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Abstract. In this paper, recent developments of metamaterials and metasurfaces for RCS reduction are
reviewed, including basic theory, working principle, design formula, and experimental verification. Super-thin
cloaks mediated by metasurfaces can cloak objects with minor impacts on the original electromagnetic field
distribution. RCS reduction can be achieved by reconfiguring scattering patterns using coding metasurfaces.
Novel radar absorbing materials can be devised based on field enhancements of metamaterials. When combined
with conventional radar absorbing materials, metamaterials can expand the bandwidth, enlarge the angular
range, or reduce the weight. Future tendency and major challenges are also summarized.
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1 Introduction

Left-handed material with negative permittivity and
negative permeability is a typical type of metamaterial,
which possesses many novel physical characteristics, such as
negative phase shift, negative reflection /refraction, inverse
Doppler effect, and backward Cerenkov radiations [1].
However, due to the lack of such materials in nature, this
concept did not attract much attention until the experimen-
tal verifications of negative permittivity and negative
permeability at microwave frequency using artificial struc-
tures by Pendry et al. [2,3], respectively. In 2001, Smith and
coworker’s firstly observed mnegative permittivity and
permeability simultaneously in the combination of metal
wires and split ring resonators (SRRs) [4]. Since then,
metamaterials have achieved huge developments and been
widely applied in areas of mechanics [5-7], acoustics [8,9],
optics [10,11], and microwave engineering [12]. As an
important branch, planar metamaterial constructed by a
two-dimensional array of subwavelength structures is called
metasurfaces [13]. Owing to subwavelength dimensions and
flexible arrangements, the effective surface parameters of
metasurfaces can be designed to be inhomogeneous and
anisotropic [14]. On the basis for transformation optics and
physical principles, this unique ability to flexible design
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makes metamaterials and metasurfaces very efficient in
controlling the electromagnetic (EM) waves. Hence, lots of
unusual and fantastic phenomena that cannot generate by
conventional media have been achieved utilizing metama-
terials or metasurfaces, such as negative refraction [15-17],
super-resolution imaging [1§], invisible cloaking [19-21],
microwave and optical black holes [22,23], perfect absorption
[24-26], anomalous reflection [13,27], asymmetric trans-
missions [28-30], optical and microwave vortex [31-33],
photonic spin Hall effect [34], and polarization rotation
[35-37], etc.

Recently, applications of metamaterials and metasur-
faces for low-observation platforms have attracted enor-
mous interests due to their unusual properties [38—48].
Without considering signal distortion, these radar cross
section (RCS) reduction technologies can be generally
classified into three categories according to respective
working principle: metamaterials/metasurfaces for elec-
tromagnetic wave (EMW) cloaking, scattering, and
absorbing. In 2006, Pendry et al. and Leonhardt proposed
the transformation optic (TO) theory and an EM cloak
that could render a given volume invisible to EM waves,
which also provide an efficient way to control the
propagating direction, polarization state, amplitude, and
phase of EM waves [49,50]. The concept of the invisible
cloak realized using the TO theory was later verified by
experiments in the microwave frequency [51]. Then,
arbitrarily shaped cloaks have been proposed to cloak
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obstacles with regular and irregular shapes [52-54]. Such
cloaks were improved by using layered structures of
homogeneous isotropic/anisotropic materials to facilitate
their practical design and fabrication. Meanwhile, research-
ers started to explore other methods for EM cloakings. Alu
and Engheta [19] attempted to realize plasmonic cloaks
based on scattering cancellation, while Wang et al. proposed
another scheme based on transmission-line networks. For
instance, two approaches for EM cloaking were experimen-
tally verified by using lumped inductors and capacitors and
metallic transmission-lines [55,56].

