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Abstract: We introduce a dual-polarized (DP) Fabry–Pérot cavity (FPC) antenna operating at the millimeter-wave (mmWave) 
frequency band with high-gain and wideband characteristics. A DP feeding source and a partially reflective surface (PRS) inte-
grated with a Fresnel zone lens are suggested to realize dual-polarization wave radiation over a wide impedance bandwidth. The 
feeding source provides vertical and horizontal polarizations while keeping high isolation between the two polarizations. PRS is 
used to realize Fabry cavity to produce a directive beam radiation. The integrated Fresnel zone rings are introduced for phase 
correction, leading to a significant gain enhancement for the antenna. For verification, a 60-GHz FPC antenna prototype with DP 
radiation is designed and fabricated with measurement results. It consists of a feeding source, a PRS integrated with a Fresnel zone 
lens, a quasi-curved reflector, and four three-dimensional printed supporters. The results illustrate that the peak gains of vertical 
and horizontal polarizations are 18.4 and 17.6 dBi, respectively. The impedance matching bandwidth for the two polarizations is 
14%. The performance ensures that the proposed DP FPC antenna is a promising candidate for the fifth-generation wireless 
communication systems in the mmWave band. 
 
Key words: Dual polarized; Fabry–Pérot cavity antenna; partially reflective surface integrated with Fresnel zone lens; Millimeter- 

wave band; High-gain; Wideband; 
https://doi.org/10.1631/FITEE.2000514 CLC number: TN82 
 
 

1  Introduction 
 

With the development of emerging wireless 
systems such as the fifth-generation (5G) communi-
cations (Thors et al., 2016), anti-collision radar, high- 
speed gesture recognition, intelligent sensing network, 
and millimeter-wave (mmWave) imaging, the oper-
ating frequencies of these new systems are likely to be 
allocated in the mmWave frequency band for its ad-
vantages of wide usable frequency bandwidth and 

large carrying capability. Although mmWave radio 
can provide a large bandwidth and a high data rate to 
the systems, its high propagation attenuation in radio 
signal transmission is its major disadvantage. To 
compensate for the propagation loss along with mil-
limeter waves, antennas of low-cost and high-gain 
characteristics are always sought by the communica-
tion industry. In previous years, some methods for 
constructing antennas with a high-gain performance 
in the mmWave spectrum have been proposed. Ex-
amples include antennas involving cavity (Bai et al., 
2016), superstrate (Vettikalladi et al., 2009), lens 
(Imbert et al., 2015), metamaterials (Kaouach, 2016), 
Yagi–Uda structure (Kramer et al, 2011), and antenna 
array technologies (Zhu Q et al., 2017; Zhu JF et al., 
2018). 

In addition to the above-mentioned examples, 
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the Fabry–Pérot cavity (FPC) antenna, formed by 
placing a partially reflective surface (PRS) above a 
feeding source integrated reflector, is also a promising 
way of obtaining a directive beam. In the microwave 
band, the chessboard-arranged metamaterial super-
strate (CAMS) (Zheng et al., 2018), sparse array ex-
citation method (Gardelli et al., 2006), and 
one-dimensional electromagnetic band gap (EBG) 
PRS (Leger et al., 2005) are often used for high-gain 
FPC antenna designs. However, it is difficult for these 
designs to be scaled to the mmWave band because 
their complexity in structure makes high-frequency 
fabrication difficult.  

There have been some methods proposed for 
mmWave high-gain FPC antenna realization. In 
Vettikalladi et al. (2009), a single-layer superstrate 
was put on top of 60-GHz patches. This achieves an 
antenna gain of 14.9 dBi. Using a single-layer fre-
quency selective surface (FSS) (Hosseini et al., 2015a, 
2015b; Akbari et al., 2016; Abbou et al., 2017; Attia et 
al., 2017) as a PRS for an FPC antenna is an alterna-
tive method. Introducing a printed ridge-gap wave-
guide to an FPC antenna (Abbou et al., 2017) can 
further improve the antenna gain to 15.6 dBi. The 
example in Chantalat et al. (2008) introduces a me-
tallic EBG structure which can achieve a high di-
rectivity of 23.8 dBi at a frequency of 30 GHz. 
However, the horn-fed approach and profile (>4λ30 

GHz) make it heavy and bulky. Moreover, the 
above-mentioned designs are realized only with lin-
early polarized radiation. 

