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Small-Size Broadband Coding Metasurface for RCS Reduction Based
on Particle Swarm Optimization Algorithm
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Abstract—Radar cross section (RCS) reduction technology has great significance in stealth and other
fields. A PSO-FSP algorithm is proposed based on the particle swarm optimization algorithm and the
far-field scattering characteristics of coding metasurface to obtain the optimized coding sequence for
RCS reduction. According to the principle of coding metamaterial, a 1bit cell structure is designed.
Therefore, a coding metasurface is constructed by arranging the unit cells based on the optimized coding
sequence. Simulation results show that, in the case of vertical incidence, compared with metal plates
of the same size, the metasurface can achieve more than 10 dB of RCS reduction within the broadband
range from 15 GHz to 35 GHz, and the maximum reduction can reach 36dB. The proposed coding
metasurface has been successfully fabricated and measured, and there is a good agreement between
simulated and measured results.

1. INTRODUCTION

In modern military affairs, low detectability is a crucial factor to enhance the survivability of weapons
on the battlefield, so the development of RCS reduction technology is particularly important. There
are two traditional ways to reduce RCS. One is shaping technology, but it is not suitable for the
bistatic RCS reduction. The other one is coating absorbing materials, but the temperature will rise,
which will increase the probability of detection by enemy infrared detection equipment [1]. In recent
years, some new technologies such as metasurface have been used for RCS reduction [2-4]. In 2014,
the National Key Laboratory of Millimeter Wave of Southeast University team firstly proposed the
concept of “coding metasurface” which is composed by arranging metamaterial units with stable phase
difference in a certain way [5]. RCS reduction is also an important research area of coding metasurface.
As a new research field, coding metasurface provides a new way for RCS reduction. The key of coding
metasurface design for RCS reduction is coding sequence, so intelligent optimization algorithms can be
used to optimize coding sequence. For example, ergodic algorithm [6], simulated annealing algorithm [7],
genetic algorithm [8-10], and particle swarm optimization algorithm [11-15] can optimize the coding
sequence to achieve RCS reduction. There is room for further improvement in the bandwidth of RCS
reduction.

In this paper, particle swarm optimization (PSO) algorithm combined with far-field scattering
pattern (FPS) model is proposed to optimize the coding sequence. Then a new type of small-size
broadband coding metasurface based on polarized rotating materials [16] and optimal coding sequence
is designed, which can realize the reduction of broadband RCS and improve the maximum reduction.
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2. OPTIMAL DESIGN OF CODING SEQUENCE

2.1. Far-Field Scattering Pattern Model of Coding Metasurface

The design principle of coding metasurface can be analyzed by the theory of phased array antenna.
Fig. 1 is a schematic diagram of coding metasurface. Suppose that the metasurface is composed of
N x N array elements with a period of D. Each array element is composed of the basic unit structure of
“0” or “17, and the distribution of “0” and “1” on the surface is arbitrary. We assume that the reflection
phase of the (m,n)th element is ¢(m,n). According to the principle of 1bit coding metasurface, it is
easy to know that the phase value is 0 or 180 degrees. When the plane wave is incident vertically, the
far-field scattering of the metasurface can be expressed as [5]:
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0 and ¢ are the elevation angle and azimuth angle, respectively. f.(f¢) is the scattering patterns of the
array element. Then the directional coefficient of coding metasurface can be expressed as:
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Since the reflective phases of the basic elements “0” and “1” are 0 and 180 degrees, the scattering
characteristics of the two elements can be canceled by each other. It can be seen from Formulas (1) and
(2) that the proposal of coding metasurface provides a new idea for RCS reduction technology, which
designs reflective coding metasurface. Because the coding metasurface is composed of different basic
unit structures sorted by a certain coding sequence, we can make the electromagnetic wave irradiating
on the coding metasurface scatter as many directions as possible into the space by designing coding
sequence. According to the energy conservation law, the beam energy in each direction is low, so the
RCS reduction can be achieved.

Dir(0, ¢ (2)

Figure 1. Schematic diagram of coding metasurface principle.

