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Abstract. Fabry-Perot (F-P) resonant cavity antenna is 
a high-gain antenna, which can increase the gain of mi-
crostrip antenna significantly, without a complicated feed 
network. It has a simple structure and it is easy to process. 
In this paper, the polarization grid structure and the zigzag 
structure are combined to design a linear-circular polari-
zation conversion metasurface unit. This unit can convert 
the linearly polarized incident wave that is perpendicular 
to the polarization grid into circularly polarized transmit-
ted wave in the range of 9.26~10.84 GHz. The unit and its 
mirror image unit are arranged in a checkerboard shape 
as a metasurface and placed above the microstrip antenna. 
Thus a linear polarized F-P resonant cavity antenna with 
high gain and low radar cross section (RCS) is proposed. 
In order to verify the performance of the antenna, the F-P 
resonant cavity antenna was processed and measured. The 
measured results and simulated results have shown good 
consistency. Compared with the original microstrip an-
tenna, the polarization purity of the F-P resonator cavity 
antenna is enhanced in the range of 9.55~9.85 GHz, and 
the gain is improved in the working frequency range of 
9.50~10.04 GHz with a maximum increase of 5.55 dB,  
and the RCS reduction was achieved in the range of 
9.47~11.97 GHz with a maximum reduction of 17.47 dB. 

Keywords 
F-P resonant cavity antenna, metasurface, high gain, 
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1. Introduction 
Nowadays, with the continuous development of radar, 

beyond-visual-range warfare has gradually become one of 
the main modes of modern warfare. Therefore, all the 
countries in the world attach great importance to the re-
search and application of radar stealth technology. RCS is 
an important indicator that reflects the performance of 
radar stealth. With the application of new stealth technolo-
gies such as frequency selective surface (FSS) and wave-
absorbing coatings, the RCS of aircrafts and ships and 
other weapon platforms has become very low. However, as 
the electromagnetic open window on the stealth platform, 

a large number of antennas become the main contribution 
of its scattering. So it is very necessary to reduce the RCS 
of the antenna. 

Metasurface is a two-dimensional metamaterial struc-
ture that is arranged by sub-wavelength units periodically 
or quasi-periodically. By designing the unit structure and 
its arrangement, the electromagnetic (EM) wave character-
istics can be modulated [1]. It has significant advantages in 
polarization control [4], [5]. In recent years, design of an-
tenna based on metasurfaces has become a very important 
direction in antenna research to improve performance of 
antenna, such as increasing gain and reducing RCS [6–10]. 
In [11] and [12], the RCS reduction of the antenna is suc-
cessfully achieved by phase cancellation between different 
antenna elements. It is a method to improve the perfor-
mance of antenna by using metasurface coating on top of 
antenna [13], [14]. In [15] and [16], F-P resonant cavity 
antennas are designed to improve gain and reduce RCS. 

In this paper, a transmissive linear-circular polariza-
tion conversion metasurface unit is designed. The unit and 
its mirror image unit are arranged in a checkerboard shape 
as a metasurface and placed above the microstrip antenna. 
The metasurface and the antenna ground plate form an F-P 
resonant cavity, so a linear polarized F-P resonant cavity 
antenna with high gain and low RCS is designed. Com-
pared with the original antenna, the designed F-P resonator 
cavity antenna has a higher gain, higher polarization purity 
and lower RCS. Finally, the antenna was processed and has 
been measured in a microwave anechoic chamber. The 
simulation results are in good agreement with the measure-
ment results. 