EM scattering is another efficient technology for RCS
reduction without absorbing the EMW energy [38-42].
Macroscopically speaking, the main idea is to deflect or
distribute the incident EMWs in all directions so as to
make the object undetectable. Traditionally, this was
always achieved by adopting angular shapes and irregular
surface to reflect incident waves into the non-threatening
angular domain so as to increase the survivability against
radar detection. However, as mentioned above, subwave-
length resonators of metasurface can provide a flexible way
to reshape the wave-front by tailoring their dimensions,
converting the polarization state [57] or adjusting their
geometric positions [58]. Then, by artificially arranging the
various resonators in a specific or random order, the
constructed phase metasurfaces can show excellent
properties for anomalous EMW scatterings. As an
important milestone, in 2011, the general Snell’s law of
reflection and refraction was proposed and verified by
introducing several abrupt phase shifts on a metasurface [59],
resulting in a phase gradient that could be used to
manipulate the wave-fronts of lights. Since then, phase
metasurfaces have experienced rapid development, produc-
ing many interesting works for RCS reduction. In 2012, an
appropriate gradient phase metasurface was used to couple
spatially propagating waves into surface waves with high
efficiency, the energy of which was tightly bounded on the
surface [60]. Owing to the characteristic features of field
enhancement and wavelength compression, this method
for surface waves generating was further adopted to enhance
the absorptivity and reduce the thickness of traditional
absorbing materials. In 2014, Giovampaola and Engheta [61]
proposed the concept of “digital metamaterials’, which
makes use of appropriate spatial mixtures of “metamaterial
bits” to construct elemental “metamaterial bytes” with
desired effective medium parameters [62—64]. In the same
year, from the viewpoint of information process, Cui et al.
introduced the concepts of coding, digital, and programma-
ble metasurfaces [65]. As an example of their works, 1-bit
coding metasurface was constructed by a sequence of binary
coding particles “0” and “1”, which correspond to “0” and “z”
phase responses, respectively. For an alternative 1-bit code
sequence, the backward RCS of the metasurface turns out to
be greatly decreased due to the diffusion effect. Actually, the
incident waves can be further scattered into more directions,
if each coding bit contains more phase states. Moreover, the
far-field scattering pattern of metallic objects can be
efficiently controlled by the use of coding phased metasur-
face, which opens up a new perspective for field reconfigura-
tion in the microwave regime [66-68].

As known to all, one of the mainstream approaches for
EM absorber designs is to use Salisbury screens [69]. These
absorbers are always constructed out of a resistive sheet
located about a quarter wavelength away from an equal-
sized perfect electric conductor (PEC). For seeking other
routes for EMW absorbing, a high performance ultra-thin
absorber was introduced by Engheta [70] with the use of
high impedance metasurfaces. Instead of a quarter wave
away from the PEC, the high impedance surface was used
just next to the resistive sheet to realize a PMC plane
and successfully fulfilled the required phase difference for
field cancellation. Then in 2003, Kern and Werner [71]
presented a novel approach for an ultra-thin absorber
utilizing a GA-optimized metallic pattern printed on a very
thin dielectric material backed by the PEC. The metallic
pattern was a lossy screen, which could significantly absorb
the EM energy by resonances. A one-layer ultra-thin meta-
surface absorber was then proposed and demonstrated by
Mosallaei and Sarabandi [72]. The absorber was composed
of a periodic square patch array etched on a dielectric
substrate backed by a metal sheet. Due to strong
resonances and a good impedance matching with the free
space, the square patches were coupled to each other
through lossy dielectric materials representing lumped
resistors. On the basis of this concept, varied metallic
pattern with different dimensions is applied to expand
the absorbing bandwidth by merging multiple resonant
frequencies [73-75]. In this review, from three mentioned
respects for RCS reduction, we have introduced several
novel approaches based on metasurface and metamaterial
for cloaking, scattering, and absorbing by our group
researchers in recent years.

