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Editorial on the Research Topic
Theory and Applications of Electromagnetic Metamaterials

Metamaterials, a kind of artificially structured materials made of subwavelength composites, are
endowed with a plethora of intriguing properties that do not exist in nature. For decades,
metamaterials have flourished and been kept redefining the boundaries of fundamental and
applied sciences. In particular, the emerging concept of metasurfaces, a two-dimensional form of
metamaterials, provides a versatile solution to manipulating electromagnetic waves with almost
arbitrary amplitudes, phases, polarizations, and frequencies, facilitating the implement of novel
integrated microwave and photonics devices with greatly enhanced performances. This special issue
holds original research and review articles on several topics of metamaterials including
reconfigurable metasurfaces, perfect metamertial absorbers, topological metamaterials, and thus
highlights the latest developments in the electromagnetic metamaterials both in the theory and
applications.

In Zahra et al., Zahra provided a comprehensive introduction of metasurfaces, especially their
applications in the modulations of the amplitudes, phases, and polarizations of electromagnetic
waves. Special emphasis was given on the newly developed smart metasurfaces that possess the active,
reconfigurable, and programmable characteristics via the electrical, optical, thermal and mechanical
ways. An outlook of the development trend was also made for this fascinating area. In another review
article, Ma et al. overviewed the recent advances in metamaterial-based temperature sensing. They
comprehensively analyzed the enhanced sensing performances of typical metamaterial designs, in
terms of the sensitivity and resolution, which may shed light on the solution toward the future high-
precision sensing.

Significant interests have been devoted on the manipulations of electromagnetic waves using
metasurfaces through phase modulations. Bai et al. proposed a facile structure composed of
hexagonal-ring to efficiently generate the orbital angular momentum waves. This metasurface is
insensitive to the polarization of the illumination and holds a great promise for radio
communications and radar applications. Cao et al. presented a high efficient and cost-
effective programmable metasurface that achieve a real-time scanning pencil beams with
desirable directions. Yang et al. presented a theoretical framework for the modulation of
WiFi signals, where reconfigurable metasurface loaded with varactor diodes is use to
effectively control the in-band transmission and reflection coefficients for maintaining
different far-field electromagnetic characteristics. Ahamed et al. numerically presented a
reconfigurable metamaterial filter for THz waves, based on the binary response by
controlling the plasmatic electron packet in electric split-ring resonators. Such a binary filter
could be digitally encoded for the information processing systems.
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Apart from phase modulations, metamaterials/metasurfaces
allow extreme control of the electromagnetic waves’ magnitudes.
One of the key applications for such a modulation is perfect
metamaterial absorbers. Wang et al. proposed a graphene-based
metamaterial absorber that shows merits of broadband high
absorption, polarization insensitivity, and immune to wide
incident angle. Deng et al. presented a stereo perfect
metamaterial absorber based on standing gear-shaped resonant
structure, which shows wide-incident-angle stability for both TE
and TM modes. Liu et al. reported a dual-band optical
metamaterial absorber with peak absorptivities of 99.986% at
1,310 nm and 99.421% at 1,550 nm. The potential application as a
refractive index sensor was also numerically discussed.

The research of topological insulators is another hot topic in
metamaterials. While conventional topological insulators
typically made of either dielectric or metallic materials in the
previous references, Du et al. proposed a hybrid topological
model consisting of both metal and dielectric materials,
offering a new method for achieving topological edge states.
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Polarization-Insensitive Reflective
Metasurfaces for Highly Efficient
Generation of OAM Beams

Xudong Bai*

R&D Center, Shanghai Aerospace Electronics Company Ltd., China Academy of Aerospace Electronics Technology,
Shanghai, China

The polarization-insensitive reflective metasurfaces constructed from hexagonal-ring
units along with honeycomb lattice are proposed for the efficient generation of converged
orbital angular momentum (OAM) waves. The proposed unit has a very succinct
structure constructed from a hexagonal-ring patch along with a hexagonal metallic
reflector, which could achieve a polarization-insensitive response to the incident waves,
when binding further with the hexagonal lattice. Through the topology optimization of
the unit arrangement, two reflective metasurfaces stimulating the first-order and the
second-order OAM beams are numerically designed, which may find useful in radio
communications and radar applications.

Keywords: OAM, metasurface, reflective, hexagonal-ring, polarization-insensitive

INTRODUCTION

Since the first exploration by Allen et al., orbital angular momentum (OAM) has displayed its
independent value in many interdisciplinary fields and has become one of the most important
research frontiers in modern technologies [1]. Recently, OAM has been thoroughly studied and
widely understood as a promising candidate for information multiplexing to increase the spectral
efficiency in microwave domain [2], and the capacity of the wireless communication systems can
thus be largely extended [3, 4]. Many researches have then been conducted for stimulating OAM
waves, which can generally be split into two categories, the microwave antenna method [5-11] and
the physical optics method [12-23].

One of the most elegant approach to stimulate OAM for microwave antenna method is based
on high-order mode patch antenna [5]. For example, dual circularly polarized (CP) dual-mode
vortex OAM beams were succinctly generated by exciting the second-order resonance modes on
a single patch antenna, which is with very compact structure and much suitable for low-cost
OAM applications [6]. For more flexible multi-mode OAM modulation, circular phased array
systems are constructed to provide the successive phase shifts in elements [7]. The dual-mode
OAM operation was realized in a four-element array by employing the opposite phase differences
created for left-handed CP and right-handed CP incidences, where the four dual-CP elements
are sequentially rotated [8]. To stimulate more OAM modes associated with multi-polarization
operation, circular horn array using elements with three polarizations was realized by introducing
the phase control networks, which can be very costly and complicated [9]. For the low-cost
multi-mode OAM operation, Rotman lens was introduced to simplify the feed network for the
phased array [10], and later combined with Fabry-Perot resonant cavity to improve the beam
divergence for different OAM modes [11]. Major drawbacks with such microwave antenna methods
are that versatile modulations of mixed or multi-OAM modes in different propagation directions
are hardly achieved.
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In-depth research and exploration based on physical optics
theory have been devoted to stimulate OAM beams through
the wavefront transformation of the spherical or plane waves,
including the dielectric spiral plate [12], discrete spiral reflector
[13], and twisted parabolic reflector [14], whose structures
are all very ponderous and enormous in real applications.
Recently, metasurfaces have been widely researched for the
independent talent of delicate regulation on electromagnetic
waves [15-17], which also draw significant attention as a
promising realization approach for OAM generation in
physical optics method [18-26]. High-efficiency reflective and
transmissive metasurfaces with various topological forms have
been proposed for vortex OAM generation in linear polarization
[18-20]. For the converging OAM radiation with CP waves,
broadband transmissive metasurfaces based on Pancharatnam-
Berry phase or photon spin Hall effect have been efficiently
demonstrated [21-24]. Recently, to improve the isotropy and

spatial coverage property of the metasurfaces, polarization-
insensitive transmissive metasurfaces with honeycomb lattice
or rotational symmetry arrangement are proposed to create
converging OAM beams for fully polarized applications [25, 26],
which are troubled with the complex design along with the
complicated configurations.

In this paper, we propose the design of polarization-
insensitive reflective metasurfaces with very succinct units
along with a honeycomb lattice for the efficient generation of
converging OAM waves. The proposed units are constructed
from hexagonal-ring patches along with hexagonal metallic
reflectors, which could obtain a full-polarization response
of the incident wave, when binding further with the
hexagonal lattice. Through the topology optimization of the
unit arrangement, the reflective metasurfaces stimulating
the first-order and the second-order OAM beams are
numerically demonstrated.

FIGURE 1 | Metasurface unit architecture and numerical simulations. (A) Exploded view of the hexagonal unit on top and the reflective metasurface at bottom. (B)
Simulated reflection coefficient for the eight representative units at 7.5 GHz. (C) Simulated reflection phase spectra of Unit 4 for different incident angles. (D) Simulated

A
(LTI
o
b
0o
90
o°o°
0
5 00
909 200 s, 9800 °o°°
000008 .0 00 o
o°o°o°o° °:°:°°:0°o° 0 0, °o°5°u°°°:c° 9 o°o°o°:°°o° o°°°
00008 000000200000 . 00000 °
00 “°'°°Oo°°°°°o 000, o 0000 o
" F [Y) 009 000 000, 000
Fixed O B0 °°o°o°o°.,° oooaoonoouao A o°o°o°o°° &%
Parameters o°o°o°°° 99’2000 o000 o 00000 3
(mm) O OO S0 0 SRS G
00 0 0o 0 &
°°°°o°o° Y °°°°°°o°o°€d)°°oad'§§° SO O %0,
R 8.00 °°°°°°°°°n°°°°°°°°° °°°°°0°°°°°°°°°°°°°°°°°° 000000 °° °°
0000200000000 000 ga’00
g o o 0 00
ri | 250 o o°°°°°°°°° a°°°°°°°°° 00000000 S0,
990, SRS °°o°o°o°o° i@
ho| 1.524 MR OO
o
0
(o
90 —
\\"\ - --6=0° S11
e e ——0=15°, S11
N —-=-6=30°, S11
30 N
5
- NN
o i .
@ NG
& -30- N
L
o
-60 -
.
k-
-90 RN
=~
S
-120 T T T T =
7.0 7.2 7.4 7.6 7.8 8.0
Frequency (GHz)
reflection phase spectra of Unit 4 for orthogonal linear polarizations in normal incidence (6 = 0°).

Varying Parameters for Eight Unit Types (mm)
Unit | 1 2 3 4 5 6 7 8

ro | 720]585(557|540|525]5.08|4.78|3.00
B 360
OFr P == - === == = — 4 = =0
/' 4300
=1, [ )

Magnitude (dB)
&
Phase (deg.)

- o -Magnitude - 60

—e— Phase

Unit Cell

90

——H-pol, S11
------ V-pol, S11

60

30 1

-30 4

Phase (deg.)

-60 4

-90

-120 T T T
7.0 7.2 7.4 76 7.8 8.0

Frequency (GHz)

Frontiers in Physics | www.frontiersin.org

July 2020 | Volume 8 | Article 244


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Bai

Polarization-Insensitive Reflective Metasurfaces

HEXAGONAL UNIT DESIGN

Figure 1A presents the architecture of the hexagonal units in the
metasurface, which have a very succinct structure and composed
of two metal layers supported by a substrate layer. The numerical
simulations of the units are carried out with the support of
CST Microwave Studio Software by using unit-cell boundary
conditions along with the Floquet-port excitations. The substrate
layer has a dielectric constant of 3.66, a dissipation factor of
tan § = 0.0037, and a thickness of & = 1.524 mm. The unit is
a hexagonal structure with a periodic side length R = 8 mm,
corresponding to a central working frequency f = 7.5 GHz. The
upper hexagonal-ring patch serves as the phase-shift metasurface,
while the lower metal ground layer plays the role of the metallic
reflector. The reflective phase modulation of the units can be
achieved by varying the outer side length r, of the hexagonal-
ring patch, while the inner side length r; remains constant.

Based on the former study on the phase-quantization effects
for the metasurface lens, the quantization loss for the typical 3-
bit metasurfaces is only 0.2 dB, which is within the scope of
acceptable [25]. Eight representative units are thus selected for
the construction of the honeycomb reflectarray to minimize the
reflection losses and acquire the high-linearity phase-shift range
of 2w, as shown in Figure 1B. Almost complete reflections have
been obtained for all eight representative units, along with the
full 2t phase modulation. All the optimized parameters for the
designed representative units are provided in Figure 1.

Figure 1C presents the simulated reflection phase spectra
of Unit 4 for different incident angles as representative, and
the phase shift has relatively minor change while varying the
incidence angle, implying that the hexagonal unit possesses
a good spatial coverage property. Figure 1D shows the
simulated phase spectrum in reflection coefficient of Unit
4 for orthogonal linear polarizations as representative, and

15.3
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255
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-1.16
-1.74
231
-3.47
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-4.63

316° ~ 360°
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91°~135°
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FIGURE 2 | Reflective metasurface for OAM mode / = +1. (A) Quantized phase distributions for the units. (B) Topological structure of the metasurface. (C) The
amplitude pattern of the simulated far-field radiation. (D) The phase pattern of the simulated far-field radiation.
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almost no phase shifts could be observed for the two different
polarizations, implying that the hexagonal unit possesses good
polarization-insensitive characteristic.

METASURFACES CONFIGURATION AND
VERIFICATION

The proposed reflective metasurfaces are constructed with
the honeycomb lattice by wusing 974 hexagonal units,
and a standard waveguide horn is positioned in the
metasurface central axis as the space feed source, as shown
in Figure 1A. To improve the beam divergence and obtain
the convergent OAM beams through the proposed reflective
metasurfaces, the theoretical phase modulation ¢ for the
metasurface units should be designed to meet the equation
below [27]:

¢=2m ( (x2+5?) +F2—F) /A+l-arctan (y/x) (1)

Here [ is the designed OAM mode number, (x, y) are the unit
position coordinates, ) is the free-space wavelength, and F is the
focal length of the feed antenna and set as F = 8\ = 320 mm.

To stimulate the OAM wave with mode number [ = +1, the
required phase-shift distribution for all the units are designed
using Equation (1) and performed as shown in Figure 2A.
The corresponding topological structure of the honeycomb
metasurface is provided in Figure 2B, which clearly exhibits a
single spiral configuration. Figure 2C presents the amplitude
pattern of the simulated far-field radiation of the honeycomb
metasurface for OAM mode number | = +1, where an annular
tapered pattern of high-intensity radiation is clearly revealed. The
side lobes are much lower than the main lobe, indicating that
the electromagnetic energy is mainly propagating with the OAM

A
L8 316° ~ 360°
(A 271°~315°
2 226°~270°
bl 181° ~ 225°
| 136°~180°
91°~135°
46° ~ 90°
H v
C dBi
17.7
15.5
13.3
1.1
8.86
6.64
443
221
0
091
-1.82
273
-364
-4.55
-5.46
6.37
-7.28
FIGURE 3 | Reflective metasurface for OAM mode / = +2. (A) Quantized phase distributions for the units. (B) Topological structure of the metasurface. (C) The
amplitude pattern of the simulated far-field radiation. (D) The phase pattern of simulated far-field radiation.
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wave. The corresponding phase pattern of the simulated far-field
radiation is also plotted in Figure 2D, where the characteristic
spiral phase front along with on-axis phase singularity of OAM
are clearly revealed. The phase distribution of the OAM waves
undergoes a linear variation of 21 around the axis of propagation,
indicating the creation of a vortex beam with OAM mode [ = +1.

For the OAM mode with number [ = +2, the required phase-
shift distributions are provided in Figure 3A, along with the
corresponding metasurface structure shown in Figure 3B, both
clearly exhibiting the double-helix configuration. Figures 3C,D
present the amplitude and phase patterns of the simulated far-
field radiation for OAM [ = +2, respectively. The high-intensity
annular tapered patterns along with the characteristic spiral
phase fronts as well as on-axis phase singularity are clearly
exhibited. The phase distribution undergoes a linear variation of
47 around the axis of propagation, indicating the creation of a
vortex beam with OAM mode [ = +2.

CONCLUSION

In summary, polarization-insensitive reflective metasurfaces
constructed from hexagonal-ring units along with honeycomb
lattice have been proposed for efficient converging OAM
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Programmable metasurfaces have shown great potential in the areas of low-complexity
phase array systems in comparison with the conventional phased array antennas. In this
document, a 1-bit transmissive programable metasurface with high efficiency is proposed
for the cost-effective beam-steering phased array. The designed transmissive metasurface
is made up of reconfigurable cells with perfect 1-bit phase tuning and less transmission
losses. Through dynamically programming the 1-bit code distributions of the metasurface,
real-time scanning pencil beams in desired directions can be created.

Keywords: metasurface, programmable, phased array, cost-effective, transmissive

INTRODUCTION

Recently, metasurfaces are widely known as a kind of two-dimensional periodic structures with
subwavelength scale, owing to its independent talent of delicate modulation on electromagnetic
waves [1]. Based on the advantages of low loss, easy integration and simple preparation, metasurfaces
have shown extensive application prospects and become a research hotspot in modern physics,
information science and the related interdisciplinary [2-4].

Within microwave domain, metasurfaces also arouse a wide range of investigation, such as radiation
improvement [5-7], perfect absorbers [8, 9], OAM-EM wave generation [10-13], scattering reduction
[14-16], holographic imaging [17, 18], and energy harvesting [19]. Metasurfaces particularly
demonstrate the unique abilities in waveform shaping through the phase manipulation of the
building units in microwave metasurfaces. Reflective metasurfaces were demonstrated to generate
the high-intensity pencil beams or high-purity vortex waves through the full 2= phase tuning [20, 21].
Polarization-insensitive transmissive metasurface with hexagonal unit configuration is proposed to
stimulate vortex beam at any polarization [22]. The ultra-thin transmissive metasurfaces were designed
for high-efficiency wavefront modulation in circular polarization, based on photon spin Hall effect or
Pancharatnam-Berry phase theory [23, 24]. Nevertheless, for all the foregoing designs, only the fixed
directional or shaped beams can be created once the metasurfaces are constructed, which restrict the
application for dynamic control in electromagnetic wave.

The programmable metasurfaces integrated with lumped components could be very practical for
the fine-grained modulation over electromagnetic waves, which also show great advantages at
improving the incomplexity and cost for dynamic beam forming or scanning, in comparison with
conventional phased array systems that are composed of massive digital or analog phase shifters [25].
Digital or programmable metamaterials are firstly proposed in 2014 to expand the concept of
metamaterials by using dynamic sequences of “0” and “1” bits [26]. Ulteriorly, the metasurface unit
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can obtain a clear alteration in resonant property through
integrating lumped components, and the programmable
reflective metasurfaces are thus actually constructed for the
dynamic modulation of the electromagnetic waves [27]. The
digital reflective metasurfaces were constructed by designing
reconfigurable cells combined with the PIN diodes for binary
phase states [28, 29]. Later, two-bit reflective programable
metasurfaces were designed by integrating two PIN diodes or
a voltage-controlled varactor diode to modulate the resonant
characteristics of the reconfigurable units [30, 31]. Since the feed
shielding effects and the phase distortions are usually very serious
for the reflective metasurfaces, the programmable transmissive
metasurfaces are then proposed to avoid these deficiencies [32].
Metasurface unit integrated with C-shaped patch and U-shaped
slot serving as the receiver and transmitter was designed to
construct the digital transmissive metasurface [33].
Metasurface unit with the combination of a couple of
C-shaped patches and ring slots was adopted to achieve 1-bit
phase resolution [34]. Later, the equivalent magnetic dipole unit
was also presented by combining the rectangular patch and side-
shorted patch [35]. However, all these transmissive metasurfaces
are suffering from very high transmission losses due to the

insufficient unit architecture design, which lead to the low
aperture efficiency not exceeding 20.0%.

In this document, a high-efficiency transmissive 1-bit digital
metasurface is designed for the construction of the cost-effective
phased array. Through dynamically programming the 1-bit code
distributions of the metasurface when biasing the integrated PIN
diodes, real-time scanning pencil beams in the desired directions
can be created and the numerical simulation results demonstrate
the availability of the proposed metasurface.

UNIT DESIGN AND CONFIGURATION

The component of the designed transmissive programable
metasurface is a reconfigurable programmable cell with binary
phase modulation. The 1-bit unit is constructed with multilayer
metallic structure along with two dielectric substrates and a
bonding film, the structure of which is shown in Figure 1A.
The two dielectric substrates have the same parameters with the
dielectric constant of 3.55 and the thickness of 1.524 mm, and the
thickness of the bonding film is 0.1 mm. The metallic structure is
composed of the transmitting patch, the ground plane, the bias
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FIGURE 2 | Simulated scattering parameters of the proposed metasurface cell (A) Magnitude for both n/0-states (B) Phases for both 7/0 states.

layer and the receiving patch. The transmitting patch is designed
in front with a rectangular patch loaded by an O-slot and two PIN
diodes, while the same-sized receiving patch is set on the reverse
side and integrated by an U-slot, and the two patches constitute
an integral whole by a metallized central via-hole through the
ground. In addition, the transmitting patch is connected with the
ground through a pair of symmetric via-holes, while the receiving
patch is connected with a pair of rectangular distributed
capacitors in the bias layer in similar way for biasing purpose.
To reduce the influence of the bias lines on the designed unit, the
bias lines are designed using extremely narrow linewidths and
located near the ground plane. Detailed structure and dimensions
of the proposed metasurface cell are also given in Figure 1.
The PIN diode M/A-COM Flip Chip MA4FCP305 is chosen to
construct and modulate the unit, and the parameter modelling of
the PIN diode is characterized as lumped components for the
binary ON/OFF states [36]. When biasing the PIN diode with a
forward current, the ON state along with a series of a resistance
Ron =2.1 @ would be employed; and for a reverse bias voltage, the
OFF state along with a parallel of a capacitance Copr = 0.05 pF
would be applied for the PIN diode. The 1-bit phase modulation
of the unit can be accomplished through biasing the integrated
PIN diodes. The simulated scattering parameters of the designed
metasurface cell are plotted in magnitude and phase for both =/0
states, as shown in Figure 2. When PIN diode I is at the ON state
and PIN diode IT is at the OFF state, the metasurface cell would be
operating at the r-state; the simulated S;; is less than -10 dB from
7.23 to 7.82 GHz, and the simulated S, is above -2 dB from 7.17
to 7.89 GHz. When PIN diode I is at the OFF state and PIN diode
I is at the ON state, the metasurface cell would be working at the
0-state; now the simulated S;; is less than -10 dB from 7.21 to
7.79 GHz, and the simulated S, is above -2 dB from 7.13 to
7.86 GHz. The phase displacement of the binary cell states could
maintain constant at nearby = with relatively small variations.

METASURFACE CONFIGURATION AND
BEAM-SCANNING VERIFICATION

In the actual metasurface design, the transmissive programable
metasurface is constructed with 400 units and an overall
dimension of 400 x 400 mm?, and the overall structure of the
designed metasurface is also shown in Figure 1A. The focal
source of a standard waveguide horn is placed in front of the

FIGURE 3 | Spatially-fed geometry and the relevant vector coordinates.
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FIGURE 4 | Optimal quantized phase code distributions for four beam directions (A) 6 = 0° (B) 6 = 15° (C) 6 = 30° (D) 6 = 45°.

central axis of the metasurface with a focal length of F = 51 =
200 mm, and the cells on the metasurface serve as the 1-bit phase
shifters for the incoming wave and are modulated through the
bias layer.

To generate a scanning pencil beam in the desired direction,
the phase compensation aA¢,,, for the metasurface cells should
satisfy the formula,

ko(r;nn—ﬁ)m,,-?(,)—Agbmn =2nn nez (1)
where ky is _t)he wavenumber, 7, is the position vector of the
mnth unit, R, is the position vector of the mnth unit relative to
(0,0,f), and 7 is the desired direction of the pencil beam. All
these parameters are defined as shown in Figure 3.

