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Wideband RCS Reduction of Dual-Band Fabry—Perot Cavity Antenna Using
Pancharatnam—Berry Phase Coding Metasurface and AMC Surface

Lei Xu™, Yufeng Liu

Abstract—In this communication, we propose a dual-band Fabry-
Perot (F-P) cavity antenna with a wideband low radar cross section
(RCS) by integrating a Pancharatnam-Berry phase coding metasur-
face (PBPCM) and artificial magnetic conductor (AMC) surfaces. This
antenna comprises two partially reflective surfaces (PRSs) that form two
nested F-P cavities for signals in two bands. To reduce the monostatic
RCS at high frequencies, a PBPCM is placed on the top side of the
upper PRS, leveraging its ability to redirect reflected waves into different
directions by encoding the phase on the metasurface. Additionally, two
AMC surfaces etched on the top side of both the lower PRS and the
ground plane further reduce the low-frequency RCS through phase
cancellation. The overall antenna profile is also minimized, owing to
the AMC’s flexible phase adjustment. The simulated and measured
results verify the feasibility of the proposed method. The prototyped
F-P cavity antenna exhibits a measured —10 dB impedance bandwidth
of 4.15-4.8 and 7.8-8.4 GHz, with peak gains of 10 dBi at 4.45 GHz
and 15.9 dBi at 8.3 GHz, respectively. Moreover, a wideband RCS-
reduction bandwidth from 3 to 16 GHz is achieved under both x- and
y-polarizations.

Index Terms— Artificial magnetic conductor (AMC), Fabry-Perot
(F-P) cavity antenna, Pancharatnam-Berry phase coding metasurface
(PBPCM), radar cross section (RCS).

I. INTRODUCTION

The Fabry—Perot (F-P) cavity antenna is renowned for its high
directivity and feeding mechanism, making it a crucial component
in sensing systems [1], [2], base station communications [3], satel-
lite communications [4], and stealth technology [5]. It comprises
a partially reflective surface (PRS), primary radiator, and metallic
ground plane, featuring an extremely simple configuration and low
manufacturing cost [6], [7], [8]. With advancements in 2-D printing
technology, frequency selective surfaces (FSSs) have emerged as a
PRS in F-P cavity antenna design. This has led to the exploration of
F-P cavity antennas in various characteristics, such as wideband [9],
[10], circular polarization [11], [12], [13], reconfigurability [14], [15],
[16], dual-band performance [17], [18], [19], [20], and low radar cross
section (RCS) [5]. Especially, F—P cavity antennas with low RCS and
high gain over a wideband has been widely concerned, driven by the
stealth demands in militarily.

Several types of FSSs have been developed to realize diverse
frequency bands for F-P cavity antennas [17], [18], [19], [20].
In [17], the F-P cavity antenna with one superstrate layer operates
at two bands by generating reflection phases of positive gradient
across different frequency bands of FSS. In [19], a dual-band shared-
aperture F-P cavity antenna using two FSS layers could operate at
3.45 and 5 GHz. This method of placing multiple layers above the
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radiator helps to simplify the design of FSSs. However, the profile
height will increase as a result.

Additionally, various methods have been employed to reduce the
RCS of F-P cavity antenna [5], [21], [22], [23], [24], [25], [26],
[27], [28], [29]. By coating an absorbing surface on the PRS,
the incident waves can be effectively absorbed, and the enhanced
gain can compensate for reduction in directivity integrated by the
absorbing surface [21]. Besides, the low-scattering surface, including
phase gradient metasurface [22], reconfigurable metasurface [23],
[24], [25], [26], polarization conversion metasurface [27], chessboard
arrangement metasurface [28], coding metasurface [29], was inte-
grated with the PRS to achieve the optimal radiation and scattering
performance. Based on the above solutions, designs for low RCS
F-P cavity antenna with circular polarization [30], [31], frequency
reconfiguration [32], and switched beams [33] were reported.

So far, many excellent works have been achieved in F-P cavity
antennas with low RCS. But we find that most of them operate in a
single band and have a high profile. How to implement a multiband
F-P cavity antenna with wideband RCS reduction in a low profile is
still a challenge.

