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An Ultra-Thin Wideband Reflection Reduction Metasurface
Based on Polarization Conversion
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Abstract—Reflection reduction metasurface is capable of suppressing the radar cross section of a
target, which is of great importance in stealth technology. However, it is still a challenge to realize
broadband and low-profile simultaneously within a simple design. Here, we experimentally demonstrate
an ultra-thin wideband reflection reduction metasurface, which is achieved by utilizing polarization
conversion instead of resonant absorption. The simple cut-wire unit cell is adopted to perform efficient
cross polarization conversion, which leads to a polarization conversion ratio above 90% ranging from
8.4 to 14.7GHz. By arranging the 0/1 units in chessboard layout, the reflection reduction reaches
10dB from 8.1 GHz to 14.6 GHz. Measured results agree well with simulated ones, which validates the
effectiveness of the proposed structure. The ratio of thickness to maximum wavelength reaches 0.56 while
the relative bandwidth reaches 57.3%, demonstrating an excellent comprehensive performance. Since
our structure consists of refractory ceramic materials, it is promising for radar cross section reduction
in high temperature environment.

1. INTRODUCTION

Suppressing the radar cross section (RCS) of a target is of great importance in stealth technology.
Owing to the good compatibility and universality of radar absorbing materials (RAMs), they have
been successfully used for the RCS reduction of various targets. Compared to dielectric RAMs with
low efficiency absorption [1] or large thickness [2], magnetic RAMs may obtain better impedance
match, showing a strong absorption with a thin thickness [3]. Contemporary aircrafts, possessing
high-invisibility and high-speed simultaneously, requires heat-resisting RAMs that have stable stealth
performance in a wide temperature range. The magnetic RAMs are invalid at high temperature since
their magnetic response gradually deteriorates with temperature rising and completely disappears above
Curie temperature.

Emerging metamaterial [4] and metasurface [5] have been attracting much attention due to their
great capability on controlling the propagation of electromagnetic (EM) waves, thus leading to a great
deal of unprecedented devices, e.g., absorbing metamaterials [6,7] and coding metamaterials [8,9].
Absorbing metamaterials have been designed to meet high temperature environment by utilizing single
layer frequency selective surface (FSS) [10,11] and double layer FSS [12]. However, high loss is
required in the top metal layer or the middle dielectric layer, resulting in a large thickness [13], or
a narrow bandwidth [10]. Different from absorbing metamaterials based on amplitude regulation,
coding metamaterials, which are based on phase regulation, can redirect scattered energy into non-
mirror direction, hence suppressing the strong specular reflection [14]. Since magnetic materials are
not required, the reflection reduction metasurface is promising for the application in high temperature
environment [15]. An all-dielectric heat-resisting metasurface composed of patterned aluminum nitride
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ceramics has been designed to achieve specular reflection reduction, which cannot meet the mechanical
requirements in practice [16]. In contrast, an all-metallic heat-resisting metasurface working in
8 ~ 17 GHz has also been designed to achieve specular reflection reduction with a thickness of 9mm [17].

By using anisotropic unit cell, polarization converters can change the polarization direction of
reflected or transmitted electric field, which has been attracting much attention in recent years.
Polarization convertors have been proposed with single-band [18], dual-bands [19, 20], multi-bands [21],
and broadband [22-25]. To further expand the bandwidth, many kinds of different unit cells, such as
ring/disk cavity [22], elliptical disk-ring [24], and double-head arrow [25], have been reported. In
addition, multilayered metasurface may achieve broadband polarization conversion, which however
suffers from complicated fabrication and large thickness [26]. Take the polarization conversion unit
as element “0” and rotate it 90° to be element “1”. The two elements can be arranged in a manner
of chessboard [27-29] or random [30,31] layout to achieve broadband specular reflection reduction.
However, it is still a challenge so far to realize broadband and low-profile simultaneously within a
simple design.

Here, we demonstrate an ultra-thin wideband reflection reduction metasurface based on polarization
conversion. The proposed structure is metal-dielectric-metal, in which the metal is silver, and the
dielectric is alumina ceramic. The unit cell is capable of effectively converting linearly polarized waves
into cross-polarized waves with polarization conversion ratio (PCR) above 90% from 8.4 to 14.7 GHz. By
arranging the 0/1 units in chessboard layout, a reflection reduction of 10 dB is achieved in the frequency
of 8.1-14.6 GHz. Experimental results show a good agreement with simulated ones, which validates our
design. Compared to the reported results [28-30, 32-34], our design demonstrates a thinner thickness
and wider bandwidth.