2 Metasurfaces for EM cloaking

2.1 Super-thin cloak mediated by spoof
surface plasmons

Bandwidth extension, thickness reduction, and bigger
cloaking region are now the three key issues of cloaks.
Nevertheless, to enlarge the cloaking region, it is of great
importance to introduce more complicated theoretical
analysis as well as complex designs. Cloaks based on the
TO theory exhibit quite broad bandwidth for cloaking, but
suffer from bulky volume and large thickness, comparable
to the radius of cloaked object. In reference [76], Wang et al.
of our group reported several novel super-thin spoof surface
plasmon (SSP) cloaks for large objects. SSP is the
counterpart of surface plasmon polariton (SPP) in
microwave regime. Due to strong field confinement, SPPs
and SSPs are capable of modulating EM waves at
subwavelength scales. Coordinate transformations are
applied to analyze a microwave SSP-supporting system,
an interface between air and microwave magnetic
metamaterial. Figure 1 gives an 8.2 GHz cloak imple-
mented using SRRs. Thickness of the cloak is less than 1/50
the cloaked diameter. Since the SSP fields are the highly
bounded around the cloaked object, such cloaks have
shown lots of promising applications in areas of weak wave
detection and high-sensitivity sensing. Then, inspired by
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Fig. 1. (a) The schematic diagram of unit cell, (b) transmission/
reflection comparisons with and without the cloaking, (c)
implementation of a super-thin cloak, (d-i) the electric field,
magnetic field, and power flow distributions at 8.2 GHz on z-o0-z
plane with (the left panel) and without (the right panel) the
cloaking. From reference [76]. Reprinted with permission from
Elsevier.

the concept of grating-coupled waveguide (GCW), another
cylindrical EM cloak wrapped with evenly spaced elemen-
tary metallic structures [77] has been proposed and
demonstrated by the same authors, as shown in Figure 2.
The bulgy patches play the role of gratings to efficiently
couple incident waves onto the attached metallic lines and
then decoupled into the free space behind the cloaked
obstacle. The metallic lines also play the role of waveguides
to transfer incident energy to the back of the cloaked
obstacle and keep the wave-front’s shape by phase
compensation. This kind of cloaks can be readily applied
to cloak more complicated objects and is also quite easy to
fabricate in practice.

2.2 Super-thin cloak based on microwave networks

To reduce the whole thickness of cloak, Wang et al. further
proposed a new scheme to super-thin EM cloaks by means
of microwave networks [78], as illustrated in Figure 3a. The
unit resonator of the cloak is equivalent to a three-port
microwave network. Under normal illumination, one of the
three ports is aimed to receive EM waves, while the other
two ports are adopted to transfer the received energy
around the cloaked object and finally retransmitted into
the shadowed region. As a result by this way, desirable but
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Fig. 2. (a, b) Perspective and top views of rectangular copper
shell with GCW cloak, (¢, d) transmission/reflection comparisons
with and without cloak, (e-h) electric field snapshot and power
flow at 11.9 GHz under side (the left panel) and edge (the right
panel) incidences. From reference [77]. Reprinted with permission
from IOP.

non-perfect cloaking effects can be obtained. A /40 thick
cloak was presented for artificial and experimental
demonstrations. The designed cloak is made of a number
of interconnected metallic patches attached around the
cloaked object. From Figure 3b, it should be noted that a
normal transmission peak occurs at 3.63 GHz. Concluding
from the field distributions given in Figure 3c,e,g at
3.63 GHz, we can see the amplitudes of electric/magnetic
fields before and after propagating through the cylinder
almost remain the same. More importantly, the phase-front
shape is excellently kept after passing through the copper
cylinder. Comparatively, strong reflection occurs on the
case of the copper cylinder without the cloak. This can also
be verified by obvious shadowed region phase-fronts are
distorted in the back of the cylinder as depicted in
Figure 3d,f,h. Owing to thin thickness and easy fabrication,
the design method inspired from microwave network can
exactly provide an alternative way to realize super-thin
EM cloak.