A dual-polarized (DP) antenna is preferred 
commonly in communication systems because of its 
significantly elevated communication capacity and 
resistance to multipath fading. For DP FPC antenna 
realization, a DP feeding source is crucial in antenna 
design. Most DP FPC antennae are designed based on 
a DP feeding source and a PRS composed of fully 
symmetric elements (Hamid et al., 2011; Moghadas  
et al., 2011; Qin PY et al., 2018). In Qin PY et al. 
(2018), a DP FP antenna was designed using a DP 
feeding source and a quad-layer PRS. The antenna 
was demonstrated to yield peak gains for vertical and 
horizontal polarizations of 14.7 dBi and 15.5 dBi, 
respectively, with a 1-dB bandwidth of more than 
10% for both polarizations. To enhance the realized 
gain, DP arrays have been proposed to feed the cavity 
of an FPC antenna (Qin F et al., 2016; Xie et al., 

2017). With high-gain sources, an FPC antenna can 
realize high gain while maintaining DP radiation. 
However, there are few designs which demonstrate 
mmWave DP FPC antenna realization with a high 
gain and a wide bandwidth. 

In this study, an mmWave DP FPC antenna is 
introduced. The proposed antenna is composed of a 
DP feeding source, a PRS integrated with a Fresnel 
zone lens (FZL), a quasi-curved reflector, and three- 
dimensional (3D) printed supporters. The proposed 
feeding source achieves DP radiation characteristics 
within a wide frequency range, which ensures wide-
band performance of the FPC antenna. At the same 
time, the proposed feeding source can achieve a high 
isolation level between the two polarizations. The 
proposed PRS with an integrated Fresnel zone lens 
provides wave reflection and phase correction in the 
FP cavity, contributing to a high antenna gain for the 
antenna. For validation, a fabricated sample of the 
FPC antenna operating at 60 GHz with the proposed 
feeding source and PRS is designed and tested. Re-
sults show that the antenna has an overlapped im-
pedance bandwidth of 14%. The measured peak gains 
of horizontal and vertical polarizations are 17.6 and 
18.4 dBi, respectively. This antenna finds potential 
applications in various mmWave wireless systems. 

 
 

2  Antenna design 

2.1  Antenna configuration 

The total structure of the proposed antenna is 
depicted in Fig. 1a. It consists of the proposed DP- 
feeding source, a PCB-based quasi-curve reflector, 
and a PRS integrated with an FZL. The DP feeding 
source consisting of three substrate integrated 
waveguide (SIW) layers is designed with two transi-
tions, named transitions 1 and 2, for vertical- and 
horizontal-polarization excitations, respectively. The 
reflector is composed of four conductor rings with 
different diameters, as illustrated in Fig. 1d. PRS is 
designed using a slab with a relatively high dielectric 
constant. A two-ring FZL is etched on the bottom 
surface of the PRS to enhance the gain. In this design, 
the feeding source is fabricated by a Rogers 4003 
substrate with a loss tangent of 0.004, a thickness of 
0.508 mm, and a relative permittivity of 3.38. The 
quasi-curve reflector is designed using a Rogers  
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Duriod 5880 substrate with a relative permittivity of 
2.2, a thickness of 0.787 mm, and a loss tangent of 
0.004 (Li and Luk, 2015). The PRS substrate is  
Rogers Duroid 6006 with a loss tangent of 0.025 
(@10 GHz), a thickness of 0.63 mm, and a relative 
dielectric constant of 6.15. Herein, we set the distance 
between PRS and the feeding source at 1.5λ (where 
 λ represents the wavelength in free space) at 60 GHz 
(Wu and Luk, 2017). The initial diameter of the  
PRS is set at 6λ and the initial thickness of the sub-
strate is close to a quarter-wavelength (in substrate) to 
provide the maximum reflectivity (Wu and Luk, 
2017). All substrates are fixed using four plastic 
screws. The distance between the PRS and the feed-
ing source is fixed using four 3D printed supporters. 
Parameters of the proposed antenna are summarized 
in Table 1. 

