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Abstract: To avoid being detected by radar, it is necessary to reduce stealthy military
platforms’ radar cross section (RCS). The operation of overlaying the metasurface on the targets
is a good solution. A simple chessboard MS structure that can achieve low RCS over a large
bandwidth is proposed. Only one unit cell is used to construct the MS. First, the unit cell
working in 0.5 and 1-A4 modes is designed to achieve a stable phase difference of 180° for y-
and x-polarized waves. Then, the unit cells and rotated ones are used to form a chesshoard
structure with different distributions. The compared results show that the chesshoard MS with
2 x 2 quadrants can facilitate the widest 10 dB RCS reduction band of 111% and the largest
RCS reduction. The proposed structure exhibits excellent RCS reduction even when irradiated
by y- and x-polarized waves at an oblique incidence of 30°.

1. Introduction

Techniques for reducing radar cross section (RCS) are in high demand for military equipment
that requires stealth operation. Due to the flexible electromagnetic (EM) wave control
capability [1-4] and low profile [5-7], metasurface (MS) has gained tremendous attention in
recent research into RCS reduction.

In particular, absorptive MS is a popular technique to reduce RCS [8-11]. When an incident
wave illuminates the absorber, the EM energy will be converted into heat, resulting in a low
reflected EM wave energy. However, each element of the absorptive MS array requires several
resistors, which increases the weight, cost, and fabrication complexity. For non-absorptive MS,
RCS reduction is based on the cancellation of the scattering by the MS [12-20], e.g., between
two elements giving equal amplitude and out-of-phase scattered waves. This kind of MS is
lightweight since no resistor is needed. In [12], an artificial magnetic conductor (AMC) and
perfect electric conductor (PEC) with 0° and 180° reflection phases, respectively, were
combined to realize RCS reduction. To broaden the 10 dB RCS reduction bandwidth, two AMC
elements (1-bit) were investigated to maintain the required phase difference of 180°+37° [13-
15]. Most of these scattering-cancellation based MSs adopt a chessboard arrangement [16-21].
Among [16-21], the reflected phases of different elements were mainly adjusted by the
dimensions of the unit cell or the element shape. However, different unit cells (more than two)
were required to compose the MS, which increased the design complexity. Recently,
polarization conversion metasurface (PCM) is used to reduce RCS [3, 22-26], because a perfect
phase difference of 180° is generated between the polarization converter and its mirror structure
for the same incident wave. In addition, using two units of different heights to achieve a phase
difference of 180° + 37° with the help of height difference is also a novel approach [27]. When
the MS elements are designed with the desired reflected wave phases, the RCS reduction
performance is primarily dependent on the distribution of the unit cells. Recently, optimization
algorithms [15, 28-33], such as genetic algorithm and particle swarm optimization (PSO)
algorithm, are used to optimize the RCS reduction performance. However, the optimization
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algorithms are time-consuming and increase the design complexity. Therefore, it is highly
desirable to achieve high RCS reduction with a simple MS structure that can be designed easily.
As a result, the chessboard structure is widely used because of its easy design principle [16-
21]. Nevertheless, even with this structure, the internal distributions of the chessboard elements
can largely influence the final RCS performance [19].

In this paper, a simple MS structure that can achieve low RCS over a large bandwidth is
proposed. First, a unit cell is designed to achieve a phase difference of 180°+37° within a wide
band for the y and x-polarized waves. Then, the proposed unit cells are grouped to compare the
effect of different chessboard distributions on the RCS reduction of the MS. By comparing the
6 x6,4x%x4,3x 3, and 2 x 2 elements distributions, it is found that the 2 x 2 case yields the
widest 10 dB RCS reduction band of 111% as well as large RCS reduction values. To
demonstrate the oblique incidence capability of the proposed structure, 30° and 45° oblique
incidences are simulated. The proposed structure exhibits excellent RCS reduction even when
irradiated by y- and x-polarized waves at an oblique incidence of 30°.

