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Abstract—In this paper, a wideband Fabry-Pérot resonator antenna 
(FPRA) is proposed. An optimized partially reflective surface (PRS) with 
transverse permittivity gradient (TPG) composed of four non-rotationally 
symmetric sections is employed in the design of the antenna. The use of 
non-rotationally symmetric PRS results in more than 31% improvement 
of the 3-dB gain bandwidth, compared with the traditional rotationally 
symmetric PRS. Furthermore, two types of non-resonant metamaterials 
(metallic-ring and etching-hole unit cells) are used to implement the 
equivalent permittivity of PRS. In this way, the equivalent permittivity 
value covers a broad range (3.5-9.5) for the same dielectric. As a result, the 
restrictions imposed by the use of only commercially available dielectrics 
and the errors that occur during the fabrication and assembly progress of 
different materials can be avoided. The primary radiator of FPRA is a 
double-ridge waveguide horn, which ensures wideband antenna operation. 
An FPRA prototype is fabricated and measured, which exhibits a broad 
bandwidth (5.2–11.5 GHz) with the return loss |S11| less than -10 dB. The 
measured 3-dB gain bandwidth is 73.8% (in the frequency range 5.3-11.5 
GHz) with a peak gain of 17.1 dBi at 7.8 GHz. 

 
Index Terms—Fabry-Pérot resonator antenna, metamaterials, 

broadband, PRS, 3-dB gain bandwidth. 

  

 INTRODUCTION 

 Fabry-Pérot resonator antennas (FPRAs) have been investigated 
for many years because of their capability to provide high directivity 
with a simple configuration. FPRAs usually consist of a primary 
radiator, such as a print-patch antenna or a waveguide horn, embedded 
inside a cavity between a partially reflective surface (PRS) and a metal 
ground plane [1]. The electromagnetic field, which is caused by 
multiple reflections inside the cavity, spreads from the center to the 
edges of the antenna. As a result, a higher-directivity pattern in the 
broadside direction is produced than the directivity pattern produced 
by the primary feed. Different PRS types, multilayer superstrates 
[2]-[5], electromagnetic band-gap (EBG) structures [6]-[8],  
nonuniform metallic lattice [9] and  metamaterial-based superstrates 
[10], [11], have been proposed in an attempt to enhance the antenna 
performance. Apart from the PRSs, specific ground planes, such as the 
curve ground plane [12]-[13] and metamaterial ground plane [14], 
have been proposed to enhance the performance of FPRAs in terms of 
wideband operation [12], beam-switch capability [13] and radar 
cross-section (RCS) reduction [14]. 

During the last decade, the bandwidth enhancement of FPRAs has 
been the focus of many research groups. As a result, several wideband 
FPRAs have been proposed. An FPRA with a two-layer 
metal-dielectric superstructure, which is capable of achieving a 

 
This work was supported by the National Key Research and Development 

Program of China (2018YFA0701904，2017YFA0700201, 2017YFA0700202, 
2017YFA0700203), the National Natural Science Foundation of China 
(61631007, 61571117, 61138001, 61371035, 61722106, 61731010, 11227904), 
and the 111 Project (111-2-05). 

W. Yuan, J. F. Chen, Q. Cheng, and T. J. Cui are with the State Key 
Laboratory of Millimeter Waves, Southeast University, Nanjing 210096, China, 
Nanjing 210096, China, (e-mail: qiangcheng@seu.edu.cn and 
tjcui@seu.edu.cn). 

L. Wang is with the School of Engineering and Physical Sciences, 
Heriot-Watt University, Edinburgh EH144AS, U.K. (e-mail: 
wanglei@ieee.org). 