The purpose of the design is to achieve a DP FPC 
antenna in the mmWave frequency band with 
high-gain and wideband characteristics. The feeding 
source generates DP radiation within a wide fre-
quency range. We introduce its design first. Then we 
conduct analysis on the PRS which contributes to the 
high-gain performance of the proposed antenna. 

2.2  Dual-polarized feeding source design 

A feeding source based on an SIW structure is a 
good candidate for an FPC antenna design owing to 
its planar configuration which is easy to integrate with 
other circuitries. Hence, we design an SIW-fed DP 
source antenna (Fig. 2). It consists of three SIW layers. 
The radiator is a magnetic-electric dipole (Sun and 
Wong, 2020) with a symmetric structure along the x 
and y axes. It is surrounded by a cavity with the di-
mension of Lc1, formed by an SIW structure (denoted 
in yellow). The antenna is excited by feeding slots. 
Slot 1 is etched on the top metallic surface of layer 3. 
Slots 2 and 3 are etched on the top metallic surface of 
layer 2. Slot 3 is used to couple the wave from port 1 
to the radiator, which can generate the radiation with 
the electric field lying along the xoz coordinate plane, 
designed as the vertical-polarized radiation (V-P). 
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Fig. 1  Total structure of the proposed antenna (a), the 
structure of transitions 1 (b) and 2 (c), and the structure 
of the reflector (d) (PRS: partially reflective surface) 

 
Table 1  Detailed dimensions of the antenna structure 
in Fig. 1 (unit: mm) 

Para. Value Para. Value Para. Value 

L1 41 W1 2.54 W2 1.25 

W3 4.51 W4 1.25 W5 0.75 

W6 1.54 W7 4.10 W8 3.00 

W9 0.60 W10 1.70 W11 1.60 

W12 1.65 D1 32.0 D2 17.1 

R1 8.17 R2 11.00 R3 13.81 

R4 15.88 t1 0.630 t2 0.787 

 
 

Fig. 2  Configuration of the proposed dual-polarized 
feeding source (a) and the layer-by-layer demonstration 
of the source antenna (b) (References to color refer to the 
online version of this figure)  
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Slots 1 and 2 are used to couple the wave from port 1 
to the radiator through layer 2. This can generate the 
radiation with the electric field lying on the yoz plane, 
called “horizontal-polarized radiation (H-P).” De-
tailed views of each SIW layer and related dimensions 
are illustrated in Fig. 2b and Table 2, respectively. 

 
 
 
 
 
 
 
 
 
 
The simulated radiation patterns of the two po-

larizations at 60 GHz are shown in Fig. 3. As can be 

seen, broadside radiation directions are obtained at a 
−20 dB cross-polarization level for the two polariza-
tions. Stable radiation patterns are realized within the 
whole operating bandwidth (here we show the pat-
terns at only 60 GHz for brevity). The simulated re-
flection coefficients and the isolation of the two ports 
are illustrated in Fig. 4. It can be seen that the pro-
posed feeding source yields an operating bandwidth 
of 16.4% from 56 GHz to 66 GHz. The transmission 
parameter S21 is −50 dB, which means that a good 
isolation level between two ports is obtained.  

The realized gains of the two polarizations are 
illustrated in Fig. 5. For vertical polarization, a peak 
of 8.3 dBi realized gain is achieved. For horizontal 
polarization, the peak gain is 8 dBi. The difference 
between the gains of the two polarizations is lower 
than 0.5 dB within the bandwidth from 56 GHz to  
66 GHz. 

Table 2  Parameters of the proposed dual-polarized 
feeding source (unit: mm) 

Para. Value Para. Value Para. Value 
Lc1 5.00 Lc2 4.50 Lc3 1.05 
Lc4 1.05 Lc5 3.00 Lc6 1.50 
Lc7 1.85 Lc8 1.65 Lc9 1.38 
Lc10 1.65 Lc11 3.00 Wc1 0.20 
Wc2 0.20 dc1 1.30 dc2 0.10 
dc3 0.07     

 
Fig. 3  Radiation patterns at 60 GHz of V-polarization (a) and H-polarization (b) (References to color refer to the 
online version of this figure) 

