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A High-Gain Circularly Polarized Antenna Array
Based on a Chiral Metastructure

Qian-Qian Li and Hai-Feng Zhang

Abstract— In this article, a chiral metastructure absorber
(CMMA) is combined with a circularly polarized (CP) antenna
array based on a sequential-phase feed network, and the dif-
ferential absorption of left-handed circular polarization (LHCP)
and right-handed circular polarization (RHCP) by CMMA unit
is used to improve the axial ratio beamwidth (ARBW) of
CP antenna array by absorbing the cross-polarization of the
antenna array. The proposed CMMA unit achieves good circular
dichroism at 4.9–5.2 GHz, which improves the ARBW of the
antenna in this frequency band. In addition, the feed network
of the antenna proposed in this article is in three-dimensional
(3-D) form to reduce the coupling between the feed network
and the radiation patches, so that higher gain can be obtained.
The measured impedance bandwidth of the antenna is 80%
(2.81–6.81 GHz), the axial ratio (AR) bandwidth is 70.8%
(3.68–7.22 GHz), and the peak gain is 15.28 dBi.

Index Terms— Antenna array, chiral metastructure absorber
(CMMA), circularly polarized (CP), sequential-phase feed net-
work.

I. INTRODUCTION

NOWADAYS people’s requirements for communication
quality are getting higher and higher with the devel-

opment of society, and antennas play an important role in
communication systems as a device for transmitting and
receiving electromagnetic waves [1], [2]. Microstrip antennas
have been widely used in the development and improvement
of antennas due to their miniaturization, lightweight, and
easy integration [3]. However, the microstrip antenna still
has many disadvantages such as narrow bandwidth and large
loss. To solve the above problems, scholars have carried out
research on microstrip antennas in terms of bandwidth expan-
sion, gain enhancement, circularly polarized (CP), and array
technology. Among them, the CP antenna is a meaningful
research direction, which not only can receive electromag-
netic waves of various polarizations in space but also reduce
multipath interference and polarization mismatch [4], [5]. The
use of a sequential-phase feed network is a better way to
achieve CP, which can achieve wider bandwidth and higher
gain due to the array form while realizing CP [6]. There are
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many design forms of sequential-phase feed networks, such
as traditional impedance transformation [7], [8], [9] and t-type
feed networks [10], but these methods cannot always obtain
a wider bandwidth. Therefore, a feed network combining a
Wilkinson power divider and a 90◦ phase shifter is proposed
[11], [12], which can obtain a wider impedance bandwidth
and axial ratio (AR) bandwidth. Such a slightly complex
feed network inevitably requires a two-layer structure and this
leads to severe coupling, and a three-dimensional (3-D) feed
network is a good solution to this problem [13], [14], [15].
Part of the feed network being placed perpendicular to the
radiation patches will greatly reduce the coupling between
these two layers, which provides a good premise for high-
gain antennas. However, many antennas can only achieve
broadband width and high gain without considering the AR
beamwidth (ARBW), which will not meet the requirements of
some applications [16], [17]. Therefore, a chiral metastructure
absorber (CMMA) is taken into consideration.

Electromagnetic metastructures are artificially designed
periodic structures, which not only have the advantages of
easy integration and lightweight but also have many exotic
properties such as inverse Goos-Hanchen shift and inverse
Doppler effect. Chirality means that an object cannot coincide
with its mirror image by any manipulation such as rota-
tion [18], [19]. CMMA exhibits different responses to left-
handed circular polarization (LHCP) and right-handed circular
polarization (RHCP), which can be divided into nonselective
absorption and selective absorption [20], [21]. The difference
lies in whether both polarized waves are absorbed or only
one polarized wave is absorbed when LHCP and RHCP
waves are irradiated on the CMMA surface. CP antennae
should undoubtedly choose the latter and use the differential
absorption of CMMA to the LHCP waves and RHCP waves
to absorb the cross-polarization of the CP antenna to make
the antenna wider ARBW. Li et al. [22] proposed a CMMA
with an L-shaped folded metal wire structure, which has an
absorption rate of more than 90% for LHCP waves and less
than 10% for RHCP waves and it has good circular dichroism.
However, it can only achieve differential absorption at a single
frequency point and the through-hole design increases the
difficulty of processing.