In this communication, a high gain F-P cavity antenna with
wideband RCS reduction and dual working bands is proposed.
The primary contribution of this work lies in the merged phase
cancellation design of Pancharatnam—Berry phase coding metasurface
(PBPCM) [34], [35] and two-layer artificial magnetic conductor
(AMC) surfaces to realize wideband RCS reduction. This scheme
achieves the compatibility of high gain with low RCS performance
in a dual-band design. In particular, the two AMC surfaces minimize
the total reflected electric field, thereby reducing RCS in the lower
frequency band. Also, they help to cut down the profile of the
antenna. This approach provides a new technological path for the
design of high-performance stealth antennas by assembling multilayer
structures (PBPCM, PRS, and AMC).

II. WORKING MECHANISM OF THE PROPOSED ANTENNA

The schematic of the proposed F-P cavity antenna is shown in
Fig. 1(a). A dual-band microstrip antenna, placed at the bottom
reflector, serves as the feeding source. The AMC unit cells are
arranged around the patch of the feeding source and replace the
initial ground in order to reduce the cavity height to a quarter of
the wavelength. Two FSSs (FSS1 and FSS2) positioned above the
feed antenna act as PRSs to form two resonant cavities at 4.3 and
8.1 GHz. At the higher frequency, FSS1 exhibits partially reflective
characteristics, while FSS2 maintains high transmission. Conversely,
at the lower frequency, FSS2 demonstrates partial reflection, while
FSS1 remains highly transmissive. Additionally, the AMC unit cells
are printed on the upper layer of the FSS2 and form the AMC-FSS2
structure. Finally, PBPCM is etched to reduce the RCS.

For the low-frequency signal, the F-P cavity is formed by the
FSS2-air layer with a height of h;. While at high frequency, the
F-P cavity is constructed by the FSS1, air layer with a height of i
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Schematic model of the F-P cavity antenna. (a) Radiation. (b) Scat-

and AMC. h{ and hy can be determined according to the resonant
condition [6]. That is,

, = YPRS + ¢GND A +N&,
’ 2 2 2
where gprs and ggnp are the reflection phases of the PRS and the
ground plane for two frequencies. N is the resonance mode number
(N corresponding to hy and hy are 0 and 2, respectively) and A
represents the wavelength at two working frequencies.

The RCS reduction mechanism is illustrated in Fig. 1(b). At high
frequencies, RCS reduction is achieved by the PBPCM. The PBPCM
on the top of FSS1, featuring varied reflective phases, redirects
scattering beams away from critical angles, thereby diminishing the
scattering energy in the normal direction. For low-frequency RCS
reduction, a strategy employing dual-layered AMC surfaces is utilized
for phase cancellation. According to (1), 2] is adjusted to A/2 when
@prs and pgNp are set to 180° at 4.3 GHz. Here, the AMC unit cells,
with ggnp = 0°, are arranged. In this case, 7] can be minimized
to A/4. Additionally, when incident waves at 4.3 GHz pass through
the FSS1 and into the low-frequency cavity interface, the scattering
waves are divided into two components. The first component is
reflected by the AMC-FSS2 layer, while the second is reflected by the
AMC plane. Due to the A/4 cavity and the AMC ground plane, the
second component of the waves propagates additional distances of
A/2 compared with the first component. Thus, there is a 180° phase
difference between the two scattering wave components, leading to
the RCS reduction.

h N=0,1,2,... 1)

III. ANTENNA CONFIGURATION FOR HIGH-FREQUENCY BANDS
A. Design and Analysis of PBPCM-FSS1 Structure

As illustrated in Fig. 2(a), the PBPCM-FSSI1 structure consists of
two metal layers distributed on both sides of the dielectric substrate
with a thickness of 4 mm and a relative permittivity of 2.65. The
upper layer, shown in Fig. 2(b), is composed of anisotropic metal
patterns that are symmetrical about the u-axis. It is referred to as the
unit cell of PBPCM. According to the Pancharatnam—Berry phase
mechanism [34], the unit cell with a y = 0° is coded as “0.” By
rotating the upper metal pattern around by 90°, a “1” coding unit is
obtained. The lower layer displayed in Fig. 2(c) is a square patch
etched with a square ring slot. It is designed to form FSS1 and
functions as a metal reflective backboard for the PBPCM. The optimal
parameters of the structure are listed in Table 1.

