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ABSTRACT: This paper presents the design of an absorptive metasurface suitable for complex-shaped targets, achieving precise con-
trol over electromagnetic waves, which has been experimentally validated. The metasurface, with a design thickness of only 0.27 mm,
maintains sufficient absorption properties under appropriate curvature conditions to ensure the stealth characteristics of the coated tar-
get. Through simulation and experimental validation, this study demonstrates the metasurface’s strong resonance characteristics near
11.26 GHz and a reduction of approximately 3 dB in far-field radar cross section (RCS) simulation. The experimental test results are
almost consistent with the simulation results, confirming the metasurface’s effectiveness in reducing the RCS of actual complex models.
The research findings provide strong technical support for the radar stealth research of targets.

1. INTRODUCTION

n recent decades, metasurface technology has gained
Iwidespread attention and rapid development [1-4] due to
its ability to precisely control electromagnetic waves through
simple geometric shape design and material selection [5-8].
It has been widely applied in the fields of electromagnetic
stealth [9,10], encryption [11,12], imaging [13-16], and
advanced communication systems [17,18]. The ability of
metasurfaces to manipulate electromagnetic waves stems from
their unique sub-wavelength structure design, which can be
equivalent to basic circuit components such as capacitors and
inductors [19]. After careful design and optimization, the
desired electromagnetic characteristics can be achieved within
the ideal frequency band. Periodically arranged metasurfaces
can achieve macro-control of electromagnetic waves. Since the
characteristics of metasurfaces mainly come from geometric
design and material structure, they are usually lightweight and
thin, making them suitable for many applications sensitive
to mass, such as flying targets, where the impact of the
metasurface’s mass on the normal operation of these scenarios
can be neglected.

Radar stealth technology, also known as stealth technology
or low detectability technology, refers to the reduction or elim-
ination of a target’s radar reflection signals through various
means, thereby reducing the possibility of the target being de-
tected and tracked by radar. This technology is particularly im-
portant in the aerospace field, where it is used to enhance the
survivability and combat effectiveness of equipment such as
aircraft, ships, and missiles. It mainly includes low-scattering
shape technology, stealth material technology [20], plasma
stealth technology [6], and active stealth technology. Low-
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scattering shape technology involves designing the shape of
weapons to eliminate features that can produce electromagnetic
wave reflection effects. Stealth material technology mainly in-
volves coating the surface of weapons with electromagnetic
wave absorbing materials, using as much transparent-wave-
absorbing composite structural materials as possible instead of
metal to form the shape of weapons. Plasma stealth technol-
ogy uses plasma generators, sheets, or radioactive isotopes to
produce a plasma cloud around the weapon, absorbing radar
electromagnetic waves or changing their propagation direction.
Active radar stealth technology mainly includes active cancel-
lation, smart skin, adaptive impedance loading, low probability
of intercept technology, etc.

At present, there are a lot of basic theoretical researches on
electromagnetic calculation [21-28] and research works that
use electromagnetic simulation software to perform electro-
magnetic calculations on bodies coated with metasurfaces [29—
32]. The purpose of these studies is usually to improve simu-
lation efficiency while ensuring accuracy, or to verify the radar
cross section (RCS) reduction effects of certain metasurfaces
through simulations. However, most of these studies remain at
the simulation level, and there is a significant gap in the field
of experimental validation. For complex shapes, the fitting of
metasurfaces is a challenge during simulation and small-scale
experimental testing. Currently, some studies propose using an
equivalent method, which involves inverting to determine the
relative permittivity and relative permeability of metamaterials,
and then assigning these properties to a new material to replace
the modeling of metasurfaces during simulation [33, 34].

This study designed an absorptive metasurface suitable for
complex-shape targets. Due to its design thickness of only
0.27 mm, it can still maintain sufficient absorption properties
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FIGURE 1. (a) Front and side views of the metasurface. (b) Metasurface sample.
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FIGURE 2. Missile 3D model and physical model.

TABLE 1. Metasurface unit design parameters.

Parameter Description Value
a Width of dielectric layer (cell size) 10 mm
b Length of the cross metal 9.5mm
d Width of the cross metal 0.5 mm
w Thickness of the dielectric layer 0.2 mm
t Thickness of copper layer and PEC backplane  0.035 mm

under appropriate curvature conditions to maintain stealth char-
acteristics of the coated target. This study used this metasurface
to coat a scaled-down missile model and verified the absorption
properties of the metasurface through simulation and experi-
ments to support the radar stealth research of targets.

