
R E S E A R CH AR T I C L E

A low-profile ultra-wideband circularly polarized antenna
array with metasurface

Wei He1 | Yejun He1 | Sai-Wai Wong1 | Long Zhang1 | Wenting Li1 |

Haixia Cui2 | Amir Boag3

1College of Electronics and Information
Engineering, Shenzhen University,
Shenzhen, China
2School of Physics and
Telecommunication Engineering, South
China Normal University, Guangzhou,
China
3School of Electrical Engineering, Tel
Aviv University, Tel Aviv, Israel

Correspondence
Yejun He, College of Electronics and
Information Engineering, Shenzhen
University, Shenzhen 518060, China.
Email: heyejun@126.com

Funding information
National Natural Science Foundation of
China, Grant/Award Numbers: 62071306,
61801299, 61871433; Mobility Program for
Taiwan Young Scientists, Grant/Award
Number: RW2019TW001; Shenzhen
Science and Technology Program, Grant/
Award Numbers:
GJHZ20180418190529516,
JSGG20210420091805014,
JCYJ20200109113601723; Natural Science
Foundation of Guangdong Province,
Grant/Award Number: 2018A0303130141

Abstract

In this article, a low-profile ultra-wideband (UWB) circularly polarized

(CP) antenna array with metasurface is presented. The antenna array consists of

a 2 � 2 polarization conversion metasurfaces (PCMs) and a sequential feeding

network. The PCM is composed of 4 � 4 polarization conversion unit-cells. The

unit-cell is obtained by putting an ellipse patch into a rectangular ring, con-

necting the ellipse and the ring with two stubs, and then rotating it by 45�. A lin-

ear polarization (LP) slot antenna with a PCM can achieve a CP antenna, which

has an impedance bandwidth of about 33.8% (5.4-7.6 GHz) of jS11j < �10 dB and

a 3-dB axial ratio (AR) bandwidth of about 24.8% (5.8-7.3 GHz), respectively. The

UWB CP characteristics can be achieved when a UWB sequential feeding net-

work is added to the 2 � 2 PCMs. Simulated and measured results show that the

proposed antenna array has an impedance bandwidth of about 117%

(1.75-6.75 GHz) of jS11j < �10 dB and a 3-dB axial ratio (AR) bandwidth of about

105.7% (2.24-7.35 GHz), respectively. The usable bandwidth can reach 100.3%

(2.24-6.75 GHz). Besides, the proposed antenna array achieves a higher gain com-

pared to the traditional slot array and the peak gain of 12.5 dBic at 6 GHz. The

overall size of the antenna is 0.6λ � 0.6λ � 0.03λ (λ refers to the wavelength of

the lowest operating frequency in free space). The proposed antenna array can be

widely applied to various wireless communication systems.
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1 | INTRODUCTION

In various wireless communication systems, circularly
polarized (CP) antenna have many advantages over the
linearly polarized (LP) counterparts, such as improving
the polarization mismatch between transmitting and
receiving antennas, and reducing multi-path interfer-
ences or fading.1 As multi-functional systems and minia-
turized systems become more and more popular, the
demand for compact broadband or ultra-wideband

(UWB) antennas is also increasing. A variety of different
wideband and UWB CP antennas have been reported.2-10

A cross dipole with wide open end2 or elliptical arm3 can
achieve a 3-dB axial ratio (AR) bandwidth of 27% and
96.6%, respectively. A wideband CP dielectric resonator
antenna with a partially reflective surface is mentioned
in Reference 4, which can obtain 54.9% 3-dB AR band-
width. A wideband inverted-S dipole antenna with the
AR bandwidth of 47% and an UWB asymmetric-S
antenna with the AR bandwidth of 84.8% are described
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in Reference 5 and Reference 6, respectively. In
Reference 7, four broadband CP monopole elements with
sequentially rotated feeding network are used to excite
UWB CP radiation. An UWB CP reflectarray is proposed
in Reference 8, which uses a quasi-I-shaped multi-
resonance phasing element to obtain a 3-dB AR band-
width of about 75%. An UWB CP antenna with four pairs
of semicircular patches and four supporting PCBs is illus-
trated in Reference 9. Its AR bandwidth is about 88.9%. A
pair of curved tapered slots with a meshed reflector are
used to get 3-dB AR bandwidth of about 84%.10 Although
these antennas can achieve wideband or UWB CP radia-
tion, there is an air-gap between the radiator and the
reflector, resulting in a relatively higher profile, which is
not well-suited for integration with RF circuits.

