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Based on the theory of polarization conversion, this paper designs and implements two electromagnetic units with a 180-degree
reflection phase difference in the range of 10-40 GHz. By coding and optimizing the spatial arrangement of the two basic units to
obtain a metasurface, which makes the incident electromagnetic waves reflect diffusely, the energy in a single beam direction is
reduced to realize the reduction of the radar cross section (RCS). The full wave simulated and experimental results of the
reduction of the RCS of the metasurface have been presented. The RCS of the proposed metasurface can be reduced by more
than 10dB in the two broadband bands of 12.5-17.4 GHz and 20.5-36.2 GHz, and the maximum reduction can reach 26 dB,
compared with a metallic surface of the same size. In addition, the optimized metasurface can also maintain a good reduction
effect under oblique incident wave directions of 30, 45, 60, and 70 degrees. A very good agreement between simulation and

measurement results is observed.

1. Introduction

Metasurfaces [1] are periodic or nonperiodic arrangements
of unitary structures of specific geometries on the macro-
scopic subwavelength scale that break through the micro-
scopic layout of atoms and molecules of natural materials
and have unique electromagnetic properties. Examples
include negative refractive index [2], near-zero magnetic
permeability [3], and near-zero dielectric constant [4, 5].
And metasurfaces have also been extensively investigated
for a variety of novel electromagnetic functions, such as
polarization transformation [6, 7], holographic imaging
[8, 9], perfect reflection [10, 11], and radar scattering cross
section (RCS) reduction [12]. Along with the rapid develop-
ment of aerospace, maritime technology, reconnaissance,
and counter-surveillance technologies, the need for stealth
materials [3, 13-16] is becoming more and more urgent.
Compared to traditional techniques of changing the shape of
the object or using absorbent coatings to reduce the RCS,
supersurfaces [17-19] have the advantages of simple design,

low cost, ground profile, and low loss, so metasurfaces have
good prospects for development.

In recent years, researchers have proposed various types
of metasurfaces that can achieve RCS reduction. Liu et al.
proposed the use of a nonresonant metamaterial progenitor
based on transformed optics [20], implemented by applying
a conformal coordinate transformation to a system of Max-
well’s equations to obtain an intrinsic dataset of the spatial
distribution of the hypersurface; Priyanka and Kaushik pro-
posed a unique split-square ring absorber to reduce RCS
[21]; Su et al. proposed a novel nonuniform hierarchical
coding [22] of metamaterial [23] tiles; Yang et al. proposed
RCS reduction by scattering mechanism using carbon
fiber-linked composites [24]; and Xu et al. proposed on an
efficient Pancharatnam-Berry meta-atomic method to form
subarrays with focused reflective phase profiles that can
ensure almost uniform diffuse scattering of arbitrarily polar-
ized electromagnetic waves to achieve RCS reduction
[25-27], and a stealth strategy that uses ultrathin parabolic
metasurfaces to achieve dual polarization channel and
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multifrequency channel diffuse reflection stealth, allowing
for fundamental wave number splitting and wave number
splitting supersurfaces of scattered waves [28, 29]; Li et al.
and Chen et al. proposed an optimized optically transparent
metasurface for polarization and angle-insensitive broad-
band single-station as well as dual-station RCS reduction
[30, 31]; Ying-jie et al. proposed an anisotropic metallic
elliptical ring that modulates the intrinsic resonant phase
by changing the structure of the superatom and integrates
resonant phase and geometric phase modulation to excite
diffusion-like scattering by scattering the electromagnetic
energy in multiple directions to suppress specular RCS
[32]. However, some of the above work only considers
single-station RCS reduction and not the more important
two-station RCS reduction, and most of the metasurface
RCS reduction has a narrower band and a relatively more
complex structure.

In this paper, we present a method to reduce the RCS
using polarization-transformed supersurfaces operating in
the ultrawideband frequency range. Polarization conver-
sion is the process of converting the polarized state of an
electromagnetic wave to another polarized state. By
designing the shape, size, and arrangement of the super-
surface unit as well as the material properties, the phase
and amplitude of the electromagnetic wave can be modu-
lated. The researchers designed two mirror-like electro-
magnetic cells and used a genetic algorithm to optimize
their arrangement in the array. The results show that the
proposed method achieves an RCS reduction of more than
10dB in the ultrawide frequency range of 12.5-17.4 GHz
and 20.5-36.2GHz. The designed superstructure surface
has the advantage of being easy to machine and flexible
to manipulate, making it promising for electromagnetic
stealth applications.