2. SIMULATION AND EXPERIMENT

2.1. Metasurface Design and Target Modeling

This study designed a cross-shaped metal structure metasur-
face, as shown in Figure 1(a), with the designed parameter val-
ues shown in Table 1. With such a geometric parameter design,
the metasurface unit can have flexibility, that is, in addition to
planes, it can also be coated on cylindrical surfaces with a cer-
tain curvature range, making it possible to coat complex models
with various types of shapes. The upper layer of the metasur-
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face consists of two mutually perpendicular metal copper strips
with the same length and width. The middle layer is a dielec-
tric board made of F4B, with ¢, = 2.2 and yu,, = 1. The bot-
tom perfect electric conductor (PEC) layer is deposited on the
dielectric board to eliminate the transmitted wave. The entire
experimental sample is made into a 170 mm x 220 mm array
size, as shown in Figure 1(b).

The complex shape used in this study is a missile 3D model as
shown in Figure 2, which is generated by 3D printing technol-
ogy, with a material of resin. The model is 500 mm long, with
a wing width of 323 mm and a body radius of 29.5 mm. This
size is about 1/8 of the actual shape to meet the laboratory test
conditions. The outer layer of the model is evenly coated with
conductive copper paint. After testing, the resistance value be-
tween the head and tail of the painted model is less than 1 €2, and
the conductivity is good. The model is a combination of vari-
ous shapes such as planes, cylindrical surfaces, near-spherical
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FIGURE 3. Reflection coefficient of the metasurface unit.
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FIGURE 4. RCS comparison of 100 mm x 100 mm PEC and metasurface coating. (a) Simulation. (b) Experimental test.

surfaces, and near-pyramidal shapes, forming various common
geometric models in scattering problems. In addition to the
aforementioned shapes, the wings of the model also produce
a scattering mechanism that is more complex, such as “plane-
cylindrical surface-plane” combinations.

2.2. Simulation and Experiment Conditions

The simulation calculation of this study is carried out using the
commercial electromagnetic calculation software CST (CST
STUDIO SUITE 2022 [37]), setting the boundary conditions,
plane wave incidence angles, and working frequency bands that
conform to actual application scenarios. The solver used in this
study is a time-domain solver, which can use the finite integra-
tion technique (FIT). This method discretizes time and space
and iteratively calculates the numerical value of the electromag-
netic field based on the time-domain form of Maxwell’s equa-
tions. According to the requirements of this method, the num-
ber of grids after the segmentation of pure PEC missile model is
about 30 million, and the number of grids after the segmentation
of coated missile model is about 200 million. The simulation
solution is performed on a computer with a CPU of E5-2620
v4, 4 GeForce 1080Ti GPUs, and 128 Gb of memory. The sim-
ulation time for the PEC model is about 20 minutes, and the
simulation time for the coated model is about 10 hours and 30
minutes, which will fluctuate with the state of the computer.
Due to experimental conditions, this study uses the differ-
ence in scattering coefficients before and after coating as the
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reduction amount of RCS [35, 36]. The experiment uses an arch
frame to test the scattering coefficients.

2.3. Experimental Results and Discussion

First, the metasurface unit is simulated, with the simulation
boundary conditions being an infinitely large periodic bound-
ary, and the reflection coefficient of the unit is obtained. The
simulation results are shown in Figure 3.

It can be seen from the figure that the metasurface has a
strong resonance characteristic near 11.26 GHz, which allows
the electromagnetic waves near this frequency to be fully ab-
sorbed, and the reflection coefficient reaches —19.19 dB. The
metasurface is coated ona 170 mm x 90 mm PEC board, and its
far-field RCS simulation is performed. The simulation results
are shown in Figure 4(a).

From Figure 4(a), it can be seen that the RCS resonance
point of the metasurface is 11.17 GHz, which is about 0.09 GHz
shifted compared to the unit simulation, and the reduction
amount is about 12.22 dB. Compared with the unit simulation,
the reduction amount is reduced by 6.97 dB. One reason is that
when the unit simulation is performed, its boundary conditions
are infinitely large periodic structures, while when the flat plate
is coated with the metasurface for simulation, the boundary
conditions are open free space; the number of units is limited;
and its edge effects have some impact on the resonance point.
Secondly, the meshing accuracy also has a slight impact.
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FIGURE 5. Schematic diagram of missile coating method. (a) Simulation. (b) Entity.
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FIGURE 6. RCS reduction amount comparison of missile model. (a) = polarization. (b) y polarization.

The metasurface is fixed in the center of the arch frame, and
the center of the receiving antenna and transmitting antenna is
aligned with the metasurface entity. The scattering coefficient
experimental test results of the 170 mm x 220 mm metasurface
entity are shown in Figure 4(b). The backboard of the metasur-
face entity is copper. To ensure the same area size, the metasur-
face is flipped and tested on its back, and the test results were
used as the test results of the PEC board. The resonance point
of the metasurface test is 11.18 GHz, and the reduction amount
compared to PEC is 6.46 dB. The resonance point of this result
is almost consistent with the simulation, and the reduction fre-
quency band is slightly widened. There are two main sources of
error. The first is systematic error. In the actual measurement
process, due to wear and other inevitable reasons, laboratory
equipment such as receiving and transmitting antennas and vec-
tor network analyzers cannot reach an ideal working state. In
addition, the laboratory environment itself is not an ideal vac-
uum environment, which is also different from the settings of
CST simulation software. The second is that the metasurface
entity is very thin and easy to form a curved shape, causing the
electromagnetic waves to form an oblique incidence on some
parts of the metasurface, leading to a slight shift in the reso-
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nance point of that part of the metasurface. The combination of
all these factors results in a broadening of the band.

