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Abstract—In this paper, a novel meta-surface with polarization conversion characteristic in an ultra-
wide band is proposed. Based on the principle of the reflected wave cancelation, the proposed meta-
surface is distributed as a checkerboard to obtain an ultra-wideband radar cross section (RCS) reduction,
resulting from the out-of-phase difference in normal incidence. The relationship between the polarization
conversion ratio (PCR) and RCS reduction is investigated and verified by the simulation. Finally, a
sample is fabricated and measured in an anechoic chamber. Compared to the metal board with same
size, a 5dB RCS reduction is achieved ranging from 3.7 GHz to 15.9 GHz, which indicates a fractional
bandwidth of 124.5%. Moreover, the size of the unit cell is only 0.125)\g x 0.125)\¢ x 0.059)g, where \g
is corresponding to the lowest frequency, namely 3.7 GHz, indicating the merits of miniaturization and
low profile. Experiment results are in good agreement with the simulated ones, which demonstrates the
validity of the proposed strategy.

1. INTRODUCTION

In recent years, the rapid development of defense electronics has stimulated the research enthusiasm for
RCS reduction of military platform extensively, and a number of effective methods have been proposed,
in which shaping technology and loading radar absorbing materials (RAMs) are representatives [1,2].
The former approach can achieve RCS reduction by resorting to deflecting the scattered energy away
from the incident wave direction, whereas the latter usually converts the incoming energy into heat
instead of backscatter [3,4]. Because of the ability to manipulate electromagnetic (EM) waves flexibly,
varieties of meta-materials or meta-surfaces are proposed and applied to RCS reduction, such as
electromagnetic band gap (EBG), artificial magnetic conductor (AMC), polarization conversion meta-
surface (PCM), frequency selective surface (FSS), and meta-material absorbers (MA) [5-9]. However,
many methods of RCS reduction based on meta-materials or meta-surfaces are restricted in narrow
bandwidth.

In order to broaden the RCS reduction, the meta-surface arranged in a checkerboard is proposed. By
designing two or more kinds of AMCs and arranging in a periodic or aperiodic checkerboard structure,
a 180° 4+ 37° phase difference can be maintained in a wide bandwidth, which contributes to wideband
RCS reduction based on the principle of reflected wave cancelation [10,11]. Instead of two or more
different unit cells, only a uniform unit cell of PCM is designed for wideband RCS reduction, which
makes it attract more and more attention. For incident EM wave, a 90° phase shift can be introduced
with PCM, while a —90° phase shift can be easily obtained by mirroring the PCM. As a result, by
arranging in a checkerboard structure with PCM unit and its mirror, an inherent 180° phase difference
of reflected fields can be obtained, and a wideband RCS reduction is achieved [12].
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In order to broaden the bandwidth of RCS reduction, a lot of wideband PCMs are proposed [13—
15]. Reference [16] chooses two pairs of L-shaped patches as PCM. As a result, a wideband RCS
reduction is obtained from 10 GHz to 18 GHz. In [17], the PCM and partially reflecting surface (PRS)
are employed to achieve wideband RCS reduction and gain enhancement of an antenna simultaneously,
and a wideband RCS reduction ranging from 9 GHz to 20 GHz is exhibited. A fishbone-shaped PCM is
studied in [18] and applied to achieve a wideband RCS reduction of a slot array antenna. Compared to
the reference antenna, the RCS of the antenna with PCM can be reduced more than 5dB in frequency
range from 6 GHz to 18 GHz, indicating a 100% bandwidth. Reference [19] proposes a quasi-L-shaped
PCMs and investigates their applications to RCS reduction. The proposed PCMs has a frequency
band of 5.98 GHz to 18.84 GHz with the PCR being higher than 50%, which means that a 3dB RCS
reduction can be obtained with a relative bandwidth of 103.6%. A novel wideband low RCS reflector is
proposed by employing hexagon polarization rotation surfaces [20]. By optimizing the arrangement, a
RCS reduction bandwidth ranging from 8 GHz to 13 GHz is obtained. In [21], a chessboard-type PCM
is proposed and applied to achieve a gain enhanced and low RCS circularly polarized patch antenna.
Compared to the reference antenna, the gain of proposed antenna is enhanced by 2.5dB, and a wide
RCS reduction bandwidth is obtained from 7.55 GHz to 20.74 GHz.

In this paper, a novel ultra-wideband PCM is presented. By arranging the PCM in a checkerboard,
an ultra-wide 5dB RCS reduction bandwidth ranging from 3.7 GHz to 15.7 GHz can be obtained.
Compared with other references in open literature using PCM, the proposed PCM has a more compact
structure and lower profile, and can achieve RCS reduction in a wider frequency range.

