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Abstract

This paper proposes a low-profile, aperture-shared dual-band bidirectional
circularly polarized (CP) antenna. The design incorporates a partially reflec-
tive surface (PRS) and a multifunctional transmission-reflection integrated
metasurface, enabling the integration of CP Fabry-Pérot cavity antenna (FPCA)
and CP folded reflectarray (FRA), while preserving circular polarization purity
and delivering high gain performance. In this design, the PRS acts as the re-
flector for the FRA at 8 GHz, while the multifunctional metasurface serves as
the reflector for the FPCA at 8 GHz and provides phase compensation for the
FRA at 13 GHz. Consequently, the FPCA and FRA can share the same aper-
ture with high aperture reuse efficiency. The antenna achieves high gain across
both frequency bands, with peak gains of 19.4 dBic and 22.8 dBic, respectively,
without complex feeding networks. Leveraging the advantage of low focal-
length-to-diameter ratio of the FRA, the array’s profile is reduced, with a
height-to-diameter ratio of only 0.46.
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1. Dual-Band Structure-Shared Antenna

The rapid advancement of wireless communication technology and increasing de-
mand for spectral efficiency have propelled multiband antennas to the forefront
of future high-speed communications [1]. Aperture-shared antennas, designed to
enable multiple antennas to operate simultaneously across different frequency

bands within the same radiation aperture, have garnered significant attention
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from researchers [2]. These antennas offer the potential to substantially reduce
the size of the antenna aperture and decrease manufacturing costs, thereby gar-
nering widespread attention from researchers. Conventional aperture-sharing an-
tennas achieve functionality by directly integrating the high-frequency radiation
aperture into that of the low-frequency antenna [3] [4]. Given that high-frequency
antennas are typically smaller than antennas working in lower band, this integra-
tion does not compromise the performance of low-frequency antennas. However,
it is challenging to simultaneously achieve both low mutual coupling and a simple
feeding structure. As a result, aperture-shared antennas designed using this ap-
proach often suffer from limited gain [5] [6].

In recent years, attributed to the characteristics of low-profile, simplified feed-
ing network, and other advantages [7] [8], folded reflect array (FRA) and folded
transmit array (FTA) have emerged as prominent candidates in applications re-
quiring high gain and low-cost. By incorporating a polarization grid at the top and
placing a sub-reflector with a feed antenna at the bottom, the electromagnetic
waves propagating from the feed undergo two reflections between the polarization
grid and the reflector, then are collimated by the reflector of FRA and the polari-
zation grid of FTA, respectively. Based on ray-tracing principles, it is feasible to
diminish the profile to 50% and 33.3% of the focal length for FRA and FTA [9]
[10], respectively.

Fabry-Pérot cavity antenna (FPCA) has attracted increasing attention due to its
simple structure, strong directionality, and high gain. FPCA typically comprises
of a partially reflective surface (PRS) and a reflector with a feed interior to the
cavity [11]-[13]. A small portion of the electromagnetic waves radiated from the
feed source propagates through the PRS, while the majority is reflected. When the
spatial separation between the PRS and the reflector satisfies specific conditions,
the transmitted electromagnetic waves produce a constructive interference effect
on the radiating aperture, significantly enhancing the antenna gain [14]. There-
fore, FPCA holds promising applications in the field of aperture-shared antennas.
In [15], a high-gain linearly polarized aperture-shared antenna structure combin-
ing FPCA and FRA is proposed, which comprises a transmit array (TA), a reflect
array (RA), and a feed source integrated into the RA. The TA serves as the PRS of
FPCA and the polarization grid of FRA in the low and higher band, respectively.
To achieve circular polarized (CP) radiation, an aperture-shared antenna struc-
ture combining a CP RA and FPCA is proposed [16], based on a polarizer-inte-
grated dual-function surface (PIDFS). However, because the RA employs a spatial
feeding mechanism, the antenna has a relatively high overall profile. Additionally,
the complex multi-layer polarization conversion structure introduces extra inser-
tion loss to some extent [17].