bandwidth of 10%, was first introduced in 2006 [15]. Subsequently, 
other FPRA types employing multilayer PRSs [4], [5] were also 
designed, and multilayer defect-mode composite EBG superstructures 
were employed to achieve an FPRA measured bandwidth of 22% [6]. 
Apart from multilayer PRSs, various approaches including stair-case 
PRS [16], curve ground plane [12], and superstrates with a reflection 
phase, which increases with frequency [17], [18], have also been 
developed to achieve a broad bandwidth. A wideband FPRA based on 
a systematic optimization approach is proposed in [19] with large 
bandwidth and high directivity. Recently, an FPRA with a measured 
3-dB directivity bandwidth of 52.9% and a peak directivity of 16.4 dBi 
was reported in [20]. The PRS in an FPRA is a planar, single-layer 
superstrate with a non-uniform permittivity in the transverse direction. 
This permittivity ranges from a high value in the center to a low value 
at the edges. A wideband high-directivity FPRA with a measured 3-dB 
gain bandwidth of 57% and a measured peak gain of 20.2 dBi was 
proposed in [21]. In this FPRA, a rotationally-symmetric circular 
superstrate with decreasing permittivity and thickness in the transverse 
direction was used as the PRS.  

PRSs with transverse permittivity gradient (TPG) proposed in [20], 
[21] are capable of achieving broad 3-dB gain bandwidth. However, 
two problems associated with the design and fabrication processes 
affect the FPRA performance. First, the primary radiator of an FPRA 
is usually a patch antenna or a waveguide horn, and their radiation 
patterns are commonly asymmetric in the E- and H-planes. If a PRS 
with a rotationally symmetric configuration, such as the PRS proposed 
in [20], [21], is used, the electromagnetic field cannot be well tuned in 
both the E- and H-planes. As a result, the gain and the 3-dB gain 
bandwidth of the antenna decreases. Second, the use of only 
commercially available dielectric materials means less choice in the 
permittivity value, resulting in restrictions in the design of a PRS. 
Additionally, the fabrication and assembly of a PRS composed of 
different materials is a laborious task. Therefore, high directivity and 
wide 3-dB gain bandwidth can be achieved by designing the shape of a 
PRS according to the radiation pattern of the primary radiator. 
Moreover, materials satisfying the permittivity needs and providing 
easy manufacturing are necessary in the design and fabrication of a 
PRS. 

Since a PRS with TPG is composed of dielectrics with different 
refractive indices, metamaterials (MTMs) have been considered as one 
of the best choices for fabrication. MTMs are artificial materials, 
which are composed of 2D or 3D periodic or quasi-periodic 
sub-wavelength inclusions. Since their introduction ([22], [23]), 
MTMs have received significant attention due to their great potential 
in controlling electromagnetic waves. One important application of 
MTMs is the antenna performance improvement, including gain 
[24]-[27] and bandwidth enhancement [28]. MTMs have been used in 
the design of wideband FPRAs [8], [28]. However, the PRSs in such 
FPRAs are made of resonant structures, which restrict the antenna’s 
wideband operation. 

In this paper, a new FPRA type with wide 3-dB gain bandwidth is 
proposed to achieve performance improvement. The proposed FPRA 
employs a PRS, which consists of four non-rotationally symmetric 
parts with different permittivity values (high permittivity value in the 
center and low permittivity value at the edges). Compared with a 
conventional PRS with TPG, which is composed of symmetric 
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sections, the proposed PRS provides a wider 3-dB gain bandwidth 
when the primary radiator’s radiation pattern is not the same in the E- 
and H-planes. Furthermore, non-resonant MTMs are employed to 
compose the PRS so that the sections with different permittivity values 
can be fabricated on the same dielectric. As a result, the restrictions 
imposed by the use of only commercially available dielectric materials 
are eliminated. A double-ridge waveguide horn (DRWH) with a 
five-stage stepped ridges matching is employed as a feeder, ensuring a 
wideband antenna operation. A wideband FPRA with a 
center-operating frequency of 8.5 GHz is designed and fabricated. The 
simulated antenna gain is 17.2 dBi, and the 3-dB gain bandwidth 
achieved is 72%. Both simulated and measured results validate the 
performance of the proposed FPRA. 

 

Fig. 1. (a) FPRA configuration and h is 27.5 mm. (b) PRS I top view. (c) PRS II 
top view. 