To test the RCS reduction effect of the cross-shaped meta-
surface designed in this study on actual complex models, the
metasurface is coated on the bottom of the missile body and
the bottom of both wings. The reason for this coating is that
in actual applications, the detection waves mainly come from
this direction. Due to the limitations of the model’s geomet-
ric shape and the size of the metasurface itself, the metasurface
cannot be exactly and completely coated on both parts of the
missile body and wings in the simulation software. To make
the coating method more in line with actual requirements and
to achieve the best RCS reduction effect, the coating method of
the missile model in this study is shown in Figure 5.

In actual coating, the metasurface is made to fit the model as
much as possible, and the coating shape is made to be as iden-
tical as possible to the simulation. The model with the fitted
metasurface is fixed with a foam plate and placed in the center
of the arch frame. Due to the volume of the antenna itself, the
minimum angle between the transmitting antenna and receiv-
ing antenna placed on the arch frame is 10 degrees. The So;
at this angle is used to replace the scattering coefficient S1;.
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FIGURE 7. Reflection coefficient of the missile. (a) x-polarization. (b) y-polarization.
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FIGURE 8. Measurement environment for (a) RCS reduction of metasurface and model, (b) microwave anechoic chamber.

The ground around the arch frame is covered with absorbent
materials to reduce errors caused by environmental influences.
The RCS reduction amount obtained from simulation and ex-
perimental tests is shown in Figure 6. It can be seen from the
figure that the RCS reduction amount measured in the exper-
iment fluctuates above and below the curve of the simulation
results, but the overall trend is consistent. The main sources
of error are as follows: Firstly, due to the complexity of the
shape, some parts, such as the wings, cannot be completely fit-
ted, resulting in folding, bending, and bulging of some parts
of the metasurface. These situations will cause oblique inci-
dence or multiple reflections of the electromagnetic waves on
the shape in non-ideal situations. Secondly, the fitting work of
the metasurface is completed manually throughout the process,
and the position of the fitting is slightly different from that in
the simulation. Thirdly, although foam boards and other objects
have been used to fix the missile model as much as possible,
the experimental environment causes the model’s attitude an-
gle and pitch angle to change slightly during measurement, and
the electromagnetic waves cannot be exactly facing the missile
model as in the simulation.

69

In a microwave anechoic chamber, the missile model was
vertically mounted on a rotating turntable with the transmitting
antenna fixed on the same turntable and aligned directly toward
the model. As the turntable rotates, the antenna maintains its
alignment with the model throughout the movement, enabling
the measurement of directional reflection pattern. Experimen-
tally measured reflection coefficients of the missile model are
presented in Figure 7. The results demonstrate that for both z-
polarization and y-polarization, when the electromagnetic wave
illuminates the metasurface-coated side of the missile (corre-
sponding to 0 degrees in the figure), the reflection coefficient
shows a 3—5 dB reduction, thereby verifying the RCS reduction
effect achieved by the metasurface.

Figure 8 shows the reflection coefficient measurement using
an arch fixture and the directional reflection pattern measure-
ment performed in a microwave anechoic chamber.

3. CONCLUSION

This study successfully designed and validated an absorptive
metasurface suitable for complex-shaped targets, demonstrat-
ing its effectiveness in reducing the radar cross section (RCS).
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The metasurface, with a thin design of only 0.27 mm, exhibited
strong resonance characteristics near 11.26 GHz, leading to a
significant reduction in the far-field RCS of the coated target.
The experimental results closely aligned with the simulation
findings, confirming the reliability of the metasurface design
and its potential application in radar stealth technology.

The flexibility of the metasurface allowed it to be effectively
applied to various complex shapes, such as the scaled-down
missile model used in this study. This versatility makes it a
promising candidate for a wide range of applications, particu-
larly in aerospace fields where stealth capabilities are crucial.
The findings of this research not only contribute to the advance-
ment of metasurface technology but also provide a practical so-
lution for enhancing the survivability and operational effective-
ness of assets.

Future work could focus on optimizing the metasurface de-
sign for broader frequency bands and exploring its integration
with other stealth technologies to achieve even greater RCS re-
duction. Additionally, further experimental validation in more
complex and dynamic environments would be beneficial for
fully understanding its performance under various operational
conditions. Overall, this study lays a solid foundation for the
development of advanced radar stealth materials and systems.
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