For the purpose of reducing the profile of dual-band CP antenna, this work
proposes a bidirectional aperture-shared dual-band CP antenna structure inte-
grated with FPCA and FRA, which comprises a PRS, a multifunctional trans-

mission-reflection integrated metasurface and a CP feed. The multifunctional
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metasurface acts as the reflector of the FPCA in the lower band and provides phase
compensation for the FRA in the higher band. The FPCA and FRA share the same
radiation aperture, achieving a high degree of integration, providing high gains of
19.4 dBic and 22.8 dBic at 8 GHz and 13 GHz, respectively and its height-to-di-

ameter ratio is reduced to 0.46.

2. Basic Configuration and Principle of the Aperture-Shared
Antenna Hybridizing FPCA and FRA

The fundamental arrangement and operating principle of the aperture-shared an-
tenna structure is depicted in Figure 1. A partially reflective surface (PRS) is situ-
ated at the top, which comprises a metal layer, a metallic pattern and a dielectric
substrate. A multifunctional transmission-reflection integrated metasurface lo-
cated at bottom is designed to provide phase compensation for the FRA operating
at a higher band (13 GHz), while maintaining the phase response of the lower
band (8 GHz). It is constituted of two metallic patterns, two dielectric layers and
a metal layer sandwiched between the dielectric layers. A dual-band right-hand
circularly polarized (RHCP) planar feed is integrated at the center of the multi-

functional metasurface.

8 GHz band high gain z

based on FPCA I
\ \ O X
| D \ =
PRS I ;

/ \ VN
/ / NN
/ / R \\ \\ H
Multifunctional / / \ N N
M ¥ . 3
metasurface ° :
Feed l l J
______ LHCP wave - hiol
RHCP wave 13 GHz band high

gain based on FTA

Figure 1. Configuration of the proposed aperture-shared antenna.

In the lower band (8 GHz), the multifunctional metasurface functions as the
reflector which is essential to the FPCA configuration. The transmitted waves,
upon interacting with the reflector and the PRS, undergo in-phase superposition,
which effectively amplifies the radiation emitted from the aperture, thereby im-
proving the directivity and gain of the antenna.

In the higher band (13 GHz), the multifunctional metasurface acts as a flat fo-
cusing lens. The operating principle is illustrated in Figure 2. RHCP spherical
waves that radiated from the feed and propagating along the +2z-direction, are re-
flected by the PRS, where their polarization is changed from RHCP to LHCP.
These waves subsequently transmit through the bottom metasurface, with a re-
versal of polarization state (LHCP to RHCP), while being collimated into plane
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waves propagating along the -z-direction.
This approach achieves high-gain radiation at dual frequency bands. The dis-
tance (/) between the PRS and the multifunctional metasurface is half of the focal

length.
Imaginary feed
z — — — LHCP wave Offf',‘l’{A
RHCP wave
0 X //
PRS - - )
/ \ f
/ \
/ \\ H
Multifunctional / \
¥ x A
metasurface ° !
Feed l

Figure 2. Operation principle of the proposed FRA at 13 GHz.

3. Dual-Band Aperture-Shared Antenna Design

This section introduces the structures of the unit cells of the PRS and multifunc-
tional metasurfaces, with their operation performance validated through full-
wave simulations. Additionally, the aperture and phase distribution of the pro-

posed metasurface are presented.