     
Fig. 4  Reflection configurations and isolation of the two                  Fig. 5  Realized gain of the two polarizations 
polarizations 
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Combined with the quasi-curve reflector, wide 
impedance and gain bandwidths can be obtained. The 
four concentric strip rings in multilayer substrates 
make a quasi-parabolic plane, which is used to excite 
different Laguerre-Gaussian beam modes in the cav-
ity. Hence, a wide gain bandwidth can be obtained 
(Wu and Luk, 2017). It should be mentioned that the 
proposed reflector and PRS are both circular. To in-
vestigate the effect of shapes of the reflector and the 
PRS on the gain of the proposed antenna, Fig. 6 il-
lustrates the gain performances for different shapes of 
the reflector and PRS (called “strategies 1 to 4”). The 
rectangular shapes of the reflector and PRS result in 
gain decrease compared with the antenna with the 
proposed circular reflector and PRS. This is because 
the top angles of the PRS and reflector will  
bring discontinuity to the transmitted and reflected 
waves. Hence, the proposed antenna structure using 
the circular reflector and the PRS has the highest 
efficiency in increasing the antenna gain, as depicted 
in Fig. 7. 

2.3  Analysis on the partially reflective surface 
with an integrated Fresnel zone lens 

A conventional FPC antenna (Fig 8a) can gen-
erate a directive beam in the broadside direction. 
However, the antenna gain is limited by the loss from  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6  Proposed antenna with different combination strategies of the reflector and PRS: (a) strategy 1 (circular curve 
surface and rectangle lens); (b) strategy 2 (circular curve surface and circular lens); (c) strategy 3 (rectangle curve 
surface and rectangle lens); (d) strategy 4 (rectangle curve surface and circular lens) 
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Fig. 8  Configurations of the traditional FPC antenna prototype (a), the transmission FZL (b), and the proposed FPC 
antenna using an FZL-integrated PRS (c) 
FPC: Fabry–Pérot cavity; FZL: Fresnel zone lens; PRS: partially reflective surface 

 
Fig. 7  Realized vertical gain of the antenna with different 
strategies 
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multiple reflection of the wave in the FPC and inac-
curate inbound phase distribution on the top surface 
of the PRS. In our design, we suggest applying an 
FZL integrated PRS to improve the gain of the FPC 
antenna. It can achieve accurate in-phase distribution 
on the top surface of PRS, contributing to a significant 
gain enhancement. 

Generally, an FZL antenna consists of a feeding 
antenna and several concentric metallic rings. The 
feeding source locates in the focal point of FZL  
(Fig. 8b). In-phase waves propagated from the source 
can transmit through the region without metallic rings. 
Out-of-phase waves are reflected by the region with 
metallic rings. Combined with these two conditions, 
the in-phase wave distribution on the top surface of 
FZL can be realized, leading to a directive beam ra-
diation. Note that the condition of phase control is 
determined by f, which is the focal length of FZL, and 
that rn is the radius of each zone. rn can be found from 
Karimkashi and Kishk (2011): 

 
2

2n

n
r nf

     
 

                    (1) 

 
where n is an integer and λ is the wavelength. The 
width of each ring is rn−rn−1. According to the equa-
tion, we can find that the width (rn−rn−1) gradually 
decreases with the increase in the width of the ring. It 
means that r2−r1 is larger than r3−r4 in this design. 

Based on the operating scheme of FPC and FZL 
antennas, we introduce an FZL-integrated PRS to 
realize high-gain FPC antenna. The design principle 
of the proposed antenna is shown in Fig. 8c. FZL is 
printed on the bottom surface of a PRS to form an 
integrated structure. The operating principle of the 
proposed antenna is described as follows: In Fig. 8c, 
considering that a feeding antenna radiates at the 
center of the ground plane, two conditions of the wave 
within FPC can occur. In the first condition, in-phase 
waves transmit through the FZL-integrated PRS 
within the non-metal region. The outcome of the 
wave front from FZL contributes to the directive 
beam radiation in the broadside direction because of 
the superposition of in-phased wave radiations at the 
non-metal regions of FZL. The second condition is 
that the waves can be reflected because of the high 
dielectric constant of PRS and the metallic rings of 

FZL. The reflected waves generate FPC reflection 
between the PRS and the ground plane. Some re-
flected waves go back to the FZL apertures again and 
radiate out. Combining the above-mentioned condi-
tions, the proposed FPC antenna can achieve a sig-
nificant gain enhancement using the PRS integrated 
with an FZL. The gain enhancement is illustrated in 
Fig. 9. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

At the same time, a more uniform phased dis-
tribution can lead to a better side lobe level. As a 
demonstration, Fig. 10 illustrates the phased distri-
bution on PRS with/without FZP and the related ra-
diation patterns. As can be seen from Fig. 10c, the 
side lobe level on PRS with FZP is lower than that 
without FZP. 
 