2. Theoretical Analysis and Unit Design 

2.1 The Principle of the F-P Resonant Cavity 
Antenna 

The F-P resonator cavity antenna is a high-gain 
antenna. It has a cladding structure with partial reflection 
characteristics which is placed on the top of the antenna, as 
shown in Fig. 1. The EM wave radiated by the feed is 
incident on the partially reflective surface (PRS) at , part of 
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Fig. 1. Schematic of the F-P resonator cavity antenna. 

wave is transmitted through the PRS, and the other part is 
reflected back into the cavity by the metasurface. Then the 
reflected EM wave will be totally reflected by the ground 
plane of antenna at . The EM wave will be reflected and 
transmitted several times in the resonator cavity. When the 
resonant condition is satisfied, the transmitted EM wave 
will be stack in same phase on the outside of the PRS, thus 
significantly improving the gain of the antenna [15–17]. 

Assuming that the transmitting coefficient and 
reflection coefficient of the metasurface can be expressed 
as  

 PRS1 jje , e .t T r R      (1) 

Then the transmission coefficient of the EM wave that 
directly penetrates the metasurface by the feed radiation 
can be expressed as 

 
0t t .   (2) 

When the EM wave is reflected by the metasurface 
once, the transmission coefficient can be calculated as 
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In the above equation, φGND is the reflection phase of 
the antenna bottom metal plate, k = 2π/λ is the propagation 
constant, and λ is the wavelength. It can be deduced that 
the transmission coefficient of the resonator cavity after n-
times reflection can be expressed as (4). Therefore, the sum 
of all transmission coefficients along the direction of θ can 
be calculated as (5): 
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According to the law of conservation of energy, the 
total transmission coefficient of power is given by (6): 

 
2

*
total total 2

1
,

1 2 cos

R
D t t

R R


 

  
  (6) 

 
PRS GND

4
cos .h

   


      (7) 

In (7), φPRS is the reflection phase of the PRS, and 
φGND is the reflection phase of the bottom metal plate. 
When cosΦ = 1, the transmission coefficient of power can 
get the maximum value which can be calculated as 
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It can be seen that Dmax 	is positive correlation with 
the reflection amplitude of the PRS. So the larger ampli-
tude it has the higher antenna gain it achieves. Considering 
that the maximum radiation direction of the antenna is 
θ = 0, the antenna resonance condition can be expressed as 
(9). When φGND = π, equation (9) can be expressed as (10)   
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2.2 Design of Metasurface Unit 

Circularly polarized waves can be generated using 
metasurface [18]. In [19], the metal gap structure was used 
to generate circularly polarized waves. Cutting away cor-
ners is also a common method to realize circular polariza-
tion of microstrip antenna. According to this theory, this 
paper adopts the structure that one corner of the square 
metal patch is cut away and the opposite corner is cut into 
zigzag to realize the conversion from linear polarization to 
circular polarization, as shown in Fig. 2(a). In order to 
explain the mechanism of generating circular polarization, 
an equivalent circuit is used for analysis. The part of the 
red dashed frame in Fig. 2(b) is regarded as a unit, and the 
transmitted wave can be decomposed into two orthogonal 
components. If the corner of the unit is not cut away, as 
shown in Fig. 2(c), the two orthogonal components will 
produce the same impedance, and the impedance can be 
expressed as 

 ' '1
2 2 j j

j
Z R L R X

C



     .  (11) 

In the above equation, R and L respectively represent 
the resistance and inductance of each unit, C represents the 
capacitance generated by the gap between adjacent and 
opposite units. When the unit is truncated, the structure is 
no longer symmetrical, E1 and

 
E2 

will produce different 
impedance: 

 ' '
1 1 1jZ R X  ,  (12) 

 ' '
2 2 2j .Z R X    (13) 

Changing the size of the corner can produce different 
impedance, when Z1 = Z2 and Z1 – Z2 = π/2, there 
will be E1 = E2 and E1 – E2 = π/2, and the conver-
sion from linear polarization to circular polarization will be 
achieved. 
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                               (a)                                                   (b)   

        
                              (c)                                                    (d)   

Fig. 2.  The structure of the dashed box unit. 

 
(a) 

 
(b)                                                     (c) 

Fig. 3.  The structure diagrams of unit. 