3.1. Design of the Unit Cell of PRS

According to the theory proposed in [11], for the purpose of achieving construc-
tive interference of electromagnetic waves emitted from the resonant cavity for
high gain, the following equation should be satisfied:

Ppps + Pree =4t/ —2Nm, N =0,£1,+2... (1)

where 4 is the height of the resonant cavity, @szs and @gzr denote the reflection
phases of the PRS and the reflector, respectively. As a pivotal component of the
FPCA, the PRS significantly influences its directivity. Given the assumption of an
infinitely sized resonant cavity, the directivity D of FPCA can be derived as follows
[18]:

D=(L+R)/-R). 2)

where R represents the reflection magnitude of the PRS unit cell. Figure 3 illus-
trates the structure of the proposed unit cell of the PRS. The unit cell has a size of
12 x 12 mm? Two metallic patterns are etched on the upper and lower layers of a
F4B substrate (& = 3.5, tand = 0.001, thickness /; = 0.8 mm). Figure 3(b) presents
the simulation model of the unit cell in the CST Microwave Studio environment.
The unit cell is subjected to unit cell boundary conditions in the x-and y-plane,
while the Floquet ports are established along the z-axis. In the simulation, the in-
cident plane wave propagates in the +z-direction, with the majority being reflected

by the metallic pattern at the bottom of the unit cell, and a minor portion coupling
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through the dielectric substrate to the metallic structure at top, subsequently ra-

diating into free space.

() (b)

p1 P1

Figure 3. Geometries of the PRS unit cell (a) Perspective view (b) Simulation model of the
unit cell in CST (c) Top view. (d) Back view.

According to Equation (2), increasing the reflection coefficient is conducive to
enhancing the directivity of the FPCA. Therefore, it is necessary to adjust the pa-
rameters of the unit cell to achieve a high level of reflectivity. Initially, it is found
that the reflectivity of the unit cell is significantly influenced by the parameter r;.
Figure 4(a) demonstrates the variation of the simulated reflection amplitude of
the unit cell with respect to r;. It is noticeable that when r; is set to 5 mm, a reso-
nant peak is observed at 8.9 GHz, characterized by a sharp decrease in reflectivity.
As r;increases from 5 mm to 5.5 mm, the resonance peak gradually shifts leftward,
with the reflectivity at 8 GHz decreasing from 0.99 to 0.77. Upon further incre-
ment of r; to 6 mm, the resonance peak moves to the left of 8 GHz, resulting in an
increase in the unit cell’s reflectivity to 0.91.

The variation in r; also has an impact on the reflectivity of the unit cell within
the 13 GHz band. As r; increases, the resonance peak in the higher band shifts
progressively leftward, resulting in a decrease in reflectivity. When r; reaches 6
mm, the reflectivity at 13 GHz reduces to 0.22. Similarly, the influence of r,on the
reflectivity of the unit cells is depicted in Figure 4(b), which is analogous to that
of r1. Consequently, the design must take into account the impacts of both r; and
ryon both working frequency bands. Moreover, it is discovered that g; also signif-
icantly affects the reflectivity of the unit cell in the lower band. As depicted in
Figure 4(c), when g; increases from 0.5 to 2.5, the reflectivity around 8 GHz in-

creases from 0.54 to 0.93, while having a negligible effect on the reflectivity near
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13 GHz. In contrast to g;, an increase in gz results in a noticeable improvement in

reflectivity in the higher band, as demonstrated in Figure 4(d).
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Figure 4. Effect of (a) 7 (b) r4(c) g7 (d) gz on the reflection magnitude R;x of the PRS unit
cell.

Furthermore, as simulation results suggest that when the operating frequency
bands are in the vicinity of the resonant peaks, variations in the angle of incidence
can significantly affect the reflectivity and phase of the unit cell, it is necessary to
adjust the parameters of the unit cell to achieve enhanced reflectivity, while en-
suring the operation frequency bands remain at a considerable distance from the
resonant peaks. Following optimization via full-wave electromagnetic simulations

in CST Microwave Studio, the selected parameters are presented in Table 1.

Table 1. Parameters of the proposed PRS unit cell.