In summary, this article proposes a high-gain antenna that
utilizes a CMMA frame to improve the CP antenna array
ARBW. The antenna is divided into two parts, the inner part
is a CP antenna array and the outer part is a CMMA frame.
The CMMA unit designed to improve the antenna ARBW
is an asymmetric chiral structure, which can exhibit excellent
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Fig. 1. Structure diagram of the antenna based on CMMA. (a) Schematic
view. (b) Antenna array. (c) Top view of the antenna array. (d) Feed network.
(e) Top view of the feed network (t1 = 6 mm, l1 = 131 mm, l2 = 88 mm,
l3 = 14 mm, l4 = 10 mm, d1 = 1.5 mm, d2 = 0.66 mm, d3 = 0.84 mm,
d4 = 1.1 mm, d5 = 0.2 mm, k1 = 65 mm, k2 = 17 mm, h1 = 33 mm,
h2 = 11.5 mm, h3 = 9 mm, h4 = 2.5 mm, r1 = 12 mm, b1 = 9 mm, b2 =

12.77 mm, b3 = 5.65 mm, b4 = 2.2 mm, b5 = 13 mm, b6 = 15.1 mm, b7 =

12.95 mm, b8 = 10 mm, b9 = 9.5 mm, b10 = 1 mm).

circular dichroism in the range of 4.9–5.2 GHz. Antenna arrays
can use this structure to achieve different absorption rates for
LHCP and RHCP in this frequency range to suppress cross-
polarized waves, which enables ARBW to improve by up to
50◦ and 24◦ on the xoz and yoz planes, respectively. The metal
on the back of the CMMA structure can be used instead of
the metal frame to enhance the reflection and thus increase the
antenna gain. In addition, the sequential-phase feed network
adopts a 3-D structure to reduce the coupling between it and
the upper radiation patches to obtain high gain. The measured
impedance bandwidth of the antenna is 80% (2.81–6.81 GHz),
the AR bandwidth is 70.8% (3.68–7.22 GHz) and the peak
gain is 15.28 dBi.

II. ANTENNA ARRAY DESIGN

A. Configuration of CP Antenna Array

The proposed antenna consists of two parts where the inner
part is a CP antenna array printed on the F4B (εr = 2.2, tan
δ = 0.001) [9] substrate and the outer part is a CMMA frame
printed on the FR4 (εr = 4.3, tanδ = 0.025) [20] substrate,
as shown in Fig. 1(a).

Fig. 1(b) and (c) are a front view and a top view of the
CP antenna array, respectively. The antenna array is a double-
layer structure, and the sequential-phase feed network on the

Fig. 2. Equivalent circuit diagram of the feed network.

Fig. 3. Equivalent circuit diagram of the 90◦ phase shifter.

lower layer feeds the crescent-shaped radiation patches on the
upper layer through four metal probes. Fig. 1(d) and (e) are
schematic diagrams of the feed network, which use a power
divider and phase shifter to make the input signal into two
signals with equal amplitude and 90◦ phase difference. The
equivalent circuit diagram of the proposed feed network is
shown in Fig. 2, where the microstrip line impedance Z1 =√

2Z0 = 70.6 � (Z0 = 50 �) of λg/4 (λg is the effective
wavelength) of the Wilkinson power divider. The equivalent
circuit diagram of a 90◦ phase shifter with a pair of short-
circuit branches and a pair of open-circuit branches is shown
in Fig. 3, and we perform an analysis based on the even/odd
mode and superposition principle to verify its broadband phase
stability

S11 = S22 (1)

S33 = S44 =
1
2

(
1 − jW1

1 + jW1
+

1 + jW2

1 − jW2

)
(2)