2.3 Broadband unidirectional cloak based on flat
metasurface focusing lenses

Then inspired by geometric optic theory, as shown
in Figure 4, Li et al. of our group then proposed a
thin unidirectional EM cloaks wusing transmitted
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Fig. 3. (a) Copper cylinder enclosed by the designed cloak,

(b) transmission and reflection for an infinitely long copper
cylinder with cloak, (c-h) the electric field, magnetic field, and
power flow distributions at 3.63 GHz on z-o0-y plane with (the left
panel) and without (the right panel) the cloak. From reference [78].
Reprinted with permission from IEEE.

metasurfaces [79]. To this end, a flat focusing lens was
firstly devised by elliptical SRRs, characterized by
broadband and high cross-polarization conversion efficien-
cy. Discrete transmitted phases are obtained by tailoring
the width of split ring and rotating around the resonator’s
center. For compensating the phase difference caused by
the wave path-difference, a nearly dispersionless parabolic
phase profile is artificially distrusted on the metasurface.
Two identical metasurface lenses were then used to
construct the broadband unidirectional EM cloak. Under
normal illumination, incident plane waves can be focused
efficiently after passing through the front flat lens and then
restored by the other one, avoiding the cloaked region. Due
to broad bandwidth and small thickness, such cloaks
designed by this way show potential applications in making
electrically large objects invisible.

3 Phase metasurfaces for EMW scattering

Wave-front shaping is always realized by a gradual phase
accumulated along the wave propagation path, which makes
conventional optical devices surfer from bulky volume. To
address this drawback, the concept of discontinuity abrupt
phase changes achieved using an array of sub-wavelength
resonators has been proposed and demonstrated for
efficiently wave-front shaping under normal illumination.
When the discrete phases are in common difference, such thin
artificial surfaces are so called phase gradient metasurface
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Fig. 4. (a) Principle diagram of the proposed unidirectional
cloak, (b) the normal transmissions of the designed unidirectional
cloak with and without the metal block, the simulated
distributions of the E, field and the amplitudes of the electric
fields |E| at 16 GHz on the z-0-z plane, (c, d) for cloak without
triangle metallic blocks, (e, f) for cloak with triangle metallic
blocks. From reference [79]. Reprinted with permission from IOP.

(PGM). As indicated by the published works of metasur-
faces, abrupt phase responses are always introduced by
dimension tailoring, polarization state converting, and
geometric position rotating of the resonators. By periodically
or non-periodically arranging these resonators with different
phase profile, the formed metasurfaces can exhibit low RCS
performance within the specific frequency interval of
interest.

3.1 Polarization independent phase gradient
metasurface

Early in 2012, a perfect SSPP coupler based on PGM
has been proposed and demonstrated by our group using
SRRs [80]. Normally incident EM waves are coupled
efficiently into SPPs bound to the surface of PGM,
although this only takes place in a narrow bandwidth.
Then, following the similar idea, Li et al. of our group
proposed to achieve RCS reduction using two-dimensional
PGMs [81]. Two physical principles (surface wave coupling
and anomalous reflection) have been applied to achieve
broadband and high-efficient RCS reduction. When the
introduced phase gradient is larger than the wave vector k,
in free space, the incident waves are efficiently absorbed
and loss by dielectric material due to surface wave
coupling. On the other hand, when it is less than ky within
the corresponding frequency band, the incident waves are
deflected to the non-threatening angular domain because of

Q4



Y. Fan et al.: EPJ Appl. Metamat. 6, 15 (2019) 5

(b)

49n/18

Tn/3

35n/18

147/9

Inl6

/9

Reflectivity(dB)

8 10 12 14 16
Frequency(GHz)

| ===Metasurface
i === Theoretical value for Metal plate
sl —— Metal plate
8 g 10 11 12 13 14 15 16 17
Frequency(GHz)

Fig. 5. (a) Super unit cell of 2D PGM, (b) phase profile of 2D PGM along two orthogonal in-plane directions at 7.7 GHz, (c, d)
measured reflections and RCS versus frequency under normal incidence. From reference [81]. Reprinted with permission from AIP.

anomalous reflections. Consequently, owing to these two
physical mechanisms, the RCS has been dramatically
reduced in a wide frequency band. Since the adopted
resonators are symmetric, such PGMs are polarization-
insensitive. As the results given in Figure 5, the sub-array
of the 2D PGM consists of a square combination of 7*7
subwavelength SRRs. Both the simulated and experimen-
tal results show that the proposed metasurface can realize
wideband, polarization-insensitive, and high-efficient RCS
reduction over the frequency range from 7.8 to 17.0 GHz.