Parameters Value (mm) Parameters Value (mm)
pi1 12 Iy 5.4
wi 0.7 Is 3.8
w2 0.4 Is 2
I 55 g1 1.5
I 4.6 g2 1.5
I3 0.8 h; 0.8

The frequency response of the PRS unit cell, as well as the variations in reflec-
tion coefficient under illumination from different incidence angles (6), are de-

picted in Figure 5. As demonstrated in Figure 5, the reflection amplitude of the
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unit cell varies between 0.9 and 0.8 around 8 GHz, ensuring the high gain of the
Fabry-Pérot cavity structure. In the vicinity of 13 GHz, the magnitude of cross-
polarized reflection of the unit cell approaches 1, meeting the reflective require-

ments for a reflector of the FRA structure.

1.0

0.8

0.64

0.4 1

Magnitude

0.2

0.0 P —
6 7 8 9 12 13 14 15

Frequency (GHz)

Figure 5. Frequency response of the PRS unit cell.

As indicated in Figure 6(b) and Figure 6(c), within the 8 GHz frequency band,
when @increases from 0° to 50°, the reflectivity of the unit cell decreases from 0.80
to 0.71, while the reflection phase exhibits a variation of 26°. Within the 13 GHz
frequency band, there is a decreasing trend in the reflectivity of the unit cells as
the incidence angle increases, as illustrated in Figure 7(a). Nonetheless, even when
the incidence angle theta is raised to 50°, the unit cell still maintains a reflectivity
of approximately 0.82. Interferences during the phase compensation process are
one of the crucial contributors to the reduction in gain and circular polarization
purity of CP FRA. As evidenced in Figure 7(b), in the higher band, when the in-
cident angle & increases from 0° to 50°, the reflection phase of the unit cells in-
creases from 171° to 184", with a phase difference of merely 13°, indicating that
the unit cell exhibits commendable phase stability, which is important in mitigat-
ing additional phase errors. In general, it can be observed that the unit cell main-
tains a comparatively stable reflective performance in both operation bands when

01is less than 40°, thereby contributing to the enhancement of the gain of the FRA.
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Figure 6. (a) Frequency response (b) Reflection phase versus different incidence angles of
the PRS unit cell at 8 GHz.
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Figure 7. (a) Frequency response (b) Reflection phase versus different incidence angles of
the PRS unit cell at 13 GHz.

3.2. Design of the Unit Cell of the Multifunctional
Transmission-Reflection Integrated Metasurface

Figure 8 illustrates the structure of the multifunctional transmission-reflection
integrated metasurface element, which consists of two F4B substrates (thickness
h;=1mm) separated by a 0.035 mm thick metallic surface. Two identical metallic
patterns are printed on the top and bottom surfaces of the unit cell, respectively,
as presented in Figure 8(b). Figure 8(c) reveals that a slot with radius 7. has been
etched into the metallic ground plane to facilitate transmission function. The spe-
cific parameters of the element are detailed in Table 2. The frequency response of
the element under RHCP wave incidence is depicted in Figure 9(a). The unit cell
achieves a reflectivity approaching 1 at 8 GHz and a transmissivity of 0.9 at 13
GHz. The variation of the transmission phase of the unit cell with respect to the
rotation angle a is shown in Figure 9(b). With a rotated from 0° to 180°, a 360°
phase shift is accomplished.

Figure 10 illustrates the variation of phase with rotation angle of the unit at 13
GHz for different incidence angles (&). Within the range of = 0° - 40°, the unit
cell exhibits satisfactory amplitude and phase stability.

D2

Figure 8. Geometries of the unit cell of the multifunctional metasurface (a) Perspective
view in CST (b) Top view (c) Ground with a circular slot.
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Table 2. Parameters of the proposed unit cell of the multifunction metasurface.

Parameters Value (mm) Parameters Value (mm)
p2 10 A 3.1
Wa 1.4 I 2.7
L 5.7 la 1.5
h: 1
@ — (b) 150
3 o)
o8y s
1 1 =)
3 | % oof-
2 061 ] =
= Ry | &
E: L =
2 0.4 LR| 2
‘ 1 8 .60
| | g
0.2 g 120
_ sl
0.0 ——— == ; -180 ; ; ;
7 8 9 12 13 14 10 11 12 13 14

Frequency (GHz)

Frequency (GHz)

Figure 9. (a) Frequency response of the proposed unit cell; (b) Transmission phase of the
proposed unit cell with different rotation angles a.

