore, reducing the scattering from antennas 
is extremely crucial in determining the overall stealth per-
formance of the military assets. Metasurfaces have received 
significant research attention for this application due to their 
RCSR capabilities and ease of conformability. Su et al. 82 
reduced the monostatic as well as bistatic RCS of a micro-
strip patch antenna array using a 1-bit coding metasurface 
(Fig. 21a). Significant monostatic RCSR has been observed 
from 6 GHz to 7.6 GHz and 9.5 GHz to 26 GHz while pre-
serving its radiation characteristics and compactness. Like-
wise, Li et al. 83 reduced out-of-band scattering from a 
conventional microstrip patch antenna using a 2-bit coding 
metasurface as shown in Fig. 21b. The design is based on a 
chessboard configuration with two different AMCs used for 
obtaining a phase difference between 180° ± 37° over broad 
band of frequencies. The optimized layout, generated using 
matrix type random coding, achieved more than 7 dB RCSR 

Fig. 18  Flowchart for the optimization of diffusion metasurfaces using PSO and array synthesis.
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from 12.2 GHz to 19.8 GHz without affecting the radiation 
performance at the operating frequency of 8.7 GHz. Further, 
RCS of a high gain Fabry–Perot antenna has been reduced 
in X-band using a 2-bit coding metasurface.84 Antenna ele-
ments based on polarization conversion metasurface (PCM) 
has been  used85 to realize a circularly polarized (CP) antenna 
array with reduced RCS. Phase cancellation obtained due 
to the chessboard configuration of the antenna elements 
(Fig. 21c) aided in achieving both in-band as well as out-of-
band RCSR from 5.7 GHz to 7.7 GHz. In a similar way, a 
cross-polarization conversion  metasurface86 has been used to 
reduce both in-band as well as out-of- band RCS of a micro-
strip patch antenna. It has also been observed that the gain 
of the proposed antenna improved by 2 dB with radiation 

characteristics remaining intact. Jia et al. 87 presented a 
metasurface based aperture coupled patch antenna (Fig. 21d) 
with 10-dB RCSR over a wide frequency band from 5.5 GHz 
to 17.0 GHz. In addition, the gain of the proposed antenna 
got enhanced from 7.5 GHz to 11.5 GHz with almost 4.1 dB 
rise at 9.7 GHz.

A phase gradient metasurface (PGM) has been proposed 
in Ref. 88 to reduce the out-of-band RCS of a slot array 
antenna operating in the frequency range of 4.12–4.26 GHz. 
The PGM, loaded on the antenna as a superstrate, obtained 
significant RCSR from 7 GHz to 16.8 GHz. The reduced 
scattering can be attributed to the anomalous as well as 
diffused reflection characteristics of the PGM. Further, an 
absorber loaded microstrip antenna with a tunable PGM 

Fig. 19  Metasurfaces for RCSR based on diffusion of reflections and other physical phenomena. (a) Data from 71 (b) Data from 12 (c) Data 
from 72 (d) Data from 73.
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based superstrate proposed by Yu et al. 89 achieved beam 
steering, RCSR and gain improvement in the operating band 
of 4.2–4.55 GHz. A resistive metasurface based superstrate 
which is transparent in the operational band of a patch 
antenna array and absorptive for out-of-band as well as 
cross-polarized incidence has been proposed by Chen et al. 
90. RCSR for co-polarized waves has been observed from 
5 GHz to 9.1 GHz in the lower band and 11.4–16.1 GHz in 
the upper band. On the other hand, the achieved cross-polar-
ized RCS reduction bandwidth is from 5.5 GHz to 16.3 GHz. 
Liu et al. 91 experimentally realized a patch antenna with 
high gain and reduced RCS based on a holographic meta-
surface (HM), as shown in Fig. 21e. The antenna gain is 
obtained as 10 dB owing to the parasitic nature of HM. 
A wideband RCSR from 5.5 GHz to 21.5 GHz has been 
achieved due to its ability to transform the propagating wave 
into a surface wave. A low RCS microstrip antenna for con-
formal applications has been proposed in Ref. 92 where fan 
shaped -atoms have been used to accomplish phase cancella-
tion. The proposed antenna obtained broadband RCSR from 
5 GHz to 9.5 GHz. A summary of low RCS antennas based 
on metasurfaces is presented in Table III.

Recent Trends and Perspectives

The conventional workflow for the design of metasurfaces 
predominantly involves the brute-force approach start-
ing with preliminary EM modelling followed by extensive 
parameter optimization using evolutionary algorithms such 
as PSO and GA. The main drawback of these algorithms is 
that numerous EM simulations have to be carried out before 
finalizing the best possible design. This is computation-
ally exhaustive as well as time consuming. The situation 
becomes worse in the case of designs with complex meta-
atoms where the number of parameters to be optimized are 
exceedingly high. However, researchers accept this complex 
and resource consuming design process as it is often the only 

Fig. 20  Coding metasurfaces used for RCS reduction. (a) Data from 
76 (b) Data from 75 (c) Data from 78 (d) Data from 79 (e) Data from 
80.