To get the overall code distribution on the metasurface, the
binary phase states for each unit could be obtained by furtherly
quantizing the continuous phase shift A¢,,,,

0’
,

To furtherly validate the effectiveness of the transmissive
programmable metasurface, steering pencil beams with a wide
scanning range of at least 45° and an angular spacing of 15" are

A¢,., € [0+ 2nm, m + 2nm)

A, € [w+2nm2m+2nm) " €E

$q = (2)

then numerically generated. The optimal quantized code
distributions for the four directional beams are generated
using Equation (2) and implemented as shown in Figure 4,
which can be simply controlled by the modulation of the ON/
OFF states of the PIN diodes. The simulated far-field radiation
patterns for the scanning pencil beams in four directions are
plotted in Figure 5. For the broadside radiation, a directional
beam is obtained with a simulated gain over 25.3dB,
corresponding to an aperture efficiency over 27% by using the
following definition:

G

- 47'[A//\2 3)

n

where G is the simulated gain and A is the metasurface aperture
area. When furtherly considering the quantization loss of about
3 dB for a typical 1-bit phase resolution, the metasurface aperture
efficiency could be expected to exceed 50% theoretically. As the
scanning angle of the steering beam increases, the main-lobe
maximum gain would decrease due to the diminution of the
effective metasurface aperture area, which is in accordance with
the traditional phased array antenna. For all the four directional
scanning beams, the side-lobe levels are —10 dB lower than that of
the main lobes.
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CONCLUSION

In summary, a high-efficiency transmissive programable
metasurface with 1-bit phase modulation is presented for the
construction of a cost-effective phased array. The expected
performances with real-time dynamic scanning beams are
investigated, and scanning pencil beams in four directions
with low side-lobe levels are generated through dynamically
programming the 1-bit code distributions on the metasurface,
which verify the effectiveness of the presented transmissive
programable metasurface design.
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Non-Trivial Transport Interface in a
Hybrid Topological Material With
Hexagonal Lattice Arrangement

Lianlian Du, Yahong Liu*, Meize Li, Huiling Ren, Kun Song * and Xiaopeng Zhao

School of Physical Science and Technology, Northwestern Polytechnical University, Xi’an, China

In this paper, a hybrid topological material with hexagonal lattice arrangement is proposed,
consisting of six metal cylindrical resonators and a dielectric slab. As a unit cell, the six
metal cylindrical resonators satisfying the Cg symmetry are selected, and the cylindrical
resonators are inserted in the dielectric slab. It is demonstrated that a double Dirac cone is
created at the r point in the proposed topological material. Since the topological effects of
the proposed system can be invoked merely by varying the geometric parameters of the
unit cell, two band gaps with different topological characteristics can be easily achieved. It
is further demonstrated that the topologically protected edge states can be obtained by
connecting the two types of lattices with different topological characteristics. Finally, we
implement a sharp bend waveguide by using these two types of the topological lattices. It
is demonstrated that electromagnetic waves can propagate robustly along the sharp bend
interface.

Keywords: topological material, band gap, topological characteristics, edge states, non-trivial transport, interface

INTRODUCTION

Topological insulator is a kind of new phase of matter state about electron conductivity proposed by
condensed-matter physicists. It soon becomes a hot topic in condensed matter physics and quantum
materials [1, 2]. Topological insulator is realized firstly by electrons. The interior of a topological
insulator is insulated, but there is always a conductive edge state on its boundary or surface. The edge
state of the topological insulators is stable, and the motion direction of conducting electrons with
different spins is opposite. Therefore, the transmission can be controlled by the spin of the electron,
rather than transmitted by electric charge as traditional materials, and this process does not involve
dissipation.

Recently, topological insulators have been extended to further areas of photonics [3-7],
mechanics [8-13] and acoustics [14-21]. Topological insulators are different from conventional
insulators in that the spin-orbit coupling effect of topological insulators is relatively significant.
Based on the spin-orbit coupling effect, some researchers proposed a new topological crystalline
insulators state [22-27]. For instance, Yang et al. proposed a chiral hyperbolic photonic
metamaterial with broken inversion symmetry [26]. Ma et al. proposed a photonic
topological insulator with complete topological band gap, which can emulate spin-orbit
interaction through bianisotropy [27]. The quantum spin Hall effect is one of the most
unique effects of topological insulators [28-31]. Wu et al. presented quantum spin Hall
effect in photonic crystals [30]. Yang et al. investigated the pseudo-spin edge states for
flexural waves in a honeycomb perforated phononic plate, which behaves an elastic analogue
of the quantum spin Hall effect [31].
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FIGURE 1 | (A) Hexagonal arrangement of the metal cylindrical resonators. The red dotted box indicates six cylindrical resonators. @4 and @ are lattice vectors

and a is the lattice length of unit cell. The blue dotted box represents the irreducible unit cell in the hexagonal arrangement. The lattice length of the irreducible unit cell is
a/~/3. According to the zone-folding technique, we choose a larger unit cell consisting of six resonators (red dotted box). The below panel is the corresponding Brillouin
zones. (B) Detailed view of a hybrid unit cell consisting of six metal cylindrical resonators and a dielectric slab. The six metal cylindrical resonators are inserted into

the dielectric slab. (C) Dispersion diagram of the proposed structure with R = a/3. It shows that a double Dirac cone is created at the T point.

Besides the quantum spin Hall effect, topological edge state
has also set off a research boom. Tzuhsuan et al. proposed a
photonic structure consisting of metal rods arranged as a
hexagonal array lattice, and demonstrated scattering-free edge
states [32]. Huo et al. proposed two-dimensional solid phononic
crystal structures, which simultaneously supported the
topologically protected edge states for out-of-plane and in-
plane bulk elastic waves [33]. Besides metal-based topological
materials, dielectric-based topological materials have also been
investigated in recent years. Xu et al. proposed a triangle photonic
crystal by using core-shell dielectric materials, and demonstrated
a helical edge states [34]. Xie et al. proposed a second-order
topological insulator in dielectric photonic crystals and visualized
one-dimensional topological edge states [35]. The topologically
protected edge state has excellent characteristics of robustness,
back-scattering suppression and defect immunity [36-40], which
have potential applications for manufacturing new computer

chips and other components in the future. In addition,
topological insulators can also have been widely applied to the
fields of transport in photonic crystals [41], phonon crystals [42]
and even circuits composed of classical electronic
components [43].

Different from the dielectric-based topological materials or
metal-based topological materials presented in the previous
references, in this paper, we propose a hybrid topological
model consisting of metal and dielectric materials. It provides
a new method to realize the topological edge state. The hybrid
topological material consists of six metal cylindrical resonators
and a dielectric slab. The six cylindrical resonators are inserted
into the dielectric slab. The zone-folding technique [44] (using a
larger unit cell instead of an irreducible one in a hexagonal crystal
lattice) is applied to this present system, so that the double Dirac
cone can be generated easily at the I point. We demonstrate that
the topologically non-trivial and trivial band gaps can be opened
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near the double Dirac cone by varying the parameter R.
Therefore, the topologically protected edge states can be
realized easily by combining two types of lattices with
different topological characteristics in the proposed system.
Finally, we construct a directional sharp bend waveguide,
which shows the robustness propagation of electromagnetic
waves is observed in the sharp bend waveguide interface.

THEORETICAL MODEL AND BAND
STRUCTURE OF THE HYBRID
TOPOLOGICAL MATERIAL

A hexagonal arrangement of the metal cylindrical resonators is
shown in Figure 1A. The six cylindrical resonators are inserted
into a dielectric slab as presented in Figure 1B. We choose
rhombus-shaped unit cell, where the relevant parameters are
shown as follows: the lattice length of unit cell is a, and the
distance between the center of each resonator to the center of
rhombus-shaped unit cell is R. Each rhombus-shaped unit cell
includes six cylindrical resonators in a hexagonal arrangement,
showing the C4 symmetry.

Numerical simulations are performed by using a commercial
simulation software High Frequency Structure Simulation
Software (HFSS) based on three-dimensional finite element
numerical analysis. The metal cylindrical resonators are
defined as PEC, and the dielectric slab is Teflon with the
relative permittivity of 2.1 and the thickness of hy = 2.5mm.
The size of the unit cell is a =17+3mm, and R = a/3. The
diameter and the height of the cylindrical resonator are both
6 mm (i.e., d; = h, = 6mm). The periodic boundary conditions
are introduced in the direction of the two lattice vectors. Based on
the zone-folding technique, as shown in Figure 1A, we select a

unit cell composed of six resonators instead of two resonators.
Figure 1C presents the band structure, which shows a double
Dirac cone is created at the T point (f; = 5.55GHz).

As shown in Figure 2, it is demonstrated that the band
structure can be changed by varying the parameters R. The
band inversion can be realized by different values of R. When
R is shrunk (Figure 2A) or expanded (Figure 2B), it can be seen
that a complete band gap appears, and simultaneously, the double
Dirac cone becomes two double-degenerate modes. The
emergence of band gap is due to the change in translational
periodicity of the resonators. Keeping the Cs symmetry, these
double-degenerate modes are located above and below the Dirac
frequency, respectively. Analogy to electronic orbital shapes, as
R =0.914a/3, the lower frequency modes are p-type (p; and p, as
shown in the bottom of Figure 2A), and the higher frequency
modes are d-type (d; and do, upper in Figure 2A). However, as
R =1.06a/3, the topological characteristic of the band gap is
completely different from the case of R = 0.91a/3. As shown in
Figure 2B, the degenerate modes are flipped, p-type modes are at
the higher frequency and d-type are at the lower frequency. That
is to say, band inversion is realized as R varies.

We use the method proposed by Takahiro Fukui et al. [45] to
calculate the spin Chern number of the proposed topological
material. As R =0.91a/3, the spin Chern number is zero,
indicating topologically trivial. In contrast, as R = 1.06a/3, the
bands have non-zero spin Chern number, which shows the
topologically non-trivial. The change of spin Chern number
indicates the topological phase transition. Combined
Figure 1C and Figure 2, it can be seen that there is a band
gap near the Dirac frequency. As R is shrunk, the double Dirac cone
is opened and a complete band gap occurs. In contrast, as R is
expanded, the double Dirac cone can also be opened and a band
inversion occurs with the topological phase transition. These results
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FIGURE 3 | (A) Multi-cell configuration consists of two parts with 10
topologically non-trivial lattices on the left and 10 topologically trivial lattices on
the right. (B) Band structure of the multi-cell configuration, where the blue and
red lines represent the edge states. It can be seen that there are two
different pseudo-spin modes at the interface. Red indicates clockwise and
blue is anticlockwise. (C) Electric field distributions of the multi-cell
configuration. The direction of pseudo-spin modes corresponding to A and B
in Figure 3B. The color represents the electric field intensity, and the arrows
represent the direction of the time-averaged energy flux.

indicate the proposed topological material can possess the
characteristics from topologically trivial to topologically non-trivial.

TOPOLOGICAL EDGE STATES

In this section, we combine topologically non-trivial (R = 1.06a/3)
and topologically trivial (R = 0.91a/3) lattices to form multi-cell
configurations, and study wave guiding characteristics. As shown in
Figure 3A, the multi-cell configuration consists of two parts, with 10
topologically non-trivial lattices on the left and 10 topologically
trivial lattices on the right. In the simulations, the periodic boundary
conditions are introduced in the direction of the two lattice vectors.
The band structure of the multi-cell configuration is shown in
Figure 3B, where the blue and red lines represent edge states. It
can be seen that there are two points A and B corresponding to the
same eigen-frequency (5.57 GHz). Figure 3C presents the electric
field distribution of the points A and B, which shows the
electromagnetic wave is well confined at the interface between

Non-Trivial Transport Interface

the topologically non-trivial and trivial lattices both for A and B.
However, for the point A, the clockwise pseudo-spin mode is realized
at the interface, and anticlockwise pseudo-spin mode is observed for
the point B. The direction of the two pseudo-spin modes at the
interface is opposite.

As shown in Figure 3B, there are two different pseudo-spin
modes at the interface of topologically non-trivial and trivial
lattices at the same frequency. As shown in Figure 3C, opposite
spins of these modes can be verified. In general, each frequency of
the topological band gap corresponds to two edge states, and the
pseudo-spin directions of the two edge states are different.
Electromagnetic waves with a certain pseudo-spin direction
can only propagate in a fixed direction, which is consistent
with the characteristics of the quantum Hall effect.

SHARP BEND WAVEGUIDES

Since the proposed structure can support topological edge states,
it is expected that new devices can be implemented by using this
unique property. We construct a sharp bend interface by using
two types of lattices (R = 1.06a/3 and R = 0.914/3), which can
operate as a directional waveguide. As shown in Figure 4A, we
combine topologically non-trivial and topologically trivial lattices
to form a two-dimensional sharp bend structure. The upper part
of the red line is the topologically non-trivial lattices, and the
lower part of the red line is the topologically trivial lattices. In this
case, the interface of the two lattices has sharp angles.

In the simulation, the excitation source (denoted by a yellow
star in Figure 4B) is set at the left side of the junction of the
topologically non-trivial and trivial lattices. Radiation boundary
conditions are introduced around the two-dimensional sharp
bend structure. Simulation results show that the electromagnetic
waves can propagate along the sharp bend interface in the frequency
range of 5.54-5.8 GHz without obvious backscattering. Figure 4B
presents the electric field distribution of the structure at 5.7 GHz,
which shows electromagnetic waves can propagate along the sharp
angles interface without back-scattering. The interface of the non-
trivial transport operates like a waveguide.

In order to further verify the robustness of electromagnetic
wave propagation along the sharp bend interface, as shown in
Figure 5, two types of defects are introduced. For the defect 1 as
presented in Figure 5A, six metal cylindrical resonators are
removed from the topologically trivial lattices. The simulated
electric field distribution shows there is no back-scattering and
electromagnetic waves can transmit completely in this sharp bend
interface. For the defect 2 as presented in Figure 5B, we remove
the four resonators in the same topologically trivial lattices. As
expected, the similar result is observed. Therefore, it can be seen
that this non-trivial edge state transmission is robust.

CONCLUSION

To conclude, we present a design scheme for a topological
material, consisting of six metal cylindrical resonators and a
dielectric slab. The topological properties of the system are
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Non-Trivial Transport Interface

indicates the excitation source, and the color indicates the electric field intensity.

FIGURE 4 | (A) Two-dimensional sharp bend structure consists of topologically non-trivial and trivial lattices. The upper part of the red line is the topologically non-
trivial lattices, and the lower part of the red line is the topologically trivial lattices. (B) Electric field distribution of the sharp bend structure at 5.7 GHz. The yellow star

ATETRTLTa A e T e
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Defect 1

FIGURE 5 | Two types of the defects and the corresponding electric field distributions at 5.7 GHz. (A) Defect 1, and (B) Defect 2.

T Dl S ed

Defect 2

studied numerically. Different topologically band gaps are
achieved by via changing the geometric parameter R. It is
demonstrated that the multi-cell configuration composed of
two types of lattices with distinct topologies can generate
topologically protected edge states. Moreover, the topologically
protected edge states can be used to design a sharp bend
waveguide, and it exhibits great robustness with immunity to
imperfections. It can be expected that this edge state of back-
scattering suppression can have potential applications in optical
transport and photonic integrated circuits.
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A graphene-based tunable wideband metamaterial absorber with polarization
insensitivity and wide incident angle is presented in this paper. The results show
that the absorption is over 90% from 5 to 8 GHz when the Fermi level of graphene
is 0.5eV, and the absorption can be tuned by electrically changing the Fermi level
of graphene. The mechanism of wideband and tunable absorption is explained by
calculating the normalized input impedance and monitoring the surface current.
Finally, the results adequately verify that the absorption of metamaterial absorber
has the advantages of polarization insensitivity and wide incident angle. Thus, it
holds great potential application value in many fields such as electromagnetic stealth,
electromagnetic shielding, communication, and so on.

Keywords: wideband, tunable, graphene, metamaterial absorber, wide-incident-angle

INTRODUCTION

In recent years, metamaterial, a kind of artificially structured material has attracted wide attention
due to its unique electromagnetic properties [1-3]. With the development of research on
metamaterial, researchers discovered that metamaterial has great potential in the fields of super
lens, electromagnetic stealth, optical black hole, polarization converter, perfect electromagnetic
absorption, and many more [4-8]. Among the above applications, metamaterial absorber
was proposed by Landy et al. [9]. Since then, the research of metamaterial absorber has
attracted extensive attention because of its perfect electromagnetic absorption property, ultrathin
microstructure, and great potential in military and civil applications. Currently, the research of
metamaterial absorber mainly focuses on the wide incident angle, polarization independency,
tunability, and multiband absorption [10-14]. However, the wideband metamaterial absorber is
more suitable for the application of practical electromagnetic environment. At present, many
methods have been used to expand the absorption bandwidth of metamaterial absorber, such as
vertical superposition of different resonant units, fractal structure, and magnetic media and so on
[15-18]. Among them, the combination of lumped element, plasma Brewster enhancement, and
strong coupling effect with metamaterial absorber is a very effective method to realize wideband
metamaterial absorber [19-21].
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Tunable Wideband Metamaterial Absorber

Compared with the traditional passive metamaterial absorber,
the active metamaterial absorber can realize the active adjustment
of its electromagnetic property by changing the parameters of
lumped components or the electromagnetic property of the
intermediate medium, so it has more application prospects
in practice.

Based on the electrically tunable conductivity of graphene, a
graphene-based tunable wideband metamaterial absorber with
polarization insensitivity and wide incident angle is designed in
this paper. The results show that the absorption of metamaterial
absorber is more than 90% from 5 to 8 GHz when the Fermi
energy level of graphene is 0.5eV, and the absorption can be
tuned by electrically changing the Fermi level of graphene.
Further study shows that the absorption property of metamaterial
absorber has the advantages of polarization insensitivity and wide
incident angle.

THE ELECTRICALLY TUNABLE
CONDUCTIVITY OF GRAPHENE

Graphene is a kind of two-dimensional planar crystal with
very high electron and hole mobility. Its conductivity can be
regulated by changing the external bias voltage applied on
graphene, so graphene is widely used in tunable microwave and
terahertz devices. When there is no bias magnetic field applied on
graphene, its conductivity from microwave to visible band can be
expressed by Kubo formula [22]:

—ie?(w+i ® 0 —
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In the formulas (1) and (2), ks is the Boltzmann constant, £ is
the reduced Dirac constant, f;(¢) is the Fermi Dirac distribution
function, p s the Fermi level of graphene, Tis the Kelvin
temperature, and ['=5 x 10'?Hz is the carrier scattering rate.
According to formulas (1) and (2), the calculated conductivity of
graphene with different Fermi levels is shown in Figure 1.

It can be seen from Figure 1 that the conductivity of graphene
increases with the increasing of its Fermi level. The main method
of changing the Fermi level of graphene is applying bias voltage
on it. The Fermi level of graphene under different bias voltages
applied on can be expressed as:

o0
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In formula (3), Ep;,is the bias voltage applied on graphene, vp =
10%m/s is the velocity of the electron. Graphene can be set as a
material with the thickness of 0.001 pm, and the conductivity as
shown in Figure 1.

MODEL DESIGN

The unit cell of our graphene-based tunable wideband
metamaterial absorber with polarization insensitivity and
wide incident angle is presented in Figure2. The unit cell
consists of five layers: fractal tree metal loaded with graphene,
FR4 medium (¢=4.3,tand = 0.025), cross metal, FR4 medium,
and metallic ground, in which the fractal tree metal and cross
metal layer are connected by passing metal rods through the
middle FR4 layer, as illustrated in Figure 2. The metal part of
unit cell is composed of copper (). The optimized parameters of
the unit cellarea=b=9mm,c=d=e=0.6mm, f = 8.5mm,
t; = 0.6 mm, f; = 2mm, f3 = 0.1 mm. Doped silicon is used as
the electrode to apply bias voltage on graphene.

The modeling and numerical simulation of metamaterial
absorber is performed with Microwave Studio CST. At the
simulation process, the boundary conditions of x and y directions
are set as unit cell, the z direction is set as open, All4+Floquet
ports are used to simulate the incoming and outgoing waves. The
electromagnetic parameters are calculated by using frequency
domain electromagnetic solver.

RESULTS AND DISCUSSION

When the incident electromagnetic waves enter into the
proposed metamaterial absorber, the magnetic and electric
resonances will be produced independently. The electromagnetic
power of incident waves gets absorbed gradually by the dielectric
loss and the loss of lumped graphene. When the absorption of
metamaterial absorber reaches near perfect absorption, it obtains
a state such that the permittivity equals the permeability and at
the same time matches the impedance to free space. In a more
direct perspective, the absorption of metamaterial absorber can
be expressed as:
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FIGURE 1 | The conductivity of graphene under different Fermi levels.
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FIGURE 2 | The diagram of the metamaterial absorber unit cell: (A) perspective view, (B) front view, (C) side view.
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FIGURE 3 | The absorption of the metamaterial absorber under different Fermi
levels.
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FIGURE 4 | The real part of normalized input impendence of the metamaterial
absorber with free space.
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A@)=1-R) - T@) =1-[Su@)]" = [Su@)| @)

Since the metallic ground of unit cell prevents the incident
electromagnetic wave transmission, the above calculation
formula of absorption can be simplified as:

2
A®) =1~ R@) =1 - [$1() (5)
According to formula (5), we calculate the absorption of
metamaterial absorber under different Fermi levels, as shown
in Figure 3. It can be seen from Figure 3 that the absorption

of metamaterial absorber exceeds 90% from 5 to 8 GHz when
the Fermi level of graphene is at 0.5€V, and the absorption of
metamaterial absorber from 5 to 8 GHz gradually decreases with
the decreasing of the Fermi level of graphene.

At present, the theory of equivalent medium can effectively
explain the physical mechanism of metamaterial absorber [23].
According to the theory of equivalent medium, the metamaterial
absorber can be regarded as an equivalent medium, which
can be characterized by the equivalent permittivity e(w) and
equivalent permeability p(w). According to the calculation,
formula of normalized input impedance Z(w)/Zo=+/u(w)/e(w),

when the equivalent permittivity e(w) and the equivalent
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permeability pw(w) of metamaterial absorber are identical, the
normalized input impedance of metamaterial absorber with
free space equals one, and then the reflection of metamaterial
absorber to the incident wave reaches zero. As an outcome,
the perfect absorption of metamaterial absorber will be realized.
According to the S1; and S,; parameters extracted by simulation,
the normalized input impedance Z;(w) (Z1(w)=Z(w)/Zy) of
metamaterial absorber under different Fermi levels is calculated
using the scattering parameter method [24], as shown in
Figure 4. It can be seen from Figure 4 that the real part of the
normalized input impedance of metamaterial absorber with free
space is close to one from 5 to 8 GHz with the Fermi energy
level of graphene at 0.5eV. This indicates that the metamaterial

absorber has a good impedance matching with free space and
achieves the condition of perfect absorption. At the same time,
the real part of the normalized input impedance of metamaterial
absorber with free space decreases gradually with the increasing
of frequency, which leads to the decreasing of absorption.

In order to analyze the mechanism of wideband absorption,
the surface current distribution of metamaterial absorber at
5, 6, and 7 GHz with the Fermi level of graphene at 0.5eV
is monitored, as shown in Figures5, 7. It can be seen from
Figures 5A, 6A, 7A that the generated surface current at the
top fractal tree metal layer and the middle cross metal layer
flows upward (although the surface current of the cross metal
structure at 7 GHz is downward, it is very weak). This will lead
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FIGURE 7 | (a,b) The surface current distribution of the metamaterial absorber at 7 GHz with the Fermi level of graphene at 0.5 €V.
+ 3 ¥ % 2=
t "J- ; ¥ & : 3 * i1 : ;* 292
R T e AT W 264
€ b5 8y Fipt T v ¥ 227
L & + 209
P4 ¢ ) ¥y 4 ¥ 1.91
+ ¥ :
2 i ‘3 ¢ ¥ iz o ¢ " 1. 1::
¢ L iy + 4 0.818
RO e S s
¥ ¥ i L 0.273
&‘ ’ L. T S 4 3 ) 0
¢ ) S*i e s
o il i
A T A g ¥
3 ¥ i n + o
R R L % (b)
FIGURE 8 | (a,b) The surface current distribution of the metamaterial absorber at 5 GHz with the Fermi level of graphene at OeV.
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to the alternating accumulation of charges in the y direction,
and then form electric dipole resonance [25]. It can be seen
from Figures 5B, 6B, 7B that the generated surface current at
the bottom metal substrate flows downward, which is opposite
to the current direction of the top fractal tree metal layer and the
cross metal layer. This antiparallel current forms a current circuit,
which can cause a strong magnetic response resonance [26].
The magnetic resonance and electrical resonance are realized
simultaneously at 5, 6, and 7 GHz and achieve the condition of
perfect absorption. The wideband absorption is caused by the
overlay of different resonance frequencies.

