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Abstract ─ In this paper, a wideband Fabry-Perot (FP) 

resonator antenna is designed based on single-layer 

frequency selective surface (FSS) structure. The antenna 

adopts a single-layer complementary circular FSS 

structure as the partially reflecting surface (PRS) of 

Fabry-Perot resonator antenna to improve the gain. The 

wideband slot-coupled patch antenna is used as the 

source. The proposed FSS maintains a positive slope 

reflection phase gradient in the band of 10.3-16.0 GHz, 

which satisfies the realization conditions of the wideband 

Fabry-Perot resonator antenna. The measured results 

show that the 10-dB impedance matching bandwidth of 

the proposed Fabry-Perot resonator antenna covers 

11.99-15.54 GHz (25.8%), the maximum gain is 13.16 

dBi at 14.2 GHz, and the 3-dB gain bandwidth is 26.1%. 

The measurement results verify the feasibility of the 

design method. 

Index Terms ─ Fabry-Perot resonator antenna, frequency 

selective surface, high-gain, wideband antenna. 

I. INTRODUCTION
The Fabry-Perot resonator antenna is composed of a 

source antenna and a PRS. The Fabry-Perot antenna has 

the characteristics of high gain, high orientation, low 

profile and easy processing [1-5]. In recent years, many 

researchers have been attracted by the excellent 

performances of FP resonant cavity antenna [6-10]. 

In general, the reflection phase of the PRS has the 

characteristic of high Q value. Therefore, the gain 

enhancement of the FP resonator antenna is narrow-

band. In order to improve the operating bandwidth of the 

FP resonator antenna, the PRS with the gradient structure 

can be used to compensate the phase in the different 

propagation direction, thus the PRS structure with gain 

enhancement in a wide band for FP resonator antenna. In 

[11], a single-layer FSS with quasi-periodic gradient is 

used as the PRS of the FP resonator antenna. The FSS 

structure with gradual change from the middle to the 

outer side can compensate the radiation phase 

appropriately, and the broadband FP resonator antenna 

with the maximum gain of 18.53 dBi and 3-dB gain 

bandwidth (GB) of 12.2% is realized. In [12], it applies 

this idea to the ground of the radiation source, and 

increases the gain bandwidth of the FP resonator antenna 

by loading the high impedance surface (HIS) on the 

metal ground. 

In addition, the multi-layer PRS structure can also 

achieve bandwidth gain enhancement. In [13], a two-

layer periodic structure is used as PRS of FP resonator 

antenna, and a broadband FP resonator antenna with a 

relative bandwidth of 5.1% and the maximum gain of 

17.44 dBi is obtained. In [14], a multi-layer broadband 

FP resonator antenna fed with double slot coupling is 

proposed, the broadband FP resonator antenna with the 

fractional bandwidth of 16% and the maximum gain of 

19 dBi is realized. In [15], through the exquisite design 

of three layer PRSs, a broadband FP resonator antenna 

with multi-layer PRS has the relative bandwidth of 

10.7%, and it has the maximum gain of 16.9dBi. 

Although the FP resonator antenna with multi-layer PRS 

has large gain, its profile is large and its relative 

bandwidth is narrow. 

In recent years, the PRS with positive reflection 

phase gradient has attracted the attention of scholars for 

improving the gain bandwidth of FP resonator antenna. 

In [16], two layers of dielectric superstrates with positive 

slope reflection phase gradient is used as PRS. The 

wideband FP resonator antenna with the relative 

bandwidth of 25.8% and the maximum gain of 15 dBi is 

realized. The antenna has good properties, but it has a 

high profile. In [17], a broadband FP resonator antenna 

with the relative bandwidth of 15% and the maximum 

gain of 20 dBi is proposed by using three layers periodic 

PRSs with positive reflection phase gradient. The FP 

resonator antenna formed by PRS with positive reflection 

phase gradient can effectively improve its 3-dB gain 

bandwidth, but its profile is high. 

In order to expand the 3-dB gain bandwidth and 

reduce profile of the FP resonator antenna, a FSS with 

circular complementary structure is etched on both sides 

of the substrate as the PRS to form the FP resonator 

antenna in this paper. The FSS with positive reflection 

phase gradient in the band of 10.3-16.0 GHz, and a slot-

ACES JOURNAL, Vol. 34, No. 6, June 2019

1054-4887 © ACES

Submitted On: September 3, 2018 
Accepted On: December 21, 2018

898



coupled patch antenna as the source to achieve a 

wideband FP resonator antenna. The measured results 

show that the proposed antenna with |S11|<-10 dB of 

11.99-15.54 GHz, the 3-dB gain bandwidth of 12.36-

15.6 GHz, and the peak gain of 13.16 dBi. 

II. FSS AND RADIATION ANTENNA

A. Numerical analysis

As shown in Fig. 1, the FP resonator is actually a

semi-open resonator, which consists of a ground and a 

partially reflecting surface. The electromagnetic wave 

radiated by the source is reflected repeatedly between the 

upper and lower surfaces of the resonant cavity. 