2. UNIT CELL DESIGN OF ULTRA-WIDEBAND POLARIZATION CONVERSION
META-SURFACE

The proposed unit cell of PCM is depicted in Fig. 1, and it consists of five square patches on a Taconic-
TLY dielectric substrate backed by a PEC sheet, in which the relative permittivity and loss tangent
of substrate are 2.2 and 0.0009, respectively. Based on multiple resonances, five square patches with
different sizes are employed and interconnected in a line along 45° diagonal direction so as to broaden
the PCR bandwidth. By optimizing the structural parameters carefully with High Frequency Structure
Simulator (HFSS), an ultra-wide polarization conversion bandwidth is obtained, and the optimized
parameters are as follows: p = 10mm, ¢ = 3.6 mm, b = 1.8 mm, ¢ = 0.8 mm, ¢ = 4.72 mm.
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Figure 1. Topological structure of the proposed  Figure 2. The procedure of polarization
unit cell. (a) Top view. (b) Side view conversion.

The polarization conversion principle can be explained as follows. Suppose that a plane EM wave
—
with the polarization of E; is impinging on the meta-surface in the normal incidence. A coordinate
system can be set up along two orthogonal directions @ and ¥, then the incident wave can be expressed
as follows: o ‘ ‘
E; = Ey, + Ey, = @Ej,e? + GE;,e’? (1)
When the meta-surface has different reflection properties for the u-incident wave and v-incident
wave, denoted as r,e/?* and r,e/?v respectively, the reflected wave can be shown as follows:

L iz & | . O @
E, = E.+ E,, = trye??*E;,&?* + vr,e? v E;, e’ (2)
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If the following conditions can be met,

Ty = To
{ Ag = |2, — Z,| = 180° (3)
then the electric field is rotated into its orthogonal component, and the procedure can be depicted as
Fig. 2.

The reflection coefficients of u-incident wave and v-incident wave and the phase difference between
them are shown in Fig. 3. It can be seen that at 4.2 GHz, 8.8 GHz, and 15 GHz, the magnitude and
phase difference between u-incident wave and v-incident wave fulfill Equation (3), which indicates that
the incident polarized wave is fully converted into the orthogonal component, whereas in the rest of
frequency range, only part of the incident polarized component is converted. In order to demonstrate the
polarization conversion ratio (PCR) of the proposed meta-surface, the relative parameters are defined
as follows: 74, = |EJ, /Eé\ and 7y, = ]E; / E;] are the reflection ratio of y-to-x and y-to-y polarization
conversion, in which E” and E’ represent the reflected electric field and incident electric field, while E,
and F, represent the z-polarized and y-polarized electric fields, respectively. As a result, the PCR can
be expressed as PCR = [ryy[2/(|ray|® + [ryyl?)-
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Figure 3. Reflection coefficient and phase difference between the u-incident wave and v-incident wave.
(a) Reflection coefficient. (b) Phase difference.

The simulated reflection ratio of unit cell and calculated PCR are listed in Fig. 4 with periodic
boundary condition for the incident y-polarized plane wave in normal direction. It is clear that in the
frequency range from 3.6 GHz to 15.9 GHz, the PCR of the proposed PCM is higher than 50%, which
means that at least half of the incident y-polarized wave is converted into the z-polarized component.
In particular, at 4.2 GHz, 8.8 GHz, and 15 GHz, the PCR is nearly 100%, which agrees with above
statements.

In order to investigate how parameters affect the PCR of the proposed PCM, a series of parameter
analysis is exhibited in Fig. 5 in the case that only one parameter changes, and the others are fixed. It
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Figure 4. Reflection ratio and calculated PCR of unit cell. (a) Reflection ratio. (b) PCR.
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Figure 5. The effect on PCR with different parameters.

can be seen that parameters ¢ and b mainly influence the resonance in higher frequency band. Because
of their compact size, the changes in parameter ¢ and b make a little contribution to broadening the
bandwidth of PCR. The resonance in the lower frequency is decided by parameter a. As parameter
a is increased, the frequency band of PCR moves to a lower frequency, while the PCR among three
resonant frequency points gets worse. Making a compromise of the PCR, bandwidth, and its compact
size, parameter q is selected as 3.6 mm. The PCR curves versus frequency with different incident angles
are also shown in Fig. 5. When the incident angle increases from 0° to 30°, the frequency response
below 15 GHz is kept stable, while the third resonant frequency point moves to the lower frequency, and
the PCR bandwidth decreases.

3. THE CHECKERBOARD AND ITS ULTRA-WIDEBAND RCS REDUCTION

By taking advantage of the ultra-wideband polarization conversion characteristic, the proposed meta-
surface can be assembled in a checkerboard, as shown in Fig. 6. For the z-polarized incident wave,
the reflected wave is y-polarized and —y-polarized converted by the proposed checkerboard, and an
inherent 180° phase difference between reflected fields can be obtained, resulting in an ultra-wideband
RCS reduction, compared to the same-size metal board as the reference.

Compared to the same-size metal board, the relationship between the RCS reduction and PCR is

(a) (b)

Figure 6. Configuration of the checkerboard.
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approximately listed in Eq. (4)
RCS Reduction = —101log;y(1 — PCR) (4)

in which the employed unit is decibel (dB). The simulated RCS reduction and calculated RCS reduction
based on the PCM are compared in Fig. 7, in which it can be seen that the simulated result agrees well
with the calculated one, and the distinguish between them is rooted in the simulation conditions. The
simulated result is derived from the full wave EM simulation with 20 x 20 unit cells by high frequency
structure simulation (HFSS), while the calculated result is derived from the simulation in periodic
boundary condition, indicating infinite unit cells.
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Figure 7. The comparison of the simulated and  Figure 8. Comparison of monostatic RCS for
calculated RCS reduction. normal incidence.