In order to further analyze the mechanism of tunable
absorption, the surface current of metamaterial absorber at 5

1.0
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FIGURE 9 | The absorption of the metamaterial absorber under different
polarization states with the Fermi level of graphene at 0.5 eV.

GHz with the Fermi level of graphene at 0eV is monitored,
as shown in Figure8. It can be seen from Figure8 that
the metamaterial absorber generates electric resonance and
magnetic resonance under the action of incident microwave
[25, 26]. However, the excited surface currents on the fractal
tree metal layer and the cross metal layer are weaker
than the one at Fermi level of 0.5eV (Figure5), so the
generated electromagnetic resonance is very weak, this results in
lower absorption.

The absorption of metamaterial absorber under different
polarization angles with the Fermi level of graphene at 0.5eV is
calculated, as shown in Figure 9. It can be seen from Figure 9
that the absorption of the metamaterial absorber under different

g
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FIGURE 11 | The absorption of the metamaterial absorber under different
structural dimension parameters ¢ with the Fermi level of graphene at 0.5 eV.
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structural dimension parameters e with the Fermi level of graphene at 0.5eV.

polarization angles is the same due to the rotational symmetry of
the unit cell.

The absorption of the metamaterial absorber under different
incident angles with the Fermi level of graphene at 0.5eV is
calculated, as shown in Figure 10. It can be seen from Figure 10
that the absorption of the metamaterial absorber from 5 to
8 GHz gradually decreases with the incident angle increasing
from 0 to 60° at transverse electric (TE) mode and transverse
magnetic (TM) mode, but it can still be up to 90% from 5 to 8
GHz when the incident angle is 60°. The results show that the
absorption of metamaterial absorber has the advantage of wide
incident angle.
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In this work, a single-band metamaterial absorber (MA) based on a three dimensional (3D)
resonant structure is presented. The unit cell is composed of a standing gear-shaped
resonator, which is embedded in the dielectric substrate. The proposed 3D MA is ultrathin
with a total thickness of 2.3 mm, corresponding 0.077xg at its center frequency. The
simulation results demonstrate a high absorption peak at 10.1 GHz with absorptivity of
99.9%. The proposed 3D MA is insensitive to the polarization of the incident wave due to its
rotationally symmetric structure. Moreover, the proposed 3D MA exhibits a wide-incident-
angle stability, as absorptivity of more than 85% can be achieved for both TE and T™M
incidences with incident angle up to 60°. Most importantly, multiband electromagnetic
wave absorption of the stereo MA can be enabled by adjusting the structural parameters of
the standing gear. The proposed structure is compatible with 3D printing technology and
has potential applications in electromagnetic shielding.

Keywords: metamaterial, absorber, three dimension, single-band, wide-incident-angle stability

INTRODUCTION

Electromagnetic (EM) metamaterials that consist meta-molecules arranged in an array of
subwavelength pe have attracted intense attention due to their unique properties, such as
negative refractive index [1] and inverse Doppler effects [2]. Recently, the perfect absorber has
been closely related to metamaterials, which has potential applications in biological sciences [3],
sensing [4, 5], communications [6, 7] and solar energy harvesting [8].

The perfect metamaterial absorber (MA) was firstly presented by Landy et al. [9]. Since then the
MAs have been designed to exhibit different characteristics such as single-band [10, 11], dual-band
[12, 13], multiband absorption [14-17] and broadband absorption [18-21]. Till now, most of the
reported MAs are based on planar resonators (2D structure) [11, 22-24]. However, the absorbing
performance of the planar design will deteriorate significantly under oblique incidences with large
incident angles.

Recently, the 3D printing technology [25] has experienced significant development and paved a
way for the design and fabrication of 3D structures. One of the advantages of the 3D design scheme is
that it can improve the design flexibility of the MA by providing additional freedom in structure
design. Hence a 3D MA can enable higher absorption at oblique incidences. For instance, Wu et al.
presented a symmetric all-metal three-dimensional (3D) MA by using two orthogonally oriented
copper stand-up spilt ring resonators at THz frequency and obtained more than 90% THz wave
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FIGURE 1 | Schematic geometry of a unit cell for the proposed 3D MA (A) Front view (B) layout of the gear-shaped resonator, and (C) perspective view of the unit

| conductive silver paste

absorption for both TE and TM polarization with incident angle
up to 60° [26]. Lv et al. [27] proposed a three-dimensional ultra-
broadband metamaterial absorber with full graphite structure
that exhibited excellent absorption properties at large incident
angles.

In this paper, a novel single-band and polarization-insensitive
MA based on a 3D gear-shaped resonant structure is presented
and near unity (99.9%) absorption at absorption peak frequency
of 10.1GHz wunder normal incidence is numerically
demonstrated. Here, we introduce a new strategy on the
design of 3D MAs by extruding planar resonator along its
normal direction. Compared with the original planar resonant
structure, the proposed structure can offer higher absorption for
both TE and TM-polarized waves with large incident angles. The
surface current and the field density distributions are investigated
to explore the absorption mechanism of the 3D structure.
Moreover, by adjusting the number of gear teeth, perfect
single- or multi-band absorption can be achieved based on the
stereo resonant structure. The proposed MA has the potential to
be applied in the energy-harvesting and EM shielding
applications.

STRUCTURE DESIGN AND SIMULATION

Figure 1 shows the geometry of a unit cell of the proposed single-
band 3D MA. The standing gear-shaped 3D resonator made of
silver ink with an electrical conductivity of ¢ = 5.88 x 10° S/m, is
embedded in the dielectric substrate. Here, we select silver ink to
construct metallic standing gear, as it is perfectly compatible with
3D printing technology. The substrate is realized on
photosensitive resin with a relative permittivity of 2.9 and a
loss tangent of 0.02. Moreover, in order to eliminate the EM wave
transmission through the structure, a 0.017 mm thick copper

TABLE 1 | Dimensions and parameters of the proposed 3D MA.

Parameter Value (mm) Parameter Value (mm) Parameter Value (mm)

a 9 h 2.3 w 0.15
R 3 hy 1.5 04 30°
r 1.3 ho 0.1 0 15°
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FIGURE 2 | Absorption and reflection spectrum of the proposed MA
under normal incidence.

plate with an electric conductivity of 5.8 x 107 S/m is covered on
the bottom of the structure as a ground plane. Figure 1 shows the
configuration of the unit cell structure, while the optimized
parameters of the 3D MA are listed in Table 1. The
simulation results were obtained using a finite-element method
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(FEM). In the simulation, the unit cell boundary conditions were
applied in x and y directions, and the open space boundary
condition was utilized in the z direction. The absorptivity (A) can
be defined as A (w) = 1 - R(w) = T'(0) = 1 = [Si1 ()|* = |S21 (w)I*,
where Si; (w) and S; (w) are the reflection and the transmission
coefficients, respectively. The transmission coefficient S;; (w) is
zero due to the existence of copper ground. Therefore, the
absorptivity can be simplified as A (0) =1 - |SH ()%

The simulated absorption spectrum of the proposed 3D MA
under normal incidence is shown in Figure 2. It can be seen from
Figure 2 that there exists a sharp absorption peak located at
10.1 GHz with an absorptivity of 99.9%. Hence, the proposed MA
exhibits perfect single band incident electromagnetic wave
absorption.

RESULTS AND DISCUSSION

Figure 3A compares the absorptivity of the proposed stereo
structure and the planar design under normal incidence. It can
be seen from the figure that the absorptivity of the stereo MA is
much larger than that of the planar structure at peak resonant
frequency. In order to analyze the dependence of the height of the
stereo resonant structure (h;) on the EM wave absorption under
oblique incidence, the influence of h; on absorption spectrum at
wave incident angle of 45° is simulated and the results are shown
in Figure 3B. From Figure 3B, the absorptivity increases till a
nearly perfect absorption with the increase of h;, which
demonstrates the outstanding absorbing performance of the
proposed stereo structure at wide incidence angles.

The surface current distribution on the gear-shaped 3D
resonator and the copper ground under the TM-polarized
incidence at peak resonant frequency of 10.1 GHz are depicted
in Figure 4. It can be seen from Figure 4A that the surface current
on the stereo structure flows in the same direction along the
E-field vector of the incident wave, where the electric resonance
can be excited within the MA. Meanwhile, Figure 4B shows that
the current is mainly concentrated in the inner ring of the
standing gear-shaped structure, and the current flow direction
in the copper ground is in reverse with that in the stereo resonant
structure, as the anti-parallel current will lead to a magnetic
resonance. Hence, both magnetic and electric resonances are
responsible for EM wave absorption under normal incidence.
Figure 4C illustrates the perspective view of the current
distribution on the stereo gear-shaped resonator. Although
the surface current is strongly concentrated in the bottom of
the gear, the current flow on the side wall of the standing
sectors also contributes the power consumption as shown in
Figure 4C. The power loss distribution shown in Figure 4D
confirms that the extra power consumption on the standing
walls is responsible for the stronger absorption compared with
planar structure. Moreover, from Figure 4D, one can
anticipate more power dissipation on the walls by
increasing the height of the standing gear, which is in
accordance with our previous discussion of the absorption
dependence on gear height h;.

Figure 5 shows the electric and magnetic field distributions to
further explain the mechanism of the enhanced absorption of the
stereo structure. It can be seen from the electric field distribution
shown in Figure 5A that the strong coupling between adjacent
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standing elements will enhance the intensity of electric resonance
within the structure. Moreover, the magnetic field distribution
illustrated in Figure 5B suggests that there exist two pairs of co-
directional magnetic field rings due to the introduction of the
standing walls. Since the magnetic rings can be regarded as an
electric dipole, the oscillation of the dipole results in a strong
electric response of the MA which further enhances the EM wave
absorption.

ABSORPTION SPECTRUM DEPENDENCE
ON WAVE POLARIZATION AND INCIDENT
ANGLE

In many practical applications, the characteristic of polarization-
independent is an important criterion to evaluate the absorption
performance of the MAs. Figure 6A illustrates the simulated
absorption maps of the proposed MA under different
polarization angles. It can be observed that the absorption of
the MA is insensitive to different polarization angles, which is
attributed to the rotationally symmetric layout of the cell
structure.

The absorbing performance of the stereo MA is further
investigated for TE- and TM-polarized incidences at different
incident angles, and the simulated results are shown in Figures
6B,C, respectively. For the TE-polarized incidence, the
absorptivity remains above 85% with incident angle 6 up to
60°. However, the further increase of 6 leads to a dramatically
degradation of EM wave absorption. For the TM-polarized
incidence, the absorptivity remains greater than 90% when
incident angle ¢ reaches up to 80°. However, the absorption
peak frequency slightly blue-shifted with the increase of o.
Hence, the proposed structure exhibits wide-incident-angle
stability for both TE and TM polarizations. In order to gain
the electromagnetic response of the stereo structure under
oblique incidences, the electric field distributions for TM-
polarized incidence with incident angle ¢ = 0°, 30°, 60° and 75°
are shown in Figure 7. It can be seen from the figure that both the
distribution and the intensity of the electric field are insensitive to
wave incident angle. Thus, the proposed stereo MA has a good
capacity on effective EM wave absorption at wide incident angles.
The equivalent circuit model for analysis of the absorption peaks
under oblique incidence is not given in this paper. However, the
mechanism can be briefly illustrated as follow: the impedance
matching of free space and the input impedance of the stereo
structure, which determines the absorptivity, is strongly
dependent on the EM wave incident angle. Compared with the
planar structure, the standing walls of the gear enables an extra
compensation of impedance matching at wide incident angles,
hence enhancing the wave absorption. In Table 2, we compared
the performance of the proposed MA with some reported MAs at
different incident angles. As it can be seen that our proposed
structure exhibits stronger incident wave absorption under
oblique incidences for both TE and TM polarization.

Another advantage of the proposed standing gear-shaped
resonant structure is the adjustable perfect single- or multi-
band absorption. In general, by increasing the amount of the
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TABLE 3 | Dimensions and parameters of the triple-band 3D MA.

Parameter Value (mm) Parameter Value (mm) Parameter Value (mm)

A 8 h 3.4 w 0.15

R 3.6 hy 2.1 04 20°

R 1.6 ho 0 0> 10°
Max W/m?

£-23.5GHz £31.5GHz £=38.1GHz
Min

FIGURE 9 | Power loss density distributions on the 3D resonator at three peak absorption frequencies.

gear teeth, the resonant modes within the structure will also increase ~ structure provides more degree of freedom in constructing
due to the enhanced coupling between these adjacent teeth. Hence, = multi-functional MAs compared with the planar design.

one can anticipate more absorption peaks with lager counts of gear

teeth. For instance, a perfect triple-band absorption can be achieved

by optimizing the structural parameters of the stereo structure. The CONCLUSION

layout and the absorption spectrum of the triple-band MA are

illustrated in Figure 8, while the detailed parameter dimensions of A standing gear-shaped perfect metamaterial absorber with wide-
the unit cell structure are listed in Table 3. The simulation results  incident-angle stability is presented in this paper. The stereo
demonstrate three distinct absorption peaks at 23.5, 31.5, and  resonator that is constructed with conductive silver ink, can be
38.1 GHz with absorption of 99.9, 99.5, and 99.9%, respectively. =~ embedded into the substrate using 3D printing technology. The
Figure 9 shows the power loss density distributions of the stereo  rotationally symmetric structure enables the polarization-
triple-band MA for TE-polarized incidence at three resonant  independent absorption of the proposed MA under normal
frequencies. It can be seen from Figure 9 that the incident  incidence, while the stereo resonator also endows the MA with
power is significantly consumed at the side wall and the top  good absorbing capacity at wide incident angles. The simulation
plane of the standing gear-shaped resonator for these three  results demonstrate and validate that the proposed MA exhibits
resonant peaks, which is different from the absorption  near unity single-band absorption under normal incidence.
mechanism discussed earlier in the article. Hence, the stereo ~ Moreover, for oblique incidences, the proposed MA maintains
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absorptivity above 85 and 95% up to incident angles of 60° and 80°
for TE and TM polarizations, respectively. In addition, a perfect
multi-band absorption can be achieved by adjusting the structural
parameters of the stereo structure. The stereo absorber has
potential applications in the energy harvesting and stealth fields.
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Metamaterial is a kind of material/structure that is artificially designed and has exceptional
electromagnetic properties and/or other physical properties, not found in nature. A class of
electromagnetic metamaterial with only one or a few layers of periodic or aperiodic
arranged cell structures in the direction of electromagnetic waves propagation can be
referred to as a metasurface. Metasurface can be considered as a two-dimensional
representation of metamaterial and can realize the controlling of the amplitude, phase, and
polarization state/direction of the incident electromagnetic wave. According to the novel
electromagnetic characteristics of metasurface and its big advantages, a series of new
planar devices and systems based on metasurface can be developed. The goal of this
review article is firstly to provide introductions for basic metasurface, its significance
properties, and application principles. Meanwhile, the main research progresses of regular
metasurfaces and the newly developed reconfigurable metasurfaces are analyzed,
focusing on the types of amplitude modulation, phase modulation, polarization
modulation, and multidimensional modulation. Finally, the research significances of
metasurface development trend and important engineering practical applications are
analyzed in the end.

Keywords: metamaterial, metasurface, reconfigurable, wave-front manipulation, applications

INTRODUCTION

Metamaterial is a kind of synthetic structural material with singular electromagnetic, acoustic, or
mechanical characteristics [1-6]. One can select the appropriate substrate types according to
different application requirements and design subwavelength-scale structure (meta-atom) with
different shapes, sizes, and rotation directions. According to the subwavelength period or
nonperiodic array arrangements, the designed metamaterial can control independently/
coherently the amplitude, phase, polarization state/direction, and other parameters of the
incident electromagnetic/acoustic wave as needed. In correspondence to this, novel planar
functional devices and systems working in different frequency bands such as low frequency,
high frequency, microwave, THz, and visible light can be developed [7-16]. Therefore,
metamaterials have important application prospects in the fields of science and engineering such
as acoustics/mechanics, electromagnetics, optics, and thermodynamics. A class of electromagnetic
metamaterial consisting of only one layer or a few layers of periodic or aperiodic elements in the
direction of electromagnetic wave propagation is also called electromagnetic metasurface [17-21].
The electromagnetic metasurface has subwavelength thickness in the direction of electromagnetic
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wave propagation, small size, and light weight, but it can realize
the similar electromagnetic wave characteristic controlling
abilities as the classical three-dimensional electromagnetic
metamaterial. In recent years, therefore, the research on
metasurface has become one of the hotspots in the academic
and industry areas [22-35].

Based on the Huygens’ principle, each subwavelength
structure unit of the electromagnetic metasurface will generate
a spherical wave packet at the metasurface-air interface under the
action of incident electromagnetic waves. The spherical wave
packets generated by all metasurface units form a new
electromagnetic wave-fronts [36]. Therefore, each metasurface
unit can be reversely designed according to the required
electromagnetic ~ wave-fronts. ~ And  accordingly  the
electromagnetic wave-fronts can be controlled by adjusting the
shape, size, and direction of the metasurface unit [36-40].
Different from conventional large-scale planar optical
components or microwave phased array antennas, the
metasurface can control and adjust the characteristics of near-
field electromagnetic wave in the subwavelength range. It is
possible to develop several new high-performance thin-film,
ultraminiature planar electromagnetic or optical devices
including spatial filters [41, 42], focusing lens [43, 44], beam
polarization deflection/converters [45, 46], special beam shaping
devices [47, 48], and holographic imaging plates [49, 50].
Therefore, it is of great scientific value to explore and develop
a new mechanism, new method, and process technology of
artificially synthesized electromagnetic metasurface in the
advanced electromagnetic community. In the pastdecade,
many good review articles have been published to summarize
the developments of metasurfaces [40, 51-60]. However, those
review articles only focused on some parts of the research aspects,
like the fundamentals and the specific applications. Most
importantly, only a few review articles summarized the
research developments of the basic metasurfaces and the
tunable/reconfigurable metasurfaces. In this review, therefore,
we would like to summarize the recently developed different
kinds of electromagnetic metasurfaces and reconfigurable
electromagnetic metasurfaces and devise some new research
directions.

Research Progress on Basic Metasurfaces
The main technical realization ways of synthetizing metasurface
can be divided into plasmonic-like structure based on metallic
materials [36, 37], full dielectric photonic structure based on high
refractive index materials [33, 38-40], and other novel structures
based on novel thin film materials, semiconductor materials,
quantum dots, etc. [33, 36-40, 61, 62]. Most of the reported
metasurfaces are used to realize the manipulations of the
amplitude, phase, and polarization together with other
parameters of the incident electromagnetic waves.

Metasurface for Amplitude Modulation

The metasurface that realizes the amplitude control of
electromagnetic waves is mainly used to reflect, absorb, or
transmit the incident electromagnetic wave energy. In recent
years, a large number of related results have been reported, such

Electromagnetic Metasurfaces and Reconfigurable Metasurfaces

as the broadband metasurface absorber [12-15, 63], metasurface
space filter [64, 65], metasurface color printing [66], graphene
metasurface refraction plate [67], dielectric
metasurface for selective diffraction [68], and metasurface for
near-field plasmonic beam engineering [69], as concluded in
Figure 1.

Specifically, the representative broadband metasurface
absorber shown in Figure 1A is fabricated on a flexible
substrate by using the nanoscale metal particles arranged in a
nonperiodic manner so that the entire metasurface can be
conformally mounted on a nonplanar carrier [63]. When the
metal particles resonate, the equivalent impedance of the entire
metasurface is matched with the free-space wave impedance. The
high dielectric loss and magnetic loss generated by the resonance
absorb the incident electromagnetic wave energy and the square
metal particles have polarization insensitive ability. Thereby the
entire metasurface absorber can achieve high-performance
absorptions in the near-infrared band and wide angle of
incidence. The structure in Figure 1B consists of a layer of
dielectric metasurface and two layers of distributed Bragg
reflectors which can be integrated into various planar optical
components [64]. The upper and lower distributed Bragg
reflectors form a typical Fabry-Pérot resonator. The
metasurface of the middle layer realizes the control of the
resonance frequency and constitutes a high-performance (high
frequency-selectivity) space electromagnetic wave signal filter.
The metasurface in Figure 1C consists of a metal plasmonic cell
that reproduces the color pattern captured by the camera [66].
Each metal unit resonates with different electromagnetic wave
reflection coefficients in the visible frequency region so the
human eye can observe different colors. Based on this
characteristic, the original color pattern can be reproduced by
designing the corresponding metal unit and array, according to
the color information of each pixel in the previously taken color
photograph.

Moreover, as can be seen in Figure 1D, an active metasurface
can be formed by integrating graphene into a U-shaped aperture
size via a single layer configuration [67]. The hybrid graphene
metasurface composed of the artificially constructed two-
dimensional metal hole array at the subwavelength scale and
the naturally occurring graphene constitutes an electrically
steerable amplitude anomalous refraction. Based on the
Pancharatnam-Berry phase and the suitable spatially linear
phase differences, the amplitude modulation for circularly
polarized terahertz wave with anomalous refraction can also
be achieved by the effective modulation of the gate voltage.
Advanced applications for the dynamic control of
electromagnetic waves by electrically tunable graphene
metasurfaces such as amplitude tunable active focusing lenses
are proposed [67]. More research progress for the dynamic
controllable metasurfaces will be discussed in details in the next
section. In Figure 1E, a complex amplitude modulation based
on the ultrathin dielectric metasurface is used to create a new
method for independently selecting diffraction orders based on
the adjustment of the geometric parameters of the custom
nanostructures [68]. Figure 1F also shows a near-field
plasma beam engineering of metasurface using nanoaperture
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FIGURE 1 | Amplitude-modulated metasurface design and its typical applications. (A) Broadband absorber [63], (B) spatial filter [64], (C) color printing [66],
(D) graphene metasurfaces [67], (E) selective diffraction with a dielectric metasurface [68], and (F) a single nanoaperture in one period [69].

arrays to effectively control the complex amplitude of the
surface plasmon polaritons in the near-field region [69]. In
such a design, each individual nanoaperture is determined pixel
by pixel. As a result, the amplitude can be determined by the
different lengths of the nanoaperture and the complex
amplitude modulation of the surface plasmon polaritons is
realized.

Those metasurfaces mentioned above are designed according
to the specific application requirements. Each metasurface unit is
arranged in a periodic or aperiodic manner to realize the control
of the amplitude of the electromagnetic wave. However, when
such metasurfaces are designed and developed, their
electromagnetic wave amplitude control characteristics are
fixed and cannot be changed.

Metasurface for Phase Modulation

On the other hand, the phase response characteristics of
metasurface are also closely related to the size, shape, rotation
mode, and the substrate material type of the metasurface unit.
Therefore, each metasurface unit can be reversely optimized as
well as designed according to the specific phase distribution
requirements to achieve the phase control of the
electromagnetic wave. As early as 2011, N. Yu et al. used eight
metasurface elements of different shapes to effectively achieve
phase manipulation in the range of 0-2n based on the principle as
shown in Figure 2A [70]. And a metasurface having flat focusing
function and vortex electromagnetic wave generating function

based on the phase manipulation has been developed as can be
seen in Figure 2B [36, 70, 71].

The phase-modulated metasurface initially reported controls
only the crosspolarization component of the incident
electromagnetic wave, but most of the common polarization
components of the incident electromagnetic wave are not
effectively utilized. As a consequence, its electromagnetic wave
conversion efficiency is extremely low [62, 72]. To solve this
problem, researchers have proposed several kinds of new
structures such as Pancharatnam-Berry (P-B) phase
metasurface, reflective-type metasurface, Huygens’ metasurface,
double-layer and multilayer metasurface to realize high-efficient
electromagnetic wave manipulation.