Table I  Summary of prospective 
metasurfaces with broadband 
RCS reduction

Reference Configuration of unit cell Total thickness 
(mm)

Frequency range with 
10 dB RCSR (GHz)

Ghosh et al. 50 Split ring 2 7.8–12.2
Zhao et al. 63 CSRR 2 7.3–10.4
Su et al. 80 Spit ring and cut wire 3 7.9–21
Wang et al. 61 Wind mill 4 7–13
Galarregui et al.64 Jerusalem cross 1.27 14.5–21.8
Esmaeli et al. 65 Saltire arrow and E-patch 2.28 9.4–23.2
Lu et al. 67 Arrow and square cut patch 3 7.5–22.5
Li et al. 71 Split ring 2.5 7.8–17
Fang et al. 12 Split ring 3 8.6–17.7
Song et al. 72 Disc with concentric ring 3 7–12
Zhao et al. 73 ‘#’ shaped ring with square ring 4 7.6–12.1
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feasible solution to obtain a high-quality design. With rapid 
developments in data science, cutting-edge data processing 
technologies and affordable data storage, machine learning 
algorithms can be effectively used to minimize the role of 
computationally expensive EM simulators in the design of 
metasurfaces for stealth applications.

A deep learning neural network has been proposed in 
Ref. 93 for the design of anisotropic coding metasurfaces. 
Artificial neural networks (ANNs), popularly known to have 
functionality similar to that of a human brain, are data pro-
cessing frameworks that can predict the solution to a prob-
lem by learning from a set of similar problems. The accuracy 
of the predicted solution largely depends upon the quality 
of training, i.e., the amount of data and type of algorithm. 
The proposed deep learning methodology in Ref. 93 could 
extract the relation between unit cell pattern and reflection 
characteristics using a training data set containing 70,000 
examples in place of the  264 combinations practically pos-
sible for a 16 × 16 lattice. The model has been then used for 
predicting the metasurface pattern for accomplishing multi-
beam properties.

Deep learning approach has also been used for the mod-
elling of all-dielectric metasurfaces in Ref. 94. Shan et al. 
95 proposed a convolutional neural network for the design 
of coding metasurfaces for beam forming applications. 
Recently, a fully automatic metasurface design framework 
based on deep learning approach has been proposed in Ref. 
96. The proposed framework named ‘Reactive’ is capable of 
predicting the metasurface pattern for achieving a particular 
design target. For the purpose of illustration, a triple-band 
absorber has been designed and the time taken has been 
reduced by almost 98% with respect to conventional design 
approach. Xiao et al. 97 proposed a similar model in the 
terahertz band where sufficient accuracy has been achieved 
with less number of training examples. Further, an integrated 

hardware platform has been designed in Ref. 98 where a 
network of electronic controllers generates the appropriate 
metasurface on the basis of external commands requesting 
for a specific EM functionality.

Conclusion

Metasurfaces are gradually replacing their 3D counter-
parts, i.e., metamaterials on account of their attractive 
features like reduced weight penalties, less space con-
sumption, low losses and ease of fabrication. These fea-
tures in combination with their capability to manipulate 
EM waves make them excellent choices for accomplish-
ing stealth features on various military platforms. In this 
regard, the present paper has given a concise overview 
on the recent advancements in the field of metasurfaces 
for low observable applications. The theoretical back-
ground has been explained with supporting formulation. 
Further, the different kinds of metasurfaces that have been 
reported in open domain for RCSR including diffusion 
metasurfaces, coding metasurfaces and low RCS antennas 
based on metasurfaces have been elaborately reviewed. 
It is apparent from the reported works that metasurfaces 
can reduce scattering over a broad range of frequencies 
for a wide range of incident angles and arbitrary polari-
zations with reduced thickness. The various techniques 
used for the design and optimization of metasurfaces have 
also been mentioned including the current trend of using 
deep learning methodology for the same. The metasurfaces 
presented here are by no means the only ones capable of 
accomplishing RCSR. However, they give an indication on 
how metasurfaces can be designed for specific constraints 
(frequency range and thickness) and on the techniques that 
can provide optimized performance.

Table II  Summary of techniques 
used to obtain the optimal 
layout in the case of diffusion 
metasurfaces

Reference Type of unit cell Optimization technique Operational freq. 
range (GHz)

10 dB RCSR 
bandwidth 
(GHz)

Su et al. 66 Square ring PSO and APS 11.3–51.3 40
Lu et al. 67 Double arrow PSO and APS 7.5–22.5 15
Zhang et al. 69 Square patch PSO and APS 900–1600 700
Dong et al. 70 ‘#’ and square rings PSO and APS 1000–1800 800
Wang et al. 61 Windmill PSO and APS 7–14 7
Yan et al. 76 Double cross line PSO 800–1500 700
Zhao et al. 78 Rectangular patch Annealing algorithm 4–8 4
Moccia et al. 79 Square patch GRS sequence 800–1600 800
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Fig. 21  Low RCS antennas based on metasurfaces. (a) Data from 82 (b) Data from 83 (c) Data from 85 (d) Data from 87 (e) Data from 91.

Table III  Summary of low RCS antennas based on metasurfaces

Reference In band RCSR band-
width (GHz)

Out of band RCSR 
bandwidth (GHz)

Su et al. 82 9.5–26 6.72–7.6
Li et al. 83 – 12.2–19.8
Zhang et al. 85 5.7–7.7 –
Jia et al. 87 – 5.5–17
Liu et al. 91 9.7–10.7 5.5–21.5
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