Assuming that the incident wave with frequency of f 

illuminates the ground and the metal ground has total 

reflection properties, the reflection amplitude of ground 

is equal to 1. Therefore, the reflection coefficient of 

ground can be expressed as 𝑒𝑗𝜑𝐺𝑁𝐷, where 𝜑𝐺𝑁𝐷 is the

reflection phase of ground. Meanwhile, the reflection 

coefficient of PRS can be expressed as 𝑝𝑒𝑗𝜑𝑃𝑅𝑆, where p

and 𝜑𝑃𝑅𝑆  denote reflection amplitude and reflection

phase of the PRS, respectively. Considering that the 

source is much smaller than the overall size of the Fabry-

Perot resonator, it can be approximately regarded as a 

point source. 

Fig. 1. The schematic diagram of Fabry-Perot resonator. 

The electric field intensity of each electromagnetic 

wave transmitted from PRS is superimposed as [1]: 
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where E0 is the amplitude of the first emitted wave, n

is the total phase variations during the reflections between 

the ground and the PRS, n denotes the nth emitted wave, 

f(α) is the field intensity direction function, α is the 

incidence angle, c is the velocity of light, h is the 

thickness of cavity. The absolute value of field strength 

is expressed as: 
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Thus, the power pattern S is: 
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when α=0°, the power pattern S becomes: 
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The maximum power in the direction of α=0° can be 

obtained when: 
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and the maximum power pattern is: 
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It can be concluded that when f, h, φGND and φPRS 

satisfy the resonance condition of equation (6), the FP 

resonator antenna will have the largest forward energy 

density. From equation (7), the power pattern S of FP 

resonator antenna is positively correlated with the 

reflection amplitude of the PRS, which means that as the 

p increases, the maximum power pattern Smax of the FP 

resonator antenna will increase. 

Assuming that the directivity of the source antenna 

is D0 at frequency f, and the directivity is Ds after adding 

a PRS above it. By equation (7), the relative directivity 

D can be expressed as follows: 
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According to the above numerical analysis, as the f, 

h, φGND and φPRS satisfy the Fabry-Perot resonance 

condition, the FP resonance mode can be excited. The 

directivity of FP resonator antenna is positively correlated 

with the reflection amplitude of PRS. In order to obtain 

a large directivity of the FP resonator antenna, the 

reflection amplitude of the designed PRS should be as 

large as possible. 

B. The design of FSS

From equation (6), the PRS reflection phase can be

expressed as: 

4
2PRS GND

h
f N

c


     , 

(9) 

where h is the thickness of the cavity, c is the velocity of 

light, and φPRS is the reflection phase of PRS, φGND=-π. It 

can be seen that when the resonant cavity height h, 

resonant frequency f and φPRS meet the equation (9), the 

FP resonance mode can be excited to achieve the gain 

enhancement. Therefore, the PRS with positive reflection 

phase gradient is the key point to design the wideband 

FP resonator antenna 

The design of PRS structure is an important part for 

the wideband FP resonator antenna. In this paper, the 
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designed FSS acts as PRS, the proposed FSS structure is 

shown as shown in Fig. 2 (a). The FSS unit is composed 

of a circular complementary structure, p=6.5 mm, it is 

etched on both sides of the F4BM220 substrate with the 

thickness of 1.5 mm (ε1=2.2, tanδ=0.0007). 

(a) 

(b) 

Fig. 2. The unit of FSS: (a) structure and (b) simulation 

model. 

To analyze the characteristic of positive reflection 

phase gradient of FSS structure, the parameters of FSS 

are analyzed. Fig. 2 (b) is the schematic diagram of 

simulation model. Port 1 and Port 2 are set at a distance 

from the FSS unit, and the boundary conditions of the 

simulation models are set to magnetic boundary and 

electrical boundary in the direction of ±x and ±y, 

respectively. When the incident wave propagates along 

the +z direction, the simulated results of parameters 

scanning are shown in Fig. 3. In Fig. 3 (a), fixed r2=3.0 

mm, with the increase of r1, the resonance frequency 

shifts to low frequency, the reflection amplitude increases 

slightly, the slope of the reflection phase curve is 

approximately the same, and the positive reflection 

phase gradient bands shift to the low frequency. In Fig. 