P-B phase metasurface. The P-B phase metasurface is a type
of structure that can continuously control the phase of
electromagnetic waves by changing the rotation angle of the
metasurface unit. In 2015, X. Ding et al. designed the P-B
phase metasurface structure as shown in the first subplot in
Figure 2C, and a high-performance flat-focus lens has been
developed which achieves nearly 25% electromagnetic wave
control efficiency [73]. The same year D. Wen et al. designed
a high-efficient holographic imaging plate based on another P-B
phase metasurface structure [74], as shown in the second subplot
of Figure 2C. Moreover, based on the geometric P-B phase, the
intracavity laser mode is controlled topologically to achieve a high
modulus purity of ~95% [75]. Following the transmissive
ultrathin P-B metasurfaces, the photonic spin Hall (PHSE)
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FIGURE 2 | Phase-modulated metasurface design and its typical applications. (A) Basic metasurface [70], (B) metasurface with focusing and vortex
electromagnetic wave generation [36, 70, 71], and (C),(D),(E) several examples of high efficiency metasurface design [73, 74, 77-79, 81, 82].

effect can be observed and the efficiency is close to 100%. At the
same time, the microwave metasurface with a three-layer
structure (total thickness still much smaller than the operating
wavelength) is designed (the maximum PSHE efficiency can
reach up to 91%), stimulating other P-B metadevices with
high efficiency and high performance [76].

Reflective-type metasurface. Moreover, the magnetic
resonance characteristics can be formed between the
metasurface unit and the metal back-plate in the reflective-
type metasurface structures so that the control efficiency of
incident electromagnetic waves can be greatly improved. Based
on the previously reported P-B phase, a reflective-type P-B phase
metasurface with different phases is used combined with different
predesigned coding sequences to control the terahertz wave. The
coded P-B phase metasurface provides the ability to reduce
broadband radar cross section and proposes a flexible way to
manipulate reflected terahertz waves [77] as shown in the first
subplot of Figure 2D. In 2015, G. Zheng et al. designed an

I-shaped reflective-type metasurface holographic imaging plate as
can be seen in the second subplot of Figure 2D, which realized
phase control of incident electromagnetic waves with its control
efficiency reaching up to 80% [78].

Huygens’ metasurface. Based on the Huygens’ principle, the
Huygens’ metasurface which can produce both electric and
magnetic resonance was designed to control the electric and
magnetic field components of the incident electromagnetic
wave. As a result, it has a nearly nonreflecting and completely
matching transmission characteristics to maximize the control
efficiency of the electromagnetic wave. In 2013, within this frame,
C. Pfeiffer et al. designed and developed a Huygens’ metasurface
with electromagnetic wave control efficiency up to 86% in
microwave frequency band [79], as shown in the last
subpicture of Figure 2D. They also realized the transmission
direction control of electromagnetic beam and the Gauss-Bessel
beam conversion. Subsequently, C. Pfeiffer et al. further
developed a Huygens’ metasurface in the near infrared band
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FIGURE 3 | Polarization-modulated metasurface design and its typical applications. (A) All-dielectric metasurface [85], (B),(E) multilayer metasurface [86, 87],
(C) holographic metasurfaces that depend on polarization [88], and (D) topology of metasurface antenna [90].

[80]. In 2016, L. Wang et al. designed a grayscale metahologram
as can be seen in the first subpicture of Figure 2E, based on the
Huygens’ principle. They realized phase control and its control
efficiency is up to 99% [81]. In 2018, following the developments
of Huygens’ metasurface with complete phase shift coverage, Z.
Wang et al. proposed a novel Huygens’ metasurface hologram at
microwave frequency, with detailed studies for the
electromagnetic field distribution at the control interface and
the energy distribution between the modulation focal points and
microwave imaging. This proposed Huygens’ metasurface
extends the approach of holographic microwave applications
[82] as shown in the last subpicture of Figure 2E.

In recent years, researchers have also proposed double-layer
and multilayer metasurface designs, for further improving the
efficiency of controlling the phase of electromagnetic waves. A
variety of flat functional devices are reported, e.g., in [83, 84].

As can be seen above, a variety of novel planar devices with
beam focusing, transmission direction control, vortex
electromagnetic wave generation, holographic imaging, and
other functions have been developed using phase-modulated
metasurfaces. It is the most well-developed metasurface
research areas in recent years. However, the phase-modulated
metasurfaces and the realized electromagnetic wave control
characteristics based on the planar functional devices have also
been defined to be incapable of real-time dynamic tuning.

Metasurface for Polarization Modulation
By designing an asymmetric metasurface unit, the phase

difference of the transmitted or reflected electromagnetic
waves in the orthogonal direction can be realized. As a result,
the control of the polarization direction of the electromagnetic
wave and the conversion between various polarization states of
the electromagnetic wave were achieved [62, 72]. For example, in
2014, C. Wu et al. developed an all-dielectric metasurface as
shown in Figure 3A which has Fano’s asymmetric resonance
characteristics. It can convert linear polarization wave into
circular polarization wave radiation [85]. In the same year, C.
Pfeiffer et al. developed a multilayer metasurface unit structure as
can be seen in Figure 3B which can realize the asymmetric
transmission of circularly polarized waves and achieve the
reversal of polarization states [86]. In 2016, C. Pfeiffer et al.
continued to develop a multilayer metasurface structure as shown
in Figure 3E which can realize the control of the polarization
direction of linear polarization waves [87]. In 2017, based on this
type of metasurface, J. Mueller et al. designed a holographic
metasurface that exhibits different response characteristics for
different polarized electromagnetic wave excitations [88] as
directed in Figure 3C. In the same year, based on the
anisotropic metasurfaces, X. Huang et al. achieved the
polarization of circularly polarized waves with high conversion
efficiency over a wide frequency range [89]. In 2018, W. Yang
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et al. proposed a low-profile broadband double-circularly
polarized metasurface antenna and thus it can be extended to
construct a 2 x 2 dual circularly polarized antenna array [90] as
shown in Figure 3D. The working state of the above-reported
metasurface, however, also fails to achieve on-demand real-time
dynamic tuning.

Metasurface for Multidimensional

Modulation

All the above-mentioned metasurfaces are only able to control
one single degree of freedom, e.g, amplitude, phase, or
polarization of incident electromagnetic waves. In order to
achieve more precise control of electromagnetic waves for
high-performance holographic imaging and special beam
generation, it is necessary to simultaneously control the
amplitude and phase (or phase and polarization) of incident
electromagnetic waves. For examples, in 2014, L. Liu et al
proposed a combination of amplitude-modulated metasurface
units with phase-modulated metasurface units to achieve
simultaneous  control of amplitude and phase of
electromagnetic wave and also developed a broadband
metasurface in the THz band [91]. Subsequently, Z. Li et al.
designed and developed the nondiffracting beam radiation
metasurface in the near-infrared frequency band [92, 93]
based on I-shaped metasurface and C-shaped
metasurface units for simultaneous control of electromagnetic
wave amplitude and phase. In 2018, G. Lee et al. proposed a new
metasurface consisting of X-shaped meta-atoms to achieve full
complex amplitude and phase modulation in the broadband
visible wavelength region. It was almost comparable to an
ideal 3D hologram, and the beam shaping, 3D bioimaging,
optical computing, and optical chips can be developed based
on such kind of metasurface [94].

Furthermore, in 2015, J. Li et al. proposed a metasurface unit
with different rectangular channels which can control
simultaneously the polarization and phase of electromagnetic
waves so that the circularly polarized incident electromagnetic
waves can be converted to linearly polarized waves after passing
through such metasurfaces and can deflect the transmission
direction of the linear polarized wave [95]. In the same year,
A. Arbabi et al. proposed an elliptical all-dielectric metasurface
unit structure by designing the ellipticity and with different
rotation angles of the metasurface unit. Moreover, they
adopted the honeycomb periodic arrangement to realize
precise control of the phase and polarization of
electromagnetic ~ waves. Based on this metasurface
configuration, a variety of high-performance planar functional
devices with electromagnetic wave utilization efficiency of up to
97% have been developed, which can realize polarization
separation and focusing, polarization transformation and
focusing, holographic imaging, and vortex electromagnetic
wave generation functions [61].

In 2018, Y. Zhou et al. used lattice design and different
arrangements to achieve multifunction reconfigurable
metasurface based on amplitude, phase, and polarization
modulation  fully reflecting the control ability of

units
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electromagnetic wave [96]. At the same time, H. Xu et al.
developed a multilayer C-shaped chiral metasurface structure,
which was able to control the amplitude, phase, and polarization
parameters of electromagnetic waves independently, and
proposed several functional flat structures, such as dual focus
prisms, airy beams, and multibeam shaping [97]. However, these
metasurfaces with multidimensional parameters control ability
still cannot achieve real-time dynamic control of incident
electromagnetic waves.

Research Progress on Reconfigurable

Metasurfaces

The above-reported metasurfaces can control the amplitude,
phase, polarization, and other parameters of the
electromagnetic wave as needed, and, therefore, it can develop
various planar functional devices with novel functions at different
frequency regions. However, when those metasurfaces are
designed and fabricated, their specific electromagnetic wave
characteristic control abilities are limited and cannot be
changed, as concluded in previous section. In recent years, in
order to achieve higher degree-of-freedom electromagnetic wave
control and utilization, tunable/reconfigurable/
programmable metasurfaces, nonlinear metasurface concepts
and design techniques have been proposed [62, 98-103]. As
mentioned in the beginning of this review, the electromagnetic
response characteristics of the metasurfaces are closely related to
the size, shape, rotation direction, and substrate material type of
the metasurface unit. As a consequence, the electromagnetic
response characteristics of the metasurface can be dynamically
controlled by additionally adjusting the metasurface unit
structure and the substrate material properties. In turn, the
modulations of electromagnetic waves are controlled in real
time, that means achieving active tunable, reconfigurable,
programmable, and other versatile metasurfaces and versatile
optoelectronic devices and systems based on such metasurfaces.
The active tunable/reconfigurable metasurface structures that
have been reported in recent years include electronic control,
light control, temperature control, mechanical control, and power
control, which will be discussed in detail in following parts.

active

Electrically Reconfigurable Metasurfaces

For the tunable metasurfaces loaded by diodes [104], transistors
[105], MEMS [106-108], graphene [109], and liquid crystals [110,
111], etc., the electromagnetic response characteristics can be
dynamically controlled by adjusting the applied bias voltage on
the materials/components in those metasurfaces. For examples,
in 2017, K. Chen et al. achieved the electromagnetic response
characteristic tuning by biasing voltage on each cell in the
reconfigurable metasurface array loaded by the independent/
joint control diodes. Furthermore, the on-demand controlling
of the metasurface to the incident electromagnetic wave front was
realized and the adjustable focal length was developed [104] as
shown in Figure 4A. In 2018, O. Yurduseven et al. utilized a PIN
diode to dynamically tune the “ON” and “OFF” transition states
of a slot-type subwavelength metamaterial unit. The waveguide
mode was converted to free-space radiation using a binary
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FIGURE 4 | A variety of electrically reconfigurable metasurface designs. (A) Loaded with diodes for focal length control [104], (B) loaded with PIN diodes for
microwave camera [112], (C) loaded with PIN diodes and water for X-stage wave front control [114], (D) loaded with transistor switchable absorbing control [105],
(E) loaded with MEMS for polarization control [106], (F) loaded with graphene for different functions switching [109], (G) loaded with liquid crystal for reconfigurable
multiband spin-selective light absorption [110, 111], (H) loaded with ITO for focus control [125], and (l) loaded with magnetic dipole for reconfigurable wave front

adjustment to form a target radiation pattern. Then a dynamically
reconfigurable holographic metasurface aperture that allows for
electron beam steering purposes was designed. And a synthetic
K-band Mills-Cross monochrome microwave camera can be set
up to achieve high fidelity images [112], seen in Figure 4B. In
2018, X. Gao et al. proposed an active metasurface composed of a
butterfly-shaped unit cells embedded with the voltage-controlled
varactor diodes. The reconfigurable polarization converter was
dynamically converted from linear to linear, linear to elliptical,
and linear to circular by adjusting the bias voltage of the varactor
[113]. In 2019, L. Chen et al. proposed a reconfigurable
metasurface using the voltage control of the PIN diode and
the control of the salinity of the water matrix so that the
metasurface can flexibly control the amplitude and deflection
angle of the scattered beam. In turn, the X-stage wave front of the

reconfigurable water-based metasurface was controlled [114], as
shown in Figure 4C. Moreover, in 2017, A. Li et al. developed a
broadband absorbing material with adjustable switch control and
absorbing power by loading transistors in the absorbing
metasurface unit and adjusting the bias voltage applied to each
transistor [105], as shown in Figure 4D.

Moreover, in 2018, X. Zhao et al first designed a MEMS-loaded
reconfigurable metasurface as can be seen in Figure 4E by
controlling the resonant characteristics of the metasurface unit
through adjusting the magnitude of the bias voltage, thereby,
achieving the control of the polarization state of the incident
electromagnetic wave [106]. E. Arbabi et al. prepared a
metasurface lens on the MEMS cantilever and controlled the
position of the transmitted electromagnetic wave focus by
adjusting the bias voltage [107], and, at the same time,
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FIGURE 5 | Coding and programmable metasurface structure and its application. (A) Basic programmable metasurface [99], (B) space-time modulated digital
coding metasurface [127], (C) reconfigurable holographic imaging metasurface [128], and (D),(E) smart metasurface [129, 130].

M. Manjappa et al. realized a simple logic signal processing in the
THz band based on the MEMS-loaded dual SRR metasurface
structure [108].

In addition, S. R. Biswas et al. theoretically proved that when
the graphene material was loaded into the reflective metasurface,
by changing the bias voltage of the graphene, the on-demand
switching between the beam orientation/focus and
electromagnetic cloak can be realized [109], seen in Figure 4F.
As a result, the tunable frequency and/or amplitude modulation
can be achieved [115, 116]. After that, many high-performance
graphene-based  tunable/reconfigurable  metasurfaces are
reported with different kinds of functions, including the
tunable polarization switching/converting and beam steering
[117, 118], broadband and tunable perfect absorber [119-122],
and even programmable metasurface [123, 124] which will be
discussed later. Moreover, A. Komar et al. and D. Xiao et al. have
proposed the designs for integrating liquid crystals into
metasurface arrays. By adjusting the bias voltage applied to the
liquid crystals, the controlling of the metasurface resonance
frequency as well as the on-demand selective absorption of
electromagnetic waves of different polarizations was achieved
[110, 111], as shown in Figure 4G. A. Howes et al. loaded the ITO
material layer in the metasurface array and realized the
electromagnetic wave transmittance controlling by adjusting
the bias voltage on the ITO material. Finally they realized the
reconfigurable focus beam [125], seen Figure 4H. In 2018, O.
Tsilipakos et al. used a magnetic dipole with a ring dipole

resonator in the metasurface unit made of an elliptical
dielectric rod. When the rod dielectric constant is changed,
the effect of accurately matching the two resonances can be
achieved, realizing the manipulation of constructing a tunable
gradient metasurface and reconfiguring its wave front [126], seen
in Figure 41.

This type of reconfigurable metasurface is voltage controlled
and has the characteristics of simple tuning abilities. However, it
is difficult to achieve on-demand independent control of each
single metasurface unit for material-loaded metasurfaces
discussed above. Therefore, there are no reports of
metasurface applications with better functional performance.
Fortunately, in view of the engineering feasibility of
electronically controlled reconfigurable metasurface loaded by
diodes, the researchers further proposed the idea of coding and
reprogrammable metasurface designs. Quite recently,
researchers from Southeast University in China have
systematically studied the working principle as well as design
method of digital coding metasurface and reprogrammable
metasurface [99], as shown in Figure 5A. For example, in
2018, L. Zhang et al. proposed the concept of space-time
modulated digital coding metasurface to achieve the
simultaneous  manipulation of electromagnetic = wave
frequency domain and space; thereby, harmonic beam
control was achieved [127], as shown in Figure 5B. The
design principle of the space-time digital coded metasurface
can be applied aspects such as

to various wireless
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communication and holographic imaging. Other functional
devices such as reconfigurable holographic imaging
metasurfaces with transformable multibeam radiation have
also been developed [128] as shown in Figure 5C. Based on
the breakthroughs obtained by the T. Cui’s research group, the
smart metasurface imager and recognizer empowered by a
network of artificial neural network (ANNs) for the adaptive
control data flow and the smart metasurface that has self-
adaptive  reprogrammable  functions  without human
participation have been designed [129, 130], as shown in
Figures 5D and 5E.

Optically Reconfigurable Metasurface

In recent years, researchers have also proposed to load
photosensitive materials as well as devices into metasurface
structures to achieve optically reconfigurable metasurface by
adjusting the intensity of light sources. For examples, in 2016,
Q. Wang et al. used a phase change material (chalcogenide GST)
as the metasurface substrate material to realize a light-controlled
dual-focus reconfigurable metasurface structure [131], seen in
Figure 6A. In 2018, L. Cong et al. used a layer of silicon ring
between a conventional C-shaped metasurface unit and a
sapphire substrate, as shown in Figure 6B. By changing the
intensity of the pump light, fast switching of the polarization state
of the incident electromagnetic wave and rapid separation of the
copolarized/cross-polarized wave were achieved [132]. In the
same year, H. Cai et al. designed an ultrafast tunable
metasurface consisting of an array of ion-implant combined
with annealed silicon disk using optical pump terahertz probe

spectroscopy to perform ultrafast and efficient all-optical tuning
of silicon-based metasurfaces, seen in Figure 6C, in turn,
achieving ultra-fast effective all-optical modulation of THz
waves [133].

In 2018, K. Fan et al. overcame the static geometric tuning
characteristics of traditional dielectric metasurfaces, by
controlling the resonant eigenmodes through optical
excitation. The optically tunable characteristics of the dynamic
dielectric Huygens’ metasurface were proposed and verified,
which has great significance for the application of metasurface
reconfigurability, as shown in Figure 6D [134]. In addition, the T.
Cui’s group from Southeast University integrated the photodiode
into the metasurface array to develop the light-controlled
reconfigurable metasurface structure by digitally encoding the
LED illumination state, as shown in Figure 6F [135]. However,
the use of additional light sources to control the electromagnetic
response characteristics of metasurface unit to achieve
reconfigurable function increases the complexity as well as
cost of the system to some extent.

Thermally Reconfigurable Metasurface

It is well known that some of the substrate materials described
above such as silicon, liquid crystal, and phase change material
GST are sensitive to bias voltage, light intensity, and also the
background temperature. Based on the temperature sensitivity
of these materials, researchers have proposed thermally
reconfigurable metasurfaces in recent years. As can be seen
in Figures 7A and 7B, the Y. Kivshar’s Group of the Australian
National University has used silicon and liquid crystal as the
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Silicon material loading

FIGURE 7 | Thermally reconfigurable metasurface. (A) Loaded with silicon [136], (B) loaded with liquid crystal [137], and (C) loaded with phase change
material [140].

A B

* Fapplied

I PDMS substrate Upper Au array
I Lower Au array

FIGURE 8 | Mechanical reconfigurable metasurface [132-134].

substrate material of the metasurface. By adjusting the  the environmental temperature changings. Aside from that, its
temperature around the metasurface, it can realize the  practicability and operability are limited.

dynamic control of the reflection/transmission of incident

electromagnetic waves and dynamic control of the Mechanically Reconfigurable Metasurface

transmission direction of incident electromagnetic waves  When the metasurface array was prepared on the elastic/flexible
[136, 137]. W. Dong et al. achieved the adjustment of the  substrate material, the shape of the elastic/flexible substrate
transmitted electromagnetic wave operating band by using  material can be mechanically adjusted. As a result, the
the temperature-sensitive phase-change material GST loaded  electromagnetic response of the metasurface unit could also be
into metasurface [138]. In 2018, H. Cai et al. proposed a  changed, to achieve a mechanically reconfigurable metasurface.
vanadium dioxide-based hybrid metasurface and the hybrid  In 2018, J. Reeves et al. designed a metasurface as directed in
metasurface can realize the control of transmission of  Figure 8A. The C-shaped metasurface unit was prepared on a soft
terahertz waves by heating, or optical pumping [139]. In the  polymer scaffold by additional stretching/compression soft
same year, J. Tian et al. used a phase change material such as  polymerization. The object holder can control the spacing of
Ge,Sb,Tes (GST) to switch the material phase state between a two C-shaped units in the metasurface unit to realize the
crystal and an amorphous crystal by changing the temperature ~ mechanical reconfigurable metasurface structure [142]. X. Liu
to switch the response of the meta-atom between an electricand et al. also proposed a noncoplanar metasurface structure as
a magnetic dipole. The phase shift generated by the multistage =~ shown in Figure 8B. The two-layer metasurface array was
resonance realizes wave front manipulation. It will contributeto ~ fabricated on a PDMS flexible substrate. The mechanically
the development of future optical communication networks  reconfigurable metasurface was achieved by stretching the
[140]. At the same time, X. Chen et al. used shape memory = PDMS flexible material to change the coupling characteristics
alloy as the metasurface substrate material and changed the  between the two metasurface arrays [143].

shape of the memory alloy by adjusting the ambient In addition, Z. Wang et al. prepared a C-shaped metasurface
temperature to develop a transmissive metasurface structure  unit on a foldable dielectric substrate as can be seen in Figure 8C.
with tunable working frequency band [141]. The thermally  Different chiral responses to incident electromagnetic waves were
reconfigurable metasurface provides a solution to a certain  achieved by changing the folding mode of the dielectric substrate
extent, but the prepared metasurface was greatly affected by  [144]. L. Chen et al. changed the distance of the reflective surface
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FIGURE 9 | Nonlinear metasurface and power reconfigurable metasurface [136-138].

| 4 i
'S incident light

Z

of the metasurface metal reflective surface from the metasurface
layer by mechanical means to realize the reconfigurable function
of the reflected beam [145]. The mechanical reconfigurable
metasurface provides a feasible solution for real-time dynamic
control of electromagnetic waves. However, its mechanical
control system is complex and it is difficult to achieve precise
control with the high-performance metasurface applications.

Power Reconfigurable Metasurface

In addition, researchers have proposed the design idea of nonlinear
metasurface to achieve the generation of higher harmonics and
manipulation of its characteristics [100]. In 2014, J. Lee et al.
developed an asymmetric cross-shaped unit and a metasurface
array using the principle of electron complementary band
transition in a semiconductor heterostructure. As a result, a
second-order nonlinear harmonic output with high conversion
efficiency was achieved [146] as shown in Figure 9A. In 2017,
based on the relationship between electromagnetic response
characteristics of the nonlinear metasurface and the incident
electromagnetic wave intensity, L. Nicholls et al. designed a
metasurface that can quickly adjust the polarization direction of
the electromagnetic wave as shown in Figure 9B. The nonlinear
metasurface was able to realize the polarization deflection of
electromagnetic waves of up to 60° under the excitation of
electromagnetic waves with different intensities [147]. In 2018,
Y. Xu et al. used chalcogenide glass to prepare a full-dielectric
metasurface as can be seen in Figure 9C. Based on the high
nonlinearity of chalcogenide glass, the switching control of the
vortex electromagnetic wave state was achieved by adjusting the
incident electromagnetic wave intensity [148]. In 2018, L. Wang
et al. proposed a nonlinear all-dielectric metasurface which
generates a third harmonic signal and efficiently controls the
nonlinear wave front of any complex parameter wave generated
by it. Its control efficiency can reach up to 92% [149]. The
nonlinear metasurface energy can realize the reconfigurable
property of the electromagnetic wave self-control ability simply
by adjusting the incident electromagnetic wave intensity. However,
in the reported nonlinear metasurface, it is difficult to effectively
control each single metasurface unit, so a more versatile
reconfigurable metasurface structure is hard to be realized.

In recent years, optomechanical nonlinear metasurfaces
[149-151] have received wide attention as a new class of
nonlinear metasurfaces. The metal/nonmetal resonant unit in
the optomechanical metasurface is prepared on the elastic
material matrix or the resonant unit itself is suspended to
form an elastic structure. Under the excitation of the incident
electromagnetic wave, the field-structure interaction will generate
optical gradient force, electromagnetic induction force, and/or
thermal expansion force. The optomechanical metasurface can
control the self-polarization state of incident electromagnetic
waves by adjusting the intensity of incident electromagnetic
waves [150, 151]. The nonlinear characteristics of
optomechanical metasurfaces are derived from the mutual
coupling effect of incident electromagnetic wave energy and
metasurface unit structure potential energy.