1φ( f ) = −θ( f ) + π − tan−1
(

1 + W1( f )W2( f )

W1( f ) − W2( f )

)
(3)
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Fig. 4. Simulation results of the sequential-phase feed network. (a) |S11|.
(b) |Sij|. (c) Phase difference of each port.

where W j = Y5(tan(θ5/2))(−1) j+1
+ (−1) j Y42 cot 2θ4, j = 1, 2

with θ5 = π · f, θ4 = (π/4) · f. Y4 and Y5 are the normalized
characteristic admittance, f0 and f are the center frequency
and normalized frequency, respectively. Then Z4 = 2.51Z0
and Z5 = 1.24Z0 can be obtained by calculation. In addition,
the analysis method of the 180◦ phase shifter is the same as
that of the 90◦ phase shifter except that 1ϕ = 90◦

± 2◦ should
be replaced by 1ϕ = 180◦

± 2◦, and then Z2 = 1.26Z0 and
Z3 = 1.62Z0 can be obtained by calculation.

Fig. 4(a) shows the |S11| of the feed network, it shows that
the impedance bandwidth is 95.2% (2.08–6.84 GHz). Fig. 4(b)
is the S-parameters of the feed network, the amplitudes of the
four ports are relatively stable in the range of 3.5–7 GHz.
Fig. 4(c) shows the phase simulation results of the feed
network. The phase difference between the four output ports
is relatively stable in the range of 3–7 GHz and the phase
difference between them is basically kept at about 90◦ to
ensure the generation of CP.

As shown in Fig. 1(d), the microstrip lines near the four
output ports of the feed network are, respectively, printed

Fig. 5. Comparison of simulation results with and without four small
substrates. (a) Gain. (b) |S11|. (c) AR.

on four other small substrates so that the entire sequential-
phase feed network forms a 3-D structure. Its purpose is to
reduce the mutual coupling between the radiation patches on
the upper layer and the microstrip line on the lower layer to
increase the gain of the antenna. In addition, four additional
small substrates are added on both sides of the four vertical
substrates with the feed network to enhance the reflection
effect to make the whole structure more symmetrical improve
the gain and make the gain curve flatter. Fig. 5(a) shows that
although the gain peak is not improved much after adding
four small reflective substrates, the gain is greatly improved at
5–6 GHz and the maximum can be increased by about 1.4 dBi
at 5.3 GHz, which makes the whole gain curve flatter than
before. Fig. 5(b) and (c) show the simulation results of |S11|

and AR with and without four small substrates, respectively,
and it can be seen that with and without four small substrates
have little effect on |S11| and AR.

Since the distance between the upper and lower layers in
the double-layer antenna has a relatively large influence on the
gain of the antenna, the height of the probe connecting the
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Fig. 6. Simulation results for different h4. (a) AR. (b) Gain. (c) |S11|.

upper and lower substrates is discussed in this article. It can
be seen from Fig. 6(a) that AR will exceed 3 dB at 5.9 GHz
due to a mismatch when h4 = 1 mm and h4 = 2.5 mm, so the
spacing between the two layers should not be too large or too
small. When h4 = 1.5 mm and h4 = 2 mm, the simulation
results of AR are similar and meet the requirements. The gain
curves for different h4 are shown in Fig. 6(b). It can be seen
that the peak gain is the highest when h4 = 2 mm, which can
reach 13.05 dBi at 5.7 GHz. Fig. 6(c) shows the simulation
result of |S11|, and it can be seen that the height of the probe
almost does not affect the impedance bandwidth.

Since the phase rotation of the antenna can be determined
by analyzing the electric field vector, Fig. 7 is the current
distribution of the antenna at 0◦, 90◦, 180◦, and 270◦. It is
obvious that the components of the current are orthogonal to
each other and form a CP, and the antenna is RHCP because
the rotation direction is counterclockwise.