2.2. PSO-FSP Algorithm

PSO algorithm is an intelligent optimization algorithm proposed by Kenndey and Eberhart in 1995 [17].
This algorithm simulates the process of birds searching for food around them. In PSO algorithm, each
particle can be regarded as an individual, and the optimal solution can be found through cooperation
and information sharing among individuals. As a global search method, PSO is widely used in the
optimization of various electromagnetic problems because of its simple principle, few parameters, and
fast convergence speed. The potential solution can be regarded as a particle whose mathematical
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description of the position of the next generation of particles can be expressed as [15]:

v§ = w % v;- + ¢1 xrand(0,1) * (pbestz- - CC;) + o x rand(0, 1) * (gbest’ — CC;) (3)

where pbesté- and gbest’ represent the optimal position of individual particles and the global optimal
position, respectively. The function rand(0,1) denotes a random number between 0 and 1. ¢; and co
are called learning factors or acceleration factors which are usually set to a value of 2. w means inertia
weight, and the algorithm using the weight factor which changes with time is usually better than the
fixed one. The commonly used mathematical expressions of weight factors are as follows:

w(k) = Wmax — (wmax - wmin)k/Niter (4)

Niter is the maximum number of iteration. wmayx and wpiy are usually set to 0.9 and 0.4.

In order to obtain the best performance of coding metasurface, the PSO algorithm is combined with
the Far-field Scattering Pattern (FSP) model of coding metasurface to optimize the coding sequence.
The flow chart of PSO-FSP algorithm is shown in Fig. 2, in which two modules are used to optimize the
phase arrangement of the metasurface. The PSO module evaluates the fitness in each iteration, updates
the particle velocity and position, and then sends the information to the FSP module. With the help
of MATLAB, we can complete the design of the algorithm. The position of the population particles,
which is the coding sequence to be optimized, can be regarded as a random matrix containing only 0
and 1, and the speed can be set same. The fitness function can be set as:

fitness = f(60, ) (5)
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Figure 2. The flow chart of PSO-FSP algorithm.

The FSP module calculates the current RCS value when the current phase arrangement is obtained,
and then calculates the fitness function value and returns it to the PSO module. After several iterations,
the optimal phase arrangement of the coding metasurface with the minimum RCS can be obtained.
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The core of this flowchart is that the PSO module generates all kinds of phase arrangements of coding
metasurface, and their performance will be judged through FSP module to find the best solution.

The population used in the PSO module is set to 100, and the number of iterations N, is set
to 500. The initial phase value of the unit cell structure is 0 or 7, which is simplified to 0 or 1 in the
design of the algorithm. The fitness function curve obtained by numerical optimization in MATLAB is
shown in Fig. 3(a). It can be seen that the curve decreases rapidly in the initial stage and then tends
to be a stable value. The final result of coding sequence optimization is shown in Fig. 3(b).
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Figure 3. (a) The fitness function curve. (b)Optimal coding sequence.

3. OPTIMIZED METASURFACE DESIGN

3.1. Unit Cell Design

The whole unit cell structure is composed of three layers as shown in Fig. 4. The middle layer is a
dielectric layer, and the selected dielectric substrate is F4B with a relative permittivity of 2.65 and loss
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Figure 4. Schematic diagram of unit cell structure.
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tangent of 0.001. The top and bottom layers are metal layers with thickness of 0.018 mm. The width
and thickness of the dielectric substrate have great effect on the design of the structure. After parameter
optimization, the unit cell period is determined to be 3 mm; the thickness of dielectric layer is 1.5 mm;
and the other structural parameters of unit cell are: o = 60°, w = 0.2mm, r; = 1.3mm, ro = 1.1 mm,
rg = 0.6 mm, r4, = 0.4 mm.

CST Microwave Studio software is used to study the phase and reflection characteristics of the
unit cell structure. The results are shown in Figs. 5(a) and (b). As we can see from Fig. 5(a), the
10 dB polarization conversion bandwidth of “0” or “1” unit cell is 15-35 GHz under vertical incidence.
Fig. 5(b) is the cross-polarized reflection phase difference between “0” and “1” elements. It can be seen
from Fig. 5(b) that, ideally, 180-degree phase difference can be achieved in the whole broadband when
x-polarized wave is completely converted into y-polarized wave. Therefore, we can use these two cell
structures to design coding metasurface through a certain coding sequence.
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Figure 5. (a) Reflection characteristic curve. (b) Phase characteristic curve.
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Figure 6. (a) Optimized coding metasurface diagram: blue block is 0, yellow block is 1. (b) RCS
reduction curve.
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3.2. Simulation and Analysis of Coding Metasurface

According to the optimal sequence, a coding metasurface can be constructed by combining the unit cell
structures. The size of the coding metasurface is 120 mm x 120 mm. There are 10 x 10 basic units. In
order to prevent the coupling between unit cells, a 4 x 4 sub-array cell is used to construct the whole
coding metasurface, as shown in Fig. 6(a).

