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ABSTRACT: A novel integration method of a polarization conversion metasurface (PCM) and an array antenna for radar cross-section
(RCS) reduction is presented. This method combines the PCM with a slot array antenna operating at 11.5GHz for reducing RCS. The
metasurface is composed of polarization conversion units arranged in a checkerboard pattern, and each PCM unit cell is made up of two
symmetrical fork-shaped structures. The polarization conversion units can achieve a polarization conversion ratio (PCR) of over 90% in
the frequency band of 10.12–19.93GHz (65%). The measurements demonstrate that the antenna attains over 10 dB RCS reduction in the
frequency range of 9.9–20.7GHz (71%). Meanwhile, the radiation performance of the antenna is effectively preserved.

1. INTRODUCTION

With the rapid development of modern electronic technol-
ogy, the requirement for stealth capabilities has been sig-

nificantly enhanced [1]. It is a key method to reduce the radar
cross-section (RCS) for achieving electromagnetic stealth. The
widespread application of low RCS antennas is attributed to
their characteristics such as wide bandwidth performance, sim-
ple structure, light weight, and controllable radiation [2–4]. A
range of methods have been explored to reduce the RCS of an-
tennas [5–9], such as coding metasurfaces, absorbing metasur-
faces, artificial magnetic conductors (AMC), and polarization
conversion metasurfaces (PCMs). In [10], a coding metasur-
face based on low-Q resonators is proposed to achieve wide-
band RCS reduction. In [11], a hybrid absorptive-diffusive fre-
quency selective reflector is developed for a wideband low-
RCS antenna. In [12], a periodic artificial magnetic conduct-
ing (AMC) metasurface using phase cancellation technology is
applied to achieve wideband RCS reduction. In [13], polariza-
tion conversion metasurfaces are investigated as a promising
strategy for antenna RCS reduction.
Due to the flexibility of the PCM, it has attracted the at-

tention of scholars in the field of low RCS antennas [14–17].
Over the past decade, diverse metasurfaces have been adopted
for reducing the RCS of antennas. In [18], a PCM composed
of curved square ring-shaped units is arranged around a radi-
ation patch, achieving a 10 dB RCS reduction bandwidth of
7.05%. In [19], a PCM constructed from square PCM units
with two diagonal slits is proposed, and it is combined with a
4 × 4 array antenna, with the measured bandwidth of 10 dB
RCS reduction reaching 22.6%. In [20], a PCM is composed
of circular polarization conversion units arranged in a checker-
board pattern, and the metasurface is applied to multiple-input
multiple-output (MIMO) antennas. The relative bandwidth is
* Corresponding author: Liping Han (hlp@sxu.edu.cn).

35.3%. In [21] and [22], the metasurface consists of double
rhombus-shaped and dumbbell-shaped polarization conversion
units, respectively. The metasurface and its mirror image units
are arranged on the slot antenna. The 10 dB RCS reduction
bandwidths can reach 44% and 46%, respectively. In [23], the
metasurface composed of fishbone-shaped polarization conver-
sion units is combined with a slot array antenna. The final
10 dB RCS reduction bandwidth attains 51.9%. In [24], dual-
headed arrow-shaped PCM units are loaded around a circularly
polarized (CP) patch antenna in the four quadrants, delivering
a 10 dB RCS reduction bandwidth of 53.9%. In [25], a low-
profile broadband C-band antenna is designed, which achieves
a 40% bandwidth for 10 dB RCS reduction. In [26], the low
RCS characteristic is achieved by using PCM and partial reflec-
tion surface (PRS), and its 10 dB RCS reduction bandwidth at-
tains 75.8%. In [27], a wideband and low-RCS circularly polar-
ized patch antenna is proposed, and the impedance bandwidth
is 13.65%. In [28], a low-profile and high-gain planar dipole
antenna integrated with orthogonally arranged bowtie-shaped
PCMs is proposed, and the 10 dB RCS reduction bandwidth
reaches 33.88%. In addition, the RCS reduction bandwidth is
expanded by using a cross configuration [29]. The aforemen-
tioned antennas can reduce RCS while maintaining excellent
radiation performance. However, it is still a significant chal-
lenge to realize a broader RCS reduction bandwidth with a low
profile.
In this work, a low-profile PCM array antenna is demon-

strated. It consists of a slot array antenna and a checker-
board metasurface. The checkerboard configuration creates a
180◦ phase difference of reflected waves between the PCM
and mirror array, and the measured data illustrate that the
10 dB RCS reduction bandwidth is 71%. It has the advan-
tages of broadband RCS reduction (71.7%), ultra-low profile
(3.4mm, 0.127λ0), and low cost (FR4 substrate), which is suit-
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FIGURE 1. Schematic of PCM unit cell. (a) PCM unit. (b) Mirror unit.

(a) (b)

FIGURE 2. (a) Reflection coefficients of co- and cross- polarizations. (b) PCR.

able for practical applications in X/Ku-band electromagnetic
stealth systems.

2. CHECKERBOARD PCM
A PCM unit cell is designed and analyzed first, and then the
PCM and its mirror units are arranged in a checkerboard con-
figuration to form the metasurface.