 WIDEBAND FPRA DESIGN  

A. Configuration of FPRAs with PRS and TPG 

The configuration of the proposed FPRA, which is composed of a 
DRWH, a metal ground plane, and a PRS with TPG, is presented in 
Fig. 1(a). Two PRS types (PRS I and PRS II) are shown in Figs. 1(b) 
and 1(c). The PRS I in Fig. 1(b) is composed of four rotationally 
symmetric regions. Each region in the dielectric material has a 
different permittivity value. The PRS II in Fig. 1(c) is composed of 
four non-rotationally symmetric regions. The dielectric material in 
each region is the same as that in PRS I. In the case of the FPRA 
having a PRS with TPG, traditional design approaches, such as 
transmission-line modeling and unit-cell optimization, which assume 
PRSs with uniform permittivity values, are not suitable. Thus, the 
design of the proposed FPRA is based on the fullwave analysis method 
introduced in [20], [21]. 

B. DRWH Design 

In this work, the optimization of the PRS configuration is based on 
the primary FPRA radiator. Therefore, the DRWH design is 
introduced in the first place. As mentioned in the previous section, 
operating bandwidth the FPRA ranges from 5.2 to 11.5 GHz. The 
FPRA operating in such a wide bandwidth can be achieved by 
employing a DRWH as the primary radiator. A perspective view of the 
DRWH with a ground plane is shown in Fig. 2(a). The radius R of the 
ground plane is equal to the radius of the PRS. Efficient radiation of 
the electromagnetic wave to the open space can be achieved by 
optimizing the performance of the DRWH. This DRWH employs 
five-stage stepped ridges based on a Chebyshev-type 
quarter-wavelength step-impedance matching technique. The bottom 
layer in the xoz plane and the stepped ridges in the yoz plane are shown 
in Figs. 2(b) and 2(c), respectively. The blue regions in Figs. 2(b) and 
2(c) represent the feeding port. The DRWH is fed by a coaxial probe. 
All structural parameters are summarized in Table I. The DRWH 
reflection coefficient is plotted in Fig. 2(d). Good matching 

characteristics can be observed as the |S11| is less than -15 dB in the 
operating bandwidth. The far field radiation patterns in the DRWH E- 
and H-planes are shown in Fig. 2(e). 

 
Fig. 2. (a) DRWH perspective view. (b) Top view of the bottom ridge. (c) Side 
view of the ridges. (d) DRWH simulated reflection coefficient (S11). (e) DRWH 
simulated far-field radiation patterns. 

TABLE I 

FEEDING COMPONENT PARAMETERS 

Parameter Value (mm) Parameter Value (mm) 
h1 17.4 l1 4.52 
h2 1.49 l2 11.72 
h3 3.09 l3 7.56 
h4 6.25 l4 9.07 
h5 10.84 l5 9.32 
h6 17.4 l6 5.84 
h7 18.72 l7 1.95 
w1 34.6 w3 28.71 
w2 5.8 R 45 

 

C. Unit-Cell Design 

The unit cells, which construct of the PRS, are analyzed in this 
section. The permittivity values of the PRS with TPG have been 
analyzed in detail in [20], where the value of ε1 (≈10−12) (see Fig. 1) 
should be high enough to reflect the electromagnetic wave to the 
center of the PRS. Regarding the value of ε4 (see Fig. 1), it is desirable 
to be close to the permittivity value of air. In the proposed design, the 
value of ε1 used was approximately 9.5, whereas the value of ε4 was 
approximately 3.5. 

MTMs were used for the substrate fabrication to achieve a broad 
range of permittivity values (3.5–9.5) on the same substrate. The 
MTM permittivity values should remain uniform in the entire 
operating band to ensure a wide operating bandwidth. Two types of 
metamaterials with low loss, low frequency dispersion, isotropy, and 
wide bandwidth were used in the proposed design. The first one 
consists of metallic rings printed on TP-1/2 dielectric plates with 
permittivity ε=8 and loss tangent δ=0.001. The other consists of 
TP-1/2 dielectric plates with etching holes. The etching-hole unit cells 
have been applied in the design of FPRA [30] to improve directive 
radiation characteristics. 