2. Materials and Methods

2.1. Unit Design. We propose a unique metasurface unit,
based on the metal split ring patch and the rectangular metal
patch; the unit’s schematic is shown as illustrated in
Figure 1. The unit comprises three layers: a rounded metal
patch with a simple double gap and a small rectangular
metal patch printed on the top surface of a dielectric sub-
strate, a dielectric spacer, and a ground plate, from top to
bottom. The dielectric substrate is made of PTFE with a
thickness of 2mm and a dielectric constant of 2.2. Both the
metal patch and ground have a thickness of 0.018 mm, from
top to bottom. The geometric parameters are as follows:
a=5mm, b=09mm, h=2mm, /=1mm, r=2.2mm,
and t=0.018 mm.

Figure 2(a) displays the copolarized and cross-polarized
scattered characteristics of the unit under the vertical inci-
dence of x-polarized waves. In the frequency range of 12.4-
38.1 GHz, the proposed unit can achieve a copolarized
reflection coeflicient of less than -10 dB, which includes four
resonant valleys at 14GHz, 23.5GHz, 34GHz, and
36.5 GHz. At each resonant valley, the copolarized reflection
coefficient reaches its minimum value, indicating that the
incident x-polarized wave is entirely converted into a

h=2mm

t =0.018 mm

a=5mm

t=0.018 mm

FIGURE 1: Schematic diagram of the structure of the polarization
conversion unit.

y-polarized reflected wave. When an x-polarized electromag-
netic wave is incident onto the unit, it is converted into a
y-polarized electromagnetic wave, and the PCR [33] can
be expressed as

.
PCR= 2 | (1)

Figure 2(b) illustrates the PCR of the unit in the fre-
quency range of 12.4-38.1 GHz. It can be observed that
the PCR is consistently above 90%. The PCR at the four
resonant valleys is approximately 1, indicating an almost
complete conversion of the unit’s polarization direction.

When the polarization direction of the incident wave is
converted by the polarization conversion unit, it results in
a 90-degree phase shift. Additionally, in addition, the PB
phase principle enables phase modulation by simply rotat-
ing the cell angle, and we mirror this supersurface cell to
obtain another conversion cell that can bring about a
phase shift of -90 degrees. Consequently, two units that
are mirror images of each other will produce a phase dif-
ference of 180 degrees. The phase diagrams of the polari-
zation conversion unit and its mirror unit, respectively,
illustrate the phase difference of the reflection coefficient
of the two units, which is approximately 180 degrees in
a broad frequency band from 10GHz to 40GHz (see
Figure 3). This meets the unit phase requirements of 1-
bit encoding metamaterials. Therefore, we can simulate
the two mirror-symmetric polarization conversion units
as binary numbers “1” and “0” and apply them to the
RCS reduction metasurface (see Figure 4).

2.2. Array Optimization Design for Reduced Surface. In 2014,
Professor Tiejun Cui’s team at Southeast University pro-
posed the concept of an encoded metasurface based on
electromagnetic metamaterials. This technology digitally
encodes cells with a certain phase difference in reflection
coefficients by defining the phase of cell reflection coeffi-
cients [33]. In this paper, we use a genetic algorithm,
which is an adaptive probabilistic search algorithm for



International Journal of RF and Microwave Computer-Aided Engineering 3

0 -

~10 4
=
)

P -20 +
=
2
2

£ -30 4
8
g

£ 40
3
=}
)
e~

=50 A

,60 -

T T T T T T T
10 15 20 25 30 35 40
Frequency (GHz)
— XX

()

0.8 4

0.6

PCR

0.4

0.2 4

0.0 4

10 15 20 25 30 35 40

Frequency (GHz)

(®)

FIGURE 2: (a) Reflection coeflicients for copolarization and cross-polarization. (b) PCR of polarization conversion unit.
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FiGUrRe 3: Phase curve diagram of the polarization reduction
conversion unit and the mirror unit.

global optimization borrowed from the mechanism of nat-
ural selection and genetic laws of living organisms, to opti-
mize the arrangement of encoded metasurfaces. Compared
with the particle swarm optimization algorithm and artifi-
cial neural network optimization algorithm, the genetic
algorithm has a strong global search capability, wider
applicability, and supports multiobjective optimization
[34, 35]. It is less likely to fall into local optimal solutions
than the particle swarm algorithm and does not require a
large amount of training data or computational resources
like artificial neural network algorithms. Additionally, the
computational rate is relatively fast, which makes it more
suitable for optimizing the arrangement of supersurface
array units proposed in this paper.
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FIGURE 4: Schematic diagram of RCS reduction metasurface
arrangement.