3.2 Cross-polarized phase gradient metasurface
for anomalous reflection

Additionally, polarization mismatching also greatly con-
tributes to the goal of low-observation so as to be detected
by other radars. Since polarization-insensitive PGMs
usually require to tailor symmetric resonators to modulate
phase of reflected and transmitted waves, the bandwidth is
thus seriously limited by resonant characteristic of the
symmetric resonator. To further extend the bandwidth for
anomalous reflection, Chen et al. of our group have

proposed an alternative method to expand the bandwidth
of PGMs by means of merging multiple resonances [82-83]
for polarization conversion. As shown in Figure 6,
asymmetric structures are adopted as the fundamental
element for realizing wideband deflection, which possess
ultra-wideband linear polarization (LP) conversion. By
tailoring their dimension parameters, rotating their
geometric positions, and cross-polarized conversion, a
constant phase gradient is formed by several chosen
resonators in a wide frequency band under normal
incidence. As the results indicate, the proposed PGM
has been demonstrated to be capable of deflecting the
incident wave and converting the LP state into its
orthogonal one within the broad frequency band. The
corresponding deflected angle can be theoretically calcu-
lated by the generalized Snell’s law.

Subsequently, based on the polarization theory of EM
waves that LP waves can be decomposed into left-handed
circular polarization (LCP) and right-handed circular
polarization (RCP) waves with equal amplitudes, Li et al.
proposed to realize wideband polarization-insensitive
anomalous reflection of LP waves by reflective PGMs



6 Y. Fan et al.: EPJ Appl. Metamat. 6, 15 (2019)

——f=9GHz, 0=682°
——f=11GHz, 0 =49.5°

=13GHz, 0 =40.4°
——f=15GHz, 0 =34.7°
£-17GHz, 0 <30.0°

Cross-Polarization Reflection /dB
=

10 12 14 16 18
Frequency / GHz

Fig. 6. (a) The photograph of fabricated sample and zoom-in
view of super cell composed of six unit cells, (b) measured cross-
polarized reflection versus frequency under normal a-polarized
s incidence, (c-h) the snapshots of electric field E, for 9.0, 11.0,
13.0, 15.0, 17.0, and 19.0 GHz. From reference [82]. Reprinted
with permission from AIP.

with dispersionless phase gradients for CP waves [84]. To
ensure high-efficiency for anomalous reflection, near-unity
co-polarization reflection is required. A metasurface
reflector consists of N-shaped metallic resonators was then
presented to realize wideband and highly efficient
polarization-keeping reflection under LCP and RCP
incidences, while cross-polarization reflection occurs on
the metal plane. The polarization manipulation was
controlled by different phase changes distributing along
two in-plane directions due to the anisotropy of resonator.
To this end, a reflective PGM was then designed to
introduce a dispersionless phase gradient for CP waves.
The phase gradient was introduced through rotating the
resonators in-plane with a certain degree, as given in
Figure 7. Due to opposite spin angular momentums of LCP
and RCP waves, the in-plane phase gradient also exhibited
opposite directions, respectively. As a result, the reflected
LP waves were separated into two beams with opposite-
signed reflection angles, which can be approximately
calculated by the generalized Snell’s law. Moreover, since
the component LCP and RCP waves are irrelevant to
polarization angles, the anomalous reflection is insensitive
to the polarization angles of incident LP waves.