~
&0
-

—
(=1

o
%

Tranmission Magnitude
o =3
- [}

— T, (0=0°) ——T,,(6=10°) | |

A T2 (0=20°) —v— T, (0=30%) |

—0— T} (0=40°) —4— T, (§=50°)| |

12.0 125

13.0 13.5 14.0

Frequency (GHz)

—_

=

~
L)
X
S

5%
=3
(=}

&)
=
=)

—
[353
(=]

Transmission Phase (deg)
£ ES

'
=
=}

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

(=]
L

"0, (6=0%)

—e— g, (0=10°)
—— gy, (0=20°)

—v— 7, (6-30%)
—o— gy, (6=40°)

_____________________

—— g, (6=50°)

0 30 60 90 120 150 180

Rotation Angle (deg)

Figure 10. Transmission (a) Magnitude (b) Phase of the proposed unit cell under different
incident angles 6.

3.3. Design of the PRS and Multifunctional Metasurface

In order to obtain a collimated beam, the refractive phase or reflection phase needs

to follow a parabolic contour. The calculation of the required transmission phase

distribution on the metasurface for focusing is as follows:
¢)(x,y):2n/1’1(«/x2+yz+ f? —f)+(p0. (3)

By introducing the periodicity of the arrangement of units, Equation (3) can be

transformed into a discretized form:

¢(m,n)=2np/1‘1(1/m2+n2+(f/p)2—f/p)+(po. (4)
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where fis the focal length, ¢, is the reference phase, and A signifies the operating
wavelength in free space. Although increasing the aperture size of the high-gain
antenna helps mitigate edge diffraction effects, it is essential to take the aperture

efficiency of the antenna into account, which can be calculated as follows:
n=(G2)/(4mh). (5)

where G represents the gain of the antenna, A denotes the operation wavelength
in free space, and A signifies the aperture area of the antenna. In this design, a
low-profile bidirectional dual-band CP antenna is achieved by integrating a CP
FPCA with a CP FRA within the same radiation aperture. According to Equation
(1), the distance H between the PRS and the multifunctional metasurface can be
determined. Finally, after optimization employing CST Microwave Studio, H is
established as 95.1 mm. Then the focal length fof the FRA is consequently deter-
mined, with the relationship £= 2H. Utilizing Equation (4), the aperture phase of
the multifunctional metasurface at 13 GHz can be calculated. The phase distribu-
tion and arrangement of the multifunctional metasurface are illustrated in Figure
11(a) and Figure 11(b), respectively.

In this design, the partial reflective surface and the multifunctional metasurface
are constituted of 289 and 441 elements, respectively, with a total aperture size of
210 mm x 210 mm and height of 97.9 mm.
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Figure 11. (a) Phase distribution; (b) Arrangement of the multifunctional metasurface.

4. Design and Simulation of the Aperture-Shared
Antenna

To evaluate the performance of the antenna, a dual-band CP stacked patch an-
tenna operating at 8 GHz and 13 GHz is designed, as shown in Figure 12(a). The
corresponding reflection coefficients and gains are illustrated in Figure 12(b),
with peak gains of 10 dBic and 9.6 dBic. By placing the stacked patch antenna at
the center of the multifunctional metasurface as the feed source, the aperture-

shared antenna is designed and simulated utilizing CST Microwave Studio.
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Figure 12. (a) 3-D sketch of the feed antenna in CST (b) Simulated reflection coefficient
and gain of the feed antenna.