To obtain the units with stable phase, we used the 2*2
basic units as a supercell, and the supercell is considered as
binary digital elements of “0” or “17; see Figure 5. Based
on the supercell, we designed an 8*8 metasurface. In the case
of vertical incidence of electromagnetic waves, the far-field
scattering of the metasurface can be expressed as

f6.9)=1.(6,9) mi:l i exp{fi{(p(m, n) + KD sin 0 Km - %) cos ¢

o).

(2)

where ¢ and 0 are the pitch and azimuth angles of the
reflected wave, respectively, and is the directional function
of the supercell. Here, m and n denote the number of
rows and f,(6,¢) columns of the array, respectively, and
¢@(m,n) denotes the scattering phase of the (m, n) super-
cel. K=2m/A is the propagation constant, and D
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represents the length of a single supercell. We can calcu-
late the far-field function value scattered by the metasur-
face with a given coding mode using Equation (2). The
pointing function of a metasurface can be expressed [33]
as

wieer
|f(6,¢)|" sin 6dOdep

D;,(6,9) = — 2
0 Jo

Hence, to obtain the optimal RCS reduction for the
1-bit case, we use the genetic algorithm to optimize the
coding array to find the metasurface with efficient RCS
reduction. The fitness function is set as

fﬁmess =max (f(@, (P)) (4)

Accordingly, the Python programming language is used to
accomplish the optimization of the genetic algorithm for the
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FIGUrE 11: RCS reduced surface sample.

array of RCS reduction surfaces. Firstly, 100 groups of 8 x 8 0/
1 matrices were randomly generated to represent the initial
population. Each matrix is equivalent to a biological chromo-
some; then, fitness values were calculated for each set of ran-
domly generated matrices. The matrices are selected for
replication using a roulette wheel method, and matrices with
higher fitness values have a greater probability of being
selected. By mutating the selected matrix, the generated matri-
ces can jump out of the local optimal solution. In this paper,
the crossover probability is set to 0.9, and the mutation prob-
ability is set to 0.05. Finally, repeat the above steps for each
group of newly generated matrices until the program runs
through the set number of iterations to reach the convergence
result. We provided the specific operation flow chart; see
Figure 6.

The optimized arrangement of the 1-bit RCS reduction
surface by the program is shown in Figure 7. The structure
of the RCS reduction metasurface is modeled and numer-
ously simulated by using the electromagnetic simulation
software CST MICROWAVE STUDIO. The simulation
results are shown in Figure 8.

The three-dimensional far-field diagram and Cartesian
coordinate diagram of RCS at three frequency points,
14 GHz, 24 GHz, and 34 GHz, are selected for observation.
Moreover, after the plane wave is incident vertically along
the z-axis direction to the metasurface, the energy of the ret-
roreflected lobe is no longer mainly concentrated in the nor-
mal direction of the z-axis but is diffusely reflected in
numerous directions. The proposed RCS reduction metasur-
face effectively suppresses the appearance of strong reflec-
tion peaks.

To observe the reduction characteristics of the RCS
reduction metasurface more clearly and intuitively, a metal-
lic surface with the same structural size as the optimized
metasurface is designed for comparison, and the electromag-
netic parameters of the substrate of the metal plate are still
the same as those of the metasurface. The RCS comparison
results and RCS reduction values of both are shown in
Figure 9.

As shown in Figure 8(a), the RCS values of the reduction
metasurface are less than -10dB in the two ranges of 12.5-
17 GHz and 22.6-26.8 GHz. However, the RCS value of the

metallic surface in the range of 10-40 GHz is almost more
than 0dB. In Figure 8(b), the optimized reduction metasur-
face reduces more RCS of 10dB in the 12.5-17 GHz and
20.5-36 GHz frequency bands than the metallic surface of
the same size. In the 17-20.5 GHz frequency band, the RCS
reduction effect of the metasurface is relatively inferior, own-
ing the low polarization conversion rate of the unit. At the
frequency where the unit polarization conversion rate is
close to 1, the metasurface plate reaches the local maximum
of the RCS reduction.