Printing a monopole antenna and a modified ground
with a slot on the upper and lower surfaces of a single sub-
strate can realize wideband or UWB CP radiation. A
G-shaped parasitic strip monopole antenna with defect gro-
und is illustrated in Reference 11, where the AR bandwidth
is about 53.9%. When an L-shaped radiator replaces the
G-shaped strip, the AR bandwidth can reach 115.2%.12

Although these antennas have achieved wideband CP

radiation and only have one layer substrate, they all have
bidirectional radiation and lower gain. Furthermore, a sim-
ple CP patch antenna or an array with a metasurface can
also expand the AR bandwidth of the antenna.13-15 A simple
narrow bandwidth modified patch with a symmetrical
square ring metasurface is presented in Reference 13. The
surface waves propagating along the metasurface is effec-
tively excited to expand the operation bandwidth. A 2 � 2
metasurfaces covered CP patch antennas fed by a sequential-
phase network and a CP antenna array where the element is
based on a truncated corner and a periodic patch are pro-
posed in Reference 14 and Reference 15, respectively. How-
ever, the size of these antennas is relatively larger.

In recent years, the integration of linearly polarized
(LP) slot antennas with polarization conversion metasurfaces
(PCMs) to generate CP radiation has attracted much atten-
tion, due to their low profile, easy implementation in wide-
band CP arrays, and convenient integration with RF circuits.
A PCM consisting of a simple corner-cut square loaded to a
slot antenna is presented in Reference 16, and this antenna
can obtain a 3-dB AR bandwidth of about 20.6%. By
replacing the corner-cut square with an arrow-shaped patch
and rotating it 45� to obtain another CP antenna, the

FIGURE 1 Structure of the

antenna array element. w = 38 mm,

lf = 25.5 mm, ls = 24 mm,

l1 = 9.7 mm, l2 = 5.8 mm,

wf = 1 mm, ws = 2.5 mm,

w1 = 0.5 mm, w2 = 0.4 mm,

w3 = 0.5 mm, h1 = 3.7 mm,

h2 = 0.508 mm, d1 = 9 mm
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operating bandwidth is slightly changed to about 18.2%.17

While the unit-cell of the PCM consists of square and
L-shaped patches separated by an L-shaped slot, the AR
bandwidth of the antenna can reach 26.2%.18 In Reference
19, using a simple ellipse patch as the unit-cell of PCM, CP
radiation can also be excited, and its AR bandwidth is about
17.4%. To further improve the performance of these anten-
nas, a 2 � 2 antenna array with PCMs can be used. A
metasurface-inspired CP antenna array mentioned in Refer-
ence 20 has two shorting pins added along the diagonal of
the patch to realize the conversion of the polarization, which
can obtain AR bandwidth about 26.3% and a peak gain of
13.5 dBi. In Reference 21, a low-profile CP antenna array
with polarization conversion electromagnetic band-gap meta-
surfaces is proposed. The AR bandwidth of this antenna
array is about 22.5% and the peak gain reaches 13 dBi. How-
ever, all the CP antennas formed by the PCM loaded slot
antennas mentioned in earlier works have narrow band-
width. Therefore, it is difficult to design a low-profile UWB
circularly polarized antennas with PCMs.