As a comparison, full-wave simulation is also carried out for the same size metal plate. Fig. 6(b)
shows the RCS reduction of the coding metasurface during the working frequency band. It can be seen

that in the range from 15 GHz to 35 GHz, RCS reduction can be achieved more than 10dB, and the
maximum reduction can reach 36 dB.
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Figure 7. Bistatic RCS of coding metasurface and PEC in YOZ plane. (a) 10 GHz. (b) 20.5 GHz. (c)
29.5 GHz. (d) 40 GHz.

For further analysis of the RCS reduction characteristics of this coding metasurface, we have drawn
bistatic scattering curves from the YOZ plane in four frequency points and compared the simulation
results of the four frequency points with those of the metal plate. The results are shown in Fig. 7.
According to the coding metasurface design principle described in Section 2, the coding metasurface
makes the electromagnetic waves incident on the metasurface scatter to all directions of space as many
as possible through the design of coding sequence. In other words, under the principle of energy
conservation, the disorder of coding sequence will produce more reflective sidelobes, and the more the
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side lobes are, the more the energy of main lobe will be suppressed, thus the RCS reduction can be
realized. From Fig. 7, it can be seen that the metal plate produces a strong main lobe at all frequency
points, which is consistent with the theory. For the coding metasurface, at 10 GHz and 40 GHz, the
metasurface hardly suppresses the main lobe energy; at 20.5 GHz and 29.5 GHz, the side lobe energy is
enhanced and the main lobe energy obviously suppressed. In conclusion, it is proved that the coding
metasurface has a strong RCS reduction ability in the broadband range.

4. MEASUREMENT AND DISCUSSION OF CODING METASURFACE

According to the optimal coding sequence given above, a coding metasurface template is fabricated. As
shown in Fig. 8, the thickness of the whole object is 1.5 mm, and the width of the edge is 120 mm, so
the overall size is 120mm x 120 mm X 1.5 mm.

Figure 8. Physical map of coding metasurface.

The testing method is free space method. The experimental equipment is a vector network analyzer
(10MHz ~ 50 GHz) and two horn antennas with working bands of 10 GHz ~ 40 GHz. The test platform
is constructed by connecting two horn antennas to the input and output of the vector network analyzer,
respectively, i.e., one horn antenna as the transmitting source and the other horn antenna as the receiver.
We fixed the sample to be measured at the same level as the two horn antennas and then conducted
the measurement. The test environment is shown in Fig. 9.
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Figure 9. (a) Schematic diagram of test platform. (b) Measured environment.
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Figure 10. Comparisons between measured results and simulation results.

Figure 10 shows a comparison between the measured RCS reduction characteristics and the
simulation results of the coding metasurface irradiated by a vertical incident electromagnetic wave. In
order to facilitate the analysis and comparison, a —10 dB line is added to the figure, so it can be clearly
seen that the measured results are almost consistent with the simulation results, and the RCS reduction
values in the broadband range from 15 GHz to 35 GHz are basically above 10dB. Then the maximum
RCS reduction of the measured results is —28 dB, which is lower than that of the simulation, and the
measured RCS reduction curve has more burrs. The reasons for these problems may be as follows:
(1) There are errors in the process of physical machining; (2) Environmental factors; (3) Although the
simulation is carried out under the condition of vertical incidence, it is impossible for the horn antenna
to be completely perpendicular to the metasurface to be measured, or even to be on the same horizontal
plane in the process of building the platform, thus affecting the test results. However, in general, the
test results have reached an ideal state and maintained a good RCS reduction capability in broadband.

Table 1. Comparison of this work with references. RSCR: Rcs Rduction. BW: Bandwith.

Article RCSR (dB) | Size (mm?) | BW (GHz) | Max RCSR (dB)
This work 10 120 x 120 15-35 28
Reference [8] 10 216 x 216 17-42 24
Reference [9] 10 240 x 180 | 5.21-15.09 32.5
Reference [11] 10 210 x 210 7.3-10.8 19.15
Reference [15] 10 286 x 286 | 15.6-36.5 16.7

5. CONCLUSION

Based on the theory of coding metamaterials, we have designed two unit cells which can achieve 180-
degree phase difference in broadband. The small-size broadband coding metasurface is constructed and
processed based on the coding sequence which is optimized by particle swarm optimization (PSO)
algorithm. The simulation and test results show that the RCS reduction of this metasurface can
reach more than 10dB in the range from 15 GHz to 35 GHz. Table 1 lists the comparison of proposed
metasurface with reference metasurfaces, and this paper achieves the same or even better broadband
RCS reduction result with smaller size. It is expected that the RCS reduction will be better when
the size of metasurface is increased. Therefore, coding metasurface has great potential in radar stealth
technology application.
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