2. Design of Metasurface

2.1 Unit cell

The unit cell in the proposed MS array is shown in Figure 1, consisting of two-layer dielectric
substrates. The upper layer is a pure dielectric block without any printed metal. A metal strip is
printed on the top surface of the lower substrate layer, and the metal ground is printed on the
back surface of the lower substrate layer. Both the upper and lower substrate layers are made
of RO4725JXR material, with a relative permittivity of 2.55 and a loss tangent of 0.0022. The
unit cell is designed to generate a 180° phase difference between the y and x polarized incident
waves. The final optimized dimensions of the unit cell are shown in Table 1
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Fig. 1. (a) Schematic illustration of the unit cells in the array. (b) Side view of a unit cell. (c) Top view of a unit cell
without the upper substrate layer.

Table 1. Parametric values of the proposed unit cell (mm)

hs hm sl | mw
15 0.018 6.5 0.4 0.75
ml Sw u v

5.7 1 0.125 0.4
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2.2 Unit cell performance study

The proposed unit cell is designed and studied with the frequency domain solver of the EM
simulation tool CST 2021. The boundary conditions of the cell are set to be unit cell in the x
and y directions, electric (E=0) in the -z direction, and open (add space) in the +z direction.
The simulated port is set to Floquet port. In the simulation, y- and x-polarized incident waves
illuminate the MS with infinite periodic elements. Due to the large length-width ratio of the
element, different reflection phases are generated, which are shown in Figure 2. It can be seen
that the unit cell can achieve a phase difference of 180°+37° in the range of 9.3-30.6 GHz (21.3
GHz, 107%). Figure 2 shows reflection amplitude is close to 0 dB in the whole frequency band.
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Fig. 2. The reflection phase and amplitude of the unit cell with y- and x-polarized incident waves.

The surface current distributions of the unit cell are simulated with periodic boundary
conditions to analyze its operating modes at different frequencies. Figure 3 shows the
current distribution on the top surface (metal strip) and the back surface (ground) of the
lower substrate layer at 9, 15.5, and 31 GHz. The current plotted in Figure 3(a) is consistent
with a magnetic resonance producing a current loop having conductive current in the top
patterned metal and the ground plane in opposite direction and a displacement current
between them. With a weak current on the ground, the current plotted in Figure 3(b) at
15.5 GHz is a resonance of the metallic strip with a matching condition of the strip length
with half a wavelength. To sum up, the two resonances are produced by a magnetic field
in x direction for the first resonance and by an electric field in y direction for the second
one. Finally, the current plot in Figure 3(c) works as a second order magnetic resonance
with one waveguide wavelength.
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Fig. 3. At different frequencies, the current distribution on the metal strip and the ground surface when the y-
polarized wave is incident: (a) 9 GHz, (b) 15.5 GHz, (c) 31 GHz.

The length-width ratio is the main parameter to generate the 180° phase difference between
the y and x-polarized waves. Thus, the length-width ratio of the unit cell is parametrically
studied in Figure 4. It is noted that the gaps between the edges of the metal strip and the
dielectric plate affect the reflection phase of the unit cell. Therefore, to facilitate fair
comparison, they are kept constant at u = 0.125 mm and v = 0.4 mm for different length-width
ratios (sl/sw). It is observed that when the length-width ratio is equal to 6.5, a larger bandwidth
can be obtained to satisfy the requirement of 180°+37° phase difference.
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Fig. 4. Reflection phase difference of unit cells with different length-width ratios.

To balance the RCS reduction performance of the array with the smallest thickness, the air
gap | is scanned parametrically. The phase difference results are shown in Figure 5. It can be
seen that 1=0.4 and 1=0.6 have a more stable phase difference. To reduce the overall thickness
1=0.4 is chosen.
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Fig. 5. The reflection phase difference of unit cells with different air gaps.

To show the effect of the upper substrate layer, the unit cell without the upper substrate layer
is compared in Figure 6. It can be seen that the upper substrate layer facilitates a stable phase
difference of 180°+37°, thereby broadening the bandwidth.
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Fig. 6. Reflection phase difference of the element with / without the upper substrate layer.