The configuration of the metallic-ring unit cell is shown in Fig. 3(a). 
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The side-length a is chosen to be equal to 3 mm, which is less than 
1/10 λ at the center frequency of 8.5 GHz, whereas the metallic-ring’s 
width w is 0.2 mm. The variations in the equivalent permittivity value 
with the metallic-ring’s inner diameter D1 are plotted in Fig. 3(c) for 
the frequency range of interest. The equivalent permittivity value of 
the metallic-ring unit cell is larger than that of the TP-1/2 dielectric 
and increases as diameter D1 increases. The etching-hole unit cell is 
presented in Fig. 3 (b), where the side-length a is the same as that of 
the metallic-ring unit cell. As shown in Fig. 3(d), the unit cell’s 
equivalent permittivity value is smaller than that of the TP-1/2 
dielectric and decreases as diameter D2 increases. The equivalent 
permittivity values of the unit cells can be retrieved from their S 
parameters based on the effective-medium theory [29]. The unit cells  
equivalent impedance z as well as the refractive index n are related to 
transmission coefficient t21 and reflection coefficient r11 by the 
following equations: 

                                  𝑧   ,                                         (1) 

                                 sin 𝑛𝑘 𝑑    ,                                (2) 

where k0 is the wave number in the free space and d is the thickness of  
single unit cell. Then the equivalent permittivity ε=n/z can be obtained.  

The unit cells were simulated using the Frequency-Domain Solver 
of the CST MICROWAVE STUDIO software package. Unit-cell 
boundary conditions perpendicular to the E- and H-field vectors were 
used, and open-boundary conditions perpendicular to the k vector were 
used. From Figs. 3(c) and 3(d), it can be observed that the equivalent 
permittivity values of the single-layer unit cells can cover the range 
2.8–10, which efficiently satisfies the design needs. 

 
Fig. 3. Metamaterial unit cells (a) metallic-ring unit cell and (b) etching-hole 
unit cell. Equivalent permittivity index for the (c) metallic-ring unit cell with D1 
varying from 0.4 mm to 1.4 mm and (d) etching-hole unit cell with D2 varying 
from 0.4 mm to 2.4 mm. 

D. FPRA with PRS I 

The optimized configuration and the PRS I parameters are shown in 
Fig. 4(a). The PRS I is composed of four regions, where r1 = 9 mm, r2 
= 21 mm, r3 = 30 mm, and r4 = 45 mm. Furthermore, the PRS exhibits 
a permittivity with gradient in the transverse direction. The 
permittivity value in each region at 8.5 GHz is εr1 = 9.2, εr2 = 8, εr3 = 
5.7, and εr4 = 3.54, respectively. Four types of unit cells with different 
permittivity values are used for implementing the four regions. The 
first region is composed of metallic-ring unit cells with inner diameter 
D1 = 1.2 mm, whereas the second region is composed of TP-1/2 
dielectric plates with a permittivity value equal to 8. The third and 
fourth regions are composed of etching-hole unit cells with diameters 

D2 = 1.6 and 2.4 mm, respectively. The PRS I side view is illustrated in 
Fig. 4(c), where the substrate thickness t is equal to 15 mm. As 
introduced above, the side-length a of the unit cell is 3 mm. Thus, the 
PRS is stacked by five substrates of the same type. 

 
Fig. 4. Top view of PRS (a) PRS I composed of four rotationally symmetric 
regions and (b) PRS II composed of four non-rotationally symmetric 
regions. (c) Side view of the PRS II. (d) Simulated gain of the FPRAs with 
PRS I and PRS II. (e) Simulated directivity of the FPRAs with PRS I and PRS II 
and their differences.  

 
Fig. 5. Simulated far-field radiation patterns of the FPRA with PRS I at (a) 
H-plane and (b) E-plane, at 5.5, 7.5, 9.5, and 11.5 GHz. Simulated far-field 
radiation patterns of the FPRA with PRS II at (c) H-plane and (d) E-plane at 5.5, 
7.5, 9.5, and 11.5 GHz. 