(@ (b)
& 0
Z Siy
2 5
g a2
2 o) =
= -10 22} 8
o ~ E
o £ &
g 8 =
g 20
(=2
-25 T T T T £ T T T 4 T T t T /F——t T + 0
70 7.5 80 85 9.0 12.012.513.0 13.5 14.0 70 7.5 80 85 9.0 12.012.513.0 13.514.0
Frequency (GHz) Frequency (GHz)

Figure 13. (a) Reflection coefficient (b) Gain and axial ratio of the proposed antenna.
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Figure 14. Simulated radiation patterns at (a) 8 GHz (b) 13 GHz.

The proposed antenna exhibits good impedance matching around 8 GHz and
13 GHz, with the -10 dB impedance bandwidths of 17.51% (7.19-8.57 GHz) and
7.94% (12.24-13.22 GHz), as shown in Figure 13(a). The simulated gain and axial
ratio (AR) of the aperture-shared antenna are displayed in Figure 13(b). It can be
observed that the simulated peak gains reach 19.4 dBic and 22.8 dBic at 8 and 13
GHz, with corresponding aperture efficiencies of 63.2% and 65.6%. Additionally,
the 3 dB AR bandwidths of the antenna are 10.9% (7.58-8.45 GHz) and 8.4%
(12.63 - 13.21 GHz) for the lower and higher bands, respectively. Figure 14(a) and
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Figure 14(b) illustrates the simulated radiation patterns of the antenna in the xoz-
and yoz-planes at 8 GHz and 13 GHz, respectively. The observation indicates that
the antenna exhibits a cross-polarization level of approximately -20 dB.

Table 3 provides a comparative analysis of the proposed antenna with other CP
aperture-shared antenna designs. In contrast to recently proposed aperture-
shared works, the proposed antenna exhibits a notable improvement in imped-
ance matching bandwidth, particularly in the lower band, while maintaining com-
petitive performance in terms of 3 dB AR bandwidth. Under similar frequency
ratios and gain levels, the proposed antenna achieves nearly double the improve-
ment in aperture efficiency compared to the design in [21] and offers up to 80%

reduction in profile size compared to the antenna in [24].

Table 3. Comparison of different types of shared-aperture antennas.

F Peak Gain Imped 3dp AR Lperture
requenc eak Gain Impedance
Ref. Profile (Aiow) q . Y ) P Efficiency
Ratio (dBic) BW (%) BW (%) %)
0
[19] 0.05/0.08 1.5 5.1/5.4 4.5/10 N.A. N.A.
Single-layer
[20] 14 17.5/18.3 8.3/18.9 14.2/14.9 N.A.
Substrate
[21] 5.717 1.18 23.9/24.5 7.517 8.3/7.04 32.3/28.9
[22] 0.05/0.07 1.6 8.6/6.4 4.5/2.7 1.04/0.75 88.3/88.3
[23] 0.6/0.1 1.5 17.7/20.9 1.5/5.7 2.5/1.7 81.4/77
[24] 14.6/23 1.5 27.0/28.5 14.2/11.1 25/16.7 34.9/35.3
This work 2.6/4.2 1.625 19.4/22.8 17.51/7.94 10.9/8.4 63.2/65.6

5. Conclusion

In this work, through the integration of the FPCA with FRA, an aperture-shared
bidirectional dual-band circularly polarized antenna characterized by low-profile
and high gain, is designed and simulated utilizing CST Microwave Studio. Simu-
lation results demonstrate that the antenna exhibits favorable reflection coeffi-
cients within the frequency bands of 7.19 - 8.57 GHz and 12.24 - 13.22 GHz, while
maintaining good circular polarization purity across 7.58 - 8.45 GHz and 12.63-
13.21 GHz. Moreover, the antenna exhibits dual-band high gain performance, its
peak gains reaching up to 19.4 dBic at 8 GHz and 22.8 dBic at 13 GHz. The aper-
ture efficiencies of the antenna are 63.2% and 65.6%, respectively. The antenna
has an aperture size of 5.6 diow X 5.6 10w X 2.6 A0 With a height-to-diameter ratio of
0.46, making it highly promising for widespread application in wireless commu-

nication.
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