To explain the working mechanism of the function of the upper substrate, two groups of
simulations have been done in Figure 7. The reflection phases of the unit cell with and without

the upper substrate
with different thick

are shown in Figure 7(a) and (b), and the reflection phases of the unit cell
nesses of the upper substrate are also shown in Figure 7(c) and (d). It can

be found that the slope of the y- and x-polarized incidence with the upper substrate is larger
than that without the upper substrate. The thicker the upper substrate, the greater the slope of
the y polarized. The cause of this phenomenon can be thought of as adding an upper layer of
dielectric increases the effective permittivity around the resonator, making the resonant
frequency lower and thus causing the phase slope to be increased. By adding the upper substrate
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layer and choosing a suitable thickness, the slope of the y-polarized wave reflection phase is
successfully made closer to the x-polarized wave reflection phase slope, maintaining the
stability of the phase difference of 180°.
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Fig. 7. Reflection phase of the unit cell with and without the upper substrate of (a) y and (b) x polarized incident
wave, reflection phase of the unit cell with different heights of (c) y and (d) x polarized incident wave.

2.3 Arrangement of MS

The y-polarized wave and x-polarized wave in broadside direction are rotated by 90°, which
means that the reflected phase of the x polarized wave in Figure 2 is the reflected phase of the
y-polarized wave after rotating the unit by 90°. Based on the 180° phase difference of y and x-
polarized wave in Figure 2, the phase of the original unit cell and the 90° rotated version of the
unit cell will cancel when illuminated by the y(x) polarized wave, thus reducing the reflection.
The unit cells and the rotated ones are used to construct the chessboard. The monostatic RCS
can be calculated by equations (1) and (2) [13]:

E =Ae" - AF +Ae' - AF, (1)
‘Ale"‘”l +A2ej“’2‘2

- 2
PEC
E, \

RCS reduction =10log (2

where A; and ¢ are the reflected amplitude and phase of the original unit cell. A, and ¢, are the
reflected amplitude and phase of the unit cell after 90° rotation. AF, =e ™**¥* and

AF, =e™*'* are the array factors of the two scatters, where ¢ represents reflection direction
and A represents the wavelength of the incident waves. |EFF’EC| is the reflected E-field of the PEC

plate. At 0° incidence, AF, = AF, = 1.For lossless scatters, |Ai| = |Az] = 1. Thus, when @1 —p2
=180°, ultralow RCS can be achieved. If the RCS reduction is over 10 dB,
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|,°‘1e“"’l +Ae'”| < 0.632 is needed [13], that is, the reflected phase difference of two scatters
should be within the range of 180°+37°.

To find the best chessboard structure of the MS to achieve the lowest RCS, the unit cells are
arrayed in 4 rows, 6 rows, 8 rows, and 12 rows to construct the MS with 6 x 6,4 x 4,3 x 3, and
2 x 2 matrix elements, respectively, as shown in Figure 8. The boundary between the matrix
element and the rotated one is not continuous, which affects the MS performance. For example,
apart from the outer boundary common to both 4 x 4 and 2 x 2 configurations, fewer matrix
elements experience the boundary effect for the 2 x 2 elements than for the 4 x 4 elements. In
all configurations, the number of unit cells are the same. This also means that more matrix
elements in the 4 x 4 case deviate from the designed performance relative to the 2 x 2 case,
resulting in its poorer RCS performance. Thus, the best performance of phase cancellation can
be achieved by the proposed MS. The monostatic RCS reduction of the four chessboard
structures compared with an all-metal plate of the same size is shown in Figure 9. The 10 dB
RCS reduction bandwidths of the four kinds of arrays are obtained in Table 2. It can be seen
that the relative bandwidth of the array with 2 x 2 matrix elements is the largest, which provides
the best overall RCS reduction. It achieves a bandwidth of 111%, with two deep RCS reductions
of -37.5dB at 10 GHz and -39.7dB at 27 GHz. Thus, for the chessboard MS structure, the unit
cells should be distributed within 2x2 matrix elements to obtain the best RCS reduction
performance.
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Fig. 9. The RCS reduction of four chessboard structures.
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Table 2. The 10dB RCS reduction bandwidth and relative bandwidth of four kinds of arrays.

matrix elements 10dB RCS reduced bandwidth (GHz) relative bandwidth
6x6 9.5-10.7. 11.5-12.9. 145-325 100%
4x4 9.54-32.4 109%
3x3 9.33-32 110%
2x2 9.1-31.7 111%