The simulated gain of the FPRA with PRS I is shown in Fig. 4(d). 
The peak gain is equal to 17 dBi and the 3-dB gain bandwidth is 55% 
(in the frequency range 5.4−9.5 GHz). The 55% 3-dB gain bandwidth 
is similar to the result reported in [20] (52.9%) and [21] (56%). The 
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radiation patterns in the FPRA H- and E-planes are illustrated in Figs. 
5(a) and 5(b), respectively, at 5.5 GHz, 7.5 GHz, 9.5 GHz, and 11.5 
GHz. The side-lobe levels (SLLs) in the H- and E-planes exhibit 
degradation at 9.5 GHz, where the SLLs in the E-plane rise to -5.1 dB. 
From Fig. 4(d), it can be observed that the gain at 9.6 and 10.8 GHz 
reduces significantly. As a result, the antenna 3-dB gain bandwidth 
also reduces significantly. 

For further understanding, the near-field phase distribution, located 
at a height of 5 mm above the antenna aperture at 9.6 and 10.8 GHz is 
plotted in Figs. 6(a) and 6(c), respectively, whereas the phase 
distribution along the x-direction at 9.6 and 10.8 GHz is plotted in Figs. 
7(d) and 7(f), respectively. From Figs. 6(a) and 7(d), it can be observed 
that the phase distribution along the x-direction exhibits a big 
distortion, which results in a significant gain reduction at 9.6 GHz. The 
same can be observed from Figs. 6(c) and 7(f) at 10.8 GHz. To 
overcome these drawbacks, the FPRA was designed with the PRS II. 

 
Fig. 6. Simulated phase distribution of the electric field located at 5 mm above 
the FPRA aperture at 9.6 GHz with (a) PRS I and (b) PRS II and at 10.8 GHz 
with (c) PRS I and (d) PRS II. 

 
Fig. 7. Normalized simulated phase distribution of the electric field along the 
x-direction located at 5 mm above the FPRA aperture at (a) 7.6, (b) 8.2, (c) 9.0, 
(d) 9.6, (e) 10.4 and (f) 10.8 GHz. 

E. FPRA with PRS II 

  As introduced in a previous paper, a DRWH is used as the primary 
radiator for the FPRA excitation. From Fig. 2 (e), it can be easily 
observed that the FPRA radiation pattern is different, comparing the 
H- and E-plane patterns. Thus, if a rotationally symmetric PRS ([20], 
[21]), such as PRS I, is used, the near-field phase distribution above 
the aperture will differ significantly in the x- and y-directions, as 
shown in Figs. 6(a) and 6(c). Therefore, a PRS with a non-rotationally 
symmetric configuration is a better choice for the design of FPRAs. 

 TABLE II 

 PRS II OPTIMIZED DIMENSIONS 

Region S1 S2 S3 S4 
Long axis (mm) 12.6 25.2 36 45 
Short axis (mm) 9 21 30 45 

 

  
Fig. 8. (a) Photograph of the fabricated DRWH. (b) Photograph of the 
fabricated FPRA. (c) Experimental setup for the FPRA return loss 
measurement (S11) using a VNA. (d) Fabricated FPRA under test in the 
anechoic chamber. 

TABLE III 

SIMULATED RESULTS COMPARISON OF THE FPRAs WITH PRS I AND PRS II 

FPRA PRS I PRS II 
 Peak gain (dBi) 17 17.2 
3-dB bandwidth 55%  72%  

Gain at 9.6 GHz (dBi) 13.5 14.7 
Gain at 10.8 GHz (dBi) 13.4 14.8 

Front-to-back ratio (dB) >10 >13 

 
The configuration of an asymmetric PRS (PRS II) is shown in Fig. 

4(b). The PRS II is composed of four regions, and the permittivity 
value in each region is the same as that in PRS I. Thus, the PRS II unit 
cells are the same as those used in PRS I. The thickness t of the PRS I 
and PRS II is also the same. From Figs. 4(a)–4(c), it can be observed 
that the only difference between the two PRSs is the shape of each 
region. The four regions in the PRS I are all rotationally symmetric; 
the first region is a circular plate, whereas the second, third, and fourth 
are circular rings. In PRS II, the outer profile of the first, second, and 
third region has an oval shape, whereas the fourth region has a circular 
shape. The optimization of the PRS II configuration is based on the 
PRS I and DRWH radiation pattern. The short axis along the 
y-direction of each region in the PRS II is equal to the radius of each 
region in the PRS I. While along the x-direction, the region with the 
highest permittivity value in the center of the PRS II has a longer axis. 
The parameters of the four optimized regions are listed in Table II. It 
can be observed that the dimensions of the two PRSs are the same. The 
radii of the two PRSs are equal to 45 mm, which is 1.27 λ at the center 
frequency of 8.5 GHz.  