When this unit is placed above the linear polarized an-
tenna, if the upper and lower surfaces have the same metal 
structure, a part of the incident wave radiated by the linear 
polarized antenna will be converted into a cross-polarized 
reflected wave and be reflected back. The reflected cross-
polarized wave will be reflected with the same polarization 
by the bottom metal plate of the antenna, and it will be 
incident on the PRS again. In the forward radiation space 
of the unit, there are both left-handed circularly polarized 
waves and right-handed circularly polarized waves, it will 
seriously affect the circular polarization performance of the 
metasurface. Therefore, when the unit is placed above 
a microstrip antenna to form an F-P resonant cavity 
antenna,  special attention should be paid to the cross-polar- 
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Fig. 4.  Simulation results of the unit: (a) Reflection and trans-
mission amplitude; (b) Reflection and transmission 
phase; (c) AR. 

ized reflection coefficient of the PRS, and the cross-polar-
ized wave in the resonant cavity should be minimized. 

In order to reduce the cross-polarized wave in the res-
onant cavity, a metasurface which is composed of a zigzag 
patch and a polarization grid is proposed, as shown in 
Fig. 3. The upper layer is a zigzag metal structure, the mid-
dle is a dielectric layer, and the bottom layer is a metal grid. 
The dielectric layer uses F4B with a dielectric constant of 
2.65 and a loss tangent of 0.001. The parameters of the unit 
are as follows: p = 5 mm, d = 0.6 mm, h = 2.5 mm, 
l1 = 3.9 mm, l2 = 2.4 mm, c1 = 0.2 mm, c2 = 0.3 mm. 

ANSYS 2019 is used to simulate the designed unit. 
When the y-polarized wave is incident along the +z-axis, 
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the simulation results are shown in Fig. 4. Tyy represents 
the co-polarized transmission component, Txy represents the 
cross-polarized transmission component, Ryy represents the 
co-polarized reflection component, Rxy represents the cross-
polarized reflection component, and Δφ represents the 
phase difference of the Tyy and Txy. It can be seen from the 
results that the design of the polarization grid makes the 
reflected wave almost no cross-polarization component. 
Comparing the Tyy and Txy, the amplitude is basically equal, 
the value of phase difference is 90° and the phase of the Tyy 
is ahead of the phase of the Txy. It can be concluded that 
when the y-polarized incident wave is incident alongthe 
direction of +z-axis, the transmitted wave is a left-handed 
circularly polarized wave. The Axial Ratio (AR) of the 
circularly polarized transmitted wave can be calculated by 
(14) [20]. As shown in Fig. 4, the 3-dB bandwidth of AR is 
9.26~10.84 GHz. 
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Rotate the zigzag metal patch 90° clockwise around  
z-axis and other parameters are unchanged to form a mirror 
image unit, as shown in Fig. 5(a). When the y-polarized 
incident wave is incident along the +z-axis, the simulation 
results are shown in Fig. 5. T´yy represents the co-polarized 
transmission component, T´xy represents the cross-polarized 
transmission component, R´yy represents the co-polarized 
reflection component, and Δφ´ represents the phase 
difference of T´yy and T´xy. It can be seen from the result that 
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Fig. 5. Simulation results of mirror image unit: (a) Structure 
diagram of mirror image unit; (b) reflection amplitude 
and transmission amplitude; (c) reflection phase and 
transmission phase; (d) AR. 

3-dB bandwidth of AR is 9.24~10.82 GHz. The amplitude 
of T´xy and T´yy is equal to the original unit. The value of 
phase difference between T´xy and T´yy is 90°. The phase of 
T´xy is ahead of T´yy. When the y-polarized incident wave is 
incident on the mirror image unit along the direction of  
+z-axis, the transmitted wave is a right-handed circularly 
polarized wave. 