The designed PBPCM-FSSI1 is simulated using CST Microwave
Studio, and the result is shown in Fig. 3. Fig. 3(a) displays the
reflection magnitudes exciting from Port 1. According to it, the
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TABLE I
PARAMETERS OF THE PBPCM-FSS1 STRUCTURE

Sizes Po ai a b b wi w2
Value(mm) 12 0.5 1 2 4 0.1 0.19
Sizes w3 71 2 % c1 2 c3
Value(mm) 0.25 3.81 4.63 40° 12 115 10
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Fig. 2. Schematic of PBPCM-FSSI structure. (a) Whole structure. (b) “0”
coding unit cell. (¢c) FSS1 unit cell. (d) Simulation models of the whole unit
cell.
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Fig. 3. Reflection coefficients of PBPCM-FSS1 structure. (a) Reflection
magnitudes of coding unit cells. (b) PCR curves. (c) Cross-polarized reflection
phases of coding unit cells. (d) Reflection coefficient of FSS1 unit cell.

polarization conversion ratio (PCR) can be calculated and indicated
in Fig. 3(b). Here, PCR1 and PCR2 under y- and x-polarized incident
waves are defined as [37]

r2 r2

rxy +rxx

—_—s. 2
g O
As can be seen, the frequency bands where the “0” and “1” unit cells
exhibit cross-polarization magnitudes and PCR1/PCR2 exceeding
0.8 are 7.78-10.3 and 11.7-15.8 GHz, respectively. Fig. 3(c) plots
the cross-polarized reflection phase of the “0” and “1” unit cells. The
phase difference between these two unit cells remains consistently
+180° across the entire frequency range.
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In addition, Fig. 3(d) illustrates the reflection coefficient of the
FSS1 unit cell when exiting from Port 2. The reflection magnitude is
less than 0.3 within 3.65-4.65 GHz and exceeds 0.7 at 8.1 GHz, with
a reflection phase of —140°. Consequently, the design is optimized
for an F-P cavity antenna operation at 8.1 GHz.

B. Arrangement of PBPCM

A square metasurface consists of M x M coding elements, each
with dimension D, where each element is composed of N x N “0”
or “1” unit cells. Under the normal incidence of plane wave, the
far-field scattering function from metasurface can be expressed as
follows [34]:

M M
fO.0)=f0.0)> >

m=1n=1

x exp{—i{e (m,n) + kD sinf
x [m—1/2)cosp + (n — 1/2)sing]}} (3)

where 6 and ¢ represent the elevation and azimuth angles of
scattering beams. The scattering phase of each element is assumed to
be ¢(m, n), which is either “0” or “180.” k is the wavenumber. f, (6,
@) is the pattern function of an element, which can be equivalent to
phase response of the “0” element to ensure that its relative phase is 0.
The directivity function of the metasurface is given as follows [34]:

2 2
Dir(0, ¢) = 47 | £ (0, ¢)|* // " /n |£(0, 9)|? sinddodg.
0 0

@

Therefore, the RCS reduction induced by the coding metasurface is
expressed as follows [34]:

2

A .

According to (3)—(5), the far-field scattering characteristics are
closely linked to the coding sequence of coding elements. Therefore,
by modulating the coding mode of the metasurface, the direction of
EM energy reflection can be altered, resulting in the diffusion of the
reflected waves.

As discussed, each element is composed of N x N either “0”
or “1” unit cells because the phase of coding unit cell is highly
dependent on the EM coupling between unit cells. When adjacent unit
cells possess different structural dimensions or direction of rotation,
the reflected phase will deviate from the design value, leading to a
degradation in the scattering performance of the whole metasurface.