3 (b), fixed r1=2.3 mm, with the increase of r2, the 

resonance frequency shifts to low frequency, the reflection 

amplitude decreases obviously, the slope of the reflection 

phase curve increases, and the positive reflection phase 

gradient bands also shift to low frequency. Select 

parameters h2=1.5 mm, r1=2.3 mm, r2=3 mm, the FSS 

unit structure has a positive slope reflection phase 

gradient band in the range of 10.3-15.9 GHz, and the 

reflection amplitude is more than 0.58. According to the 

equation (9), it is known that the FP resonator antenna 

designed by the FSS structure can excite the FP 

resonance mode in a wide band, and realize the gain 

enhancement of the FP resonator antenna in a wide band. 

(a) 

(b) 

Fig. 3. The reflection coefficients of PRS: (a) r2=3.0 mm 

and (b) r1=2.3 mm. 

C. Source antenna

The designed wideband source antenna is made up

of a slot antenna and parasitic patch, as shown in Fig. 4. 

The ground and feed line of the slot antenna are etched 

on both sides of the F4BM220 substrate (ε2=2.2, 

tanδ=0.0007) with the thickness of 0.8 mm, respectively. 

The length and width of the slot antenna are W=60 mm, 

and the parasitic patch is placed at hair=3 mm above the 

slot of the ground. The structural parameters are shown 

in Table 1. As shown in Fig. 5, the |S11|<-10 dB of the 

slot-coupled patch antenna is 12.36-16.29 GHz, and the 

maximum gain is 8.33 dBi at 15.0 GHz. Apparently, the 

10-dB impedance matching bandwidth of the source

antenna is within the range of the positive slope

reflection phase gradient band of the designed FSS.

Fig. 4. The schematic diagram of the slot-coupled patch 

antenna. 
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Table 1: Parameters value of the slot-coupled patch 

antenna 

Parameters h1 l1 l2 l3 ls 

Value (mm) 0.8 24 6 1.7 7 

Parameters wp wd w1 w2 ws 

Value (mm) 5.5 10 2.3 0.9 1 

Fig. 5. The simulated results of the slot-coupled patch 

antenna. 

III. WIDEBAND FABRY-PEROT ANTENNA

A. Wideband Fabry-Perot antenna

Based on the above design of the FSS structure and

the source, an FP resonator antenna with wideband and 

high gain is designed. The unit of FSS element is etched 

in a 7×7 periodicity on the F4BM220 substrate of W×W, 

and placed at hc above the ground of slot antenna. Figure 

6 is the schematic diagram of the wideband FP resonator 

antenna. A part of the electromagnetic wave radiated by 

slot-coupled patch antenna is reflected in the cavity, and 

part of it is transmitted through the FSS structure. When 

the thickness of the cavity and the reflection phase of the 

FSS satisfy the FP resonance condition, the gain is 

enhanced. 

Fig. 6. The schematic diagram of the proposed antenna. 

The thickness of FP cavity is an important factor that 

affects the performance of wideband FP resonator 

antenna. In order to design FP resonator antenna with 

good performance, the influence of different cavity 

thickness on the bandwidth and gain of FP resonator 

antenna should be taken into account. 

The effect of different cavity thickness on the |S11| 

and the realized gain of FP resonator antenna is analyzed. 

As shown in Fig. 7 and Table 2, other parameters are 

fixed, as the hc increases from 9.5 mm to 11.0 mm by 

step length 0.5 mm, the |S11|<-10 dB of the designed 

antenna is changed from two to one, and the relative 

bandwidth is gradually expanded, while the 3-dB gain 

bandwidth is increased first and then reduced, but the 

maximum gain is gradually reduced. Therefore, 

considering the design of the wideband FP resonator 

antenna with large operating bandwidth and high gain, 

hc=10.5 mm is selected. For this case, the proposed 

antenna with the 10-dB impedance matching bandwidth 

of 11.99-15.81 GHz (27.4%), 3-dB gain bandwidth of 

11.9-15.5 GHz (26.3%), and the maximum gain of 13.26 

dBi at 15.0 GHz. Meanwhile, the half-power beamwidth 

of 15.0 GHz of the E- and H- planes are 23.9° and 39.2°, 

respectively. 

(a)   (b) 

Fig. 7. The simulated results of vary hc: (a) S11 and (b) 

realized gain.  