In this work, a low-profile ultra-wideband (UWB) circu-
larly polarized (CP) antenna array with a metasurface is pro-
posed. Firstly, a PCM composed of 4 � 4 polarization
conversion unit-cells is designed. The unit-cell is obtained by
putting an ellipse patch into a rectangular ring, connecting
the ellipse and the ring with two stubs, and then rotating it
by 45�. A simple LP slot antenna covered by the PMC is
turned into a CP antenna radiation element. The impedance
bandwidth of jS11j < �10 dB is about 33.8% (5.4-7.6 GHz)
and the 3-dB AR bandwidth is about 24.8% (5.8-7.3 GHz).
Then, an UWB CP antenna array can be constructed by

FIGURE 2 (A) Four unit-cells; (B) the equivalent circuit model

of the new unit-cell

FIGURE 3 Simulated performance of the antenna array

element

FIGURE 4 Simulated radiation pattern of the antenna array element
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using a 2 � 2 arrangement of such elements and an UWB
sequential feeding network. The measured result shows that
the proposed antenna array has an impedance bandwidth of
about 117% (1.75-6.75 GHz) and AR bandwidth of about
105.7% (2.24-7.35 GHz), respectively. Finally, the fabrication
and measurement of the proposed UWB CP antenna array
verified the design mechanism. Benefiting from the advan-
tages, such as low profile and ultra-wide operating band-
width, the proposed antenna array with metasurfaces has a
wide range of potential applications in wireless communica-
tion systems.

2 | ANTENNA DESIGN AND
ANALYSIS

2.1 | The antenna array element

Figure 1 shows the configuration of the proposed
antenna array element, which consists of a PCM, a gro-
und plane with a slot, a feeding line, and two layers of
substrate. Substrate 1 is F4BM (Ɛ1 = 2.2, tan δ1 = 0.004)
with a thickness of h1 and substrate 2 is Rogers 4003
(Ɛ2 = 3.55, tan δ2 = 0.0027) with a thickness of h2. It

FIGURE 5 The geometry of the

proposed antenna array. (A) 3D view

and side view; (B) top view;

(C) bottom view. wg = 80 mm,

d2 = 13 mm

FIGURE 6 Schematic for the

feeding network
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should be noted that there is only ground plane and no
air gap between the two substrates, which results in a
low profile antenna structure. As shown in Figure 1, the
PCM is composed of 4 � 4 polarization conversion unit-
cells. The unit-cell is obtained by putting an elliptical
patch into a rectangular ring, connecting the ellipse and
the ring with two stubs, and then rotating it by 45�. The
LP wave excited by the slot becomes a CP wave after
passing through the PCM. How the proposed PCM con-
verts LP wave into CP wave as shown in Figure 2. First,
the slot antenna generates an x-direction electric field
(E), and it can be split into two orthogonal electric field
components (E1 and E2). Consider the new super-cell in
the Figure 2(A), when the two electric field components
pass through the PCM, the electromagnetic waves will
interact with the PCM. The equivalent circuit models for
the two electric field components are shown in the

Figure 2(B). This interaction can be expressed by the
impedance equations.

Z1 ¼R1þ jωL1þ1= jωC1ð Þ ð1Þ

FIGURE 7 Simulated results of the feeding network. (A) S-

parameters; (B) phase difference of these four ports

FIGURE 8 Prototype of the proposed antenna array

FIGURE 9 Simulated and measured results of the proposed

antenna array. (A) jS11j; (B) axial ratio and gain
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Z2 ¼R2þ jωL2þ1= jωC2ð Þ ð2Þ

where R1, R2, L1, L2, C1, C2 are the resistances, inductances,
and capacitances of the unit-cell in Figure 2. These are
affected by the structure of the unit-cell. When jZ1j = jZ2j
and ang(Z1) � ang(Z1) = ±90� are satisfied, CP radiation
can be generated. The radiation and return loss characteris-
tics of the antenna array element with optimized parameters
are shown in Figure 1. The simulation results for S11, AR,
and gain for the antenna array element are shown in
Figure 3. The simulated impedance bandwidth of
jS11j < �10 dB is about 33.8% (5.4-7.6 GHz), the 3-dB AR
bandwidth is about 24.8% (5.8-7.3 GHz), and the average
gain in the operating bandwidth is 8.2 dBi. Figure 4 illus-
trates the radiation pattern of the antenna array element at
6.5 GHz in XOZ and YOZ planes. The LHCP radiation is
obtained in both XOZ and YOZ planes, and the antenna has
nearly symmetric radiation patterns in the two planes.