In practical applications, the radar detection wave that
the target object faces are not only a vertical incident wave
but also the incidence of electromagnetic waves from dif-
ferent directions. Therefore, for the optimized RCS reduc-
tion metasurface, we set four different incident directions
to test its RCS reduction effect, namely, 30 degrees, 45
degrees, 60 degrees, and 70 degrees. Figure 10 shows the
scattering direction diagram of the reflected wave on the
RCS reduction metasurface and the metal surface under
four different angles of incidence at the frequency point
of 15GHz. We can observe that under different incident
angles in Figure 9(a), the main lobe of the reflected wave
of the RCS reduction metasurface also moves with the
incident angle, and the effect of reducing the RCS is still
significant, and the bistatic RCS remains below -10dB.
We can observe from the curve chart in Figure 9(b) that
the RCS reduction effect of our designed metasurface is
significant compared with metallic surfaces at incident
angles of 30, 45, 60, and 70 degrees.

3. Experimental Testing and Analysis

To verify the effectiveness of the RCS reduction metasur-
face, we designed and fabricated an RCS reduction meta-
surface sample. The size of the sample is the same as the
simulation model, and the sample is shown in Figure 11.
The size of the entire metasurface is 80 mm x 80 mm,
and the material used for the dielectric substrate is PTFE
with a thickness of 2mm and a dielectric constant of
2.2. Moreover, both the ground plate and the top layer
patch are made of metal copper with a thickness of
0.018 mm. Placing the sample in the center of the test
bench and fixing the horn antenna in the vertical direction
is the plane wave feed. The port of the vector network
analyzer is connected to the horn antenna through the
feeder to measure the RCS of the sample.

The experimental test environment and equipment are
shown in Figure 12(a), Figure 12(b) is the test environ-
ment of the sample plate in the microwave darkroom
using the horn antenna to transmit the signal in the
low-frequency band of 8-18 GHz, and Figure 12(c) is the
test environment of the sample plate in the high-
frequency band of 18-40GHz in the dark room.
Figure 13(a) is the RCS reduction data of the sample plate
and the metal plate measured experimentally. It indicates
that the data at 18 GHz are incoherent due to the split-
band test. However, the effect on the RCS scaling value
can be neglected. From Figure 13(b), it can be observed
that the RCS reduction values are higher than 10dB in
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the three frequency bands of 12-14 GHz, 15.8-16.5GHz,  shown in Table 1. This test environment is referenced
and 22.5-36.3 GHz. We have compared our supersurface  from the literature [36, 37]. The scaling trends of experi-
properties with the literature cited in the manuscript as  mental results and simulation results in the high-
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TaBLE 1: Performance comparison of proposed metasurface in the literature for RCS reduction.

Ref. RCS reduction (dB) Frequency band (GHz) Unit size (mm) Angular (deg)
[24] 10 8-24 3x3 45
[25] 7.5 7-18 12x12 60
[26] 5 8-14 8.3x8.3 60
[31] 10 3.5-16.6 12x12 No mention
[32] 10 18-34 4.9%x4.9 45
[38] 10 43-16.5 14 x 14 30
Our work 10 12.5-17.4 & 20.5-36.2 5x5 70

frequency band are consistent, and there are large differ-
ences in the low-frequency band, which are analyzed for
the following reasons: (1) The sample plate size is small,
and the wavelength in the low-frequency band is relatively
long. Therefore, the experimental error will become larger
during the test. (2) The precision of the sample plate pro-
cessing may not be enough.

4. Conclusion

Based on electromagnetic metamaterials, we explored and
designed a new type of RCS reduction metasurface that
achieves RCS reduction in a wide frequency range. The
polarization conversion unit is used as a 1-bit coding unit,
with two polarization conversion units representing units
“1” and “0.” The genetic algorithm is used to optimize the
design of the coding sequence of the RCS reduction meta-
surface. CST simulation was used to verify that the opti-
mized RCS reduction surface can reduce RCS in a wide
frequency range from 10 to 40 GHz. A metasurface model
with the same size as the simulation model was fabricated,
and the RCS reduction function of the model was tested in
a microwave darkroom. Both simulation and experimental
results demonstrate that the designed RCS reduction meta-
surface has a good RCS reduction effect and a wider fre-
quency band and exhibits a better reduction effect under
wide-angle oblique incidence. Compared with a metal plate
of the same size, the RCS reduction metasurface can achieve
an RCS reduction of more than 10dB in two frequency
bands, namely, 12.5-17.4 GHz and 20.5-36 GHz, with rela-
tive bandwidths of 32.78% and 56.30%, respectively. The
maximum reduction reaches 26 dB, which proves that the
RCS reduction metasurface can effectively reduce the RCS.
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