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Abstract

In this paper, a metasurface-based aperture-coupled circularly polarized (CP) antenna with
wideband and high radiation gain is proposed and analyzed. The proposed antenna is com-
prised of coplanar waveguide coupling with 4 × 4 corner truncated square patches, which
show compact size and low profile. The mechanism of the CP antenna is analyzed theoretic-
ally based on the mode analysis and equivalent circuit analysis. The parameters of feeding
structure and truncated corner are studied and optimized to achieve wide impedance band-
width (BW) and axial ratio (AR) BW. Finally, an overall size of 38.8 mm × 38.8 mm ×
3.5 mm (0.71λ0 × 0.71λ0 × 0.064λ0 at 5.5 GHz) CP antenna is proposed and fabricated.
The simulated results demonstrate that over 41.7% impedance BW (S11 <−10 dB) of
4.55–6.95 GHz and 3 dB AR BW of 5.05–6.15 GHz (fractional BW is about 19.6%) are
achieved. In addition, the antenna yielded a broadside CP radiation with a high gain average
about 7.5 dBic. Experimental results are in good agreement with the simulated ones.

Introduction

Over the past few decades, circularly polarized (CP) antenna has attracted a lot of interests due
to its wide applications in satellite communication system, radio frequency identification
(RFID), wireless sensors, and so on [1]. Generally speaking, CP antenna mainly includes
two categories, single-feed and dual/multi-feed. The latter one always requires power divider
or complicated feeding network, which is not beneficial to design and manufacture. Hence,
several attentions have been focused on single-feed CP antenna, which can be easily miniatur-
ized and integrated. Many technologies have been applied to achieve CP radiation, such as var-
ies shaped patch [2], short pins [3], and cross slotted patch [4]. However, one drawback of the
former one is its narrow impedance matching bandwidth (BW) and axial ratio (AR) BW due
to high value of quality factor Q.

In order to broaden its BW, several techniques have been proposed, such as thick air substrate
[5], slot loading [6], stacked patches [7]. However, these designs are always bulky and low radi-
ation efficiency, which are not practical to achieve compact size and high efficiency. To overcome
these drawbacks, many novel types of antenna are reported, especially metamaterial-based or
metasurface-based structures. In [8], a partially reflective surface (PRS) and artificial impedance
surface-based resonant cavity structure was applied to improve radiation gain of CP antenna.
Besides, metamaterial-based CP antenna with linearly polarized (LP) wave has attracted much
attention [9–11], which can simplify the design procedure of CP radiator source. For example,
metamaterial-based PRSs have been used to design high gain CP Fabry–Perot cavity antenna [9,
10]. However, most of these designs require a distance between radiator and PRS to satisfy cavity
resonance condition. Therefore, some CP antennas with metamaterials under the radiator have
been proposed [12, 13]. Yang et al. [13] proposed a low-profile CP antenna with a height of
0.04 λ0 using a polarization rotating reflective surface based on artificial magnetic conductor,
while it is still a challenging problem to obtain wider BW.

Recently, another method by integrating metasurface into a traditional LP aperture antenna
was proposed to enhance BW and reduce volume [14–20]. Liu et al. [14, 15] proposed low-
profile broadband mushroom-based and grid slotted metamaterial-based planar antennas by
exciting two modes simultaneously. Then, some designs of feeding structure are used to
achieve CP radiation based on the two designs [16]. In [16], a low-profile grid-slotted CP
patch antenna achieves wide impedance BW and 3 dB AR BW using Z-shaped slotted ground.
Another method to obtain circular polarization is using CP metamaterial units array, such as
corner truncated patches [17, 18, 21]. Different polarization states and radiation patterns are
realized owning to some perturbation segments of the truncated corner. However, the wide AR
BW of the design is still a challenge. Specifically, with the development of satellite and wireless
communication systems, the demands on the antenna are required higher and higher. The
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antenna design to satisfy these requirements, such as wide oper-
ating BW, compact volume and miniaturized size, is a valuable
research.