3. Low RCS and High Gain Linear 
Polarization Antenna Based on 
Metasurface 
Assuming E1 and E2 are circularly polarized waves 

that propagating along the direction of +z-axis with equal 
amplitude and opposite rotation directions: 

 j0
x y= ( j )e ,

2
kzE 1E e e  (15) 

 j0
x y= ( j )e ,

2
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(a) 

 
(b) 

Fig. 6. The structure diagram of the antenna: (a) Structure 
diagram of microstrip antenna; (b) structure diagram of 
F-P resonant cavity antenna. 
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Fig.7.  Reflection characteristics of metasurface unit:  
(a) Reflection amplitude; (b) Reflection phase. 

It can be seen from the above equations that two 
circularly polarized waves with the same amplitude and 
opposite rotation directions can be combined into a linearly 
polarized wave. 

Based on the theory, the original unit and mirror im-
age unit were arranged in a checkerboard to form a 12 × 12 
PRS and placed above the microstrip antenna which work-
ing at 10 GHz to form a high-gain linear polarization F-P 
resonator cavity antenna, as shown in Fig. 6.  

The reflection characteristics of the two types of units 
when the y-polarized wave is incident along the direction 
of +z-axis are shown in Fig. 7. "0" represents the original 
unit, "1" represents the mirror image unit. rxy represents the 
cross-polarized reflected wave, ryy represents the co-polar-
ized reflected wave, ΔΦ represents the phase difference of 
the rxy("0") and rxy("1"). It can be seen from Fig. 7 that the 
cross-polarized reflected wave of the two units satisfies the 
condition of phase cancellation. That is to say, the designed 
antenna has the RCS reduction effect, and the amplitude of 
rxy is largest at 10.3 GHz, so the RCS reduction value 
would be the largest. The height of the air layer can be 
calculated by (10). After optimization, the height is 
H = 29.5 mm. The other parameters of the antenna are as 
follows: h1 = 2.5 mm, L = 7.6 mm, W = 10.9 mm, D1 = 3 mm, 
D2 = 1.2 mm, D3 = 2 mm, s = 60 mm.  

3.1 Radiation Performance Analysis 

The results of simulation are shown in Fig. 8(a). The 
–10-dB bandwidth of the microstrip antenna is between 
9.61 and 10.40 GHz. After loading the metasurface, the 
bandwidth of the antenna is reduced, the –10-dB bandwidth 
is 9.50~10.04 GHz, and the resonance point of the antenna 
is shifted to low frequency. 

It can be seen from Fig. 8(b) that the AR of the F-P 
resonator cavity antenna is more than 40 dB in the range of 
9.50~10.04 GHz and larger than that of the microstrip 
antenna in the range of the 9.55~9.85 GHz. This indicates 
that the linear polarization purity of the antenna has been 
improved after adding the checkerboard metasurface. 

Compare the gain pattern of two antennas at the 
10 GHz. As is shown in Fig. 8(c) and Fig. 8(d), it can be 
seen that the maximum gain of the F-P resonator cavity 
antenna is improved, the directivity of antenna is enhanced, 
and the metasurface has the effect of beam focus. It can be 
seen from Fig. 8(e) that the gain of the F-P resonator cavity 
antenna is improved in the range of 9.50~10.04 GHz, and 
the maximum gain increases 5.55 dB, but the backward 
gain also increases. This is due to the partial reflection 
characteristics of the metasurface. Some of the EM waves 
radiated by the microstrip antenna are reflected by the PRS, 
and the reflected EM waves will be diffracted through the 
antenna bottom plate. Therefore, the backward gain is 
improved. 

