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In this study, we present a high temperature-resistant linear-to-linear
polarization conversion metasurface for wideband RCS reduction in the
microwave regime. The linear-to-linear polarization conversion metasurface
is composed of a single layer high-temperature-resistant metallic pattern array.
When linearly polarized waves impinge on the metasurface, the polarization
conversion rate is greater than 90% from 9 GHz to 16.8 GHz at 800°C. The
polarization conversion unit arrangement forms a checkerboard configuration
metasurface, which can effectively reduce RCS reflection. The wideband RCS
reduction mechanism is scattering cancellation rather than absorption. The
metasurfaces were designed, fabricated, and measured, which can realize
linear-to-linear polarization conversion and wideband RCS reduction. The
simulation results and measurement results are all in good agreement.
Meanwhile, the measurement provides a solid verification for our design.
The results provide an alternative method to reduce the RCS at high
temperatures.

KEYWORDS

high temperature-resistant, wideband RCS reduction, chessboard metasurface, Al,03
ceramic, surface current

Introduction

With the rapid development of modern electronic information technology, it is
imminent to improve the stealth performance of various military weapons and
equipment. The radar cross section (RCS), the physical quantity to measure stealth
performance, characterizes the enemy’s radar’s ability to detect its own targets [1, 2]. The
methods to achieve RCS reduction mainly include changing the target shape and loading
absorbing materials [3, 4]. In particular, high-temperature absorbing coatings have
attracted more and more attention, owing to the requirement for special applications
in high-temperature environments. Generally, microwave-absorbing materials consist of
a matrix and conductive/dielectric/magnetic fillers. The traditional fillers, such as ferrites
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FIGURE 1
(A) Perspective view of the unit cell and (B) front view of the unit cell.

[5, 6], carbon black (CB) [7], carbon nanotubes (CNTs) [8, 9],
carbon fibers (CF) [10-13], and their mixtures [14-16], exhibit
satisfactory microwave attenuation performance in normal
temperature environments. However, they are not suitable for
high-temperature environments, which are ascribed to their poor
oxidation resistance or low Curie temperature. Therefore, it is
essential and urgent to develop new ways to solve this problem.

Alumina (AlL,O;) exhibits high thermal conductivity,
strength, and good characteristics;
therefore, it widely used for fabricating electronic
components, such as wiring substrates and integrated circuits
[17, 18]. From 2015 to 2017, Yang studied the absorption
performance of TiO,/Al,O5 ceramic coating and introduced

mechanical electrical

is

the frequency selective surface (FSS) structure to achieve a
wideband absorption for high temperature [19, 20]. It was
reasonable to conclude that structural design is an effective
method. The metasurface is a typical two-dimensional
structural design constituted by inhomogeneous arrays of a
subwavelength resonator, which provides
candidate. The design with the adoption of the anisotropic
of
state,
As a
of

conversion

a promising

metasurface can manipulate the intrinsic properties
such as the polarization
[21-25].

polarization

electromagnetic  waves,
propagation direction, and
that

waves,

amplitude
the
polarization

control
the
metasurface [26-31] has the advantages of lightness, thinness,
and low profile, and high values in the application. At present,
RCS reduction for high temperatures based on polarization
conversion is explained in few studies, and the effect is not

metamaterial can

electromagnetic

obvious. Therefore, it is worthy of an in-depth study to develop a
high-temperature metasurface for polarization conversion and
RCS reduction.
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In this study, we design a metasurface for high-temperature
wide-band polarization conversion at 800°C. The polarization
checkerboard
configuration metasurface, which can effectively reduce the

conversion unit arrangement forms a
RCS. The polarization converter structure consists of the heat-
resistant metal background, Al,O; ceramic substrate, and a
typical symmetry-broken cut wire. When linearly polarized
waves impinge on the polarization conversion metasurface, by
simulation, the linear-to-linear polarization conversion is
obtained over a wide frequency range from 9 GHz to
16.8 GHz, and a wide-band and highly efficient linear-to-
linear polarization conversion rate is over 90%. Meanwhile,
the measured result was consistent with the simulated result,

which successfully verifies the feasibility at high temperatures.

Design and simulation

The wide-band and high-temperature-resistant linear-to-linear
polarization conversion metasurface was a typical three-layer
structure, as shown in Figure 1A, which included the high-
temperature-resistant metal background, heat-resisting dielectric
AL Os, and conductive silver cut wires. The heat-resisting metal
background, made of silver, is employed to block the transmission of
electromagnetic waves. The Al,O; ceramic is selected as the heat-
resisting dielectric because the electromagnetic performance of the
ALOj; ceramic is relative stabilization with different temperatures.
The metasurface was adopted to realize a high-efficiency linear-to-
linear polarization conversion. By delicate design, both the phase and
amplitude of co-polarization and cross-polarization coefficients can
be tailored to manipulate the polarization of the electromagnetic
wave. Here, the metasurface consists of simple and classical cut wires,
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Simulated results of the co-polarization and cross-polarization reflections for (A) TE-polarized wave and (B) TM-polarized wave.

which are at an angle of 45" from the horizontal surface, as shown in
Figure 1B. The conductivity of the silver glue is 4.52 x 107 S/m. The
geometrical parameters of each unit cell are a = 5.1 mm, b = 0.55 mm,
p = 6mm, and h = 2 mm, as shown in Figure 1.