In this paper, a low-profile slot antenna based on metasurface
for C-band satellite communication is proposed and studied. The
period size of the metasurface is 0.18 λ0 at center frequency,
which shows advantages for miniaturized design. The proposed
antenna consists of 4 × 4 unit cells printed on top substrate without
air gap, which indicate its superiority for reducing total volume.
Besides, compared with published literatures, the mechanism of
the metasurface-based antenna is detailed and analyzed based on
mode analysis, surface current distributions, and equivalent circuit
transmission mode, respectively. The measurements are also given
in detail. Further study of parameters reveals key impacts of the
antenna and provides design guidelines. Full-wave simulations
using commercial software ANSYS HFSS and experimental mea-
surements are carried out to verify the previous analysis and radi-
ation performances of the antenna.

Design and analysis of antenna

Design and full-wave simulation

The proposed antenna geometry is shown in Fig. 1, which consists
of three layers. The two layers of dielectric substrates are Arlon
AD350A [22] (a dielectric constant εr = 3.5, and a loss tangent
tanδ = 0.003) with thickness of h1 = 0.5 mm and h2 = 3 mm,
respectively. There is no air gap between two substrates, so the vol-
ume of the antenna is reduced. The top metasurface with 4 × 4 cor-
ner truncated square patches is printed on upper substrate. The

lower substrate is sandwiched between middle slotted ground
plane and bottom SMA connector and feeding line, which works
as a conventional slot antenna. Optimizing parameters of the feed-
ing structure and the truncated corner using commercial software
ANSYS HFSS versus 13.0, wide impedance BW and CP BW is rea-
lized. The parameters are optimized as follows: p = 9.7 mm, a =
9.2 mm, b = 3 mm, lg = 38.8 mm, ls = 27 mm, ws = 2 mm, lf =
26.4 mm, wf = 1.2 mm, lg = 14 mm, wg = 6 mm, gf = 0.7 mm.

To illustrate why CP radiation can be achieved by the proposed
metasurface-based antenna, we make comparisons between two
slot antennas, as presented in Fig. 2. Ant I is a traditional slot
antenna and consists of a ground plane with air slot, feeding
line, and two dielectric substrates, as shown in Fig. 2(a). Ant II is
a square metasurface-based slot antenna, which is comprised of
4 × 4 square patches printed on upper substrate and the other com-
ponents are the same as Ant I, as shown in Fig. 2(b). It should be
noticed that the parameters of the three antennas are chosen as the
same for a fair comparison, such as feeding structure, thickness of
two substrates, and period of metasurface and so on.

Figure 3 presents simulated S11 and gain of three antennas.
AR of the proposed antenna is given in Fig. 3(b). It is known
that Ant I and Ant II are LP antennas and the AR are not depicted
for simplicity. For Ant I, there is a resonance at 6.40 GHz with
S11 =−8.80 dB. For Ant II, there are two resonance frequencies occur-
ring at 4.90 GHz (S11 =−27.80 dB) and 6.20 GHz (S11 =−23.20 dB).
It can be seen that the impedance BW is changed and the gain is
improved by metasurface. The main reason is that the metasurface-
based antenna exited two adjacent resonant modes (TM10 mode
and antiphase TM20 mode) [15]. The polarization state is also
not affected by square metasurface. Hence, the proposed antenna

Fig. 1. (a) Schematic view. (b) Front view of top, middle, and
bottom structures of the proposed antenna.
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is designed by adjusting the size of the truncated corner of the
square patches to obtain CP radiation. The simulated results dem-
onstrate that about 41.7% impedance BW (4.55–6.95 GHz) and
19.6% 3 dB AR BW (5.05–6.15 GHz) are realized. The simulated
efficiency is over 95% in the entire operation band. Furthermore,
a broadside gain of 7.40–8.15 dBic is achieved at the same time.