Fig. 4(a) and (b) illustrates that when incident waves hit the “1”
and “0” arrays (the phase of all coding unit cells in the coding array
is the same). When the central coding unit cell in Fig. 4(a) is replaced
with “0,” the reflection phase and its surrounding region change, as
shown in Fig. 4(c). To ensure the desired phase response, the “0”
unit cell is expanded into a 3 x 3 element array in a subsequent
step, as shown in Fig. 4(d). Following the principle presented above,
PBPCM shown in Fig. 5 is designed. It comprises 3 x 3 elements
coding in sequence the 010/101/010. Each 0/1 element is formed
from identical unit cells.

IV. ANTENNA CONFIGURATION FOR LOW-FREQUENCY BANDS
A. Design and Analysis of AMC-FSS2 Structure

The whole AMC-FSS2 is displayed in Fig. 6(a). It is composed
of two metal layers etched on the substrate with a thickness of
3 mm. The upper one serving as an AMC unit cell can generate
a 0° reflection phase at 4.3 GHz. It is a nested polygon and square
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Fig. 4. Phase distribution on the coding unit cells. (a) 7 x 7 “1” coding
array. (b) 7 x 7 “0” coding array. (c) Replace (a) intermediate unit in a with
“0” unit cell. (d) Replace the middle 3 x 3 unit cells in (a) with a 3 x 3 “0”
element.

“0” element

Fig. 5. Coding sequence of “0” and “1” elements.

( Wlpper metal
< layer
o =

(b)

Fig. 6. Schematic of AMC-FSS2 structure. (a) Whole structure. (b) AMC
unit cell. (c) FSS2 unit cell.

TABLE 11
PARAMETERS OF THE AMC-FSS2 STRUCTURE

Sizes I b &} Is w3 W4 ws Is
Value
(mm) 435 243 1.2 505 015 03 07 11.7

ring. The bottom layer is used as the FSS2 unit cell, which is a patch
loaded a cross-slot. The optimal parameters of the structure are listed
in Table II.

Fig. 7 presents the simulation models of the AMC unit cells, and
simulated reflection coefficients are shown in Fig. 8. In Fig. 8(a),
the reflection magnitudes of all four structures exceed 0.8. For the
AMC surface in Fig. 7(a), an operation bandwidth of 3.4-4.7 GHz
is achieved, within which the reflection phase changes from +90°
to —90°, with a 0° reflection phase occurring at 4.3 GHz. Also,
the reflection phase of structures in Fig. 7(b) and (c) has similar
characteristics. Furthermore, the height 42 can be reduced to Ay/4 (g
is the free space wavelength at 4.3 GHz) due to the introduction of the
AMC surface with a 0° reflection phase. Therefore, the final thickness
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Fig. 7. Simulation models of (a) grounded AMC unit cell, (b) AMC-FSS2
unit cell, (c) AMC-FSS2-grounded AMC unit cell, and (d) air-grounded AMC
unit cell.
1.0 . e f . 250
—*— AMC-FSS2 structure (Mag), 4 200
081} (—e— 15 mm in front of AMC
. surface (Mag) 1150
o F=na,,, = _ ®
£ e ~— 1100 &
=06 \\ —e— grounded AMC surface (Mag) =
= \ —— AMC-FSS2-grounded AMC @
) AT 50 2
& \ structure (Mag) 3
Zoal N o £
=} —— grounded AMC surface (Deg) £
B N\ = 15 mm in front of AMC 1-50 5
=021 \’\ \N surface (Deg) &
15 N 1-1003
& Ny, -4
= o
0.0 xieg 150
[~ AMC-FSS2 structure (Deg)
—o— AMC-FSS2-grounded AMC| 1-200
02 strycture (Deg) . X % , 250
3.0 3.5 4.0 4.5 5.0 8.5 9.0
Frequency (GHz)
1.0 T T -200
09| 150
08| e
@ - @
F0.7f &
E "150 8
S0.6 1150 =
] 1 [
=os| Jo &
= | =
2 i ~
i) e £
To3t ! E
&~ 1100
02t | &
14150
0.1 Foosoon, onaas"" |
e s % 7 s 8 W
Frequency (GHz)
(b)
Fig. 8. Reflection coefficient of AMC and FSS2 unit cell. (a) Sy1. (b) S7».

of the air layer in Fig. 7(d) is determined to be 15 mm. Fig. 8(a) also
illustrates the S11 of the air-grounded AMC unit cell. It shows that the
cavity height causes a deviation of the reflection phase difference of
180° when comparing reflection phases of the AMC-FSS2-grounded
AMC and air-grounded AMC. Therefore, a reduction of RCS is
estimated because of the phase difference.