2.1. PCM Unit Cells
Figure 1 shows the structure of the PCM and its mirror unit.
The upper layer of the substrate is composed of two symmet-
rical fork-shaped strips. The lower layer of the substrate is
grounded with metallic copper. The unit cell exhibits dimen-
sions of 8mm × 8mm × 2.4mm. FR4 is selected as the di-
electric substrate, with a thickness of 2.4mm, a tangent loss
of 0.025, and a relative permittivity of 4.3. The optimized
parameters simulated by software CST STUDIO SUITE 2020
are: l1 = 0.9mm, l2 = 6mm, l3 = 5mm, l4 = 5mm, and
w1 = 0.8mm.
The polarization conversion ratio (PCR) is a crucial indicator

for measuring the ability of polarization rotation (PR), as de-
scribed in [30]. For a normally incident y-polarized EM wave,
the PCR is defined as r2xy/(r2xy + r2yy), where ryy and rxy rep-
resent the co- and cross-polarization reflection coefficients, re-

spectively. Figure 2(a) shows the co- and cross-polarization re-
flection coefficients of the PCM unit. It can be seen that a wide
cross-polarization conversion band from 10.05 to 20.06GHz is
obtained, within the range where the co-polarization reflection
coefficient is lower than−10 dB. Figure 2(b) displays the PCM
unit’s PCR, which is over 90% in the 10.12–19.93GHz band.

2.2. Chessboard PCM

The checkerboard PCM is demonstrated in Figure 3(a). It
is made up of 2 × 2 PCM subarrays, and each subarray in-
cludes 4 × 4 PCM or their mirror units. The PCM is divided
into four quadrants. The first and fourth quadrants consist of
PCM units, while the second and third quadrants have their
mirror-image units. The metasurface has an overall size of
64mm×64mm×2.4mm. Ametal plate is employed as the ref-
erence plane. The surface current distributions on the PCM are
also investigated. Figure 3(b) plots the simulated current dis-
tributions at the resonant frequency. It is clear that the current
directions of the PCM and its mirror unit are opposite, resulting
in a phase difference of approximately 180◦.
Figure 4 presents the monostatic RCS values of the PCM,

as well as the RCS reduction results in comparison with the
PEC reference. It can be observed that the RCS reduction per-
formances for x- and y-polarized waves are basically consis-
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FIGURE 3. (a) Schematic of the PCM. (b) Surface current distribution.

FIGURE 4. Monostatic RCS and RCS reduction.

(a) (b)

FIGURE 5. Schematic of (a) SAA, (b) PCM-SAA.

tent. Moreover, the 10 dB RCS reduction bandwidth covers
9.8–19.7GHz, while the simulated RCS reduction value peaks
at 10.2, 13.9, 17.1, and 18.2GHz.

3. ARRAYANTENNAWITHBROADBANDRCSREDUC-
TION
In this section, the PCM array is loaded onto a slot array an-
tenna (SAA) to form the proposed antenna (PCM-SAA). The
radiation and scattering performances are investigated.

3.1. Array Antenna Structure

The structure of the SAA is depicted in Figure 5(a). A metal
plate with 4 rectangular slots is etched on the top surface of the
substrate, with the slot length (l5) of 19.5mm and the width
(w2) of 1.6mm. The feeding network is printed on the bot-
tom side of the substrate. FR4 is chosen as the substrate. Fig-
ure 5(b) illustrates the configuration of the PCM-SAA com-
posed of SAA and PCM. The overall size of the PCM-SAA
is 64mm× 64mm× 3.4mm. To reduce the coupling between
the PCM and SAA, four slots are etched on the substrate of the
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FIGURE 6. Simulated S11.

(a) (b)

FIGURE 7. Radiation patterns of SAA and PCM-SAA at 11.5GHz. (a) E-plane. (b)H-plane.

PCM, rather than on that of the SAA. The length (l6) and width
(w3) of the slot on the PCM substrate are 21.3mm and 2.4mm.

3.2. Radiation Performance

The simulated reflection coefficients of the SAA and PCM-
SAA are displayed in Figure 6. It is obvious that the op-
erating bands of the SAA and PCM-SAA are 11–11.85GHz
(7.4%) and 10.9–11.76GHz (7.6%), respectively. Compared
with the SAA, the resonant frequency of the PCM-SAA is
slightly shifted to a lower frequency, and the operating band
is expanded by 0.58GHz.
Figure 7 shows the simulated E- andH-plane radiation pat-

terns of the SAA and PCM-SAA at 11.5GHz. It can be seen that
the patterns of the PCM-SAA agree well with those of SAA.
The main lobes are all oriented along the normal direction in
both planes. The results demonstrate that the radiation perfor-
mance is well preserved after incorporating the PCM. The sim-
ulated peak gains of the SAA and PCM-SAA are 6.8 dB and
5.3 dB, respectively.