B. Configuration of CMMA

Because the gain of the proposed antenna is not high enough
and ARBW is not wide enough, the chiral metastructure is

Fig. 7. Current distribution at 5 GHz. (a) 0◦. (b) 90◦. (c) 180◦. (d) 270◦.

Fig. 8. Schematic of the CMMA. (a) Top view. (b) Bottom view.

combined with it in this article. This periodic arrangement of
chiral metastructure has excellent circular dichroism and is
called CMMA. Fig. 8 shows the configuration of the CMMA
with a resonator on the upper layer, an FR4 dielectric substrate
in the middle, and a metal plate with grooves on the back. The
size of the CMMA unit is 28 × 28 mm2.

The absorptivity A(ω) depends on the reflectance R(ω) and
the transmittance T (ω) of the incident light incident on the
metastructure, and its expression is

A(ω) = 1 − R(ω) − T (ω) (4)

where reflectance R(ω) = |S11|
2, transmittance T (ω) = |S21|

2.
The reflection coefficient (transmission coefficient) can be
expressed as Ri j (Ti j ), where i and j represent the polarization
state of the reverse (transmission) wave and the polarization
state of the incident wave, respectively, and can be expressed
as RHCP(+) and LHCP(−). For instance, R−+ and R+−

represent the reflection of the LHCP when the RHCP is
incident and the reflection of the RHCP when the LHCP is
incident, respectively. R−− and R++ represent the reflection
of the LHCP when the LHCP is incident and the reflection of
the RHCP when the RHCP is incident, respectively.

So the formula for absorption rate can be expressed as

A− = 1 − R+− − R−− − T−− − T+− (5)
A+ = 1 − R−+ − R++ − T++ − T−+ (6)
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Fig. 9. (a) Simulated reflectivity and transmittance. (b) Simulated absorption
rates for RHCP and LHCP.

where A+ and A− represent the absorptivity of RHCP and
LHCP, respectively.

The CMMA proposed in this article adopts a chiral structure
and its lower part consists of three branches with different
lengths rotated by 60◦, which can form a broadband absorption
effect when the resonant frequencies of the three branches are
close enough. The lengths of b1 and b6 on the left and right
sides are 9 and 10 mm, respectively, and the rotation angles
are −10◦ and 10◦, respectively. The annular groove on the
back of the structure is also rotated by 30◦, which further
enhances the chirality of this CMMA and improves its circular
dichroism. Fig. 9(a) shows the results of the transmission and
reflection of this CMMA. It can be seen that the curves of the
cross-polarized reflections R+− and R−+ are the same because
the impedances of the RHCP and LHCP illuminations are the
same. The transmission curves T++ and T−− are significantly
different and 1T = T++ − T−− > 0.67 in the range of
4.9–5.2 GHz, it can be seen that differential transmission can
achieve a strong effect in a wider frequency band. Fig. 9(b) is
the absorption curve calculated by (5). The absorption rate of
the LHCP (cross-polarization of the antenna) wave can reach
more than 75% in the range of 4.9–5.2 GHz while the absorp-
tion rate of the RHCP (co-polarization of the antenna) wave is
lower than 20%. Additional information for obtaining a wider
bandwidth can be found in the Supplementary Material.

The loss of the FR4 dielectric substrate in this CMMA is
one of the important reasons for LHCP absorption because it
is closely related to amplitude and phase matching. Therefore,
the absorption rate under different substrate thicknesses t1 is
simulated in this article. As shown in Fig. 10, the absorption
rate of LHCP is greatly reduced when t1 is reduced to 4 mm

Fig. 10. Absorptivity for different t1. (a) LHCP. (b) RHCP.

Fig. 11. Evolution diagram of the frame of the proposed antenna. (a) Metal
frame. (b) CMMA frame without truncated corners. (c) CMMA frame with
truncated corners.

and the absorptivity of RHCP is also slightly increased. At this
time, the maximum absorption rate of LHCP is only 50%
and the absorption rate of RHCP has reached 30%, and the
differential absorption effect of the two polarizations is poor.
Although there is good circular dichroism in the 4.9–5.2 GHz
range as t1 increases to 8 mm, it is still slightly lower than
the result when t1 = 6 mm.