The Sy parameter of the AMC-FSS2 unit cell shown in Fig. 8(b)
exhibits a reflection magnitude of less than 0.3 in the range of
7.8-8.4 GHz and greater than 0.8 at 4.3 GHz, and the reflection phase
is —178°. Consequently, an F-P cavity antenna working at 4.3 GHz is
achieved. Especially, the /7 is calculated to be 23.25 mm according
to the reflection phases of FSS1 and the AMC plane.

B. AMC Surfaces Configuration for Middle and Bottom Layers

At low frequencies, the incident waves are reflected by the middle
and bottom layers into two components, denoted as a and b. The
corresponding reflected electric fields are E, and Ey, with reflection
phases ¢, and ¢ and reflection magnitudes A, and Ay, respectively.
To minimize the total reflected electric field, the sum of the E, and EY,
must equal to zero. This condition requires that A, and Ay, are equal,
while ¢, and ¢y, are in opposite phases. As analyzed in Section IV-A,
@a and ¢y, correspond to the reflection phases of the structures in
Fig. 7(c) and (d), respectively, with ¢, = 0° and ¢, = 180°. It can
be concluded in Fig. 9 that the number of unit cells in the middle
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(b)

Fig. 9. Top view of the middle and the bottom layers of the proposed antenna.
(a) Middle layer. (b) Bottom layer.

Fig. 10. (a) Proposed F-P cavity antenna. (b) Feed source.
TABLE III
STRUCTURAL PARAMETERS OF THE PATCH ANTENNA
Sizes L w, sw, sh, dis, sl
Value(mm) 23 17.5 2 0.5 3.25 7.2

bottom laye

Fig. 11. Prototype of the proposed antenna and test setup.

layer should be half of the number in the bottom layer. This ensures
that A, and Ay, are equal, contributing to the strength cancellation of
E, and Ey. Consequently, RCS reduction at low frequencies can be
achieved by incorporating the AMC-FSS2 and AMC structure.

V. DESIGN AND MEASUREMENT OF LOW-RCS ANTENNA
A. Reference Antenna and Proposed Antenna

Based on the results in Sections III and IV, the whole F-P cavity
antenna and radiation source are designed, and its structure is shown
in Fig. 10. Here, & = 30 mm. A patch antenna (its dimensions are
listed in Table III) etched with two T-shaped slots on the non-radiating
edges is selected as the radiation source. Also, it is used as a
reference antenna when exhibiting the RCS reduction performance
of the proposed antenna.

B. Measured and Simulated Scattering Performance

Fig. 11 shows the prototype of the F-P cavity antenna and the
corresponding test setup. The simulated monostatic RCS, as well
as RCS reduction of the reference and proposed antennas under
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TABLE IV
COMPARISON BETWEEN THE PROPOSED DESIGN AND SEVERAL REPORTED LOW-RCS F—P CAVITY ANTENNAS

References ban ;ﬁifﬁlgﬁz) bagdcwsi-drtel? ?gﬁg Gain (dBi) Total profile (mm)
[5] 11.2~11.62 (3.7%) 6~14 (80%) 13.5 14.7 (0.38 Ao)
[22] 8.36~8.46 (1.2%) 7~11 (44%) 17.9 24 (0.67 o)
[23] 6.05~6.72 (10.4%) 5.5~7 (24%) 10 41 (0.87 o)
[28] 9.46~11.34 (18%) 8~18 (77%) 12.1 17 (0.57 Ao)
This work 4.15-4.80 (14.5%) 3~16 (136.8%) 10, 15.9 18 (0.2140), 34 (0.71 A0)