DISCUSSION AND PERSPECTIVE

As can be seen above, the researches on electromagnetic
metasurface have made remarkable progress in mechanism
discovery, analytical theory breakthrough, application innovation,
etc. In recent years, a variety of metasurface implementation
methods have been proposed to design metasurfaces with
various electromagnetic wave response characteristics to achieve
the electromagnetic wave amplitude, phase, polarization direction/
state, orbital angular momentum, and spin angular momentum
control. Based on the metasurfaces breakthrough, a variety of novel
planar function devices and systems with microwave, THz, and
optical frequency bands have been developed. For the various
metasurfaces, especially the active tunable/reconfigurable/
programmable ones, some of them already realized to
independently control each metasurface unit.

In the near future, the metasurface can be further widely
developed, with more efficient [24, 31, 76, 97, 118], wider
operating bandwidth [12, 42, 118, 119] and easier fabrication
and lower cost [152, 153]. Most importantly, metasurface can be
designed based the cutting-edge techniques, including the
artificial intelligent, to achieve the intelligent metasurface and
smart metasurface, which are proposed in the past two years
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[129, 130, 154-157]. This should be the most exciting research
area in the metasurface research community.

CONCLUSION

This review firstly discussed the previously well-developed
electromagnetic metasurfaces, in terms of the different kinds
of modulations, including the magnitude, phase, and/or
polarization modulations. Then, based on the analysis of the
aforementioned metasurfaces which cannot realize the dynamic
control, the active/tunable/reconfigurable metasurfaces based on
various materials/components loadings are analyzed, in terms of
the different kinds of control methods, including the electrically,
optically, thermally, mechanically, and power reconfigurable/
control techniques. In the end, the cutting-edge metasurface
design idea based on mechanical learning, deep learning, is
pointed out. This review concluded the main research
directions in the past several years and it has important value
for the metasurface research community.
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Wireless communication has become a standard solution to satisfy the ever-increasing
demands of information transfer in our daily life. Furthermore, reconfigurable metasurfaces
comprised of multiple tunable unitcells have drawn significant attention due to their
superior electromagnetic performance, while the desired electromagnetic response can
be controlled by computer. We therefore present a prototype of a wireless commmunication
system based reconfigurable metasurface that works in the microwave frequency range. A
2-D periodical array of a reconfigurable metasurface is loaded with a varactor diode to
effectively adjust the in-band transmission and reflection coefficients that maintain different
far-field electromagnetic characteristics. The reconfigurable metasurface does not radiate
electromagnetic waves and only carries information by adjusting its reflection and
transmission  coefficients.  With  this reconfigurable metasurface, a passive
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consumption and transmission distance [2]. The server’s increasing demands are driven by various
intelligent devices, such as smart meters, telemedicine, virtual reality, and autonomous driving, all of
which include a lot of wireless sensor devices. With the growth of these mobile Internet services, the
requirements for sensor power consumption have become increasingly higher. Currently, short-
range wireless communication methods mainly include near-field communication (NFC), Bluetooth,
and Zigbee, and most of these methods mainly work with frequency types such as S-band. A
metasurface, composed of sub-wave-length resonators in 2-D plane [3-6], can provide a new way to
control electromagnetics (EM) in terms of propagation modes, polarization, and wave-fonts [7-12],
and recently an active anisotropic metasurface whose reflection phases can be electrically and
independently tuned for two orthogonal polarized waves was reported [13]. Due to their unique EM
properties, we propose a passive transmitter, using a reconfigurable metasurface design work in
2.4 GHz, to reduce the transmitter’s power consumption and to make the metasurface compatible
with the standard IEEE 802.11ac. IEEE 802.11ac is a wireless networking standard in the 802.11 set of
protocols (which is part of the Wi-Fi networking family), providing high-throughput wireless local
area networks (WLAN) on the 2.4 GHz and 5 GHz band.
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FIGURE 1 | The tunable unit of reconfigurable metasurface.

In this paper, a single layer reconfigurable metasurface has been
presented with the aim of reducing power consumption. The
proposed geometry consists of periodic metallic Patterns
imprinted on the top of the dielectric substrate, where varactor
diodes are mounted in the center of each unit cell. The
reconfigurable metasurface has been constructed such that it can
integrate two different characteristics (single band reflection and
transmission) with independent control of the biasing states of the
varactor diodes. In order to communicate with the passive
transmitter a receiver has been designed with a software-defined
radio (SDR) [14-18]. A software-defined radio is a radio
communication system where components that have been
traditionally implemented in hardware are instead implemented
by means of software on a personal computer or an embedded
system. While the concept of SDR is not new, the receiver in this
paper only provided a method to verify this design. The varactors in
the reconfigurable metasurface are controlled by the base band
signal.

The remainder of this paper is organized as follows. Section 2
presents the proposed design concept for a passive transmitter,
then describes the system composition and characteristics of
power consumption. Section 3 discusses the theoretical
investigation of this design and show the simulation results.
Finally, concluding remarks and a comparison of the proposed
passive transmitter to the traditional short-range wireless
communication methods are presented in the last section.

2 RECONFIGURABLE METASURFACE
PASSIVE TRANSMITTER

2.1 The Design of Unitcell

The reconfigurable metasurface is a lattice of 2-D subwave-length
meta-atoms loaded with varactor diodes [14-23]. The Schematic
view of the unitcell is illustrated in Figure 1. It includes one
metallic layer that is placed on one substrate (F4B with a dielectric
constant of 2.65 and loss tangent of 0.001). On the top layer is a
“E” shape metallic strip combined by a varactor diode surrounded
by metallic strips. The Structural parameters are chosen as

follows: The width of the unitcell W = 35mm, the height of
the unitcell H = 17 mm, the strip width | = 1 mm, the width of
‘E’ strip X = 18 mm, the height of “E” shape strip Y7 = 5.5 mm,
and the gap of the varactor diode g = 1 mm, in other words, the
total height of the central patch Y, = 12 mm and the thickness of
the substrate t = 0.8mm. The varactor diode is placed across the
gap on the top layer, and six resistors with a resistance of 10 K
ohms are placed symmetrically, as shown in Figure 1, to limit the
bias current and to isolate the surface current. By tuning the
reverse DC bias voltage across the varactor V, the reflection
coefficient of the reconfigurable metasurface is manipulated. In
this work we select the varactor diode infineon BB857, whose
services resistance R, =1.5(Q), inductance L, =0.7nH, and
capactitance C ranges from 0.54 to 6.6 pF when its reverse
biasing voltage changes from 28 to 0V. In this unitcell we
know that the gap of the “E” shape strips the metallic wires
on the top layer combined by a varactor, so that the varactor is a
parallel connection. The transmitter properties of the unitcell is a
function of the biasing voltage V},. The resonance moves from low
to high frequencies when V}, decreases from 28 to 0 V.

2.2 System Model

A Full structure sample containing 5 x 9 unitcells are placed on
the EM absorbing material, as shown in Figure 2. Then we
change the resonance frequencies, the metasurface can work as an
absorber and reflector. The receiver in this system will
continuously radiate horizontally polarized EM waves. In this
paper, a software-defined radio is used to implement a
continuous wave radar working at 2.4GHz as a signal
receiver, which is illustrated in Figure 3.

In this passive transmitter radio frequency (RF) source and
amplifier is not employed, so the transmission coefficient is
obtained as

I'= 81— Souair (1)

where S;; is the transmission coefficient through the
reconfigurable metasurface and Sy, is the coefficient when
the EM waves through the air.
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FIGURE 2 | Schematic of the reconfigurable metasurface with a periodic structure.

FIGURE 3 | The block diagram of the receiver based on the software defined radio.
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For simplicity, let us assume that a wireless source emits a
seemingly random signal s(t), and the received sequence of
binary digital information is r(7), we refer to the time 7 in
7 (7). In an analogy with continuous-wave radar s(¢) and g (1) can
be correspondingly regarded as the launch wave and radar echo.
We need to convert the g (7) into that of the distinguishable carry
wave control coding patterns of the reconfigurable metasurface
I'(7). At any given time 7o, if I'(7p) =T, the stray received
sequence g(7g) = s(t) xIy. So, the received sequence with the
information modulated by coding patterns.

When the metasurface is driven by the EM wave E;, normally
incident from the top toward the metasurface at f;, the response
can be represented as

E =T xE =T x> @

where E, stands for the reflected wave. From the theory of Fourier
transform, the frequency response can be expressed as

E () =T8¢ =] =T( ~f) ®
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FIGURE 4 | The reflection coefficient of a reconfigurable metasurface at
different voltages.
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FIGURE 5 | The transmission coefficient of a reconfigurable metasurface
at different voltages.

where * stands for the convolution operation, and § is the Dirac
delta function, respectively. We know that the reflection
responses are highly dependent on the transmission
coefficient’s frequency response from Eq. 2.

In this work, the varactor diodes are working at two states, one
is without biasing voltage (V =0V, C = 6.6pF) and the other is
with biasing voltage (V =28V, C = 0.54pF). In this case we can
realize a 1-bit digital codes, the reflector state is defined as the
code “1” and the transmission state is defined as the code “0”. So,
a Frequency-shift keying (FSK) transmitter can be realized based
on this reconfigurable metasurface.

3 SIMULATIONS AND DISCUSSION

To verify the performance of the proposed metasurface,
Frequency domain simulations are performed using the
CST studio and GNUradio software. In our Simulations,
the unitcells are driven by the horizontal polarized wave
from 1.5GHz to 3 GHz. The reflection and transmission
coefficient are shown in Figure 4 and Figure 5. As an
illustrative example, we find that the reconfigurable
metasurface worked at 2.4 GHz by adjusting the biasing
voltage, and the EM resonance changes as expected.

Furthermore, we simulated the reconfigurable metasurface’s
farfield properties. From the farfield simulation results, it
can be intuitively seen that the main lobe of the
reconfigurable metasurface covers half of the space and
the amplitude of the backward radiation is very low. In
this case, its farfield reflection properties can be well
modulated.

Particularly, the reflectivity and phase difference of the
two elements under the illumination of forward x-polarized
incidence are depicted in Figure 6, respectively. It is clearly
shown that the complete reflection with direction difference

approximately approaching 180°, is well kept in 2.4 GHz.
The transmitter is composed of 9 x5 unitcells. Since the
varactor diodes works at Ov and 28V reverses the bias
state, its reverse current is about 10#nA, the power
consumption of a single structural unit is about 300nW,
and its total power consumption is less than 1mW. The
power consumption comparison of communication is
shown in Table 1.

Based on the design proposed above, we can combine it into a
new communication system. The reconfigurable metasurface
whose biasing voltage are controlled by the base band signal
plays the role of transmitter. The continuous wave radar designed
by GNUradio is used as a receiver. In this communication system
the transmitter does not radiate any EM wave, which is of great
significance for EM silence. In IoT applications, a large part of the
sensor data transmission is unidirectional, and the power is
limited. The passive trans proposed in this paper may solve
these problems.

4 CONCLUSION

In summary, we provided a theoretical framework for
modulation, and simulated a prototype system tailored to
the use of ambient commodity 2.4 GHz Wi-Fi signals. The
proposed design is comprised of switchable active comments
mounted across the metallic grids, and with base band control
of the biasing conditions of the varactor diodes, the
metasurface realized different modes of operation. For
different biasing voltages the reconfigurable metasurface
showed different electromagnetic characteristics, and then
used these characteristics to achieve information
transmission and reduced the power consumption of this
kind of transmitter. At present, traditional short-range
communication methods such as Bluetooth consume more
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FIGURE 6 | Simulation results of the reconfigurable metasurface’s far-field radiation properties. (A) V = 0 V the metasurface working as a reflector. (B) V = 28 V the
metasurface working in the transmission state, which can be regarded as an absorber due to the combination with the absorber placed behind the metasurface.
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TABLE 1 | Comparison of wireless technologies’ power consumption.

Wireless technologies

ZigBee 100mw
Wi-Fi >100mW
Bluetooth 10mw
Passive transmitter <1mwW

than 10 mW. The passive transmitter based on a reconfigurable
metasurface proposed in this article works in the reverse bias
state of the varactor. The power consumption is therefore less
than 1 mW and the distance of communication depends on
the receiver’s resolution. It will also have applicational
prospects in confidential communications. We believe that
our passive transmitter, based on a reconfigurable
metasurface, provides a fundamentally new view on
wireless communication systems that can impact a wide
range of future passive and IoT communication systems at
radiofrequencies.
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A subwavelength metamaterial perfect absorber (MPA) in optical communication band
was proposed and tested using the finite-difference time-domain method. The absorber is
periodic and comprises a top layer of diamond silicon surrounded by L-shaped silicon and
a gold layer on the substrate. It can achieve dual-band perfect absorption, and one of the
peaks is in the optical communication band. By changing the gap (g) between two
adjacent pieces of L-shaped silicon, and the thickness (h) of the silicon layer, the resonance
wavelength of absorption peak can be tuned. When the incident electromagnetic wave
entered the absorber, the metamaterial absorber could almost completely consume the
incident electromagnetic waves, thereby achieving more than 99% perfect absorption. The
absorption peak reaches 99.986% at 1310 nm and 99.421% at 1550 nm. Moreover, the
MPA exposed to different ambient refraction indexes can be applied as plasma sensors,
and can achieve multi-channel absorption with high figure of merit (FOM*) value and
refractive index (RI) sensitivity. The FOM* values at 1310 nm and 1550 nm are 6615 and
168, respectively, and both resonance peaks have highly Rl sensitivity. The results confirm
that the MPA is a dual-band, polarization-independent, wide-angle absorber and
insensitive to incident angle. Thence it can be applied in the fields of optical
communication, used as a light-wave filter and plasma sensor, and so on.

Keywords: metamaterial, perfect absorber, optical communication band, finite difference time domain method,
sensor

1 INTRODUCTION

Electromagnetic metamaterials are an artificial composite structure or composite material with
extraordinary electromagnetic properties that natural materials do not possess, and research on these
materials has attracted considerable attention and made significant progress in recent years [1, 2].
Using electromagnetic metamaterials can achieve arbitrary “cutting” of electromagnetic and light
wave properties, thus creating peculiar electromagnetic characteristics such as perfect lens [3, 4],
negative refractive index [5], and electromagnetic stealth [6]. An attractive application field of
metamaterials is the “perfect absorber” of electromagnetic waves [8, 9]. The concept of the perfect
absorber was originally proposed by Landy et al in 2008 [10]. After then, a large range of absorbers
with dielectric disks, ribbons, rings, and diamond arrays have been proposed and demonstrated
[11-20]. In these studies, perfect absorbers in visible, infrared, and terahertz (THz) range were
presented [21-28]. For instance, Li et al. proposed a novel broadband metamaterial perfect absorber
based on visible light [12]. Xu et al. demonstrated an ultra-broadband metamaterial absorber in a
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frequency range of 3-7.8 THz [29]. A multi-channel plasmonic
perfect absorber based on the mid-infrared region was proposed
by Meng et al. [13]. A triple-band perfect absorber based on the
infrared range was designed by Wu et al. [30]. Most of them are
metamaterial-based electromagnetic resonance absorbers. By
rationally designing the physical size and material parameters,
the metamaterial can be coupled with the electromagnetic
component of the incident electromagnetic wave, so that the
electromagnetic waves incident on the specific broadband of the
absorber can be 100% absorbed. At present, the potential
applications of perfect absorbers include bolometer [10],
electromagnetic stealth [31], and thermal emission [32].

Optical communication is a communication method using
light waves as carriers. The two most obvious advantages of
optical communications are transmission distance and capacity.
Wavelength-division multiplexing technology ensures that the
optical fiber system has a strong transmission capacity, so it can
be applied to cross-sea communication systems. Optical
communication also has an extremely wide transmission
frequency band, with high information-transmission efficiency
and a strong ability to resist electromagnetic interference, which
can maintain high communication-transmission quality in
various application environments. Furthermore, the optical
communication bands have the lowest loss, the smallest
dispersion, and the lowest microbending loss, providing a
comprehensive array of applications in optical amplifier long-
distance trunk systems and submarine cable systems. Therefore,
we planned to combine the metamaterial perfect absorber with
the optical communication band for our study, that is, we want to
realize the resonance absorption window in the optical
communication band.

In this article, a metamaterial perfect absorber (MPA) in
optical communication band is proposed. The absorber
comprises a diamond silicon surrounded by four L-shaped
pieces of silicon, which were placed on a metallic plate to
prevent energy from seeping out of the system. The number
of electromagnetic response modes of the top structural unit
determines the number of metamaterial absorption peaks;
therefore, our proposed absorber has dual-band perfect
absorption. Finite-difference time-domain (FDTD) simulations
showed that there are two absorption peaks above 99% after
optimization, and the wavelength of one of the absorption peaks
was at an optical communication wavelength. According to the
effective medium theory [7], the characteristics of metamaterials
can be characterized by the effective dielectric constant and
permeability, whereas the effective dielectric constant and
permeability of metamaterials can be controlled by the orderly
design of the material’s key physical dimensions. Therefore, the
resonance wavelength of absorption peak can be tuned by
changing the geometrical dimensions of the structure, such as
gap (g) between two adjacent L-shaped pieces of silicon, and the
thickness (h) of the silicon layer. In addition, the designed MPA
achieves near-perfect polarization independence and incident
angle-insensitive dual-band light absorption. For the incident
angle, the simulation results show that the designed structure
realizes wide-angle absorption of 0°-40° for TM waves and TE
waves, displaying a relatively perfect absorption effect. Moreover,

Metamaterials in Optical Communication Band

the MPA exposed to different ambient refraction indexes can be
applied to the field of plasma sensors, and can achieve multi-
channel absorption with high FOM* value and RI sensitivity. The
proposed subwavelength structure has important value in the
fields of light-wave filters, thermal radiation meters, array thermal
imaging detectors, and electromagnetic wave modulators.

2 MATERIALS AND METHODS

The structure stereogram of the proposed MPA is shown in
Figure 1A. There are four L-shaped [33-36] structures of the
same size in a unit cell, as shown in Figure 1B. The upper layer is
a resonator formed by a structure in which four L-shaped
dielectrics surround a diamond-shaped dielectric, and the
lower layer is a metal substrate. The optimized parameters of
each part of 1310 nm structure and 1550 nm structure are marked
in Table 1. Here, the resonance wavelength of the absorption
peak was tuned by changing the structural parameters of the
absorber to move the absorption peak from 1310 nm to 1550 nm.
The two arm lengths of L-shaped silicon, distance between each
two adjacent L-shaped silicon, thickness of the patterned silicon
layer and structural periodicity are fixed at L, g, h and P,
respectively. The arm widths of L-shaped silicon, semi-major
axis and semi-minor axis of the diamond silicon are W, a and b,
respectively. In the simulations, the incident light appears
perpendicularly on the patterned silicon  structure
metamaterial absorber in the negative direction of the z-axis,
with the electric field along the x direction and the magnetic field
along the y direction. The mesh size in a patterned silicon layer is
Ax = Ay = 4 nm, and Az = 6 nm. The simulation time and mesh
accuracy were set to 15,000 (fs) and 4, respectively. The
permittivity of Si and Au in the near-infrared region were
obtained from the experiments of Palik and CRC [41]. The
periodic boundary conditions were set in both x and y
directions to reproduce this array, and the boundary condition
along the z direction was the perfectly matched layer (PML) to
eliminate scattering.

The material of the metal substrate is gold, and the thickness of
the gold reflection mirror is defined as t = 100 nm. The skin depth
§ (or penetration depth) commonly used in engineering to
characterize the skin depth of electromagnetic waves, which is
defined as the distance the electromagnetic wave travels when the
amplitude of the electromagnetic wave is attenuated to the surface
value 1/e (or 0.368). According to this definition, it can be
described as [37-40].

e = 1/e (1)
therefore,
2
6= — (2)
wpo

where w is the angular frequency of the electromagnetic wave, y is
the magnetic permeability, and o is the electrical conductivity.
The thickness of the bottom metal plate is calculated as 100 nm,
which is much greater than the skin depth § of gold in this
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FIGURE 1 | (A) Perspective view of the MPA device structure. (B) Top view of the unit cell structure. (C) Side view of the unit cell structure.
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TABLE 1 | Comparison of parameters of 1310 nm structure and 1550 nm
structure.

Parameter 1310 nm structure 1550 nm structure
L (nm) 307

W (nm) 142 157

a (nm) 167 158

b (hm) 164 150

g (nm) 6

h (nm) 281

P (nm) 844

wavelength range. Therefore, the electromagnetic wave cannot
penetrate the metal layer, the transmission coefficient of the
absorber structure is always 0, and the absorption is only
affected by the reflection coefficient. When electromagnetic
waves occur on the metamaterial structure, electric field
resonance and magnetic field resonance will occur in the
absorber, accompanied by the generation of effective dielectric
constant ¢(w) and effective permeabilityy (w). This is due to

n(w) = \e(w)u(w) 3)
Z(w) = \p(w)/e(w) (4)

where n(w) is the refractive index of the dielectric, and Z (w)
is the impedance of the dielectric material. Suppose
e(w) =e(w) +ie(w)’, p(w)=u(w) +iu(w)’. At a specific
resonance frequency, when &(w)' = y(w)', e(w)" = p(w)", that
is, the effective dielectric constant & (w) and effective permeability
y (w) of the absorbing material are equal, the effective impedance
of the absorber matches the wave impedance Z (w) in free space.
At this time, in the case of normal incidence of electromagnetic
waves, the reflectance is

2

—1310nm
10+ M N ——1550nm
0.8 |
c
O 06
-~
e
o
8 o4l
<0
[
0.0 1 L 1 L
1300 1400 1500 1600 1700
Wavelength(nm)
FIGURE 2 | Simulated absorbance of the proposed MPA, whose
structure is shown in Figure 1. The black solid line and the red solid line
correspond to wavelengths of 1310 nm and 1550 nm, respectively. The
corresponding peak at 1310 nm is labeled M, and the corresponding
peak at 1550 nm is labeled N.

which equals zero, and where n = /&g, is the refractive index
coefficient of the dielectric, Z = \/u/e represents the dielectric
material impedance, and Zy = \/,/€y represents the free space
impedance. When the thickness of the bottom metal layer is
greater than the penetration depth of the electromagnetic wave,
so that electromagnetic waves cannot pass through the material,
the transmittance is

T = [cos(nkl) - % (z + %)sin(nkl)]_1 (6)

which is almost equal to zero. The electromagnetic wave is
confined to the inside of the structure until it is completely

R Z-2Zo" |u,-n ) consumed by the dielectric layer or the metal layer. According
NZ+Z 4 to Kirchhoff’s theorem, the sum of absorptance A, transmittance
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T, and reflectance R is equal to 1, that is, A+ T + R = 1, so the
absorptance is
|Z - 2|
|Z + Zol

|, = nf*
lu, + |

A=1-R=1 =1- )
It can be seen from Eq. 7 that if the frequency corresponding to
the incident spatial impedance of the electromagnetic wave and
the impedance of the dielectric layer have Z = Z0, the
electromagnetic wave is absorbed without reflection, and the
electromagnetic wave of a specific wavelength band can be
absorbed at close to 100%.

3 RESULTS AND DISCUSSION

Tunable Hybrid Metamaterial Absorber
The absorption spectrum of the proposed MPA in the optical
communication band as a function of wavelength was calculated,
as seen in Figure 2. The black solid line indicates that the peak on
the left (labeled M) in the absorption spectrum corresponds to a
wavelength of 1310 nm, and the peak value at M is up to 99.986%,
so we call it 1310 nm for short. The red solid line indicates that the
peak on the right (labeled N) in the absorption spectrum
corresponds to a wavelength of 1550 nm, and the absorption
at N reaches 99.421%; thus, we simply call it 1550 nm. Through a
comparison of Table 1, we found that the resonant wavelength
could be effectively tuned from 1310nm to 1550 nm by changing
the semi-major axis (a) and the semi-minor axis (b) of the
diamond silicon, and the arm widths (W) of the L-shaped
silicon. The spectrum is shown in Figure 2.