The performance of the polarization conversion metasurface
is simulated with commercial software CST Microwave Studio
TM 2015. The model was performed by the free space method.
Thus, the boundary conditions are set as unit cells along the x axis
and the y axis, the electromagnetic waves of the transverse electric
(TE) or transverse magnetic (TM) are incident, and the
directions of the electric field and the magnetic field are along
the y(x) axis and the x(y) axis, respectively. Figure 2 shows the co-
polarization and cross-polarization coefficients versus frequency
under normal incidence. As shown in Figure 2, a strong cross-
polarization reflection coefficient (rxy and ryx) occurs under
both y-polarized and x-polarized normal incidences.
Furthermore, the cross-polarization reflection band is very
wide. The polarization conversion coefficient is above 90%
from 9 GHz to 16.8 GHz for both y-polarized and x-polarized
incident waves. We can see from Figures 2A,B that there are three
distinct cross-polarization reflection peaks located at 9.2 GHz,
13 GHz, and 16.4 GHz, respectively. The cross-polarization
reflection ratio reaches 95.8%, 96%, and 96% at 9.2 GHz,
13 GHz, and 16.4 GHz, respectively. Three plasmon resonance

frequencies form the broadband polarization conversion.

Theory analysis

In order to better understand the physical mechanism of the
wide-band linear-to-linear polarization conversion, we first
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FIGURE 3
Permittivity of the Al,Oz ceramic with frequency at different
temperatures.

measured the permittivity of the AlL,O; ceramic at different
temperatures with a pair of rectangle waveguides. The size of
the sample is 22.86 x 10.16 x 2 mm®, and the measured frequency
band is from 8.2 GHz o 12.4 GHz. The permittivity curve of the
Al, O3 ceramic is about 8.3 in the tested frequency, as shown in
Figure 3. Figure 3 shows that the permittivity of the ALO;
ceramic exhibits temperature stability.

Second, the physical mechanism of the wide-band linear-to-
linear polarization conversion is the root of electric or magnetic
resonance, so the surface currents are monitored at different
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FIGURE 4

Surface current distributions of the cut wire and the metal back ground plane in the x-o-y plane.

resonant peaks, which can judge a resonance belonging to electric
or magnetic resonance. Figure 3 gives the surface current
distribution at 9.2 GHz, 13 GHz, and 16.4 GHz, respectively.

As shown in Figure 4, there exists an obvious near-field
coupling between the cut wire and the metal background plane.
Moreover, this near-field coupling forms electric resonance or
magnetic resonance, so multi-resonances result in wide-band
polarization conversion. We can see from Figure 4A that the
surface current directions between the cut wire and the metallic
background plane are opposite in the x-o-y plane at 9.2 GHz; this
is equivalent to the current forming a closed-loop, which is like a
magnetic dipole, so this resonance belongs to magnetic
resonance. Because the surface current directions of Figure 4B
between the cut wire and the metallic background plane are also
opposite, surface current characteristics are the same as the first
resonance, so the resonance type also belongs to magnetic
resonance at 13 GHz. We can see from Figure 4C that the
surface current directions are the same between the cut wire
and the metallic background plane at 16.4 GHz, which is like an
electric dipole oscillating back and forth, so this resonance
belongs to electric resonance. Based on the aforementioned
analysis, multi-resonances can expand the polarization
conversion band.

Since the resonators have the capability of generating an
abrupt phase change [27, 28], one can gain the phase difference
required for RCS reduction. Based on the polarization conversion

basic unit structure, we can acquire two elements with the same
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polarization conversion rate and 180" phase difference in a wider
frequency by a suitable arrangement. Region 0 is composed of the
5*5 polarization conversion unit structure, as shown in Figure 5.
Then, element 0 that rotated 90° is defined as element 1, as shown
in Figure 5, so the dimensions of elements 0 and 1 are the same, as
shown in Figure 5. The simulated polarization conversion rate of
two elements is shown in Figure 5A, which shows that two
elements have the same very high conversion rate in the same
frequency band. Moreover, the simulated phase difference
between the two elements is also close to 180 during the
frequency band of 4 GHz-20 GHz, as shown in Figure 6B.
Thus, the electromagnetic polarization conversion can be
comprehensively utilized to suppress backward scattering in a
wider frequency band. Here, it is worth discussing that the length
and width of the cut wire are very important parameters for the
polarization conversion rate and for determining the resonant
frequency, thus determining the polarization conversion
amplitude and phase, as shown in Figure 7 [26]. We can see
from Figure 7 that the polarization conversion rate decreases,
bandwidth increases, and resonant frequency changes when the
length and width of the cut wires increase. Although the influence
of the thickness of the Al,O; ceramic is also important, as shown
in Figure 7, Figure 7 shows that the polarization bandwidth
moves to low frequency with the increase in thickness, and the
resonant point also changes. So, the structural parameters of the
element determine the polarization conversion amplitude and
phase.
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FIGURE 5
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FIGURE 6
Elements of the metasurface (A) reflection amplitudes and (B) phases of elements 0 and 1.