The simulated gain of the FPRA with PRS II is shown in Fig. 4(d). 
The peak gain is 17.2 dBi, and the 3-dB gain bandwidth is 72% (in the 
frequency range 5.4–11.5 GHz). Compared with the PRS I results, the 
peak gain is 0.15 dBi higher, and the 3-dB gain bandwidth exhibits a 
31% enhancement. As shown in Fig. 4(d), the gain of the PRS II is 
higher than that of the PRS I in the frequency range 7–11.3 GHz, 
especially at 9.6 GHz and 10.8 GHz, where the gain of the PRS I 
exhibits its lowest values. The radiation patterns in the H- and 
E-planes of the FPRA with PRS II are illustrated in Figs. 5(c) and 5(d), 
respectively, at 5.5 GHz, 7.5 GHz, 9.5 GHz, and 11.5 GHz. The SLLs 
are less than −10 dB, except the E-plane at 11.5 GHz.  
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The near-field phase distribution above the aperture of the FPRA 
with PRS II at 9.6 GHz is illustrated in Fig. 6(b). From Figs. 6(a) and 
6(b), it can be observed that the PRS II phase distribution along the 
y-direction is similar to that of PRS I, whereas along the x-direction, 
the PRS II exhibits a better performance. To have a clearer insight, the 
1-D near-field phase distribution along the x-direction of the two PRSs 
is plotted in Fig. 7(d). It can be observed that the PRS II exhibits a 
much more uniform phase distribution than the PRS I. As a result, the 
gain increases. Furthermore, a comparison between the FPRA with 
PRS I and the FPRA with PRS II at 10.8 GHz can be made from Fig. 
7(f). The near-field phase distribution of the FPRA with PRS II 
exhibits a much more uniform phase distribution than the FPRA with 
PRS I along the x-direction. Therefore, using the PRS II, the FPRA 
gain also exhibits a significant increase at 10.8 GHz as well. 

From Fig. 7, the electric-field phase distributions along the 
x-direction of the antenna with PRS I have more phase delay in the 
central region. In order to improve the phase uniformity, the radius of 
the regions with high permittivity values should be increased along the 
x-direction. So, by optimizing the configuration of each region in the 
PRS I, increasing the radius along the x-direction and maintaining the 
radius along the y-direction, the PRS II is obtained. With the 
application of the PRS II, along the x-direction the more uniform phase 
distributions are observed in Fig. 7, especially at 8.2, 9.6 and 10.8 GHz. 
As a result, the directivities (Fig. 4(e)) at the three frequencies have 
increased and the 3-dB gain bandwidth has also been broadened. 

To have a clearer sight, a comparison between the simulated results 
obtained for the FPRAs with PRS I and PRS II is presented in Table III. 
It is clearly observed that the FPRA with PRS II exhibits a much better 
performance. 

 
Fig. 9. (a) Simulated and measured return loss results (S11) of the proposed 
antenna. (b) Gain of the antenna with and without PRS II. 

 SIMULATION AND MEASUREMENT RESULTS 

The FPRA with PRS II shown in Fig. 8(b) was designed, fabricated, 
and measured to validate the design concept. The antenna prototypes 
with and without the PRS II are shown in Figs. 8(a) and 8(b), 
respectively.  The DRWH shown in Fig. 8(a) was made of aluminum 
and processed by a milling machine. The PRS in Fig. 8(b) was 
fabricated by the standard printed circuit board technology. The PRS 
and DRWH were connected by two nylon columns. The overall cost 
including the materials and processing costs is about 200 USDs. 