 
3  Measurement results 

 
Based on the analysis above, an FPC antenna 

prototype is designed, fabricated, and measured. The 
fabricated antenna is illustrated in the insertion of  
Fig. 11a. The size of the antenna is 41 mm×41 mm 
×11.4 mm. 

The simulated and measured reflection coeffi-
cients of the two polarizations are also shown in  
Fig. 11a. From the measured reflection coefficient 
curves, we can obtain that the overlapped operating 
bandwidths of the two polarizations are |S11|=14% and 
|S22|≤−10 dB. From the simulated and measured an-
tenna gains in Fig. 11b, we can observe that the real-
ized gain of horizontal polarization is 17.6 dBi with a  

 

Fig. 9  Simulated antenna gains for the proposed antenna 
with/without the proposed Fresnel zone lens (FZL) 
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Fig. 10  Phase distributions of the electric field on the top surface of the partially reflective surface for antenna 
with/without the proposed Fresnel zone lens (FZL) (a) and the radiation patterns at 60 GHz of antenna with (b) and 
without (c) FZL 
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Fig. 11  Simulated and measured reflection coefficients (a) and antenna gains (b) (Insertion in (a) is the fabricated an-
tenna prototype) 
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variation of 2.4 dB over the operating bandwidth. The 
measured peak gain of vertical polarization is  
18.4 dBi with a variation of 3 dB. The difference 
between the gains of the two polarizations is less than 
1 dB. The differences between the simulation and 
measurement results may come from the extended 
SIW transition to the metallic adaptor for the prepa-
ration of measurement. 

The simulated and measured transmission coef-
ficients of the two ports are depicted in Fig. 12. A 
transmission level of −40 dB is realized. It means that 
a good isolation between two polarizations is 
achieved.  

The simulated and measured radiation patterns 
for the antenna operating at 57, 60, and 64 GHz when 
port 1 is excited (V-polarization) are illustrated in  
Fig. 13. The main beams of the E- and H-plane point 
towards a broadside direction. The radiation patterns 
at three frequency points within the operating band-
width are stable and symmetric. The simulated and 
measured radiation patterns for the antenna operating 
at 57, 60, and 64 GHz when port 2 is excited 
(H-polarization) are illustrated in Fig. 14. The pat-
terns of H-polarization are similar to those of 
V-polarization. The difference between the simulation 

and measurement results is due mainly to the influ-
ence of the fixtures, screws, and feeding setup in-
cluding waveguide adapters. From the measurement 
results in Fig. 15, it can be seen that a cross- 
polarization level of −20 dB is achieved. This means 
that the energy of cross-polarization of the proposed 
antenna is low.  

 
 

4  Conclusions 
 

In this paper, we have presented a design of a 
high-gain mmWave FPC antenna. The proposed  
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Fig. 12  Simulated and measured transmission coeffi-
cients between two polarizations 

 

Fig. 13  Simulated and measured radiation patterns for antenna operating at f=57 GHz (a), 60 GHz (b), and 64 GHz (c) 
when port 1 is excited (V-polarization) 
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Fig. 14  Simulated and measured radiation patterns for antenna operating at f=57 GHz (a), 60 GHz (b), and 64 GHz (c) 
when port 2 is excited (H-polarization) 
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antenna demonstrates a directive beam for DP radia-
tions. A DP feeding source and a PRS integrated with 
an FZL have been proposed. This work demonstrates 
the implementation of a DP FPC antenna with a high- 
gain and wideband performance while maintaining 
high isolation for two polarizations. Detailed analysis 
has been carried out to characterize the proposed 
methodology and the design principle of the antenna. 
The antenna obtains the maximum gains of 18.4 dBi 
and 17.6 dBi, for vertical and horizontal polarizations, 
respectively, and yields an impedance bandwidth of 
14% with a high isolation of −40 dB. This antenna 
will find potential applications in various wireless 
mmWave communication systems. 
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