Besides, similar to the analysis in [23], numerical studies are car-
ried out to further explain radiation performance of the antenna. As
the radiated electric fields in the far-field boresight (+z) direction can
be decomposed into two orthogonal components (�Ex and �Ey), the
phase, phase difference, and magnitude ratio �Ex

∣∣ ∣∣/ �Ey
∣∣ ∣∣ are investi-

gated to examine circular polarization. Figure 4(a) depicts the
phase and phase difference between the two orthogonal compo-
nents, which are named as wx, wy and wx− wy, respectively. It can
be seen that the phase difference is roughly − 90° in the frequency

range of 5.0–6.1 GHz. The magnitude ratio is also between ± 3 dB
in the band, as presented in Fig. 4(b).

Mode analysis

To study the physical principle at two resonance frequencies in
the AR BW of 5.30 GHz (AR = 0.75 dB) and 6.05 GHz (AR =
1.00 dB) given in Fig. 3(b), the electric field distributions are pre-
sented in Fig. 5. It is validated that the two resonance modes are
TM10 mode and antiphase TM20 mode, which are the same with
Ant II. The small frequency shift is mainly due to the size change
of the patches. Figures 6 and 7 present surface current distribu-
tions on the metasurface vary with phase at two resonance
modes, respectively. As can be seen from the figures, the domain

Fig. 2. Schematic view of (a) Ant I and (b) Ant II.

Fig. 3. Simulated results of (a) S11 and (b) AR and gain.

Fig. 4. Simulated results of (a) phase, phase difference, and (b)
magnitude ratio between the radiated electric fields of two
orthogonal components (�Ex and �Ey ).
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current direction changes in clockwise order with time phase (wt)
varies from 0 to 90° (step 45°), which means a LHCP is realized.

Equivalent circuit analysis

To further explain the operating mechanism of CP radiation, we
extract a new unit cell of the metasurface and its equivalent circuit

[17, 21] seen by diagonal direction is displayed in Fig. 8. The LP
wave excited from the microstrip slot antenna (direction of E

�
is

along x-axis for the proposed antenna) can be decomposed as two

orthogonal components along diagonal directions ( E
�

1 and E
�

2).
Then the impedances satisfy the following equations:

Z1 = R1 + jvL1 + 1/ jvC1, (1)

Fig. 5. (a) Electric field distributions and (b) sketch diagram at two resonance modes.

Fig. 6. Surface current distributions at 5.30 GHz (a) wt = 0°; (b) wt = 45°; (c) wt = 90°.

Fig. 7. Surface current distributions at 5.05 GHz (a) wt = 0°; (b) wt = 45°; (c) wt = 90°.
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Z2 = R2 + jvL2 + 1/ jvC2, (2)

where Ri, Li, and Ci (i = 1, 2) are the resistance, inductance, and
capacitance of two adjacent new unit cells in two diagonal direc-
tions. The value of Z1 and Z2 changes with the variation of the
truncated corner, then the electric fields will be changed.
Hence, we can alter radiation performance by adjusting the para-
meters of truncated corner. To realize CP radiation, the imped-
ance along two diagonal directions needs to satisfy

Z1| | = Z2| |, (3)

/Z1 −/Z2 = +900. (4)

Hence, circular polarization can be realized.

Study of the parameters

As mentioned before, the impedance BW and AR BW are
dependent on the feeding structure and metasurface parameters.
Therefore, the influence of feeding structure on the performances

of the proposed antenna is studied in the first part. As the slot
length ls and thickness h2 of the upper substrate play important
roles in the design, the antenna performances under these varia-
tions are focused. Then the effects of several key parameters of the
metasurface are investigated in the second part, including the
variation of period size p, length a, and truncated corner size b.
It is noted that the influence of the specific parameter is examined
with the other parameters that are fixed.

Effect of the feeding structure

The S11, AR, and gain varies with different slot length ls are presented
in Fig. 9. It is known that the slot length has an important impact on
resonant modes. Figure 9(a) depicts that the impedance band shifts
to lower frequency with the increases of slot length, which is
expected as the increases of resonant path. Simultaneously, two res-
onant modes shift to lower frequencies, while the radiation gain has
few changes, as shown in Fig. 9(b).