2. DESIGN, SIMULATION AND ANALYSIS

A polarization converter is a periodic array of metal-dielectric-metal unit cells, in which the unit cell
is generally anisotropic [35]. Without losing generality, cut-wire is chosen as the unit cell due to its
easy fabrication and huge anisotropy [36,37]. Figure 1(a) shows the working principle of the proposed
design, in which the normally incident waves are scattered into four beams far away from the specular
direction, thus achieving an efficiently specular reflection reduction. Both top metasurface and bottom
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Figure 1. (a) Scheme of the proposed design with efficiently specular reflection reduction. (b) The
working principle of polarization conversion and reflection reduction of “0” element and “1” element.
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reflector are silver. The dielectric spacer is alumina ceramic with permittivity of 9.7 and loss tangent
of 0.017. Based on genetic algorithm of CST Microwave Studio, the optimal geometric parameters are
obtained as [ = 4.78 mm, w = 1.42mm, and p = 7.5 mm. It is worth mentioning that the total thickness
of the polarization converter is 2 mm.

Figure 1(b) shows the working principle of element “0” and element “1”. We consider a
normally incident EM wave polarized along the y-direction, and the electric field can be expressed
as EZ = (UB;, + 0Ey)e’?. Here, u-v coordinate system is obtained by rotating the x-y coordinate
system counterclockwise 45°. Accordingly, the electric field of the reflected waves is obtained as
E, = (4Bi|ry|e? + 0Ejy|ry|e?%v)ei?, where |ry| and |r,| represent the amplitudes of reflection
coeflicients, and ¢, and ¢, represent the phases of reflection coefficients. Due to the anisotropic property
of the unit cell, there is a phase difference (Ayp = |y — @yl). If |ry| = |ry| and Ap = 180°, the reflected
electric field is polarized along the z-direction. In other words, the oscillation direction of the incident
electric field has been rotated by 90°. When element “0” is rotated 90° clockwise, element “1” is
obtained. The phase difference of the reflected electric field of element “0” and element “1” is 180°,
thus achieving reflection reduction.

Figures 2(a) and 2(b) show the amplitudes and phases of the reflection coefficients, respectively.
Strong reflection can be found for both components in the whole frequency band, and a phase difference
within the range 180° 4+ 37° is obtained from 8.4 to 14.7 GHz, thus leading to a high efficiency and
broadband polarization conversion. Figure 2(c) shows the co-polarized (|ry,|) and cross-polarized
(|72y|) reflection amplitudes. We can see that a strong cross-polarization (|rg,|) is obtained in the
frequency range of 8.4 to 14.7 GHz. To evaluate the efficiency of polarization conversion, we calculate
the polarization conversion ratio (PCR) that is defined as PCR = |ryy[?/(|rzy|? + |7yy|?). As shown in
Figure 2(d), the PCR is higher than 90% from 8.4 to 14.7 GHz. Especially, the PCR reaches 100% at
9 GHz, 11.3 GHz, and 14.3 GHz, which implies a perfect polarization conversion.
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Figure 2. (a) Amplitude of the reflection coefficients. (b) Phase of the reflection coefficients. (c)
Co-polarized (|ry,|) and cross-polarized (|ry,|) reflection amplitude. (d) The calculated PCR.

From Figure 2(a) we can see that the reflection is not 100%, which implies an absorption since no
transmission occurs. To find out, we examine two cases, i.e., the dielectric spacer is lossless and lossy,
respectively. By calculating the reflection of the structure with and without dielectric loss, it is found
that the reflection is 100% in the whole spectrum when the dielectric spacer is lossless. In contrast,
absorption appears when the dielectric spacer is lossy. Therefore, the absorption observed in Figure 2(a)
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is attributed to the loss of the dielectric spacer.

To understand the physical mechanism, the surface currents on the top metasurface and bottom
metal plate are simulated at 9 GHz, 11.3 GHz, and 14.3 GHz, respectively, as shown in Figure 3. We
can see that the surface currents on the top layer are opposite to those on the bottom layer at 9 GHz
and 11.3 GHz, which is known as magnetic resonance. In contrast, they are parallel to each other at
14.3 GHz, which is known as electric resonance. The superposition of the three resonances leads to a
high-efficiency and broadband polarization conversion.

To interpret the perfect polarization conversion at the three resonant frequencies, the
magnetic/electric field is decomposed as illustrated in Figure 3. From Figure 3(a) we can see that
a 7 phase difference is generated between H,, and H;,, while H,, keeps in phase relative to Hy,, which
makes the reflected magnetic field rotate 90°. In Figure 3(b), a 7 phase difference is generated between
H,, and H;,, while H,, keeps in phase relative to H;,, which also makes the reflected magnetic field
rotate 90°. In Figure 3(c), a m phase difference is generated between E;, and FE,,, while E,, keeps
in phase relative to F;,, which makes the reflected electric field rotate 90°. Broadband polarization
conversion is achieved by the superposition of the three resonances.
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Figure 3. Surface current distributions on the top metasurface (first column), surface current
distributions on the bottom metal plate (second column), 3D scattering patterns (third column), and
2D scattering patterns at ¢ = 45° plane (fourth column) at different resonance frequencies. (a) 9 GHz.
(b) 11.3 GHz. (c) 14.3 GHz.