Table 2: Comparison between different hc 

hc

(mm) 

|S11|<-10 dB 

(GHz) 

3-dB Gain

Bandwidth (GHz) 

9.5 
12.32-13.02 (5.5%) 

14.60-15.79 (7.8%) 
13.6-16.7 (20.5%) 

10.0 
12.15-13.12 (7.7%) 

14.16-15.82 (11.1%) 
12.3-16.1 (26.8%) 

10.5 11.99-15.81 (27.4%) 11.9-15.5 (26.3%) 

11.0 11.84-15.68 (27.9%) 11.7-14.9 (24.1%) 

  (a) (b) 

Fig. 8. The simulated results of proposed antenna with 

different h2: (a) |S11| and (b) realized gain. 
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The effect of h2 on the performance of the proposed 

antenna is also considered. We fixed other parameters 

and scan the h2 from 1.1 mm to 1.7 mm by step of 0.2 

mm. The simulated results are shown in Fig. 8. It shows

that when h2 increases from 1.1 mm to 1.5 mm, the 10-

dB impedance matching bandwidth of the proposed

antenna remains the same basically, while as h2 = 1.7

mm, the antenna has two operating bands with 10-dB

impedance matching level. In addition, the maximum

realized gain of the proposed antenna enhances with the

increase of h2. Therefore, to ensure the high performance

of the proposed antenna, h2 = 1.5 mm is selected.

B. Experiments

The designed wideband FP resonator antenna is

fabricated, and its experiment is completed in the 

microwave anechoic chamber. The measurement scene 

is shown in Fig. 9. 

Fig. 9. The measurement scene of the proposed antenna. 

Figure 10 shows that the measured and simulated 

results of the |S11| and realized gain of the proposed 

antenna. In Fig. 10, the measured results show that the 

impedance bandwidth |S11|<-10 dB of the source antenna 

is 12.61-16.19 GHz, and the maximum gain is 8.18 dBi 

at 15.4 GHz. Meanwhile, the measured results show that 

the impedance bandwidth |S11|<-10 dB of the proposed 

wideband FP resonator antenna is 11.99-15.54 GHz 

(25.8%), the 3-dB gain bandwidth is 12.36-15.6 GHz 

(26.1%), and the maximum gain value is 13.16 dBi at 

14.2 GHz, it is approximately consistent with the 

simulated results.  

(a) (b) 

Fig. 10. The comparisons of measured and simulated 

results: (a) S11 and (b) realized gain. 

Also, the simulated and measured radiation patterns 

of the proposed antenna at 12.5 GHz, 13.5 GHz, 14.5 

GHz and 15.5 GHz, respectively, in both planes are 

shown in Fig. 11. It can be observed that the designed 

antenna has good radiation pattern in the operating band. 

Finally, the proposed antenna is compared with the 

existing similar work in Table 3. It shows that the 

proposed antenna has a lower profile, wider operating 

bandwidth and the 3-dB gain bandwidth is extended. 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

Fig. 11. The radiation patterns of the proposed antenna: 

(a) E-plane, (b) H-plane at 12.5 GHz, (c) E-plane, (d) H-

plane at 13.5 GHz, (e) E-plane, (f) H-plane at 14.5 GHz,

and (g) E-plane, (h) H-plane at 15.5 GHz.

IV. CONCLUSION
A wideband high-gain Fabry-Perot resonator 

antenna is designed based on single-layer FSS structure. 

The wideband slot-coupled patch antenna is used as the 

source antenna, the FSS with circular complementary 

structure is used to as the PRS. Moreover, the influence 

ACES JOURNAL, Vol. 34, No. 6, June 2019902



of various parameters on the antenna performance is 

analyzed. The measured results show that the proposed 

antenna has the 10-dB impedance matching bandwidth 

of 11.99-15.54 GHz (25.8%), the 3-dB gain bandwidth 

of 12.0-15.6 GHz (26.1%), and the maximum gain value 

of 13.16 dBi at 14.2 GHz, it confirms the correctness of 

the simulated results. 

Table 3: Comparison between the designed antenna and 

the existed work 

Ref. |S11|<-10 

dB 

(GHz) 

3-dB

GB

Height 

(mm) 

Max. 

Gain 

(dBi) 

Aperture 

(mm2) 

PRS 

Num. 

[13] 
13.4–

14.1 
5.1% 23.4 17.44 280×280 2 

[15] 13–14.5 10.9% 16.44 15 80×80 3 

[16] 
13.6–

18.4 
25.8% 26.3 15 45×45 2 

[17] 
13.5–

15.7 
15% 35 20.0 80×80 3 

This 

work 

11.99-

15.54 
26.1% 12.8 13.16 60×60 1 
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