To show the RCS reduction performance more intuitively, the simulated 3D scattering
pattern of the chessboard MS (2 x 2 matrix elements) at 9.5 GHz, 16 GHz, 23 GHz and 31 GHz
are given in Figure 10. The time domain solver is used to obtain the RCS of the whole
chesshoard MS, and the boundary conditions are set to be open (add space) and wave source is
set to be plane wave in CST for the simulation. It is worth noting that although the scattering
pattern of the x-polarized plane wave is presented here, the y-polarized plane wave also has the
same scattering pattern because of the 0° incidence. It is observed that the scattering pattern of
the MS owns four oblique lobes, and the broadside radiation becomes a null due to the
cancellation, leading to a good monostatic RCS reduction. Compared with the PEC, the
proposed scattering pattern exhibits smaller amplitude around the broadside direction. The
incident wave will be evenly scattered after being reflected by the MS, achieving the purpose
of reducing RCS.

9.5GHz 16GHz 23GHz 3 IGHz

%%%%

Fig. 10. 3-D scattering patterns at different frequency under x-polarized plane wave at (a) 9.5 GHz, (b) 16 GHz,(c) 23
GHz, (d) 31 GHz of the proposed MS, (e) 9.5 GHz, (f) 16 GHz, (g) 23 GHz, (h) 31 GHz of the PEC.

.il | Illl‘lllilllliillllyilllIllll[,ll i

The 2D monostatic RCS plots of the proposed MS are shown in Figure 11. It can be seen that
the reflected waves are scattered in four directions and the reflected waves are weak in the
broadside direction. Simulated results show that the difference between the co- and cross-
polarized RCS is larger than 30 dB.
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Fig. 11. 2D monostatic RCS under x-polarized plane wave at (a) 9.5 GHz, (b) 16 GHz,(c) 23 GHz, (d) 31 GHz of the
proposed MS

The proposed checkerboard structure is composed of the original unit cell and its unit cell
rotated by 90°. The y-polarized and x-polarized waves are also related by 90° rotation in the
broadside direction. At 0° incidence, the proposed structure has nearly the same scattering
ability for y-polarized and x-polarized waves. For the proposed array, the RCS of y-polarized
and x-polarized waves at 0° incidence is obtained in Figure 12. It can be seen that the two curves
match perfectly.
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Fig. 12. RCS reduction of the MS of y-polarized and x-polarized incident waves

To demonstrate the scattering capability of the proposed array at oblique incidence, the RCS
reduction at incidence angles of 30° and 45° is simulated as shown in Figure 13. Figure 13 plots
the bistatic RCS reduction. Incident wave angle is theta=30°/45°, phi=0°, and the measured
reflected wave angle is theta=30°/45°, phi=180°. For x-polarized waves, the RCS reduction can
be up to -10 dB in the band range of 10-23.3 GHz and 26.1-29 GHz when the plane wave is
incident at 30°. When the plane wave is incident at 45°, the RCS reduction can reach -10dB in
the band of 10.8-20.8GHz and 22.8-26.3GHz. For y-polarized wave, when the plane wave is
incident at 30°, the RCS reduction is basically below -10dB in the band of 9.5-31.5GHz. When
the plane wave is incident at 45°, the RCS reduction is up to -10dB in the band range of 9.5-
10.5GHz and 15.3-31GHz. This structure also has excellent RCS reduction at an oblique
incidence of 30°, but the performance reaches its limit at an incidence angle of 45°.
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Fig. 13. Bistatic RCS reduction at oblique incidence of (a) 30°. (b) 45°.