2.2 | 2 � 2 antenna array with
metasurface

Although the single slot antenna loaded with a PCM ele-
ment has achieved a good CP performance, it also has cer-
tain shortcomings, which limit its applications in practice.
According to the previous analysis, the operating band-
width of the antenna element from 5.8 to 7.3 GHz is only
about 24.8%. To expand the bandwidth, a 2 � 2 antenna
array is designed. Figure 5 shows the configuration of the

proposed antenna array. Figure 5(A) gives the 3D view and
side view of this antenna array. As shown, the antenna
array is consists of a metasurface, a ground plane with four
slots, an UWB feeding network, and two layers of sub-
strate. The material and thickness of the two substrate
layers are the same as of the antenna array element. As
shown in Figure 5(B), in the 2 � 2 arrangement, the
sequentially rotated PCMs are printed on the top surface of
substrate 1. The UWB 1 to 4 feeding network is printed on
the bottom surface of substrate 2, as shown in Figure 5(C).
The schematic of the proposed feeding network is shown
in Figure 6. This feeding network having an UWB power
divider and stable phase difference performance, and con-
sists of a 180� out-of-phase balun and two 90� baluns,
which have been designed in Reference 22. The simulation
results of this feeding network are illustrated in Figure 7
(A),(B). The impedance bandwidth of the feeding network
with S11 < �10 dB is from 1.5 to 6.8 GHz (127.7%), and the
phase difference between Port 5 and Port 4, Port 3, Port
2 is maintained at about 90�, 180�, 270� within the band-
width 1.5 to 7.5 GHz, respectively. The magnitude unbal-
ance of the insertion loss is less than 1.5 dB.

3 | SIMULATION AND
MEASUREMENT RESULTS

To validate the above analysis, the proposed UWB CP
antenna array with metasurfaces has been fabricated and
measured. The photos of the fabricated antenna are

FIGURE 10 Simulated and measured radiation pattern of the proposed antenna array at, (A) 3 GHz; (B) 4 GHz; (C) 5 GHz; (D) 6 GHz
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shown in Figure 8. The simulation and measurement
results of jS11j, AR, and gain are shown in Figure 9(A),
(B), respectively. The measured impedance bandwidth of
jS11j < �10 dB is about 117% (1.75-6.75 GHz), which is a
slight shift to the lower frequency compared with the
simulation result. As shown in Figure 9(B), the measured
3-dB AR bandwidth can cover the frequency range from
2.24 to 7.35 GHz, reaching 105.7%, which is in agreement
with the simulation result. In addition, the measured gain
is positive in the operating bandwidth, and slightly lower
than the simulated gain, and the peak gain is 12.5 dBic at
6 GHz. Figure 10 describes the measured and simulated
results of the radiation pattern at 3, 4, 5, and 6 GHz. As
shown in Figure 10, the measured radiation patterns are in
good agreement with the simulated results in the upper
hemisphere region at 4, 5, and 6 GHz, while the results at
3 GHz in the upper hemisphere region are a little different.
Due to the influence on the insertion loss and scattering of
the turntable and the coaxial cable used in the tests, the
measured results of the back hemisphere have deviated
slightly from simulated results. The performance compari-
son between the proposed antenna and other UWB CP
antennas are shown in Table 1. It can be seen that the pro-
posed antenna not only has a smaller size, but also has a
wider 3-dB AR bandwidth and a higher gain.

4 | CONCLUSION

Using the PCM as a radiation structure loading a simple
LP slot antenna can produce a CP antenna. By sequen-
tially rotating 2 � 2 PCMs and slots, and adding an UWB
sequential feeding network, a low-profile CP antenna is
obtained. The impedance bandwidth and AR bandwidth
of the proposed antenna is about 117% (1.75-6.75 GHz)
and 105.7% (2.24-7.35 GHz), respectively. Conclusively,
this antenna array is a good potential candidate for vari-
ous UWB applications.
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