Based on the basic two elements, the checkboard metasurface 14.0 GHz, and 16.0 GHz, as depicted in Figure 9. As expected,
is depicted in Figure 8A. The checkboard metasurface considered incident waves are mainly reflected in four directions, leading to
in this study consists of 6 x 6 elements, as shown in Figure 8A. four oblique beams. In this case, echo waves along with the
Two elements are a subarray of 5 x 5 short silver wires shown in normal of the metasurface are reduced, and thus, the mono-static
Figure 8A. The overall sizes of the proposed metasurfaces are RCS can be reduced.

180 x 180 mm? In order to validate the RCS reduction
characteristics of the metasurface, RCS reduction was
simulated under normal incidence, as shown in Figure 8B. In EXperImental verification

the simulation, the open boundary condition was set in the x, y,

and z directions, and a plane wave usually occurred on the In order to further verify the design, a prototype with the
chessboard metasurface. The three-dimensional scattered far size of 180*180 mm* was fabricated using the printed circuit
fields were simulated at the frequencies of 9.0 GHz, 12.0 GHz, board technique, which is measured in an anechoic chamber.
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Simulated results of the cross-polarization reflections show that the length, width, and thickness of cut wires vary with frequency.
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(A) Measured cross-polarization coefficients for the TE-polarized wave and (B) measured reflection results for RCS reduction.

In the fabrication process, the high-temperature-resistant
Al,O; ceramics serve as the dielectric substrate, then silver
glue with 4.52 x 107 S/m was printed on the surface of the
AL, O3 ceramic with a thickness of 2 mm by means of the silk
screen printed technology, and then the chessboard
metasurface of silver was obtained. At last, the silver glue
was printed on the other side of the Al,O3 ceramic as a metal
ground plate to prevent EM waves from leaking out, and the
complete fabricated sample was successfully presented. The
proposed polarization conversion metasurface and
chessboard metasurface were finally achieved, as shown
in Figures 10A,B, respectively. In the course of the
experiment, the metal base is heated by resistance,
quickly increasing to the measured temperature, and then
holding for 30 min. The measurement system is based on the
Agilent 8720ET analyzer with broadband rectangular horn
antennas, as shown in Figure 10A. The measuring frequency
band covers from 7 GHz to 18 GHz. The sample is irradiated
by the TE wave by one of the two horn antennas, while the
other antenna receives the TM reflected wave. In order to
carry out the normal incidence measurement in the
the the

antennas is very small. The horn antenna can receive TM

experiment, separation angle between two
by placing the receiving antenna on its longer side. The

cross-polarization reflections can be measured and
obtained, as shown in Figure 10A. The measured cross-
polarization reflection is in basic accordance with the
simulation results when considering the error. Compared
the bandwidth of cross-

polarization reflection is also very wide. However, the

with the simulated results,

polarization conversion frequency band moves to a low

frequency compared with the simulated results.
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Moreover, the cross-polarization reflection decreases with
the temperature increase, this error is a little larger than the
simulation. Several reasons can result in discrepancies. One
explanation is that the sample is too small for measuring the
frequency band, which causes a major error in the test. The
second reason is the permittivity difference at 26°C, 500°C,
and 800°C, as shown in Figure 3. In addition, the process
error is also another factor influencing the results. Based on
the aforementioned analysis, the measured result is in basic
agreement with the simulated results when considering these
factors. Since the measurement was performed under normal
incidence, the reflection reduction can be approximately
regarded as RCS reduction, as shown in Figure 10B. We
also found out that the measured reflection reduction level is
increased in a broad frequency band with temperature
increasing. As a consequence, the measured reflection
reduction at room temperature is less than the other two
temperatures. However, the measured results show a
broadband reflection reduction feature as expected. Thus,
the on the RCS reduction
performance was mainly due to the size of our sample.

influence of the defects

Conclusion

In summary, we have proposed a broadband polarization
conversion at high temperatures based on the classical cut
wires. Using the cut wire structure can achieve more than 90%
polarization conversion rate from 9.0 GHz to 16.8 GHz at 800°C.
Two polarization waves can obtain the same conversion rate. We
have also demonstrated the the checkerboard metasurface based
on the cut wire structure for broadband RCS reduction caused by
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the phase cancellation mechanism. The cut wires in different
directions provide an abrupt phase change. By designing the
phase spatial profiles of the scattering surfaces, we can reduce
the normalized reflection by less than 0.1 in the frequency band of
9 GHz-16.8 GHz. Finally, we also measured the sample and
demonstrated our proposed structure. The proposed
metasurface has also the advantages of low cost and easy
fabrication. Given those, our study provides an alternative and

effective way for RCS reduction.
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