3.3 Coding metasurface for RCS reduction

Initially, coding metasurfaces [85] are aimed at digitalizing
EM information of the metasurface by programming the
amplitudes and phases of sub-wavelength resonators to
control EM waves. After nearly a decade of development,
this concept has been extended from microwave to
terahertz frequencies [86], from isotropic to anisotropic,
from reflection-type to transmission-type [87], from single-

band to multi-band, and from spatial coding to time coding
[88]. Initially, our group mainly focuses on the resonator
optimization through genetic algorithm combined with
some kinds of intelligent algorithm. Sui et al. developed this
topology optimization method to design the fundamental
element of metasurface [89]. On a properly thick dielectric
substrate, the optimization area is divided into M*N
smaller squares marked by “1” or “0”. The element “1”
indicates the unit area decorated with the resistive patch or
metallic patch, while the element “0” means the one with
nothing. In practical cases, the optimization goal usually is
set as a multi-objective optimization problem including the
desired frequency range, the absorption, the incident angle,
etc. For a specific instance, a lightweight ultra-broadband
wide-angle resistance frequency selective surface (FSS)
absorber has been proposed and demonstrated, as shown in
Figure 8.

Then, the authors have studied on encoding reflective
phase information of subwavelength elements as a specific
phase profile on the metasurfaces for further modulating
the EM waves. Post-processed by the antenna array
theory, this method has been verified to generate desired
beams in the predesigned directions in far fields. For the
goal of wideband but polarization independent RCS
reduction without introducing multi-resonances, Sui
et al. have designed a symmetric metallic resonators
characterized with low Q-factor. These structures remain
broad bandwidth but smooth phase changes as tailoring or
scaling the geometric dimension. Two optimized elements
with a 180° reflection phase difference are coded as “0” and
“17, respectively. An example is given in Figure 9 to
demonstrate the excellent diffusion performance of a 1-bit
coding metasurface [90]. By arranging two coding elements
randomly, incident EM waves have been scattered into
numerous directions in the broad bandwidth of interest.
The RCS has been dramatically reduced over 10 dB from 12
to 24 GHz, compared with an equal-sized PEC.

However, such symmetric coding resonators are lack of
discordant resonant amplitudes, which take a negative
influence on the efficiency for EM wave control. Addition-
ally, it is necessary to find another way to further modulate
the scattering patterns of coding metasurfaces, while specific
number of beams, directions, even particular beam shape are
required in more complicated low-RCS applications. To this
end, coding element capable of co-polarization reflection
under circularly polarized wave incidence should be a good
candidate, because of their nearly unity amplitudes. Besides,
owing to spin angular momenta carried by circularly
polarized waves, arbitrary Pancharatnam-Berry (PB)
phase change can be flexibly and simply obtained by
rotating the coding element around the center, which is
generally equal to the corresponding rotation angle. Since the
Fourier transform relation between the coding pattern and
its far-field radiation patterns, the convolution operations
of multi far-field patterns in frequency can be processed
by simply adding their coding patterns. Following a proof-of-
principle demonstration of PB phase metasurface in
reference [91], Feng et al. of our group have proposed a
2-bit coding metasurface for wideband RCS reduction
by adding a 2D phase gradient with a random coding
pattern [92]. Seen from the simulated far-field scattering
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(c) measured reflection under linearly polarized incidence, (d) measured anomalous reflection angle spectra. From reference [84].

Reprinted with permission from IOP.

patterns in Figure 10e—h, under normal incident RCP
and LCP waves, the reflected waves have achieved the
diffusion scatterings by the random coding pattern and
been deflected from the normal direction by 2D phase
gradient. On the case of normally incident linearly
polarized waves, the diffusion scatterings for decomposed
RCP and LCP waves were reflected into two inverse
directions with equal elevation and azimuth angles. To
further verify the performance of RCS reduction, the
authors measured the specular reflection and presented
in Figure 10j, where it has been reduced more than 10 dB
from 11.95GHz to 18.36 GHz and 12.03GHz to
18.48 GHz under normally incident 2~ and y-polarized
waves.