To better understand the physical mechanism of the proposed
dual-channel perfect absorption, the electric and magnetic field

intensity distributions of the unit cell structure at M and N are
shown in Figure 3. The top (xoy) planes and cross-sectional (xyz)
planes are plotted. In Figure 3A, it can be seen that the electric
field at 1310 nm is mainly distributed between the closely
adjacent diamond silicon and L-shaped silicon due to the
localized surface plasmon resonance (LSPR), whereas the
strong magnetic field is distributed in the diamond. This
indicates that there is both electric dipole resonance and
magnetic dipole resonance at the 1310 nm wavelength [15, 42,
43]. However, contrary to the electromagnetic field intensity
distribution at 1310 nm, it can be clearly seen from Figure 3B
that at the 1550 nm wavelength, the enhanced electric field is
mainly concentrated between the bottom of the resonator and the
gold film of the reflective layer. There is also a partly weak electric
field distribution between the resonators, and the magnetic field
strength is distributed in the dielectric layer. The reason is that a
strong enhancement of the localized electromagnetic field is
excited at the resonance frequencies between the two layers,
and this effect results in almost zero reflectance observed in
simulations and calculations [16]. These characteristics confirm
that the absorption at the 1550 nm wavelength is caused by the
coupling of the dipole resonance of the resonator and the second
resonance of the silicon wafer.

To further understand the working mechanism of the
proposed MPA, the absorption under different structural
parameters was studied. Figure 4 shows the calculated
absorption intensity for the structure at 1310 nm and 1550 nm
by varying the g parameter. For these two wavelengths, both the g
values were changed from 2 nm to 18 nm, with an interval of
4 nm. The trends of both wavelengths with the change of g value
are almost the same, as shown in Figures 4A,B. The absorption
peaks of both wavelengths are blue-shifted with the increases of g
value. The plasmon resonance will occur when SPPs resonate on
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the horizontal surface of L-shaped silicon, and the resonance
conditions of L-shaped silicon can be expressed as [30].

2k Log, + 26 = 2pm (8)

where kg, = 27n4,/A,, 1y, is the effective index of SPPs and A,, is
the resonance wavelength, and L., denotes the equal resonance
arm length, 6 means the phase change at the end of the horizontal
arms, and p is an integer; as the incident wavelength is larger than
the arm length, pcan be regarded as 1. Then, the resonance
wavelength can be simplified as [30].

/"m = ZﬂnspLeqv/ (7T - 8) (9)

It can be discovered from Formula (9) that the resonance
wavelength is proportional to the effective arm length of the
L-shaped silicon, and the absorption peak undergoes a redshift
as the arm length (L) increases. However, the sum of L and g is
fixed: as g increases, L decreases, which is presented in
Figure 4.

The next observation is the effect of different thicknesses of the
silicon layer on the absorption spectrum, and the results obtained
are shown in Figure 5. Other geometric parameters remain

unchanged, and the thickness (h) of the silicon layer increases
from 261 nm to 301 nm, with an interval of 10 nm. It can be seen
from Figures 5A,B that both absorption peaks experience a
redshift with the increase of h.

Polarization independence and incident angle insensitivity are
important factors that should be considered in practical
applications. Figure 6 and Figure 7 show the influence of the
incident angle in the TM mode and TE mode and the polarization
angle on the absorption performance in the 1310 nm and
1550 nm structures, respectively. It can be seen that as the
incident angle increases from 0° to 40°, the absorption peak
still achieves nearly uniform perfect absorptance at the
resonance frequency. It indicates that the absorption of the
absorber is insensitive to the incident angle, the reason may be
due to the structural symmetry of the absorber. Figure 6C and
Figure 7C show the relationship between the variety of
polarization angle and the absorption spectrum under normal
incidence. Due to the high symmetry and the local resonance of
the structure, the position and intensity of the absorption peak
remain almost unchanged when the polarization angle changes
from 0° to 90° in 10° increments at normal incidence. Therefore,
the metamaterial absorber is independent of polarization.
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Polarization-insensitive metamaterial perfect absorbers have  Tunable Hybrid Metamaterial Sensor
been widely used in optoelectronic devices including  The reflectance spectrum with different ambient refractive

thermoelectric devices. indices at 1310 nm and 1550 nm are illustrated in Figure 8A
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and Figure 9A, respectively. They are both red-shifted by
increasing the refraction index from 1.334 to 1.364, and the
reflection intensities is decreasing. Here, we take the high-
frequency reflection wavelength (near 1400nm) in
Figure 8A and Figure 9A as an example to obtain the
relationship between resonance wavelength and refractive
index, as shown in Figure 8B and Figure 9B. The black dots
are the resonant wavelengths under different ambient refraction
indexes, the red line is obtained by linear fitting, and the fitting
degree is close to or equal to 1. And these two images have a
common point that the resonance wavelength increases with
the increase of refractive index. Moreover, the low-frequency

and high-frequency RI sensitivities of the 1310 nm structure are
185.1 nm/RIU, 300.0 nm/RIU, respectively. The low-frequency
and high-frequency RI sensitivities of the 1550 nm structure are
168 nm/RIU and 328 nm/RIU, respectively. The results show
that the two resonance peaks of the absorber both have high
sensitivity and can be used in the field of dual-band sensors.

We used figure of merit (FOM?*) to measure the sensitivity of
the refractive index sensor. The FOM* value means the change in
reflectance intensity caused by the diversification in the ambient
refractive indices around the perfect absorber. The larger the
FOM* value, the higher the sensitivity of the refractive index
sensor. The expression is as follows [44]:
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FOM* = MAX|[dI () /dn ()] /I(A)] (10)

where dI (A)/dn (1) is the change of relative reflection intensity
caused by the variations of the environmental refractive index at
the resonance wavelength, and I(\) represents reflectivity. Taking
ethanol solution as an example, Figures 10A,C show the
reflection spectra of 1310 nm and 1550 nm structures with air
and ethanol solution as the environmental media, respectively. It
can be seen from the figures that the reflection spectrum of the
ethanol solution as the medium is blue-shifted compared with the
air as the medium. From Figures 10B,D, it can be found that the
FOM* value near the reflection valley at 1310 nm and 1550 nm is
the largest, the value is 6615 and 168, respectively, which indicates
that the absorber can be used as a sensor in the optical
communication band.

The system that plasma sensor for detection of chemical
solution concentration is shown in Figure 11. The light source
firstly weakens the light intensity through optical attenuator, and
then enters the plasma sensor by transmission fiber and coupler.
The light being modulated by the detection sample in the sensing
area is received by the spectrometer, and it performs photoelectric
conversion in the spectrometer and records the signal processing
unit in real time. Finally, the detection signal can be obtained by
normalized spectral processing.

4 CONCLUSION

A metal-dielectric dual-channel metamaterial perfect absorber in
the optical communication band was proposed, and a single
patterned silicon layer and a bottom gold layer were used for
structural design. The simulation of the designed subwavelength
structure was carried out using the FDTD method. By designing
and optimizing the structure, size, and arrangement of
metamaterial artificial units, the effective dielectric constant of
the absorbing material is equal to the effective magnetic
permeability, the electromagnetic wave of this frequency band
completely enters the absorber and is hardly reflected, which will
cause perfect absorption of the incident wave, thereby achieving a
high absorption rate. The regulation of the resonance absorption
position with the structural parameters was studied further. The
effective adjustment of the absorption peak position was achieved

by changing the arm length, thickness of the dielectric layer.
Moreover, the combination of four identical L-shaped and
diamond-shaped structures could achieve dual-band perfect
absorption, and was polarization independent, wide-angle,
incident-angle insensitive. The absorber can be used as a
refraction index sensor. The results show that the FOMY*
values at 1310 nm and 1550 nm are the highest, at 6615 and
168, respectively. The calculated high RI sensitivity further
showed that the designed perfect absorber could be used in
the field of detectors, sensors and filters, with the potential for
application in related fields.
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Metamaterials with novel properties have excited much research attention in the
past several decades. Many applications have been proposed and developed for the
reported metamaterials in various engineering areas. Specifically, for the resonant-type
metamaterials with narrow resonance line width and strong resonance strength,
the resonant frequency and strength are highly depended on the changings of
meta-atom structure and/or substrate media properties induced by the environment
physical or chemistry parameters varying. Therefore, physical or chemistry sensing
applications for the resonant-type metamaterial units or arrays are developed in
recent years. In this mini review, to help the researchers in those fields to catch
up with the newly research advances, we would like to summarize the recently
reported high-performance metamaterial-inspired sensing applications, especially the
temperature sensing applications, based on different kinds of metamaterials. Importantly,
by analyzing the advantages and disadvantages of several conventional metamaterial
units, the newly proposed high quality-factor metamaterial units are discussed for
high-precision sensing applications, in terms of the sensitivity and resolution. This mini
review can guide researchers in the area of metamaterial-inspired sensors to find some
new design routes for high-precision sensing.

Keywords: metamaterial, sensor, resonance, high quality factor, high precision sensing

INTRODUCTION

Electromagnetic metamaterials are kinds of synthetic structural materials with novel
electromagnetic properties not found in nature [1]. Researchers have found very wide applications
for the electromagnetic metamaterials in the fields of electromagnetism, optics, and materials
sciences [1-4]. Specifically, the resonant frequency and strength of resonant-type electromagnetic
metamaterials are strongly correlated with unit cell structural parameters and dielectric material
properties of substrates, and those structural parameters and/or dielectric properties can be
tuned by changing the environment physical and/or chemistry parameters. Therefore, new
sensing technologies based on the resonant-type electromagnetic metamaterials can be developed
[5-9]. For examples, the electromagnetic metamaterials can be widely used to sense as well as
detect the changes of media parameters, pressure, humidity, temperature, and chemistry/biology
molecules in the environments [10-12]. Comparing with the conventional sensing techniques,
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the metamaterial-inspired sensing has the potential advantages
including the high precision, label-free, safety, and can work
properly in long-distance wireless situation. The explorations of
sensing mechanism, sensing technology and device engineering
based on the electromagnetic metamaterials are well-developed
and its application methods in environmental sensing, chemical
detection, biosensing and IoT emerging technologies are
widely studied in recent years [13-18]. Previously reported
review works have focused on the analysis of different
sensing mechanisms, sensing methods, and wide application
explorations [14-18]. However, the analysis on how to further
improve the sensing performance is absent. Therefore, this
mini review would like to summarize the recently reported
high-precision sensing applications (especially the temperature
sensing) based on the advanced high-performance resonant-type
electromagnetic metamaterials.

RESEARCH PROGRESS

Overall Sensing Applications Analysis

of Metamaterials
In the field of sensing applications based on the electromagnetic
metamaterials, a variety of sensing technologies and design
methods have been developed as mentioned above [5-13].
The sensing principle for most of the reported metamaterial-
based sensors can be summarized as follows. At the resonant
frequency of the electromagnetic metamaterial, a large number
of electric field/magnetic field components are concentrated
inside the basic unit of the electromagnetic metamaterial (meta-
atom) and thus the macroscopic resonant frequency/strength
characteristics of the electromagnetic metamaterial will follow
the structural/material parameter changings inside the meta-
atom. That means the characteristic changings of the dielectric
material as well as the changes of surrounding environments will
accordingly result in the changings of the resonant frequency or
the resonant strength. Therefore, the external detection circuit
and processing algorithm can be flexibly used to realize the
changings monitoring of chemical/biological molecule types,
gas concentrations, pressure, humidity and temperature. This
sensing mechanism based on the metamaterials has many
advantages compared to the conventional sensing techniques.
For examples, in the sensing fields of biology, chemistry,
medicine, etc., traditional biosensors need to be labeled with
fluorophores in the target. So the process is complicated,
time consumed and expensive. Considering this problem, the
researchers have developed different kinds of metamaterial-
based sensors worked at optics [11, 12, 19], THz [20-26]
and microwave [27-32], achieved groundbreaking realization
methods and performances. Specifically, the refractive index
of the medium around the meta-atom will be changed
with the lesion level and chemical composition/concentration
changings [33]. By detecting and analyzing the changes of
the electromagnetic wave transmission/reflection amplitude at
resonance or the resonant frequency caused by the corresponding
refractive index changes, the lesion level and chemistry
composition/concentration can be determined. In the field of

hazardous gas or chemical sensing applications, researchers
have also designed hydrogen concentration detectors based
on nanorod-structured electromagnetic metamaterials [11] and
hazardous chemical concentration detectors based on metal
split ring resonator (SRR) [34]. When the used metamaterial
is exposed to the hydrogen or there are different kinds and/or
concentrations of hazardous chemical materials at the split of the
metal SRR, the transmission/reflection characteristics (resonant
frequency or strength) of the electromagnetic metamaterial will
be changed. As a result, the hydrogen can be detected and
analyzed accordingly and the concentration characteristics of
other hazardous chemical materials can be detected as well.

In addition, the resonant frequency/strength characteristics of
the electromagnetic metamaterial are not only strongly related to
the properties of the dielectric material surrounding the meta-
atom, but also depended on the distance between the meta-
atom and the substrate dielectric material. The relative position
changes of the dielectric material around the meta-atom will
result in the changes of equivalent refractive index near the
meta-atom. Accordingly, the researchers designed microwave
and/or THz bands pressure sensor based on the electromagnetic
metamaterials [33, 35]. In the field of humidity sensing
applications, the humidity changes of the medium around the
meta-atom can also cause the changes of equivalent refractive
index of the medium [36]. Thereby, determining the humidity
is achieved by detecting the resonant frequency/strength of
the electromagnetic metamaterial. For example, Romero in
[37] proposed a wireless capacitive sensing tag loaded with
a metamaterial unit in a single-layer design. The selected
metamaterial structure is the conventional SRR, which allowed
the tag to be miniaturized and the sensor to be highly sensitive.

Metamaterial-Based Temperature Sensing
Technology

Among the various metamaterial-based sensing applications,
the temperature sensing is one of the key researches and
application fields for the electromagnetic metamaterials. This is
because some of the used substrate materials and/or constructed
sub-wavelength structures have high temperature sensitive
property. According to the sensing mechanism of resonant-type
metamaterial-inspired sensors mentioned above, the temperature
sensitive dielectric substrate materials and the sub-wavelength
nano/micro mechanical structure with thermal expansion
coefficient differences will result in the changings of resonant
frequency/strength under different temperatures [38-42].

Temperature Sensing Based on
Temperature-Sensitive Dielectric Inspired
Metamaterials

Generally, for the electromagnetic metamaterials formed on
the temperature-sensitive dielectric substrate, the resonant
frequency/strength is highly related to the equivalent dielectric
constant varying of such substrate induced by temperature
changing. Various temperature-sensitivity dielectric substrates
can be used, such as the low-temperature co-fired ceramic
(LTCC) substrate, sea water, barium titanate, lithium niobate,
etc. For examples, in 2010, Varadan and Ji pioneered the
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experimental studies for the resonant frequency/strength
changing amounts of electromagnetic metamaterials based
on the LTCC substrate due to the changings of the dielectric
constant, electrical conductivity, and the thermal expansion of
the medium during the temperature changes [43]. The results
shown in this work indicated that the dielectric constant change
has the main function (accounting for 84.03%).

In 2012, Ekmekci and Turhan-Sayan explored the
temperature-sensing characteristics of SRR filling with sea
water as the background medium [44]. For the proposed
miniaturized metamaterial sensor prototype operating at X-
band, a 158-MHz resonant frequency shift corresponds to a
20°C temperature change is achieved, leading to an average
sensitivity level of 7.9 MHz/°C. In 2014, Zhang et al. used
barium titanate (Ba0.5Sr0.5TiO3, BST) as a temperature-
sensitive medium of the dielectric-type metamaterial and
analyzed the temperature sensing mechanism [45]. An electric
resonance characteristic with Lorentz-type dispersion of effective
permittivity is seen around the resonant frequency. The relative
permittivity of dielectric cut-wire is decreased with the increase
in environmental temperature, hence, resulted in the blue shift
of electric resonant frequency, with a calculated temperature
sensitivity of 25 MHz/°C. In 2015, Karim et al. designed a closed-
ring resonator (CRR) and a variety of open-ring resonators based
on lithium niobate (LiNbO3) and compared their respective
temperature sensitivity performances [46, 47]. This CRR
structure-based sensor has a sensitivity up to 7.286 MHz/°C.
At the same year, Zemouli et al. proposed a metamaterial
sensor consisting of two concentric metallic rings and a thin
metallic wire deposited on the surface of BaTiO3 substrate and
studied the variations of the resonant frequency according to the
permittivity changing under varied temperatures [40].

In 2017, Karim et al. further designed an array of CRRs
embedded in a multi-layer dielectric substrate [48]. A mixture
of 70 vol% Boron Nitride (BN) and 30 vol% Barium Titanate
(BTO) was used as the dielectric substrate. It was observed
that for a temperature change from 23 to 200°C, the change
in resonant frequency is 81.75 MHz, corresponding to a
temperature sensitivity of 0.462 MHz/°C. At the same year, Qiu
and Liu presented a thermally tunable Fano resonator obtained
by asymmetrically coupling a conductive rubber-based H-shaped
split ring resonator (SRR) and a copper C-shaped SRR coated
on a Teflon fiberglass slab substrate [49]. At the Fano resonance,
surface current distributions are anti-symmetric since the current
excited in the H-shaped conductive rubber-based SRR and the C-
shaped copper SRR are opposite and almost equal in magnitude.
Consequently, the electrical and magnetic fields are canceled out,
resulting in a high quality factor. Therefore, with the increase
in temperature, the Fano resonant frequency was slightly shifted
from 11 to 10.5 GHz, and the transmission loss gradually
increased as well. For more details about the high quality factor
metamaterials used in the high-performance temperature sensing
area will be discussed in later.

In general, the temperature-sensing technology based on
temperature-sensitive dielectric substrates has the advantages of
miniaturization, high flexibility and simple preparation process.
However, its dielectric constant changes with temperature

increase/decrease are in a very limited linear range. The inherent
drawbacks such as low sensitivity and small dynamic range of
this kind of metamaterial-based sensors will be limited for the
practical application.

Temperature Sensing Based on the Thermal
Expansion Coefficient Difference

Based the different thermal expansion coefficients of different
substrates used in the metamaterials, the bending deformations
due to the changes of background temperature will alter the
equivalent capacitance/inductance parameters of the meta-atom,
thereby causing the resonant frequency shift or resonance
strength change. For examples, Thai et al. firstly loaded a
cantilever arm at the open slot of the metal SRR as shown
in Figure 1A-i [38, 50]. The arm consisted of two layers
of heterogeneous materials with different thermal expansion
coeflicients. The upper layer was silicon with a smaller thermal
expansion coefficient while the lower layer and the arm
are all aluminum with larger thermal expansion coeflicient.
When the temperature is changed the cantilever will bend
upwards or downwards, as a result affecting the equivalent
the experimental transmission curve changes with different
background temperatures, and a frequency shift of 800 MHz
from 4.8 to 4.0 GHz can be seen.

Moreover, based the well-developed nano-fabrication process,
temperature sensing and detection can be realized in the THz
and optical frequency bands by constructing nano-scale MEMS
metamaterial structures. For examples, in 2011, Ou et al. designed
the nanoscale reconfigurable photonic metamaterials and the
structure is shown in Figure 1B-i [51]. The Au-Si3N4-Au
sandwich symmetrical structure shown in this figure has a very
small deformation due to temperature change, while the two-
layer structure composed of metal-semiconductor (Au-Si3N4)
can show obviously deformation. The resonant properties of
this system utterly depend on the coupling between neighboring
bridges. For example, from Figure 1B-ii it can be seen that as the
background temperature is increased, a dramatic increase of its
transmission amplitude near its resonant frequency is achieved.
Importantly, as the metamaterial structure was cooled back to
its initial temperature these changes of its transmission spectrum
were reversed.

In addition, Alves et al. constructed a MEMS temperature-
sensing micro-mechanical arm on a semiconductor body and
explored the temperature sensing technique in the terahertz
band [29]. The sensor’s absorbing element is designed with a
resonant frequency that matches the source of the quantum
cascade laser illumination. At the same time the semiconductor
layer provides structural support, desired thermomechanical
properties. As shown in Figure 1C-i, the absorbing element is
connected to two Al/SiOx microcantilevers (legs), anchored to
a silicon substrate, which acts as a heat sink, allowed the sensor
to return to its undisturbed position when the excitation was
stopped. Figure 1C-ii shows the experimental results for the
temperature sensing properties, which indicates a sensitivity of
0.2 deg/°C.

Frontiers in Physics | www.frontiersin.org

n

April 2021 | Volume 9 | Article 657790


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Ma et al. Advanced Electromagnetic Metamaterials for Temperature Sensing Applications
A B (]
i Sil f Al layer of . — -
e bplad cantilever I I Bi-material Leg Siikiairatia
Al anchor
ring le:o:;p&\o‘
n 0
Il
5
10
1521 — ks ——]
an) ** T ] T
20
2 ii 5 . . v -
elliil]] | 10 S5 8 1 O ii % =) 20 ® Sensor Response
45 4 47 48 49 1 ]
Frequency (GHz) g Linear Fit
Sop c
S 15
— -
.. 7.—.—»—«-“”7 g é ‘g:
e ¥ . 1
- o g g » g
- ) 05 1
& ; 10} 1 g
s 0.0 1
1 Yéoling V " " " N "
4 10 T, . e 302 304 306 308 310 312 314
13 e 4 = = peit o s 1000 1100 1200 1300 1400 1500 1600 1700
Temperature (K| Wavelength (nm) Temperature (K)
FIGURE 1 | Temperature sensitivity metamaterial units. (A) SRR on a cantilever arm, and the transmission spectra and resonant frequency response under different
temperatures [38, 50], (B) nanoscale reconfigurable photonic metamaterials and the corresponding temperature changing performances [51], (C) Metamaterial
absorber configuration fabricated on a microcantilevers and the accordingly temperature changing inspired structure deformation performance [29].

Generally speaking, the temperature sensing based on the
difference in thermal expansion coefficient, especially for nano-
scale MEMS micro-mechanical structure, mainly worked in
the optical and THz frequency bands and had the advantages
of reconfigurability, miniaturization and easy to integration.
However, the shape deformation due to the difference in thermal
expansion coefficient of heterogeneous composites is weak. And
it also has complicated preparation process, high processing
difficulty and high cost.

Sensitivity Enhancement Design of
Electromagnetic Metamaterial Based

Sensor

The above research progresses and results demonstrated the
feasibility of electromagnetic metamaterials in the field of sensing
application. However, the researchers did not thoroughly study
the specific technical methods to optimize and improve the
sensitivity and resolution of sensing. According to the resonance
type sensing theory, high sensing sensitivity and resolution
require the sensing unit’s resonance quality factor and the FOM
(FOM is defined as the ratio of the sensitivity to the resonance
3-dB bandwidth) to be as high as possible [52, 53]. A resonant-
type sensor based on the meta-atom the has a large amount
of electric field/magnetic field components accumulated inside
the resonance unit (e.g., at the opening gap of the SRR) during
resonance. Therefore, it is an effective way to further improve
the sensitivity and resolution of the resonant-type sensors by

enhancing the electric field/magnetic field components of the
electromagnetic metamaterial while effectively reducing the loss,
to increase the resonant quality factor and improve the FOM of
the sensor devices.