Figure 8 shows the monostatic RCS of the proposed checkerboard meta-surface and the metal board
with EM wave impinging from the normal direction. It can be seen that compared to the metal board,
the checkerboard meta-surface has a lower RCS value in an ultra-wide frequency range from 2.5 GHz to
17.2 GHz, in which the maximum of RCS reduction is as much as 26 dB at 8.8 GHz.

In order to demonstrate the scattering cancellation, Fig. 9 shows the 3-D bistatic RCS of the
proposed checkerboard and the same-size PEC plane with EM wave impinging from the normal direction
at 8.8 GHz. It can be seen that there is a main lobe in the backward of the incident direction for the
scattered energy of PEC. Instead, four sidelobes in the other direction for the scattered energy of the
proposed checkerboard arise, while the main lobe is suppressed. It means that the incident energy is
converted and deflected into other direction instead of backward, which leads to a monostatic RCS
reduction. Fig. 10 shows the bistatic RCS comparison between the proposed checkerboard and the
referred PEC with the EM wave impinging in oblique incident direction at 8.8 GHz for dual polarizations.

(a) (b)

Figure 9. 3-D bistatic RCS at 8.8 GHz for normal incidence. (a) PEC. (b) Proposed checkerboard.
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Figure 10. Bistatic RCS at 8.8 GHz for different incident angle. (a) ¢-polarization. (b) #-polarization.

It can be observed that as the incident angle increases from 0° to 30°, an RCS reduction more than
10dB can be obtained for dual polarizations, respectively.

4. FABRICATION AND MEASUREMENT

In order to verify the validity of the proposed strategy, a sample with the dimension of 200 x 200 mm? is
fabricated, and its fabricated prototype is exhibited in Fig. 11. The RCS of the fabricated prototype and
the metal broad with the same size are measured in an anechoic chamber. The curves of RCS reduction
versus frequency of measured results are shown in Fig. 12, and a more than 5dB bandwidth can be
obtained from 3.7 GHz to 15.7 GHz, indicating a fractional bandwidth of 124.5%, which is in accordance
with the PCR higher than 68.4% based on Equation (4). The average RCS reduction in the whole band
is 14dB. It can be seen that the measured result agrees well with the simulated one, indicating the
validity of the proposed strategy. Meanwhile, discrepancies can be observed between the simulated
and measured results, which may come from alignment in the measurement setup, imperfection of the
environment in the chamber, deviation of permittivity of the substrate, and fabrication tolerance.

In Table 1, a comparison of electric size of PCM and RCS reduction bandwidth between the
proposed checkerboard meta-surface and the other reported wideband checkerboard design by employing
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Figure 11. The fabricated prototype of the Figure 12. Comparison of RCS reduction
proposed checkerboard meta-surface. between simulated and measured results.

Table 1. Comparison with the other PCM in the open literature.

Ref. Size (\3) Average RCS reduction RCS reduction bandwidth
[12] 0.23 x 0.23 x 0.073 > 4.8dB 10.5GHz ~ 35.1 GHz (107.9%)
[13] 0.184 x 0.184 x 0.089 12.97dB 4GHz ~ 15 GHz (115.8%)
[14] 0.21 x 0.21 x 0.077 > 5dB 6.3 ~ 20.7 GHz (106.7%)
[15] 0.138 x 0.138 x 0.069 > 8dB 6.9 GHz to 14.9 GHz (73.3%)
[17] 0.195 x 0.195 x 0.078 12.36 dB 9GHz ~ 20 GHz (75.9%)
18] 0.12 x 0.12 x 0.06 > 5dB 6 GHz ~ 18 GHz (100%)
[19] 0.24 x 0.24 x 0.06 > 3dB 5.98 GHz ~ 18.84 GHz (103.6)
[21] 2.18 x 2.18 x 0.082 11dB 7.55 GHz ~ 20.75 GHz (93.25%)
This paper | 0.12 x 0.12 x 0.058 14dB 3.7GHz ~ 15.9 GHz (124.5%)

PCM is presented. It is clear that the proposed checkerboard meta-surface based on the novel PCM in
this paper has an obvious advantage on RCS reduction bandwidth, while it can also keep a compact
structure and low profile.

5. CONCLUSION

In this paper, a simple PCM with ultra-wide polarization conversion characteristic is proposed and
employed to form a checkerboard surface to achieve ultra-wideband RCS reduction. Simulated
and measured results show that compared to the same-size metal board, the RCS of the designed
checkerboard surface can be reduced more than 5dB in the range from 3.7 GHz to 15.9 GHz, exhibiting
an ultra-wideband characteristic with a fractional bandwidth of 124.5%. At meantime, the proposed
PCM also has the merits of miniaturization and low profile. Experiment results demonstrate the validity
of the proposed method.
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