C. Configuration of High-Gain CP Antenna Array

A metal frame is placed outside the proposed CP antenna
array to improve its gain, as shown in Fig. 11(a). The size of
the outer frame is 131 × 131 × 31 mm3, and a groove of
88 × 88 × 6 mm3 is dug in the bottom. Fig. 12(b) shows
that the gain of the proposed antenna is greatly improved
after the metal frame is added and the peak gain is increased
by about 3–16.05 dBi. From Fig. 12(a), it can be seen that
the AR bandwidth also has a slight improvement of about
0.2 GHz. The addition of the metal frame has little effect on
|S11|, as shown in Fig. 12. However, only the gain is improved
is not the optimal method, so this article combines the CMMA
designed above with the CP antenna array to further improve
the ARBW under the premise of increasing the gain. As shown
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Fig. 12. Antenna with different frame and no frame comparison. (a) AR.
(b) Gain. (c) |S11|.

in Fig. 11(b), the designed CMMA cells are arranged on the
outer frame in a periodical manner and four cells are arranged
on each side wall of the outer frame. Fig. 12(b) shows that
the peak gain when CMMA is periodically placed on the outer
frame is about 15.55 dBi, which is slightly lower than that of
the metal outer frame. But there is an improvement in the range
of 4.6–5.4 GHz, where the maximum increase is around 1 dBi
and the overall trend is not much different. This is because the
metal on the back of the CMMA can replace the reflection
of the metal frame, which ensures that the CMMA can also
improve the ARBW of the antenna while increasing the gain.
Fig. 12(a) and (c) show that the use of a CMMA frame and
the use of a metal frame have little effect on AR and |S11|.

Furthermore, the ARBW of the antenna can be effectively
improved within the absorption bandwidth of the CMMA unit,
which is the focus of this work. Fig. 13 shows the ARBW
comparison of the CMMA frame and metal frame in the
4.8–5.1 GHz band. Fig. 13(a) shows that the ARBWs of the
metal frame on the xoz and yoz planes at 4.8 GHz are 49◦

Fig. 13. ARBW simulation results using metal frame and using CMMA
frame. (a) 4.8 GHz. (b) 4.9 GHz. (c) 5.0 GHz. (d) 5.1 GHz.

and 67◦, respectively, while the ARBW of the CMMA frame
on the xoz and yoz planes can reach 76◦ and 84◦, respectively,
which is an improvement of 27◦ and 17◦ on the xoz and
yoz planes, respectively. Fig. 13(b) shows that the ARBW
using the CMMA frame at 4.9 GHz is 50◦ and 24◦ higher
on the xoz and yoz planes than the ARBW using the metal
frame, respectively. At 5.0 GHz, the ARBW using the CMMA
frame is 42◦ and 12◦ higher on the xoz and yoz planes than
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TABLE I
ARBW OF ANTENNA ARRAY USING DIFFERENT FRAMES

Fig. 14. Simulation results for different l2. (a) AR. (b) |S11|. (c) Gain.

the ARBW using the metal frame, respectively, as shown in
Fig. 13(c). Fig. 13(d) shows that the ARBW using a CMMA
frame at 5.1 GHz is improved by 52◦ and 15◦ in the xoz and
yoz planes, respectively. The specific ARBW parameters of
these four frequency points are shown in Table I. It is obvious
that using a CMMA frame within 4.8–5.1 GHz can improve
the ARBW on both the xoz and yoz planes than using a metal

Fig. 15. Photograph of the fabricated prototype. (a) Main view. (b) CMMA
frame. (c) Radiation patches and 3-D feed network. (d) Measurement of
antenna array in microwave anechoic chamber.

frame, especially on the xoz plane. In addition, the improved
frequency band of ARBW is shifted from 4.8 to 5.1 GHz to
the low frequency by 0.1 GHz compared with the CMMA
unit absorption band, which may be caused by the additional
resonance generated by the CMMA arrangement inside the
cavity. As shown in Fig. 11(c), the CMMA frame is truncated
to enhance the polarization selectivity and further improve the
AR. Fig. 12(a) shows that the AR bandwidth is widened by
0.2 GHz after the outer frame is truncated.