7.8-8.4 (7.4%)

Sim.Refer’
% Sim.Refer 130
25 —— Sim.Pro
Sim. RCS reduction 56
_ T —+ MeaRCS reducti
£
2 5k y 10
E Mh,/ e S =
=10 1¢ B =
g rpme—— | -
2 sf. Y V] %
2 — T
Z f ”
2 s UV ]
5 SH 202
. 30
15
20 | 1-40
P BT P P
3 4 5 6 7 8 9 10 11 12 13 14 15 16
Frequency (GHz)
()
30 T T
o 1.,
25 — Sim.Pro
Sim. RCS reduction
20 Mea. RCS reduction 20
£ =
gis 105
= A0 YLl S T A 2
S0 -
Py 40 £
Q g
z 5 s
)
20 108
g I n
ERl 208
=10 20
15
-40
20 1 1 1 1 1 1 1 1 1 I 1 1
3 4 5 6 7 8 9 10 11 12 13 14 15 16

Frequency (GHz)
(b)

Fig. 12.  Measured and simulated monostatic RCS and RCS reduction of
both antenna under (a) x-polarized and (b) y-polarized incident waves.
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Fig. 13. Three-dimensional patterns of bistatic scattering of the proposed
F-P cavity antenna and the reference antenna at (a) 4.3 GHz. (b) 8.5 GHz.
(c) 14 GHz.

x-polarized and y-polarized incident waves, are both depicted in
Fig. 12. It indicates a significant suppression of backward RCS across
a wide frequency band ranging from 3 to 16 GHz, and the 6-dB RCS
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Fig. 14. Measured and simulated reflection coefficients and peak gains of
F-P cavity antenna.
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Fig. 15. Measured and simulated normalized radiation patterns of F-P cavity
antenna in (a) 4.3 GHz and (b) 8.1 GHz.

reduction bandwidths are 3-4.8 GHz, 7.2-10.2 GHz, 10.8-16 GHz,
covering two working frequency bands for both polarization cases.
Additionally, the 3-D scattering patterns at 4.3, 8.5, and 14 GHz
under x polarization are illustrated in Fig. 13. It can be observed that
the backward scattering waves are redirected to more directions.

C. Measured and Simulated Radiation Performance

Fig. 14 illustrates the simulated and measured S;; and peak gain.
The —10 dB impedance bandwidth of the realized antenna is in the
range of 4.15-4.80 GHz and 7.8-8.4 GHz. The maximum gain is
10 dBi at 4.35 GHz and 15.9 dBi at 8.3 GHz. According to the
equation in [36], the aperture efficiency of the proposed antenna
in the two frequency bands is 17.3% (f = 4.45 GHz) and 47.1%
(f = 8.3 GHz), respectively. The radiation patterns are plotted in
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Fig. 15. A good agreement between simulation and measurement can
be observed. In particular, the cross-polarization is more than 20 dB
lower than the co-polarization in the main radiation direction.

Finally, a performance comparison between the proposed antenna
and previously published works is listed in Table IV. It shows that
the proposed antenna exhibits an ultra-wide RCS reduction bandwidth
and can operate in dual frequency bands.

VI. CONCLUSION

This communication presents a combination of two methods for
reducing RCS, applied to a dual-band F-P cavity antenna with
low RCS over a wide frequency range. By integrating coding
metasurfaces, AMC structures, and two FSS layers, the antenna
simultaneously achieves low backward scattering and dual-band
operation. The design and operational principles of the F-P cavity
antenna and RCS reduction are discussed in detail. The proposed
F-P cavity antenna has an improved radiation pattern and enhanced
gain in the frequency bands of 4.15-4.80 and 7.8-8.4 GHz, with an
RCS reduction bandwidth ranging from 3 to 16 GHz. The measured
results have verified the feasibility of the design method. This
integrated approach offers a novel pathway for achieving wideband
RCS reduction in a multiband F-P cavity antenna.
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