4 Metamaterial/metasurface absorbers

4.1 Resistive metamaterial absorbers

With the supporting of screen printing technology,
resistive film with strong Ohmic loss was employed to
fabricate the metamaterial absorbers (MAs). As one of the
important members of MAs, the resistive F'SS proposed by
Munk et al. is regarded as an alternative to design
broadband absorber. Then, Sun et al. designed various
absorbers utilizing resistive F'SS [93]. Because the thickness
of the plane MAs is much less than wavelength, the
excitation of the EM resonance mode is single, resulting in
narrow absorption band. Therefore, researchers tried to
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extend 2D structure design to 3D. Shen et al. of our group
proposed an absorber based on the standing-up resistive
patch array [94], as shown in Figure 11. By rolling the
resistive films into a cuboid-shaped box, the polarization-
independent property can be obtained. Both the simulated
and measured results of specular reflections indicate that
the proposed absorber exhibits more than 90% absorption
within the frequency range from 3.9 to 26.2 GHz. The ultra-
wide absorption bandwidth mainly results from the
multiple standing wave resonances excited by the stand-
up resistive films and strong Ohmic losses. The areal
density is as light as 0.062 g/ cm?. Furthermore, taking the
example by the 3D origami structure, the authors then
designed the metamaterials absorber with a folded

Y. Fan et al.: EPJ Appl. Metamat. 6, 15 (2019)

N
o

py
o

,RCS/dBsm
o

-
o

6 8 1012 14 16 18 20 22 24
Frequency/GHz

Fig. 9. (a) Schematic illustration of the unit cell, (b) the
corresponding low Q-factor of elements “0” and “17, (c¢) the
optimized configuration of CM, (d) corresponding random coding
sequence, (e) the full wave simulation result of optimal CM,
(d) the measured RCS comparison between CM and equal-size
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standing-up resistive film lying on the metallic plane
[95], as displayed in Figure 12. Compared with the
conventional planar resistive FSS absorber, the designing
scheme can easily fulfill good absorption for large incident
angle. As verified by simulated and measured results, the
proposed absorber can achieve the broadband and larger-
incident angle absorption in the frequency band of
3.6-11.4 GHz, even when the incident angle is 75°. And
the corresponding area density is only 0.023 g/cm?.

4.2 Microwave absorber enhanced by metasurface
incorporation

The conversional magnetic absorbing materials (MMs),
profiting from large magnetic permeability and loss, had
been widely employed to achieve broadband absorption in
high frequency domain. However, it will suffer from large
matching thickness, heavy weight, and narrow band when
used in lower frequency. MA based on the configuration of
metal resonator-dielectric sheet-metal backboard usually
has narrow band due to its strong resonance. To overcome
the deficiency, researchers proposed loading traditional
absorbing materials to improve impedance matching and
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Fig. 10. (a-d) The unit cells of coding elements “00”, “017, “10”,
and “117, (e-h) the simulate 3D far-field scattering pattern at
15 GHz under normal LCP, RCP, z-polarized and y-polarized
incident waves, respectively, (i) the sample photograph where
the inset is the detailed picture of coding element “007, (j) the
specular reflections under normal a-polarized and y-polarized
incident waves. From reference [92]. Reprinted with permission
from I0P.
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Fig. 12. MA based on standing-up resistive origami structure,
(a) schematic structure, (b) simulated reflection spectra under the
oblique incidences. From reference [95]. Reprinted with permis-
sion from IOP.

dispersion characteristics. Fan et al. of our group proposed
a composite absorber (CA) consisting of the MM and ultra-
thin PGM. The propagation distance of EMW in the MM
can be enlarged by the anomalous refraction and reflection
generated by the PGM, which makes the absorption
property in low microwave frequency is improved [96]. As is
shown in Figure 13, without changing the entire thickness
and weight, the average specular reflection has been
dropped down to lower than —10 dB from 2 GHz to 12 GHz,
which indicates the absorptivity is more than 90%. In
detail, by two physical mechanisms of EMW deflection and
absorption, the absorbing property has been enhanced
about 6 dB from 2 GHz to 3 GHz, decreased about 3dB but
still lower than —10dB from 3GHz to 4.8 GHz and
improved near 3dB in the 4.8-12 GHz frequency regime.
The absorbing relative bandwidth is up to 143%.
Meanwhile, water is served as a promising media due to
its strong frequency dispersion at microwave frequencies.
Thus, Pang et al. combined water with low-permittivity
material (LPM) as the compounded dielectric substrate to
design metamaterials absorbers [97]. Good absorbing
performance can be obtained at the temperatures of
interest. As an example given in Figure 14, the absorption
efficiency was larger than 90% in the frequency range from
6.2 to 19 GHz at 20 °C. It is reasonable to believe that water
can be a feasible candidate for designing other broadband
thermal control absorbers.