3.3. Scattering Performance

The monostatic RCS and RCS reduction results of the SAA
and PCM-SAA at normal incidence are shown in Figure 8.
Under x-polarized incidence, the PCM-SAA achieves a 10 dB
RCS reduction bandwidth of 10.1–20.3GHz (67.1%), with the
maximum RCS reduction of 28 dB achieved at 19.5GHz. The
10 dB RCS reduction under y-polarized incidence spans 9.9–
20.2GHz (68.4%), and the maximum reduction here attains
44 dB at 13.2GHz.
The bistatic RCS curves of the SAA and PCM-SAA are ex-

hibited in Figure 9. It is evident that the RCS reduction of the
PCM-SAA is 18 dB, and the RCS reduction effect can be re-
alized between −38◦ and +38◦. Due to the phase cancella-
tion among the reflected waves from the checkerboard PCM,
the reflected energy is scattered into directions away from the
boresight, thereby suppressing backscattering along the normal
direction.

4. EXPERIMENT RESULTS
Figure 10(a) depicts the pictures of the manufactured antennas.
Themeasurement setup is illustrated in Figure 10(b), where two
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FIGURE 8. Monostatic RCS and reduction of antennas. FIGURE 9. The bistatic RCS curves of SAA and PCM-SAA.

(a)

(b)

FIGURE 10. (a) Photos of SAA and PCM-SAA. (b) RCS measurement setup.

FIGURE 11. Simulated and measured S11 of SAA and PSA.

horn antennas act as the transmitting and receiving antennas,
and an N5221A vector network analyzer is used to collect the
scattering data.
The simulated and measured coefficient responses of the

SAA and PCM-SAA are illustrated in Figure 11. It can be
seen that the measured results roughly match the simulated
ones. For the −10 dB impedance bandwidth, the SAA mea-

sures 11.23–11.75GHz (4.5%), and the PCM-SAA measures
11.25–11.72GHz (4.1%).
Figure 12 illustrates the simulated and measured normalized

radiation patterns of the SAA and PCM-SAA at 11.5GHz. It is
obvious that the measured results agree well with the simulated
ones. The results indicate that the radiation performance of the
array antenna is well maintained after the incorporation of the
PCM.
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FIGURE 12. Normalized radiation patterns at 11.5GHz. (a) SAA. (b) PCM-SAA.

(a) (b)

FIGURE 13. (a) Simulated and measured RCS reduction results of the antenna. (b) Simulated RCS of antenna under different incident angles.

TABLE 1. Performance comparison of low-RCS antennas.

Refs. Size (λ3
0) Frequency (GHz) 10 dB RCSR BW (%) IBW (%) Max reduction (dB)

Ref. [18] 1.15× 1.15× 0.029 4.1–4.4 7.05 2.6 24
Ref. [19] 1.54× 1.54× 0.06 18–22.5 22.6 4.7 18
Ref. [20] 1.67× 1.67× 0.145 5.6–8 35.3 6.4 25
Ref. [21] 1.21× 1.21× 0.07 11.5–18 44 9.5 23
Ref. [22] 1.62× 1.62× 0.05 7.5–12 46 68 28
Ref. [23] 2.22× 2.22× 0.259 10–17 51.9 6.5 36
Ref. [24] 4.55× 4.55× 0.09 11.5–20 53.9 4.5 25
Ref. [25] 1.49× 1.49× 0.18 6–8 40 28.6 15
Ref. [26] 1.25× 1.25× 0.66 9–20 75.8 8.8 30
Ref. [27] 1.35× 1.35× 0.05 4.78–5.48 13.65 44.4 27.5
Ref. [28] 18.14× 11.78× 0.134 28.09–39.55 33.88 55.36 28.7

Proposed work 2.39× 2.39× 0.127 9.9–20.7 71.7 13.2 44

The simulated and measured monostatic RCS curves un-
der normal incidence of the PCM-SAA are presented in Fig-
ure 13(a). It can be found that the measured scattering perfor-
mance is roughly equal to the simulated results. The measured
bandwidth of 10 dBRCS reduction ranges from 9.9 to 20.7GHz
(70.6%). Under x-polarized incidence, the maximum monos-
tatic RCS reduction is 29 dB at 18.7GHz. Meanwhile, under y-

polarized incidence, the maximum monostatic RCS reduction
reaches 44 dB at 13.2GHz. The angular stability analysis is
also conducted, and the simulated monostatic RCSs under dif-
ferent incident angles are illustrated in Figure 13(b). It is found
that the effective RCS reduction bandwidth narrows gradually
with increasing incident angle.
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Finally, the comparison between the PCM-SAA and reported
antennas is presented in Table 1. It can be seen that the PCM-
SAA has the largest 10 dB RCS reduction bandwidth except for
the antenna in [26]. Compared to the antenna in [26], the profile
of the PCM-SAA in this work is reduced by 80.7%.

5. CONCLUSIONS
In this work, a low-profile PCM array antenna with broad-
band RCS reduction is presented. It consists of a slot antenna
and a PCM array. The PCM-SAA achieves over 10 dB RCS
reduction from 9.9 to 20.7GHz (71.7%), and the maximum
monostatic RCS reduction attains 29 dB at 18.7GHz under x-
polarized incidence and 44 dB at 13.2GHz for y-polarized in-
cidence. Notably, the PCM-SAA maintains effective radiation
performance throughout.
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