As illustrated in Fig. 8(c), the input reflection coefficient S11 of the 
proposed antenna was measured using a vector network analyzer 
(N5230C). The proposed FPRA simulated and measured S11 results 
together with those of the DRWH are illustrated in Fig. 9 (a). It can be 
easily observed that, for both antennas, the measured |S11| is less than 
−10 dB over the operating bandwidth (5.2–11.5GHz). Also, from Fig. 
9 (a), it can be observed that, generally, the proposed FPRA measured 
S11 results agree well with the simulated results. 

The proposed FPRA under test in the anechoic chamber is shown in 
Fig. 8(d). The measured antenna gain is presented in Fig. 9 (b). The 
peak gain is 17.1 dBi at 7.8 GHz. The measured half-power gain 
bandwidth (HPGB) for an antenna gain in the range 14.1 ̶ 17.1 dBi 
extends from 5.3 to 11.5 GHz, which corresponds to 73.8% of the 

center frequency. This value is close to the simulated value of 72% (in 
the frequency range 5.4–11.5 GHz) obtained using CST.  

The simulated and measured radiation patterns in the FPRA H- and 
E-planes are shown in Fig. 10 at six different frequencies within the 
HPGB. As illustrated in Fig. 10, the measured SLL in the FPRA 
H-plane is less than −15 dB over the entire operating frequency and 
approaches −20 dB at some frequencies such as 8 GHz and 10 GHz. 
The SLL in the E-plane also exhibits a good performance, remaining 
below −10 dB, except the upper frequency limit (11 GHz), where the 
SLL approaches −8 dB. This is caused by the phase distortion along 
the y-direction, as can be further mitigated by optimizing the PRS 
shape. Additionally, a front-to-back ratio of more than 15 dB is 
achieved. The simulated and measured radiation patterns for 
cross-polarization are plotted in Fig. 10. Over the HPGB, the measured 
cross-polarization level varies between −25 and −35 dB in both the H- 
and E-planes. 

In Table IV, a performance comparison of the proposed FPRA and 
some reported designs is presented. Broadband FPRAs using different 
techniques are included in this Table. It can be observed that although 
it has the smallest aperture size, the proposed design exhibits an 
extremely wide 3-dB bandwidth as well as a relatively high gain. 
Additionally, the proposed FPRA can be easily manufactured because 
of the easy applicability of MTMs. 

 
Fig. 10. Simulated and measured far-field radiation patterns of the fabricated 
FPRA at (a) 6, (b) 7, (c) 8, (d) 9, (e) 10 and (f) 11 GHz. 

TABLE IV 

PERFORMANCE COMPARISON OF BROADBAND FPRAs 

Ref. 
Antenna 

Height(𝝀𝟎) 
Aperture 
Size(𝝀𝟎

𝟐) 
Gain 
(dBi) 

3-dB 
bandwidth 

[20] 0.75 3.1 16.4 52.9% 
[21] 0.9 5.3 20.7 56% 
[5] 1.1 6.9 17.5 17.9% 

[12] 1 18.8 17.7 25% 
[18] 0.43 4.26 13.8 28% 

This work 0.75 2.1 17.1 73.8% 

*𝜆  is the free-space wavelength at the minimum operating frequency 
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 CONCLUSIONS  

In this paper, the design, fabrication, and measurements of an FPRA 
characterized with wide 3-dB gain bandwidth was presented. A 
DRWH was selected as the primary radiator to ensure the wideband 
operation of the antenna. A substrate consisting of four 
non-rotationally symmetric regions with different permittivity values 
was selected as the PRS II. In this substrate, a high-permittivity value 
was used in the center, whereas a low-permittivity value was used at 
the edges. Compared with a former PRS I in the rotationally 
symmetric configuration, the 3-dB gain bandwidth of the FPRA with 
PRS II exhibits an improvement of more than 31%. Furthermore, two 
types of non-resonant metamaterials (metallic-ring and etching-hole 
unit cells) with low loss, low-frequency dispersion, isotropy, and wide 
bandwidth were used to compose the PRS II. Using these two unit cells, 
different permittivity values were achieved on the same substrate. As a 
result, the errors during the fabrication and assembly process of 
different dielectric materials can be avoided. 
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