Figure 10(a) gives the influence of different thickness h2 of
upper substrate on S11. The impedance band shifts to lower one
as the thickness increases. From Fig. 10(b), the increasing of
thickness results in the decreases of AR band with gain curves
shifting to lower frequencies. The phenomenon is due to the
increases of the total equivalent dielectric constant.

Effect of the metasurface

Figure 11 shows S11, AR, and gain of the antenna with increasing
of period size p. As given in Fig. 11(a), with the increases of per-
iod size, the impedance band narrows, specifically the lower fre-
quencies, is shifted to higher frequencies while the higher part
is almost unchanged. Besides, from Fig. 11(b), the two resonant
modes and gain values shift to higher ones when the period
size increases from 9.5–9.7 mm.

Fig. 8. (a) New unit cell. (b) Equivalent circuit model.

Fig. 9. (a) S11, (b) AR and gain at different ls.

Fig. 10. (a) S11, (b) AR and gain at different h2.
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As displayed in Figs 12(a) and 12(b), the length a of the meta-
surface has a significant influence on the impedance matching
and AR BW. From Fig. 12(a), the impedance matching BW is
expanded with the length a, which increases from 9.0–9.4 mm.
It can be seen from Fig. 12(b) that the two resonant modes
shift to lower frequencies with the increases of the length a,
which is attributed to increases of equivalent resonant length.
The curves of gain also shift to lower frequencies with increases
of metasurface length.

The effects of the truncated corner size b on the antenna per-
formances are given in Figs 13(a) and 13(b), respectively.
Different from the influence of metasurface length a, the variation
of truncated corner size b has much more impact on the imped-
ance matching but less influence on the impedance band shift.
Figure 13(a) shows that the impedance matches better with the
BW, which is nearly unchanged when the size b increases from
2.5–3.5 mm. Figure 13(b) indicates that the AR BW varies with
the increases of the truncated corner size b and split into two res-
onant frequencies gradually. The curves of gain shift to higher fre-
quencies with the increases of the size b.

In a word, the antenna performances can be tuned by the
mentioned parameters. The parameters optimization mainly
includes two steps: (1) design of feeding structure and (2) opti-
mization of metasurface. Then the good impedance matching
and AR BW are realized.

Fabrication and measurements

In order to verify the simulations and analysis, an oversize of
38.8 mm× 38.8 mm× 3.5 mm antenna was fabricated and mea-
sured. Top and bottom views of the sample are shown in
Figs 14(a) and 14(b), respectively. The antenna is fed with 50 Ω
SMA connector and the reflection coefficient S11 is measured
by a vector network analyzer (Agilent PNA Series Network
Analyzer E8363B). The measurement can be divided into two
steps. First step is the calibration of the vector network analyzer
by using a calibration kit (N4692A) before the measurement.
Second step is the measurement of S11. The reflection coefficient
of the antenna was obtained.

Fig. 11. (a) S11, (b) AR and gain at different p.

Fig. 12. (a) S11, (b) AR and gain at different a.

Fig. 13. (a) S11, (b) AR and gain at different b.
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In practical application, we pay more attention on its AR BW,
radiation patterns, and gain of CP antenna. Thus, the proposed
antenna was tested by Agilent PNA Series Network Analyzer
MS4644A and in the anechoic chamber (an overall size of
length × width × height is 5 m × 4 m × 3 m). The schematic view
of the measurement setup and practical testing are given in Figs
14(c) and 14(d), respectively. As shown in Fig. 14(c), the distance
between the standard LP horn antenna and the sample is over 4 m
to obtain far-field situation. Far-field can be satisfied according to
the distance requirement of over 2D2/λ, where D is the largest
antenna diameter [24] (physical dimensions of 38.8 mm ×
38.8 mm in the case) and λ is the wavelength (42.86 mm at max-
imum working frequency 7.0 GHz).