Based on the above suggestions, researchers have explored
a variety of technical methods to improve the sensitivity of
sensor, starting from the study of the resonance characteristics of
new electromagnetic metamaterials. Firstly, the planar absorber
composed of electromagnetic metamaterial can be equivalent
to a Fabry-Perot cavity. The electric and magnetic field
energy during resonance is well-bounded inside the cavity,
and the radiation loss is small, resulting in the high resonant
quality factor. Thus, the metamaterial absorbers can be used
to improve sensing sensitivity and resolution for sensing
application. For example, Cong et al. and Yahiaoui et al.
studied the THz band single-frequency and multi-frequency
metamaterial absorber based high-sensitivity sensors [25, 26],
as shown in Figure 2A-i. It was observed from this figure
that the FOM value of metamaterial absorber sensors have
been found to be significantly higher than those of planar
metamaterial resonators. The measured frequency shift of the
sensors for different analyte thicknesses is shown in Figure 2A-ii.
It was analyzed that the total frequency shift saturated at
about 14.0%.

Moreover, Dong et al. achieved an electromagnetic-induced
transparency (EIT) resonance characteristics based on the
interaction between different electromagnetic metamaterial units
and incident electromagnetic waves [54]. They used the three-bar
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resonance changings under different Femi levels [56].

FIGURE 2 | Performance enhanced metamaterial unit based sensors. (A) CSA and CCSA based Fabry-Perot cavity type sensors and the sensing performance

[25, 26], (B) schematic illustration of ElT-like metamaterial unit and the enhanced narrow transparency windows at different refraction indexes [54], (C) microscopic
image of the terahertz asymmetric Fano resonances shift with the change in refractive indexes [24], (D) operating mechanism for the toroidal resonance and the
corresponding resonance changing performance [55], and (E) schematic illustration for the newly developed graphene-inspired anapole resonator and the accordingly

configuration to investigate the active plasmon analog of the
EIT in order to improve the performance of the refractive-
index fluctuation sensing of the surrounding medium which
can be seen in Figure 2B-i. The result shown in this work
(e.g., Figure 2B-ii) is higher than the traditional metamaterial
resonance unit, which can be used to improve sensing sensitivity
and resolution.

On another hand, Singh et al. broke the basic electromagnetic
metamaterial unit structure and proposed a new Fano
asymmetric resonance which can be seen in Figure 2C-i [24].
From that method they were able to achieve sensitivity levels of
7.75 x 10° nm/refractive index unit (RIU) for quadrupole and
5.7 x 10* nm/RIU with the Fano resonance. The sensitivity of
Fano resonance gets enhanced due to much stronger interaction
of analyte layer with the enhanced electric field in the capacitive
gaps as shown in Figure 2C-ii. Semouchkina et al. also applied
a full-scale electromagnetic metamaterial in a parallel version of
the metal waveguide to achieve an ultra-high-Q Fano resonance
characteristic, and explored the design method of a high-
sensitivity sensor [57]. In addition, in 2016, Campione et al.
presented a new approach that relies on a single resonator and
produces robust, high quality-factor Fano resonance, by breaking
the highly symmetric resonator geometries, such as cubes, to
induce couplings between the orthogonal resonance modes.
In particular, they designed perturbations that couple “bright”
dipole modes to “dark” dipole modes whose radiative decay is
suppressed by local field effects, achieving a quality-factor of
~600 [58].

For those proposed high quality-factor metamaterials, it can
be used very easily in the high-precision temperature sensing
area if those meta-atoms are designed on the temperature
sensitivity substrates or the meta-atom is composed directly by
the temperature sensitivity metals.

DISCUSSION AND PERSPECTIVE

Based on the performance enhanced sensing designs by using
the asymmetric high quality-factor resonance mode, in the
past several years, researchers further proposed other kinds of
high quality-factor metamaterial units for sensing applications,
including the toroidal resonance [55, 59-61], anapole resonance
[56, 62-67], and enhanced magnetic plasmon resonance [68—
74]. For examples, by placing the period symmetric arrangement
of the Fano resonator shown in Figure 2C-i as the mirror
symmetric arrangement shown in Figure 2D, one can get the
toroidal resonance with quality factor larger than the regular
Lorentz resonance [63]. By concentrating the electric and
magnetic field within the resonator of the new kind of anapole
resonator shown in Figure 2E, the sensing resolution can be
further enhanced as anticipated [67].

CONCLUSION

In summary, the sensing based on the electromagnetic
metamaterials has developed rapidly in terms of sensing
mechanism and implementation methods. Especially in the
field of temperature sensing area, a variety of resonant-type
temperature sensing technologies and many achievements have
emerged in the past years, and researches and explorations have
been carried out for further optimization and improvement
of sensing sensitivity and resolution. Most of the existing
temperature-sensing technologies based on temperature-
sensitive dielectric materials, thermal expansion coefficient
difference, and nano-scale MEMS structure are all derived from
the dielectric constant, material shape, mechanical structure,
etc. The sensing sensitivity improvement technologies based on
high-quality-factor electromagnetic metamaterials are explored.

Frontiers in Physics | www.frontiersin.org

15

April 2021 | Volume 9 | Article 657790


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Ma et al.

Advanced Electromagnetic Metamaterials for Temperature Sensing Applications

AUTHOR CONTRIBUTIONS

LM, DC, WZ, JL, and YH discussed together and proposed
the review paper content. LM, SZ, YH, and GW modified the
review paper frame. DC, YL, and YZ finished the references
collection and figure preparation. LM and DC finished the
whole manuscript writing. JL, YH, and GW finished the whole
manuscript modification and finalization. All authors finished
the proofread.

FUNDING

This work was supported in part by the National Natural
Science Foundation of China under Project Contracts Nos.
61701082, 61971113, and 61901095, in part by National

REFERENCES

1. CuiTJ, Smith DR, Liu R. Metamaterials: Theory, Design and Applications. New
York, NY: Spring-Verlag (2010).

2. Xu HX, Ma S, Luo W, Cai T, Sun S, He Q, et al. Aberration-free and
functionality-switchable meta-lenses based on tunable metasurfaces. Appl
Phys Lett. (2016) 109:193506. doi: 10.1063/1.4967438

3. Xu HX, Sun S, Tang S, Ma S, He Q, Wang GM, et al. Dynamical control
on helicity of electromagnetic waves by tunable metasurfaces. Sci Rep. (2016)
6:1-10. doi: 10.1038/srep27503

4. RenX, DasR, Tran P, Ngo TD, Xie YM, Auxetic metamaterials and structures:
a review. Smart Mat Struct. (2018) 27:023001. doi: 10.1088/1361-665X/aaa61c

5. Ishimaru A, Jaruwatanadilok S, Kuga Y. Generalized surface plasmon
resonance sensors using metamaterials and negative index materials. Prog
Electromag Res. (2005) 51:139-52. doi: 10.2528/PIER04020603

6. Driscoll T, Andreev GO, Basov DN, Palit S, Cho SY, Jokerst NM, et al. Tuned
permeability in terahertz split-ring resonators for devices and sensors. Appl
Phys Lett. (2007) 91:062511. doi: 10.1063/1.2768300

7. Al-Naib IAIL, Jansen C, Koch M. Thin-film sensing with planar
asymmetric  metamaterial  resonators.  Appl  Phys  Lett.  (2008)
93:083507. doi: 10.1063/1.2976636

8. Cubukcu E, Zhang S, Park YS, Bartal G, Zhang X. Split ring resonator sensors
for infrared detection of single molecular monolayers. Appl Phys Lett. (2009)
95:043113. doi: 10.1063/1.3194154

9. Papasimakis N, Luo Z, Shen ZX, De Angelis F, Di Fabrizio E, Nikolaenko
AE, et al. Graphene in a photonic metamaterial. Optics Express. (2010)
18:8353-9. doi: 10.1364/0E.18.008353

10. Withayachumnankul W, Jaruwongrungsee K, Fumeaux C, Abbott D.
Metamaterial-inspired multichannel thin-film sensor. IEEE Sensors. (2012)
12:1455-8. doi: 10.1109/JSEN.2011.2173762

11. Lee HJ, Lee JH, Moon HS, Jang IS, Choi JS, Yook JG, et al. A planar split-ring
resonator-based microwave biosensor for label-free detection of biomolecules.
Sens Actuators B Chem. (2012) 169:26-31. doi: 10.1016/j.snb.2012.01.044

12. Nasir ME, Dickson W, Wurtz GA, Wardley WP, Zayats AV. Hydrogen
detected by the naked eye: optical hydrogen gas sensors based on
core/shell plasmonic nanorod metamaterials. Adv Mater. (2014) 26:3532-
7. doi: 10.1002/adma.201305958

13. Xu X, Peng B, Li D, Zhang J, Wong LM, Zhang Q, et al. Flexible visible-
infrared metamaterials and their applications in highly sensitive chemical and
biological sensing. Nano Lett. (2011) 11:3232-8. doi: 10.1021/n12014982

14. Xu W, Xie L, Ying Y. Mechanisms and applications of terahertz metamaterial
sensing: a review. Nanoscale. (2017) 9:13864-78. doi: 10.1039/C7NR03824K

15. Salim A, Lim S. Review of recent metamaterial microfluidic sensors. Sensors.
(2018) 18:232. doi: 10.3390/s18010232

16. Yoo SJ, Park QH. Metamaterials and
of fundamentals and applications.
249-61. doi: 10.1515/nanoph-2018-0167

review
(2019) &

chiral
Nanophotonics.

sensing: a

Key R&D Program under Project Nos. 2018YFB1802102
and 2018AAA0103203, in part by Guangdong Provincial
Research and Development Plan in Key Areas under Project
Contract Nos. 2019B010141001 and 2019B010142001, in part by
Sichuan Provincial Science and Technology Planning Program
under Project Contracts Nos. 2019YFG0418, 2019YFG0120,
2020YFG0039, 2021YFGO0013, and 2021YFHO0133, in part by
the Ministry of Education-China Mobile Fund Program under
Project Contract No. MCM20180104, in part by Yibin Science
and Technology Program—Key Projects under Project Contract
Nos. 2018ZSF001 and 2019GY001, in part by the fundamental
research funds for the Central Universities under Project
Contract No. ZYGX2019Z022 and in part by Intelligent
Terminsal Key Laboratory of Sichuan Province (Project Contract
No. SCITLAB-0010).

17. Vivek A, Shambavi K, Alex Z C. A review: metamaterial sensors for material
characterization. Sensor Rev. (2019) 39:417-32. doi: 10.1108/SR-06-2018-0152

18. Bogue R. Sensing with metamaterials: a review of recent developments. Sensor
Rev. (2017) 37:305-11. doi: 10.1108/SR-12-2016-0281

19. Kabashin AV, Evans P, Pastkovsky S, Hendren W, Wurtz GA, Atkinson R,
et al. Plasmonic nanorod metamaterials for biosensing. Nat. (2009) 8:867-
71. doi: 10.1038/nmat2546

20. Wu X, Pan X, Quan B, Xu X, Gu C, Wang L. Self-referenced sensing based
on terahertz metamaterial for aqueous solutions. Appl Phys Lett. (2013)
102:151109. doi: 10.1063/1.4802236

21. Drexler C, Shishkanova TV, Lange C, Danilov SN, Weiss D, Ganichev SD,
et al. Terahertz split-ring metamaterials as transducers for chemical sensors
based on conducting polymers: a feasibility study with sensing of acidic and
basic gases using polyaniline chemosensitive layer. Microchim Acta. (2014)
181:1857-62. doi: 10.1007/s00604-014-1263-0

22. Cheng Y, Mao XS, Wu C, Wu L, Gong R. Infrared non-planar plasmonic
perfect absorber for enhanced sensitive refractive index sensing. Opt Mater.
(2016) 53:195-200. doi: 10.1016/j.optmat.2016.01.053

23. LiJ, Shah CM, Withayachumnankul W, Ung BS-Y, Mitchell A, Sriram S, et al.
Flexible terahertz metamaterials for dual-axis strain sensing. Opt Lett. (2013)
38:2104-6. doi: 10.1364/0L.38.002104

24. Singh R, Cao W, Al-Naib I, Cong L, Withayachumnankul W, Zhang W.
Ultrasensitive terahertz sensing with high-Q Fano resonances in metasurfaces.
Appl Phys Lett. (2014) 105:171101. doi: 10.1063/1.4895595

25. Cong L, Tan S, Yahiaoui R, Yan E Zhang W, Singh R. Experimental
demonstration of ultrasensitive sensing with terahertz metamaterial
absorbers: a comparison with the metasurfaces. Appl Phys Lett. (2015)
106:31107. doi: 10.1063/1.4906109

26. Yahiaoui R, Tan S, Cong L, Singh R, Yan F, Zhang W. Multispectral terahertz
sensing with highly flexible ultrathin metamaterial absorber. J Appl Phys.
(2015) 118:83103. doi: 10.1063/1.4929449

27. Alahnomi RA, Zakaria Z, Ruslan E, Ab Rashid SR, Mohd Bahar
AA. High-Q sensor based on symmetrical split ring resonator with
spurlines for solids material detection. IEEE Sens J. (2017) 17:2766-
75. doi: 10.1109/JSEN.2017.2682266

28. Tao H, Kadlec EA, Strikwerda AC, Fan K, Padilla WJ, Averitt RD, et al.
Microwave and terahertz wave sensing with metamaterials. Opt Express.
(2011) 19:21620-6. doi: 10.1364/0OE.19.021620

29. Alves F, Grbovic D, Kearney B, Karunasiri G. High sensitivity metamaterial
based bi-material terahertz sensor. Terahertz RF Millimeter Submillimeter
Wave Technol Appl VI. (2013) 8624:862411. doi: 10.1117/12.2005272

30. Melik R, Unal E, Kosku Perkgoz N, Puttlitz C, Demir HV. Flexible
metamaterials for wireless strain sensing. Appl Phys Lett. (2009) 95:3-
5. doi: 10.1063/1.3250175

31. Penirschke A, Schussler M, Jakoby R. New microwave flow sensor based on
aleft-handed transmission line resonator. In: 2007 IEEE/MTT-S International
Microwave Symposium (Honolulu, HI). (2007). p. 393-6.

Frontiers in Physics | www.frontiersin.org

April 2021 | Volume 9 | Article 657790


https://doi.org/10.1063/1.4967438
https://doi.org/10.1038/srep27503
https://doi.org/10.1088/1361-665X/aaa61c
https://doi.org/10.2528/PIER04020603
https://doi.org/10.1063/1.2768300
https://doi.org/10.1063/1.2976636
https://doi.org/10.1063/1.3194154
https://doi.org/10.1364/OE.18.008353
https://doi.org/10.1109/JSEN.2011.2173762
https://doi.org/10.1016/j.snb.2012.01.044
https://doi.org/10.1002/adma.201305958
https://doi.org/10.1021/nl2014982
https://doi.org/10.1039/C7NR03824K
https://doi.org/10.3390/s18010232
https://doi.org/10.1515/nanoph-2018-0167
https://doi.org/10.1108/SR-06-2018-0152
https://doi.org/10.1108/SR-12-2016-0281
https://doi.org/10.1038/nmat2546
https://doi.org/10.1063/1.4802236
https://doi.org/10.1007/s00604-014-1263-0
https://doi.org/10.1016/j.optmat.2016.01.053
https://doi.org/10.1364/OL.38.002104
https://doi.org/10.1063/1.4895595
https://doi.org/10.1063/1.4906109
https://doi.org/10.1063/1.4929449
https://doi.org/10.1109/JSEN.2017.2682266
https://doi.org/10.1364/OE.19.021620
https://doi.org/10.1117/12.2005272
https://doi.org/10.1063/1.3250175
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Ma et al.

Advanced Electromagnetic Metamaterials for Temperature Sensing Applications

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Xu K, Liu Y, Chen S, Zhao P, Peng L, Dong L, et al. Novel microwave sensors
based on split ring resonators for measuring permittivity. IEEE Access. (2018)
6:26111-20. doi: 10.1109/ACCESS.2018.2834726

Liu Y, Zhan S, Cao G, Li J, Yang H, Liu Q, et al. Theoretical design of
plasmonic refractive index sensor based on the fixed band detection. IEEE
J Sel Top Quantum Electron. (2018) 25:4600206. doi: 10.1109/JSTQE.2018.
2827661

Rawat V, Kitture R, Kumari D, Rajesh H, Banerjee S, Kale SN. Hazardous
materials sensing: an electrical metamaterial approach. ] Magn Magn Mater.
(2016) 415:77-81. doi: 10.1016/j.jmmm.2015.11.023

Melik R, Unal E, Perkgoz N, Santoni B, Kamstock D, Puttlitz C, et al. Nested
metamaterials for wireless strain sensing. IEEE ] Sel Top Quantum Electron.
(2010) 16:450-8. doi: 10.1109/JSTQE.2009.2033391

Kim H S, Cha S H, Roy B, Kim S, Ahn YH. Humidity sensing using
THz metamaterial with silk protein fibroin. Opt Express. (2018) 26:33575-
81. doi: 10.1364/0E.26.033575

Romero RA, Feitoza RS, Rambo CR, Sousa FR. A low-cost passive
wireless capacitive sensing tag based on split-ring resonator. IEEE
International Instrumentation and Measurement Technology Conference
(I2MTC) Proceedings (Pisa). (2015), 434-9. doi: 10.1109/I2MTC.2015.
7151307

Thai TT, Mehdi JM, Aubert H, Pons P, DeJean GR, Tentzeris MM, et al. A
novel passive wireless ultrasensitive RF temperature transducer for remote
sensing. In: 2010 IEEE MTT-S International Microwave Symposium (Anaheim,
CA). (2010). p. 473-6.

Li J, Gai L, Li H, Hu H. A high sensitivity temperature sensor based on
packaged microfibre knot resonator. Sens Actuators A Phys. (2017) 263:369-
72. doi: 10.1016/j.sna.2017.06.031

Zemouli S, Chaabi A, Talbi HS. Design of a compact and high sensitivity
temperature sensor using metamaterial. Int ] Antennas Propag. (2015)
2015:301358. doi: 10.1155/2015/301358

Liu M, Hwang HY, Tao H, Strikwerda AC, Fan K, Keiser GR, et al.
Terahertz-field-induced insulator-to-metal transition in vanadium dioxide
metamaterial. Nature. (2012) 487:345-8. doi: 10.1038/nature11231

Lv TT, Li YX, Ma HE, Zhu Z, Li ZP, Guan CY, et al. Hybrid metamaterial
switching for manipulating chirality based on VO 2 phase transition. Sci Rep.
(2016) 6:1-9. doi: 10.1038/srep23186

Varadan V, Ji L. Temperature dependence of
metamaterials. IEEE Trans Microw Theory Tech.
81. doi: 10.1109/TMTT.2010.2065910

Ekmekci E, Turhan-Sayan G. Multi-functional metamaterial sensor based on
a broad-side coupled SRR topology with a multi-layer substrate. Appl Phys A.
(2013) 110:189-97. doi: 10.1007/s00339-012-7113-1

Zhang E, Chen L, Wang Y, Zhao Q, He X, Chen K. Thermally tunable electric
mie resonance of dielectric cut-wire type metamaterial. Opt Express. (2014)
22:24908. doi: 10.1364/0E.22.024908

Karim H, Shuvo MAI, Delfin D, Lin Y, Choudhuri A, Rumpf RC. Development
of metamaterial based low cost passive wireless temperature sensor. SPIE
Sens Smart Struct Technol Civil Mech Aerospace Syst. (2014) 9061:662-70.
doi: 10.1117/12.2045242

Kairm H, Delfin D, Shuvo MAI, Chavez LA, Garcia CR, Barton JH, et al.
Concept and model of a metamaterial-based passive wireless temperature
sensor for harsh environment applications. IEEE Sens J. (2015) 15:1445-
52. doi: 10.1109/JSEN.2014.2363095

Karim H, Delfin D, Chavez LA, Delfin L, Martinez R, Avila J, et al.
Metamaterial based passive wireless temperature sensor. Adv Eng Mater.
(2017) 19:1600741. doi: 10.1002/adem.201600741

Qiu K, Liu Z. Thermally tunable fano resonance of a conductive
rubber-based metamaterial. Microw Opt Technol Lett. (2017) 59:2960-
4. doi: 10.1002/mop.30867

Thai TT, Chebila F, Mehdi JM, Pons P, Aubert H, DeJean GR, et al. Design and
development of a millimetre-wave novel passive ultrasensitive temperature
transducer for remote sensing and identification. In: The 40th European
Microwave Conference (Paris). (2010). p. 45-8.

OuJY, Plum E, Jiang L, Zheludev NI. Reconfigurable photonic metamaterials.
Nano Lett. (2011) 11:2142-4. doi: 10.1021/n1200791r

Yang S, Tang C, Liu Z, Wang B, Wang C, Li J, et al. Simultaneous excitation
of extremely high-Q-factor trapped and octupolar modes in terahertz

resonances in
(2010) 58:2673—

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

metamaterials. (2017) 25:15938-46. doi: 10.1364/OE.25.
015938

Du L-H, Li J, Liu Q, Zhao J-H, Zhu L-G. High-Q Fano-like resonance
based on a symmetric dimer structure and its terahertz sensing
application. Opt Mater Express. (2017) 7:1335-42. doi: 10.1364/OME.7.
001335

Dong Z-G, Liu H, Cao J-X, Li T, Wang S-M, Zhu S-N, et al. Enhanced
sensing performance by the plasmonic analog of electromagnetically
induced transparency in active metamaterials. Appl Phys Lett. (2010)
97:114101. doi: 10.1063/1.3488020

Gupta M, Srivastava YK, Manjappa M, Singh R. Sensing with toroidal
metamaterial. Appl Phys Lett. (2017) 110:121108. doi: 10.1063/1.
4978672

Algorri JE Zografopoulos DC, Ferraro A, Garcia-Cdmara B, Vergaz R,
Beccherelli R, et al. Anapole modes in hollow nanocuboid dielectric
metasurfaces for  refractometric Nanomaterials.  (2019)
9:30. doi: 10.3390/nan09010030

Semouchkina E, Duan R, Semouchkin G, Pandey R. Sensing based on
Fano-type resonance response of all-dielectric metamaterials. Sensors. (2015)
15:9344-59. doi: 10.3390/5150409344

Campione S, Liu S, Basilio LI, Warne LK, Langston WL, Luk TS,
et al. Broken symmetry dielectric resonators for high quality factor Fano
metasurfaces. ACS Photonics. (2016) 3:2362-7. doi: 10.1021/acsphotonics.
6b00556
Kaelberer

Opt  Express.

sensing.

DP,  Zheludev
Science. (2010)

T, Fedotov VA, Papasimakis N, Tsai
NI. Toroidal dipolar response in a metamaterial.
330:1510-2. doi: 10.1126/science.1197172

Liu Z, Du S, Cui A, Li Z, Fan Y, Chen S, et al. High-quality-factor mid-
infrared toroidal excitation in folded 3D metamaterials. Adv Mater. (2017)
29:1606298. doi: 10.1002/adma.201606298

MaL, Chen D, Zheng W, Li ], Wang W, Liu Y, et al. Thermally tunable high-Q
metamaterial and sensing application based on liquid metals. Optics Express.
(2021) 29:6069-79. doi: 10.1364/OE.418024

Evlyukhin AB, Yu YE Bakker RM, Chipouline A, Kuznetsov Al,
LuKyanchuk B, et al. Nonradiating anapole modes in dielectric
nanoparticles. Nat (2015) 6:8069. doi: 10.1038/ncomms
9069

Basharin AA, Chuguevsky V, Volsky N, Kafesaki M, Economou
EN. Extremely high Q-factor metamaterials due to anapole
excitation. Phys Rev B. (2017) 95:035104. doi: 10.1103/PhysRevB.95.
035104

Wu PC, Liao CY, Savinov V, Chung TL, Chen WT, Huang
YW, et al. Optical anapole metamaterial. ACS Nano. (2018)
12:1920-7. doi: 10.1021/acsnano.7b08828

Savinov V, Papasimakis N, Tsai DP, Zheludev NI. Optical anapoles. Commun
Phys. (2019) 2:69. doi: 10.5258/SOTON/D0914

Sabri L, Huang Q, Liu JN, Cunningham BT. Design of anapole
mode electromagnetic field enhancement structures for biosensing
applications. Optics Express. (2019) 27:7196-212. doi: 10.1364/OE.27.
007196

Liu X, Liu Z, Hua M, Wang L, Wang K, Zhang W, et al
Tunable terahertz metamaterials based on anapole excitation with
graphene for reconfigurable sensors. ACS Appl Nano Mater. (2020)
3:2129-33. doi: 10.1021/acsanm.0c00141

Chen ], Nie H, Zha T, Mao P, Tang C, Shen X, et al. Optical
magnetic field enhancement by strong coupling in metamaterials.
J  Lightwave  Technol. ~ (2018)  36:2791-5. doi:  10.1364/JLT.36.
002791

Chen J, Nie H, Peng C, Qi S, Tang C, Zhang Y, et al. Enhancing the magnetic
plasmon resonance of three-dimensional optical metamaterials via strong
coupling for high-sensitivity sensing. J Lightwave Technol. (2018) 36:3481-
5. doi: 10.1109/JLT.2018.2846019

Chen J, Nie H, Tang C, Cui Y, Yan B, Zhang Z, et al. Highly
sensitive refractive-index sensor based on strong magnetic resonance in
metamaterials. Appl Phys Express. (2019) 12:052015. doi: 10.7567/1882-0786/
abl4fa

Chen J, Qi S, Hong X, Gu P, Wei R, Tang C, et al. Highly sensitive
3D metamaterial sensor based on diffraction coupling of magnetic

Commun.