3 Measurement and discussion

To verify the simulated results, the chessboard MS with 2 x 2 matrix elements was fabricated
and measured. The fabricated structure is shown in Figure 14, small shims were used to keep
the air gap between the upper and lower substrates. A few horn antennas were used to perform
monostatic measurement to cover the measured frequency range of 5-37.5 GHz. The horn
antennas were mounted at the top of the arc, facing directly down towards the floor. The device
under test (DUT) was placed below the antenna on top of a block of styrofoam in the shape of
a cuboid. The DUT was measured using a Keysight Vector Network Analyzer, as shown in
Figure 14(c). This was done for the front of the proposed MS as well as for the PEC with the
same size. The PEC used for measurement is the back plane of the proposed MS, thus, by
turning over the MS, the PEC is placed on a styrofoam at the same distance as the input plane
of the MS. The RCS curves obtained through simulation and experiment are shown in Figure
15. It is important to note that the test results here are the RCS reduction of the x-polarized
wave at 0° incidence. At 0° incidence, the proposed structure has nearly the same scattering
ability for y-polarized and x-polarized waves. Thus, only the test results of x-polarized wave
incidence are given here.
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Fig. 14. Structure of the fabrication. (a) Top view without the upper substrate.(b) upper substrate, (c) test
environment.

Good agreement can be seen between the measured and simulated results. The error can be
summarized in two parts: fabrication and measurement. The air gap between the two dielectric
plates is 0.4 mm. Although a 0.4 mm shim is used, errors are inevitable. Since the main lobe of
the RCS pattern gets narrower at higher frequencies, the device under test (DUT) has to be
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precisely aligned, which should be perpendicular and centered against the measurement
antennas to measure the RCS accurately. Because the angular alignment at higher frequency is
challenging, the discrepancy gets larger.
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Fig. 15. Simulated and measured RCS results of the MS with 2 x 2 matrix elements.

Based on the above analysis, the steps for designing MS are as follows:
(1) Print the metal strip on the long substrate, place a substrate above the strip, as shown in
Figure 1(b).
(2) Tune the length-width ratio of the strip to get the wideband 180° phase difference between
the y- and x-polarized incident waves.
(3) Compose a square unit cell using the strips, as shown in Figure 1(a).
(4) Form a 2 x 2 distributed checkerboard array with the unit cells and the 90° rotated unit cells.
(5) Fabricate the checkerboard MS, and place shims to keep the air gap between the two
substrates.

Table 3 provides a comparison between the proposed MS and those proposed by other
researchers. It can be concluded that while the structure and design method of the proposed MS
are simpler than previous designs, it achieves low RCS over a larger bandwidth.

Table 3. Comparison with Other Works.
Thickness i No. of
Ref. Method 10dB RCS RO With DC unit
reduction bandwidth resistors cells
18] Pfgo’?fgr 1.85-19.2 (164.8%) | 0.112 No Yes High 3
checkerboard
5.4-15.7 .
[10] ABS 0.132 No Yes Medium 1
(97.6%)
4112 No
[13] ABS+ 180° PD 0.124 Yes Low 2
(98.9%) checkerboard
[19] 180° PD 3.76-7.51 (67%) 0.082 No No Low 2
checkerboard
- 0,
[20] 180° PD gffjb‘l?z(((izlﬁ/)’) 0.081 No No | Medium 2
’ : 0 checkerboard
[25] | PC+180°PD 7.5-22.5 (100%) 0.0751 Yes No Righ 2
R 9.26-12.87 (32.6%), .
[28] PC+ 180° PD 14.84-19.35 (26 4%) 0.094 Yes No Medium 1
129] 180°PD 15-35 (80%) 0.087 Yes No High 1
[30] | PC+180°PD | 5.21-15.09 (97.3%) | 0.074 Yes No | Medium 2
VTvg:Sk 180° PD 9.1-31.7 (111%) 0.112 No No Low 1
checkerboard




PD: phase difference. PC: polarization conversion. ABS: absorptive material. RO: requiring
optimization. DC: design complexity. 4 is calculated based on the lowest frequency.

4, Conclusions

In this paper, a novel unit cell is designed to achieve a phase difference of 180°+37° for y-
and x-polarized wave within 9.3-30.6 GHz, working in 0.5 and 1-1 modes. Different
distributions of the chesshoard MS are compared, and the 2 x 2 quadrants array provides the
best performance, with the 10 dB RCS reduction bandwidth of 9.1 GHz-31.7 GHz (111%, x-
polarized wave 0° incidence). The proposed structure exhibits excellent RCS reduction even
when irradiated by y- and x-polarized waves at an oblique incidence of 30°. The proposed MS
exhibits the characteristics of simple structure, wideband and low RCS, and only one unit cell
is needed to construct the chesshoard MS.
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