In this article, the side length l2 of the slot at the bottom
of the CMMA frame is discussed as an important parameter
because it affects reflection. It can be seen from Fig. 14(a)
that AR will deteriorate around 3.5 GHz when l2 is less than
88 mm, and the AR value of this frequency point is less than
3 dB when l2 = 88 mm and l2 = 90 mm. It can be seen from
Fig. 14(b) that the size of the slot on the back of the CMMA
frame has little influence on the impedance matching, and the
overall trend of S11 under different l2 has little difference.
It can be seen from Fig. 14(c) that when l2 = 88 mm, the peak
gain of this antenna is the largest and can reach 15.55 dBi.
Therefore, it is most appropriate for l2to be 88 mm.

III. EXPERIMENTAL VERIFICATION

In this article, the antenna array is processed and tested to
verify the simulation results, and the stability is maintained
using foam between the antenna and the CMMA frame,
as shown in Fig. 15. The measurement results of |S11| are
shown in Fig. 16(a) and relative impedance bandwidth is 80%
(2.81–6.81 GHz) that have no too big difference with the
simulation results. The test of AR was done in a Microwave
Anechoic Chamber, as shown in Fig. 16(b), the measured
relative AR bandwidth is 70.8% (3.68–7.22 GHz), this result
is shifted to high frequency compared to the simulation, which
may be the size of the dielectric plate is changed due to the
extrusion deformation of the dielectric plate during the antenna
welding process. It can be found from the gain measurement
results of Fig. 16(c) that its overall trend is basically consistent
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TABLE II
COMPARISON WITH OTHER 2 × 2 ANTENNA ARRAYS

Fig. 16. Comparison of simulation results with measurement results. (a) |S11|.
(b) AR. (c) Gain.

with the simulation results and the peak gain can reach
15.28 dBi. The slight decrease in the range of 4.5–5.5 GHz
may be caused by welding errors.

Fig. 17 shows the pattern results of the measurement. The
isolation of the RHCP and LHCP in the broadside direction
(θ = 0◦) at 4.5 GHz can reach 27.3 and 25.2 dB at the xoz
and yoz planes, respectively (21.2 and 40.3 dB for the two

Fig. 17. Simulated and measured normalized patterns. (a) 4.5 GHz.
(b) 5 GHz. (c) 6 GHz.

planes at 5 GHz, and 18.8 and 16.5 dB at 6.0 GHz). The
ARBW measured on these two planes are 61.9◦ and 45.5◦,
respectively (108.2◦ and 103.4◦ at 5 GHz, and 56.7◦ and 16.5◦

at 6.0 GHz). The measurement results match the simulation
results well and have a wide ARBW at the center frequency.

This article summarizes the index comparison of the CP
antenna array proposed in this work and other reports,
as shown in Table II. It can be found that the antenna has
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great advantages in bandwidth and gain when the operating
frequency is similar.

IV. CONCLUSION

A CP antenna array based on CMMA is proposed in this
article. The antenna utilizes the differential absorption of
LHCP and RHCP by the CMMA frame to improve the ARBW
of the antenna and the metal structure on the back of the frame
to enhance the reflection and increase the gain. In addition,
the sequential-phase feed network adopts a 3-D form to
reduce the coupling between the upper and lower layers. It is
measured that the antenna can achieve an impedance band-
width of 80% (2.81–6.81 GHz), an AR bandwidth of 70.8%
(3.68–7.22 GHz), and a peak gain of 15.28 dBi. The antenna
has wide bandwidth and high gain, which has broad applica-
tion prospects. In addition, the proposed CMMA frame has
the advantage of being detachable and is suitable for other CP
antennas with the same polarization.
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