=== =Simulated
— Measured

Reflectivity/dB

4 8 12 16 20 24 28
(b) Frequency/GHz

Fig. 11. MA based on standing-up resistive patch array, (a) schematic diagram, (b) the simulated and measured reflection under the
normal incidence. From reference [94]. Reprinted with permission from AIP.
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Reprinted with permission from AIP.
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Fig. 15. (a) The unit of the absorber, (b) the fabricated absorber sample, (c) the comparison of the simulated and measured
absorption. From reference [98]. Reprinted with permission from Nature.

4.3 Spoof surface plasmonic polaritons (SPPs)
absorber

To investigate new approaches for energy absorbing, Pang
et al. of our group proposed a concept to achieve
customized broadband absorber using the spatial disper-
sion engineering of k-vector [98]. For this goal, SPPs
characterized by controllable dispersion relations would be
an ideal candidate to directly engineer the spatial
dispersion of k-vector. Although SPPs naturally exist at
optical frequencies, structured metamaterials have been
demonstrated to excite and support spoof SPPs at

microwave frequencies. Due to the field confinement within
subwavelength dimensions of spoof SPPs,; such metama-
terials can achieve strong absorption by introducing proper
losses. As shown in Figure 15, the authors adopted two
orthogonally arranged corrugated plasmonic strips to
create a broadband and frequency-selective spoof SPP
absorber. The spatial dispersion relations are controlled by
tailoring the length of the metallic lines. As an example,
linearly varied lengths are applied to minimize the k-
mismatching with the space wave. The absorption
efficiencies for #- and ypolarized incidences are more than
90% within the frequency range in the gray region as



Y. Fan et al.: EPJ Appl. Metamat. 6, 15 (2019) 11

indicated in Figure 15c. It should be noted an important
advantage of this concept is the easy process of material
parameters and subsequent optimization. This concept can
comparatively reduce the weight of absorber on the case of
high absorption property, which also provides a new
perspective for explaining many multiband and broadband
MAs reported in previous works.

5 Summary and outlook

In conclusion, we have summarized the RCS reduction
technologies based on metamaterials and metasurfaces and
reviewed their developments in recent years. The review
primarily concentrates on the design principle, phase
change control, simulated, and experimental implementa-
tion. Without disturbing the original EM field distribu-
tions, we have demonstrated three kinds of EM cloaks for
the goals of light weight, large cloaking area, and broad
bandwidth. Utilizing phase changes caused by tailoring the
dimensions, rotating their geometric positions of the
resonators, and converting the polarization state of
incident waves, metasurfaces designed with phase gradient
profiles and random coding sequences have been verified to
achieve excellent performances for broadband RCS reduc-
tion. From the presented examples, we can also see the
powerful ability of phase metasurface to shape the near-
filed distributions as well as tailor the far-field radiations in
microwave regime. The paper finally reviews the develop-
ments of EMW absorbers improved by metamaterials or
metasurfaces, including resistive metamaterials absorber,
magnetic microwave absorber enhanced by PGM, and
spoof surface polaritons (SSPs) absorber. As for various
requirements in practical applications, although such
metamaterials and metasurfaces have provided more
flexible technical protocols, there are still several problems
to solve in future work. One is to further miniaturize the
dimensions of fundamental resonator into as small as or
much smaller than deep sub-wavelength size. The second is
to study new working principle for overcoming large
thickness and bulk profile at low microwave frequencies.
The last but the most important one is to investigate how
to guarantee excellent RCS reduction performance of
conformal metamaterials or metasurfaces.

This work was supported by National Natural Science Founda-
tion of China (61771485, 61501497, 61501503, 61801509,
61671466, 61601507, 11504428, 61671467), National Key R&D
Program of China (Grant No.2017YFA0700201).
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