Based on the above analysis, the designed F-P reso-
nant cavity antenna can improve the polarization purity and 
enhance forward gain in the range of 9.50~10.04 GHz. 
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Fig. 8.  Comparison of radiation performance: (a) Working 
bandwidth; (b) AR; (c) gain pattern of E plane at 
10 GHz; (d) gain pattern of H plane at 10 GHz;  
(e) gain of maximum radiation direction. 
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Fig. 9. Scattering performance of the antenna: (a) Monostatic 
RCS; (b) three-dimensional RCS diagram of mi-
crostrip antenna at 10.3 GHz; (c) three-dimensional 
RCS diagram of F-P resonator antenna at 10.3 GHz. 
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3.2 Scattering Performance Analysis 

Employ the y-polarized incident wave as the radar de-
tection wave, and analyze the scattering performance of the 
F-P resonator cavity antenna. The simulation results are 
shown in Fig. 9. It can be seen from Fig. 9(a) that the F-P  
resonant cavity antenna has achieved monostatic RCS 
reduction in the range of 9.47~11.97 GHz, and the fre-
quency point of the largest reduction value is 10.3 GHz. 
The largest reduction value is 17.47 dB. It also verifies the 
previous presumption about the low scattering performance 
of the antenna. The three-dimensional RCS diagrams of the 
antennas at 10.3 GHz are shown in Fig. 9(b) and Fig. 9(c). 
It can be seen that the F-P resonant cavity antenna has 
an obvious RCS reduction effect compared to the mi-
crostrip antenna. 

4. The Result Analysis of Measurement 
As shown in Fig. 10, in order to verify the simulation 

results, the F-P resonator cavity antenna was processed. 
During processing, the intermediate dielectric layer of the 
microstrip antenna and the metasurface were widened, and 
four via holes with a diameter of 3 mm were punched to 
facilitate the combination of the microstrip antenna and the 
metasurface. Nylon screw was used to fix the antenna and 
strictly control the height of the air cavity to form an F-P 
resonant cavity antenna. 

      
                              (a)                                                   (b) 

 
(c) 

Fig. 10.  Finished product :(a) Metasurface; (b) microstrip 
antenna; (c) F-P resonant cavity antenna. 

    
                                (a)                                                   (b) 

Fig. 11.  Measured environment: (a) Radiation; (b) scattering. 

The environment of microwave anechoic chamber is 
shown in Fig. 11, and this experiment uses the vector net-
work analyzer of Agilent 5230C. The standard horn 
antenna is used as the transmitting antenna, and the test 
antenna is placed on the turntable. The test antenna was 
aligned with the center of the standard horn antenna by 
a level calibrator. The distance between the test antenna 
and the standard horn antenna satisfies the far-field condi-
tions. The reflection coefficient and direction pattern were 
tested respectively, and the scattering characteristic of the 
F-P resonator cavity antenna was tested. The comparison 
between the simulation results and the measured results is 
shown in Fig. 12. The difference between the simulation 
results and measured results is mainly due to the 
environment error and the machining error, and the 
difference is within the allowable range of error. 
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Fig. 12.  Comparison between simulation results and measure-
ment results: (a) Working bandwidth; (b) E-plane gain 
pattern of microstrip antenna at 10 GHz; (c) H-plane 
gain pattern of microstrip antenna at 10 GHz;  
(d) E-plane gain pattern of F-P resonant cavity antenna 
at 10 GHz; (e) H-plane gain pattern of F-P resonant 
cavity antenna at 10 GHz; (f) RCS reduction. 

5. Conclusion 
In this paper, a transmissive linear-circular polariza-

tion conversion metasurface is designed. The polarization 
conversion metasurface unit and its mirror image unit were 
arranged in a checkerboard to form a 12 × 12 polarization 
conversion metasurface, which are placed on the top of the 
microstrip antenna as a cladding layer. Because two circu-
lar polarization waves with the same amplitude and oppo-
site rotation can be used to synthesize a linear polarization 

wave, then a linear polarization F-P resonant cavity an-
tenna is formed. The F-P resonant cavity antenna also has 
high gain and low RCS. This design can realize the com-
prehensive control of radiation and low scattering. In order 
to verify the feasibility of the design, the F-P resonant 
cavity antenna was processed, and measured in a micro-
wave anechoic chamber. The measured results and simu-
lated results have shown good consistency. This design has 
important reference value in the comprehensive control of 
antenna’s radiation performance and scattering perfor-
mance. 
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