By arranging element “0” and element “1” in chessboard layout, we derive a reflection reduction
structure, which scatters the incident wave into four main beams deviating from the specular reflection.
For a metasurface with N x NV elements, in which each element contains a subarray of “0” or “1” lattices,
the scattered far-field can be given as:

N N

F0,6) = fe(6,6) D> exp {—id)(m, n) — ikDsin 6 Km — %) cos ¢ + (n — %) sin ¢] } (1)

m=1n=1

where 6 and ¢ are the elevation and azimuth angles of an arbitrary direction, respectively; D is the



Progress In Electromagnetics Research, Vol. 173, 2022 5

dimension of each element satisfying D = np, here n = 6; ¢(m,n) is the scattering phase of the lattice,
which is either 0 or 180°; f.(f, ¢) represents the scattering field of each lattice; k is the wave vector
in free space. The third column and fourth column of Figure 3 respectively show the 3D scattering

patterns and 2D scattering patterns at ¢ = 45° plane at different resonance frequencies, from which we
can see that the specular reflection is reduced significantly.

3. FABRICATION AND EXPERIMENT
The experiment setup is schematically demonstrated in Figure 4(a), in which a pair of broadband

horn antennas (one is transmitter, and the other is receiver) working in 2-18 GHz are connected to a
Vector Network Analyzer (Agilent 8720ET) to measure the reflectivity of the structure. We fabricated a
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Figure 4. (a) Schematic diagram of the experiment setup. (b) Photograph of the fabricated sample.
(¢) Measured and simulated results.

Table 1. Comparison with other reflection reduction metasurface.

Ref. OB* (GHz) | RB* (%) | d (mm) | d/X\
[27] 10.2-19.3 61.7 3 0.102
[28] 8.2-13.8 51 3.5 0.096
[29] 10.42-18.12 54 2.6 0.090
[30] 7.6-11.3 39 2.6 0.066
[32] 11-15 30.8 4 0.147
[33] 5.6-7 41.3 3.5 0.065
[34] 5.2-5.8 10.9 3 0.055
[38] 86.4-93.2 7.6 1.27 0.366
Present study 8.1-14.6 57.3 2 0.056

d: the thickness of the structure, )\;: wavelength corresponding to the lowest frequency, OB: operating
band (Reflection < —10dB), RB: relative bandwidth (Reflection < —10dB).
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180 mm x 180 mm x 2 mm sample that is composed of 6 x 6 equal-sized lattices based on screen-printing
technology. First, a 300-mesh screen was used to print the metasurface pattern on one side of alumina
ceramic. Second, the sample was heated to 90°C in an oven and held for 10 minutes. Finally, an
alumina foil with a thickness of 0.06 mm was affixed at the other side of alumina ceramic. Figure 4(b)
shows a photo of the fabricated sample. Figure 4(c) shows the measured and simulated reflections of
the structure, which demonstrate a good agreement. Specifically, simulation result shows a reflection
below —10dB from 8.4 GHz to 14.7 GHz (with an average reflection of —14.13dB), and measured result
shows a reflection below —10dB from 8.1 GHz to 14.6 GHz (with an average reflection of —13.82dB).
The little difference is attributed to the fabrication tolerance.

Compared with the previous designs, our scheme demonstrates a better performance, as shown
in Table 1. The total thickness of our structure is only 2mm, which is thinner than most
reported structures [27-30,32-34]. Compared to the structures with wider bandwidth [27] or thinner
thickness [38], our structure possesses a relative bandwidth of 57.3%, and the ratio of thickness to
maximum wavelength reaches 0.056, demonstrating an excellent comprehensive performance.

4. CONCLUSION

In summary, we have designed, fabricated, and measured an ultra-thin wideband reflection reduction
metasurface, which is achieved by utilizing polarization conversion instead of resonant absorption.
Experimental results show that a —10 dB specular reflection is achieved from 8.1 GHz to 14.6 GHz, which
agrees well with the simulated results. The ratio of thickness to maximum wavelength reaches 0.056
while the relative bandwidth reaches 57.3%, demonstrating an excellent comprehensive performance.
Compared to the traditional metasurfaces that can only work at room temperature, our structure can
be applied to high-temperature environment. The proposed scheme can be further extended to the
manipulation of photonics [39].
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