Figure 14(d) displays measurement photograph of the radiation
patterns and radiation gain. Considering operating BW of the pro-
posed antenna, the standard gain antenna BJ-48 was chosen as a
reference antenna, which could cover the BW of 3.94–5.99 GHz.
The gain measurement includes three steps. First, the standard
gain antenna was placed on the platform as a sample and its
gain was measured. Second, the measured gain values were com-
pared with standard gain curve provided by the manufacturer,
such that the relative values between the actual gain values and

the measured ones in the anechoic chamber of the antenna can
be obtained. Third, gain of the proposed antenna was measured.
Then the measured results added the relative gain values of the
measurement, which are the actual radiation gain of the proposed
antenna. It is noted that the results should be compared with the
standard gain antenna at the same situation. Thus, we carried on
the measurement of the proposed antenna after the measurement
of the reference antenna immediately.

To obtain AR of the proposed antenna, a LP horn antenna was
employed to measure electric fields along the orientations of the
radiation far-field in boresight direction, which are named as
E-f (�Ef) and E-θ (�Eu), respectively. The amplitudes and phases
of the two components (�Ef and �Eu) were measured, then right-
handed electric field �ER, the left-handed electric field �EL are cal-
culated according to the expressions �ER = (�Eu + j�Ef)/

��
2

√
,

�EL = (�Eu − j�Ef)/
��
2

√
. Hence, the AR can be obtained according

to the equation:

AR = �ER
∣∣ ∣∣+ �EL

∣∣ ∣∣( )
/ �ER
∣∣ ∣∣− �EL

∣∣ ∣∣( )∣∣ ∣∣.

As can be seen from Fig. 15(a), measured impedance matching
BW (S11 <−10 dB) is 4.40–6.60 GHz (fractional BW of 40%),

Fig. 14. (a) Top view and (b) bottom view of the antenna. (c)
Schematic view of the antenna measurement setup and (d) test-
ing in an anechoic chamber.

Fig. 15. (a) Simulated and measured results of S11. (b) AR and
gain.
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whereas the simulated one is 4.55–6.95 GHz (41.7% BW).
Measured values of AR and gain are depicted in Fig. 15(b). It is
shown that about 21% 3 dB AR BW can be achieved in the fre-
quency range of 5.05–6.25 GHz, whereas the simulated one is
5.05–6.15 GHz (fractional BW is about 19.6%). The radiation
gain was obtained compared with the standard gain antenna
(3.94–5.99 GHz), so that values from 5.00 to 6.00 GHz are
given to verify simulations. It is obvious that the curve of mea-
surements has similar tendency with the simulated one and the
average gain is about 7.5 dBic. Small frequency shift and devia-
tions compared with simulated ones are acceptable considering
fabrication errors and measurement errors. Radiation patterns
of xoz-plane and yoz-plane at first resonance mode are given as
an example to study radiation performance of the antenna, as
shown in Fig. 16. The measured and simulated radiation patterns
show good agreement in a broadside radiation. The deviations at
back side are mainly caused by measurement errors, such as the
influence of testing coaxial cable. Radiation patterns at other fre-
quencies have similar features within the CP operating band.

Measured results of recently reported metasurface-based CP
antenna and our work are concluded in Table 1. The comparisons
show that the proposed low-profile antenna owns properties of
wide impedance matching BW, wide operating AR BW, and
high gain. Besides, the coplanar waveguide feeding structure gen-
erates compact size and miniaturization.

Conclusion

In this work, we proposed a wideband CP aperture-coupled
antenna based on the metasurface due to the polarization conver-
sion of the patches. The integrated metasurface patches and
coplanar waveguide feed structure ensures its compactness and
low profile. The theoretical analysis and parametric studies
serve as a guideline for wideband design. Simulated results dem-
onstrate about 41.7% impedance matching BW (S11 <−10 dB) of
4.55–6.95 GHz and 19.6% AR BW of 5.05–6.15 GHz. Besides, an
antenna sample was fabricated and measured. The measured
results and the simulated ones are in good agreement. The CP
antenna is low profile, wideband, and high gain, which shows a
potential application for C-band satellite and wireless communi-
cation system.
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