Frontiers in Physics | www.frontiersin.org

April 2021 | Volume 9 | Article 657790


https://doi.org/10.1109/ACCESS.2018.2834726
https://doi.org/10.1109/JSTQE.2018.2827661
https://doi.org/10.1016/j.jmmm.2015.11.023
https://doi.org/10.1109/JSTQE.2009.2033391
https://doi.org/10.1364/OE.26.033575
https://doi.org/10.1109/I2MTC.2015.7151307
https://doi.org/10.1016/j.sna.2017.06.031
https://doi.org/10.1155/2015/301358
https://doi.org/10.1038/nature11231
https://doi.org/10.1038/srep23186
https://doi.org/10.1109/TMTT.2010.2065910
https://doi.org/10.1007/s00339-012-7113-1
https://doi.org/10.1364/OE.22.024908
https://doi.org/10.1117/12.2045242
https://doi.org/10.1109/JSEN.2014.2363095
https://doi.org/10.1002/adem.201600741
https://doi.org/10.1002/mop.30867
https://doi.org/10.1021/nl200791r
https://doi.org/10.1364/OE.25.015938
https://doi.org/10.1364/OME.7.001335
https://doi.org/10.1063/1.3488020
https://doi.org/10.1063/1.4978672
https://doi.org/10.3390/nano9010030
https://doi.org/10.3390/s150409344
https://doi.org/10.1021/acsphotonics.6b00556
https://doi.org/10.1126/science.1197172
https://doi.org/10.1002/adma.201606298
https://doi.org/10.1364/OE.418024
https://doi.org/10.1038/ncomms9069
https://doi.org/10.1103/PhysRevB.95.035104
https://doi.org/10.1021/acsnano.7b08828
https://doi.org/10.5258/SOTON/D0914
https://doi.org/10.1364/OE.27.007196
https://doi.org/10.1021/acsanm.0c00141
https://doi.org/10.1364/JLT.36.002791
https://doi.org/10.1109/JLT.2018.2846019
https://doi.org/10.7567/1882-0786/ab14fa
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Ma et al.

Advanced Electromagnetic Metamaterials for Temperature Sensing Applications

plasmon resonances. Results Phys. (2019) 15:102791. doi: 10.1016/j.rinp.2019.
102791

Chen J, Peng C, Qi S, Zhang Q, Tang C, Shen X, et al. Photonic
microcavity-enhanced magnetic plasmon resonance of metamaterials
for sensing applications. IEEE Photonics Technol Lett. (2018)
31:113-6. doi: 10.1109/LPT.2018.2881989

Chen J, Chen S, Gu P, Yan Z, Tang C, Xu Z, et al. Electrically
modulating and switching infrared absorption of monolayer graphene
in metamaterials. Carbon. (2020) 162:187-94. doi: 10.1016/j.carbon.2020.
02.032

Chen J, Yang C, Gu P, Kuang Y, Tang C, Chen S, et al. High sensing properties
of magnetic plasmon resonance by strong coupling in three-dimensional
metamaterials. J Lightwave Technol. (2021) 39:562-5. doi: 10.1109/JLT.2020.
3033971

72.

73.

74.

Conflict of Interest: WZ was employed by company Shenzhen Intellifusion
Technologies Co., Ltd.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2021 Ma, Chen, Zheng, Li, Zahra, Liu, Zhou, Huang and Wen. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Physics | www.frontiersin.org

18

April 2021 | Volume 9 | Article 657790


https://doi.org/10.1016/j.rinp.2019.102791
https://doi.org/10.1109/LPT.2018.2881989
https://doi.org/10.1016/j.carbon.2020.02.032
https://doi.org/10.1109/JLT.2020.3033971
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

1' frontiers
in Physics

BRIEF RESEARCH REPORT
published: 30 April 2021
doi: 10.3389/fphy.2021.661060

OPEN ACCESS

Edited by:
Weiren Zhu,
Shanghai Jiao Tong University, China

Reviewed by:

Yuancheng Fan,

Northwestern Polytechnical
University, China

Jianming Wen,

Kennesaw State University,

United States

Xudong Bai,

Shanghai Aerospace Electronics Co.,
Ltd., China

*Correspondence:
Mohammad Rashed Igbal Faruque
rashed@ukm.edu.my

Specialty section:

This article was submitted to
Optics and Photonics,

a section of the journal
Frontiers in Physics

Received: 30 January 2021
Accepted: 25 March 2021
Published: 30 April 2021

Citation:

Ahamed E, Tamim AM, Faruque MRI,
Sifat R and Islam MT (2021)
Reconfigurable THz Metamaterial Filter
Based on Binary Response for
Information Processing System.

Front. Phys. 9:661060.

doi: 10.3389/fphy.2021.661060

Check for
updates

Reconfigurable THz Metamaterial
Filter Based on Binary Response for
Information Processing System

Eistiak Ahamed’, Ahmed Mahfuz Tamim', Mohammad Rashed Igbal Faruque ™,
Rasheduzzaman Sifat’ and Mohammad Tariqul Islam?

" Space Science Center (ANGKASA), Universiti Kebangsaan Malaysia, Bangi, Malaysia, 2 Department of Electrical, Electronic
and Systems Engineering, Universiti Kebangsaan Malaysia, Bangi, Malaysia

Light-matter interactions between the metallic and dielectric layers along with the
controlling of electromagnetic waves can create a way to develop micro-devices and
moderate the functionalities for advanced applications. This study describes a new
controlling technique of the plasmatic electron packet based on an electric split-ring
resonator (eSRR). All numerical experiments were performed using an advanced CST
electromagnetic package. The proposed metamaterial tunneled structure in this study
operates using terahertz (THz) frequency spectrum as an efficient digital processing filter.
The array combination of the tunneled structure consisted of three individual unit cells.
Moreover, the two engineered metallic arms added to the tunneled structure exhibited
two peak resonances and one passband frequency region. A large evanescent field was
produced to enhance the wave-metal interactions with the presence of a metal-dielectric
micro-tunnel. The intensity of the electromagnetic wave-metal interactions was encoded
to binary 0 and 1 for information encoding purposes. As a result, the reconfigurable
micro-unit cell metamaterial tunneled structure was able to effectively control the
electric field and allow electron packets to be digitally encoded for the information
processing system.

Keywords: electric split-ring resonator, digital filter, micro-structured tunnel, reconfigurable, THz

INTRODUCTION

Materials with special characteristics like negative permittivity together with negative permeability
cannot be found in nature. Thus, engineers or researchers sought to develop artificial materials
of different structures exhibiting negative permittivity and negative permeability at a time
within a certain frequency spectrum. Such artificial materials are known as metamaterials [1,
2]. One exotic phenomenon of metamaterial is that they can greatly impact the propagation
of electromagnetic waves with a superior ability to control the electromagnetic waves as
their subwavelength periodic meta-atom unit cell can be designed and optimized for desired
applications. In previous works, light-matter interactions in microstructures were optimized to
produce non-typical electromagnetic responses. With this in mind, negative electrical permittivity
and negative magnetic permeability are included and examined to minimize the gap between basic
micro-science and micro-devices [3] alongside the dynamic functionalities of the micro-devices.
Metamaterials that can be actively controlled are utilized for numerous applications like controlling
the propagation of the electromagnetic wave, analogue computing, [4, 5] etc. Recent studies focus
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more on the orbital angular momentum (OAM) of planar
metamaterial and metasurfaces [6, 7]. For instance, in an
optical transmission system, the OAM of light can be used for
multiplexing and to increase the power of the system.

The developmental increase of coded, programmable, and
digital metamaterial concepts represent the beginning of a
new age in the field of information technology [8-10].
Metamaterials incorporated in digital applications have different
exotic characteristics such as beam manipulation [11], broadband
diffusion [12], controlling of electromagnetic waves [13],
vibration controlling [14], etc. In 2014, Giovampaola and
Engheta [15] presented a digital metamaterial concept by
constructing metamaterial bytes using spatial mixtures of digital
metamaterial bits. The digital metamaterial bits were particles
of the materials which indicate explicit material properties
of the positive permittivity layer of Silicon (Si) and negative
permittivity layer of Silver (Ag). In the following year, a
coding metamaterial was developed by Cui et al. [8] for the
manipulation of the reflection, scattering, and diffusion of
waves in the microwave spectrum. They presented two types
of unit cells with 0 and m phases which they named as
0 and 1. They then extended the work from 1-bit coding
to 2-bit coding metamaterial. Additionally, Shen et al. [16]
presented an integrated Si-based digital metamaterial exhibiting

unidirectional energy flow. They also utilized integrated digital
metamaterial to develop an optical diode. Furthermore, Shen
et al. [17] developed a coding metasurface for beamforming
applications based on transmission whereby the transmitted field
patterns depended upon the metamaterial bits of the particular
meta-atom structure. Meanwhile, Gao et al. [12] presented a
coded Minkowski closed-loop structured unit cell to produce
several bits on different geometrical scales to control terahertz
(THz) radiation.

Moreover, many studies reported numerous micro-
electro-mechanical-system  (MEMS) based metamaterial
and metasurface structures for numerous applications [18-22].
Ma et al. [18] developed polarization-sensitive MEMS-based
tunable metamaterials for the terahertz spectrum. The proposed
metamaterial structures used curved cantilevers of electric
split-ring resonators based on deformable MEMS. In 2014, Han
et al. [19] developed a MEMS-based reconfigurable filter and
modulator. Low loss and high transparent substrate Quartz
was used as a substrate. At 480 GHz, the system manifested a
high contrast switching efficiency of 16.5 dB. Meanwhile, Bilgin
et al. [20] developed a MEMS-based THz detector which was
characterized to extract its mechanical performance in 2015. The
detector had a pixel size of 200 x 200 wm, working between
1 and 5 THz bands. Arbabi et al. [21] in 2018, developed a
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FIGURE 1 | Proposed metamaterial (A) C-V unit cell, (B) V one arm bend, and (C) V two-arm bend structures.
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MEMS-based tunable dielectric metasurface lens. The lens was
made of MEMS and has an optical power shift of more than 4%
per 1 um movement of the metasurface. In 2020, Huang et al.
[22] developed an actively tunable THz filter based on MEMS
metamaterial. Due to the advantage in optical applications,
electromagnetically induced transparency (EIT) analogues in
classical oscillator systems were also discussed. As a functional
filter, the metamaterial regulated EIT activity to regulate waves
around 1.832 THz.

This study introduces a new reconfigurable metamaterial
microstructure that works as a digital filter and is capable of
performing bit sequencing conversion in the THz frequency
spectrum. The micro-unit cell structure exhibited two
transmission resonances and one special passband resonance. A

TABLE 1 | Geometric parameters of the proposed metamaterial microstructure.

special tunneled arrangement is also presented and numerically
explained by digital binary output. Moreover, the basic unit cell
is defined as the digital metamaterial by addressing the dielectric
substrate as “0” and the metallic resonator as “1.” Appropriate
tunnel sequencing which was designed and explained can
manipulate the electromagnetic waves and convert propagating
waves to binary output through a digital metamaterial filter.

STRUCTURE OF MICRO METAMATERIAL
DEVICE

Figure 1A illustrates the geometry of the metamaterial structure.
Its unit cells are composed of corrugated metal strips labeled C
to V (C-V) in alphabetical order and periodically arrayed in the
x- and y-directions. The C and V strips create horizontal and
vertical mirror images, respectively. Figures 1A-C present the
proposed and modified C-V structures. Whereby, Figures 1B,C
represent the reconfigurable designs of the C-V structure.
which are based on Figure 1A [10]. Figure 1B displays one
arm of V strips that was freed, while Figure 1C depicts two
arms that were freed from the dielectric interface. On the
other hand, lossy metal aluminium utilized in this study
possesses an electric conductivity of 3.56 x 10,007 S/m, thermal
conductivity of 237 W/k/m and Young’s modulus of 69 GPa. The
success of aluminium nano-particles in the field of nanoscience
and nanotechnology is therefore attributed to their desirable
properties. They are non-magnetic, light and non-sparking.

Parameters Dimensions (m) Parameters Dimensions (m)
a 10.00 i 1.00
b 10.00 j 6.00
c 2.35 k 2.00
d 2.00 | 2.69
e 0.15 04 45°
f 1.35 6o 30°
g 2.00 03 60°
h 8.00
A B

FIGURE 2 | Proposed reconfigurable tunnel metamaterial device with (A) perspective view with indicated unit cell, and (B) side view.
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Also, since they are high in the scale of malleability, they are
commonly used in many industrial applications requiring a solid,
lightweight and easily constructible material.

Figure 1 and Table 1 depict the geometrical parameters of the
unit cell. The symbols “a” and “b” denote the substrate length
and width, respectively. Meanwhile, symbol “¢” represents the
gap distance between strips C and V, “h” indicates the length of
part C, “c” is the width of the two legs in part C, “d” is the gap
between the legs of part V, “I” is the metal width of leg C, “” is
the vertical length of strip C, “g” and “1” are the base width and
slope of strip V alongside “k” which is the distance between the
metal arm and substrate edge. The angles between the two legs

of strip V on the bottom inner side, the outer side of the head of

strip V, and the bottom outer side of strip V were 6; = 45°, 6, =
30°, and 63 = 60°, respectively. Moreover, the arms of strip V are
bent at a 45° angle from the dielectric-metal interface as depicted
in Figures 1B,C.

Recently, the use of filters in processing optical information
has gained the interest of many researchers. Analogous data
sets can be encoded for optical communication based on their
amplitude, phase, intensity, wavelength, or polarization [23, 24].
Based on these properties, a three-unit cell was designed to create
an array to serve as an individual unit cell. The array plates
were also used to arrange a parallel sequence to achieve binary
information of the proposed micro reconfigurable metamaterial
device. Furthermore, the proposed device consisted of four

FIGURE 3 | Combined tunnel structure with its e-field response.
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cells.

FIGURE 4 | Three different tunnel structures. (A) Normal C-V eSRR tunnel structure (B) VV one arm bend, and (C) V two-arm bend of eSRR tunnel structure with unit

different array structures including one arrangement exhibiting
tunneling of normal dielectric-metal combination, two providing
one- and two-arm bend tunnel combinations and the other
exhibiting combined reconfigurable tunnel structure. Figure 2
indicates the subsequent combinations of the tunnel structure,
in which the micro-structured metamaterial tunneled structure
was divided into three parts corresponding to the processes
of splitting, enhancing, and encoding. According to Figure 5,
these parts respond to the propagation of electromagnetic waves.
The proposed micro metamaterial structure and its operating
reconfigurable unit cell are exhibited in Figure 2.

The designed C-V metamaterial structure can be modified
into a bent structure. After designing three modified
reconfigurable structures in one tunnel metamaterial
arrangement, the tunnel structure manifested a special response
at its passband double negative frequency region. The tunnel
structure arrangement is illustrated in Figure 3. The first two
array structures are of the 5 x 5 array structure indicated by
the signal splitter. This part converted the input signal into
11 electron clouds for a 5 x 5 array structure. Following the
conversion into 11 clouds, the signal passed through a controller
part indicated by the two tunnel arrangements. Here the signal
experienced a strong evanescent field effect and was significantly
modified. Then, the modified controlled signal finally passed
through the encoder part to create binary responses according to
field intensity. The procedure is presented in Figure 3.

Before designing, the reconfigurable array combination
three-unit cells (eSRR) are designed. Figure 4 exhibits the three-
unit cell-based meta-tunnel structure device. All the structures
contained a 5 x 5 array unit cell in the signal splitter and encoder
region. However, the tunnel area used a 2 x 5 array pattern. The
stacked tunnel metamaterial device has six metamaterial
array plates, whereby the distance between each plate
was 10 pm.

RESULTS AND DISCUSSION

Figures 4A-C depict the proposed eSRR design and the two other
tunnel structures. Figure 5A describes the scattering parameters
of the normal C-V structure. The first structure exhibited
transmission resonances of 25.70 and 26.71 THz, with a passband
frequency of 25.70 THz. The C-V structure with one V arm
bend demonstrated transmission resonances of 25.50 and 26.85
THz (Figure 5B), whereas the structure with a tunnel and
two V arm bends exhibited transmission resonances of 25.22,
25.98, and 28.75 THz (Figure 5C). At the same time, the two
reconfigurable structures, namely one arm and two-arm bend
structures, exhibited passband resonances of 25.90 and 25.22
THz, respectively. Furthermore, the tunnel structure scattering
parameters were better compared to the solid unit cell and
array. Meanwhile, the reconfigurable combined tunnel structure
exhibited a passband resonance of 29.36 THz.
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FIGURE 5 | The scattering parameters of (A) C-V, (B) one arm V-bend, and (C) two-arm V-bend proposed structure.

Electrons have a special quality in conveying information from
the sender to the receiver. Based on this special behavior, the
electric field in a metal-dielectric interface is explored to develop
devices like phase shifter, converter, plasmonic power divider,
lenses, etc. The evanescent field in the stacked metamaterial
tunnel array structure can create different electron cloud patterns
that are unavailable in a normal stacked metamaterial array
pattern. These metamaterial tunnel array devices could be
explained using binary responses. The designed eSRR tunnel
structure created a binary response below its A /2 limits, while
creating a strong evanescent field response in the passband
field. The characteristics of the introduced tunnel structures
were examined using the transverse electromagnetic (TEM)

wave propagation, which interacts partly with the first layer
of the metamaterial array and then spreads into eleven clouds
of electron regulated by the micro-structured tunnels. The
controlled electron clouds were then encoded by the encoding
portion whereby the generated signal was delivered to the
receiving portion. Next, the modulated electromagnetic electron
clouds were transmitted by waveguide port 1 as waveguide
port 2 received them. However, based on this condition, the
designed four tunnel structures were identified to be in their
passband resonances.

In the array pattern, the electric field clouds for the C-V tunnel
field contour, V one arm bend, and V two-arm bend in the tunnel
field contour are presented in Figure 6. The propagation wave
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FIGURE 6 | Electric field distributions of the (A) C-V tunnel structure, (B) One arm V-bend tunnel, (C) Two arm V-bend tunnel, and (D) Reconfigurable combined C-V

traveled in a z-direction for all the cases. The tunnel can create a
strong evanescent field in a higher frequency region. Therefore,
the tunnel array device faces a strong evanescent field contour
in the tunnel area. The linear wave experienced a dielectric-
metal path in the tunnel area creating a strong evanescent field
environment to help obtain different binary responses. In the
case of V one arm and two-arm array structures, the wave
contours were affected by the dielectric metal interface where
its attenuation constant alpha was changed. The wave which
experienced a dielectric metal combination with a bend pattern
also created a strong evanescent field.

On the other hand, the micro-structured tunnel controlled
the strength of the induced electric field. The amplitude of the
propagating TEM wave varied when the structural configuration
was modified and the electric field intensity was adjusted. When
the propagation wave (PW) enters the structure of the first array
and gathers information from the last metamaterial slab, the
electron clouds formed in the tunnel structure through TEM
wave propagation were utilized to convert the electrical signal
to information signal as binary output (0 or 1). Therefore,
based on the metallic and dielectric parts of the metamaterial
tunneled structure, the whole structure can be divided into 11

Portion wise output e-field response

Only C-V tunnel 1

One arm V-bend
tunnel
1
Two arm V-bend | | | | |
tunnel 0
L L,

FIGURE 7 | Binary response of the indicated four-tunnel structure.

Reconfigurable
combined C-V tunnel

sections. Firstly, the propagating electromagnetic wave occurred
during the first metamaterial collection whereby the modulated
electron contour was broken into parts. These contours are
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FIGURE 8 | A schematic diagram of the use of digital metamaterial filter for an information processing system.

referred to as a cloud and were transformed when the tunnel was
inserted (Figure 6) which can be explained digitally. Normally,
the movement of free electrons can be used for signal encoding in
the forms of current or voltage at the dielectric-metal interface.

The information encoded in this study was digitized based on
voltage. Binary output “1” referred to the high voltage red area,
whereas the low intensity of the remaining colors was classified
as binary “0.” Portion A of the passband frequency (25.70 THz)
in Figure 6A indicated that the electron cloud was digitally
high, contributing to a high conversion point. Meanwhile, the
converted clouds in portions E, E, H, and ] were also digitally
high and were represented by “1.” However, the digitally low
electron clouds in portions B, C, D, G, I, and K were classified
as “0.” Nevertheless, the tunnel structure response for one V arm
bend (Figure 6B) was digitally high at portions D, H, and K, while
digitally low at portions A, B, C, E, F, G, 1, and ] with 22.89 THz.
High response at portions A, B, C, D, E, H, and ] were evident
for the two-arm bend V tunnel structure, with low responses
at portions E, G I, and J at 22.34 THz (Figure 6C). Finally, the
combined normal and reconfigurable tunnel structure indicated
digital responses at 29.34 THz at which the passband was created.
This device exhibited digitally high responses at portions A, B, C,
D, E, H, I, and ], whereas digitally low responses were recorded at
portions E, G, and K (Figure 6D).

The digital responses obtained from various portions of the
four-tunnel structure are indicated in Figure 7. Electric clouds
are dominated by the structure of the tunnel, whereby, all
the tunnel arrangements responded differently according to
the passband resonances. The e-field responses from Figure 6A
are summarized in Figure7 and indicated by only the C-V
tunnel; likewise, three more structures are indicated by its digital
responses in Figure 7.

A schematic diagram of the information processing system
using the micro-structured metamaterial device is illustrated
in Figure 8. Active or passive metamaterial representing the
meta-atom structure generated the meta-atom in a digital form.

Next, the micro-structured tunnel configuration was utilized
as a filter to encode the binary output from the propagation
of waves. Moreover, artificial intelligence (AI) software or
algorithm can be used for micro-device applications based on
binary outputs.

CONCLUSION

To sum up, a new reconfigurable metamaterial micro-structure
was designed and numerically explained based on its binary
output to create a digital information filter. The configurations
can be completely controlled by the metamaterial tunnel
structure arrangement. The electric field was also primarily
determined by the configuration of the tunneled micro-structure,
whereby the modulated wave signal was encoded to binary
output using the proposed meta-device. The entire encoding
function was numerically clarified for resonance frequency that
corresponded to the reconfigurable tunnel micro-structured
metamaterial of one optical passband. A possible schematic
diagram of the information processing system was also drawn
for the application purpose. In conclusion, the arrangement of
the micro-structured tunnel and the flexibility of controlling the
moving arms were compatible with an advanced information
processing system.
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