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A low-pro�le (LP) metasurface antenna is proposed for broadband circularly polarized (CP) operations.�emetasurface radiator,
formed by a 5× 5 array of square patches, has a microstrip line fed at its bottom through a shorted annular-ring slot centered on
the ground plane. First, the characteristic mode analysis (CMA) methodology is employed to examine the intrinsic modes of the
metasurface. Subsequently, a pair of mutually orthogonal modes is selected and excited by the feeding structure with a 90° phase
di�erence to produce CP radiation. For the purpose of veri�cation, a prototype antenna is developed, and the obtained data reveal
that the antenna exhibits an impedance bandwidth of 43.9% ranging from 4.8 to 7.5 GHz (S11<−10 dB). �e 3-dB axial ratio
bandwidth is 22.2% in the range of 5.6–7GHz, among which a satisfactory left-handed CP radiation is achieved, and the
maximum gain in the broadside direction reaches 9.3 dBic at 6.9 GHz.

1. Introduction

�e circularly polarized (CP) antenna is broadly exploited in
numerous communication systems due to the advantages of
reducing the multipath e�ects as well as reducing polarization
alignment between the receiver and the transmitter. �e CP slot
antennas are of considerable application in the present and
futurewidebandwireless systems owing to their low pro�le (LP),
low cost, easy integration, and wide impedance bandwidth.
Various shaped slot antennas with wide 3-dB axial ratio (AR)
bandwidth have been proposed in the literature, such as
combined dual-square-ring-shaped slot antennas [1], and slot
antennas loaded by multiple-circular-sector patches [2]. �e CP
radiation can also be attained by introducing a shorted section to
a proper position along with the ring slot. �e 3-dB AR
bandwidths of about 8.4 and 8.1% have been obtained in order
for annular and square slot antennas [3]. �e antenna gains
within the CP bandwidth for both types are about 4.0–5.6 dBic.
In [4], two concentric shorted annular-ring slots are exploited to
design dual-bandCP antennas such that the 3-dBARbandwidth
for the upper (lower) band is 3% (1.5%). In addition, the shorted

ring slots were exploited to excite the dielectric resonator an-
tenna (DRA) with circular polarization [5, 6]. However, their
main drawback was narrow AR bandwidth.

Recently, the metasurface has been employed in several
novel antennas for AR bandwidth expansion and gain en-
hancement. In some antenna con�gurations, the metasur-
face is utilized as a re£ector or a surface wave converter
placed beneath the radiator [7–9], achieving broad CP
bandwidth while complicating antenna structure. On the
other hand, the metasurface is stacked directly on the ra-
diator, thus retaining LP properties and providing wide AR
bandwidths [10–13]. According to the research work in [10],
a circularly polarized corner truncated square patch antenna
using a metasurface exhibited an AR bandwidth of 23.4%
and an LP of 0.056λ0. An H-shaped patch array (4× 4)
metasurface demonstrates a CP bandwidth of 14.3% and a
pro�le of 0.071λ0 [11]. In order to enhance the radiation
gain, an air layer [14] or a foam substrate [15] was placed
between the metasurface and the feed structure. Never-
theless, this strategy leads to an increase in the pro�le height
and the structural complexity of the antenna.
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In the present paper, a CP metasurface antenna with LP
is presented. A metasurface containing 5× 5 square metal
patches is implemented to improve the bandwidth and
radiation gain. *e modal current and the radiation prop-
erties of the designed metasurface are observed based on the
CMA [16–18]. Two orthogonal modes are chosen as working
modes to generate circularly polarized radiation. A single-
feed structure composed of a microstrip line and a shorted
annular-ring slot is applied to excite both orthogonal modes
with a relative phase difference (PD) of 90°. *e simulated
and measured data are employed to validate the broadband
CP and high-gain radiation effects of the developed antenna.

2. Configuration of the Antenna

*e geometrical and structural dimensions of the developed
antenna in order are presented in Figure 1 and Table 1. *e
antenna contains two different dielectric substrates. As
demonstrated in Figure 1(a), a metasurface composed of a
5 × 5 array of square patches is deposed on the upper
substrate with a dielectric constant of 3.5 and thickness
h2 � 2mm. *e feeding microstrip line is labeled on the
bottom surface of the upper substrate with a dielectric constant
of 4.4 and thickness h1� 0.8mm.*e groundmetal planewith a
shorted annular-ring slot is sandwiched between the two
substrates (see Figure 1(b)). *e ground plane is in direct
contact with the two substrates to realize the LP characteristics,
as demonstrated in Figure 1(d). So far as a single-feed annular
slot antenna is concerned, the shorted section can be deemed as
a perturbation segment, and the antenna can produce satis-
factory CP radiation while the parameters (α1, α2) of the
shorted section are properly determined.

3. Operating Mechanisms

3.1. Characteristic Mode Analysis of the Metasurface. In
order to realize the operating mechanisms of the developed
metasurface antenna, the intrinsic characteristic modes
generated from the metasurface are explored by applying the
CMA. *e substrates and ground plane are assumed to be
infinite. *e PEC boundaries are set along the z-direction,
and the open boundaries in other five directions have been
shown in Figure 2. *e metasurface patches are meshed to
solve the electrical currents.

*e characteristic mode analysis of the metasurface is
carried out from 4 to 8GHz firstly. *e first four characteristic
modes are chosen to analyze the modes of the antenna, while
the higher order modes can hardly be excited at these fre-
quencies as their modal significance is quite low. Figure 3
displays the modal significance and the characteristic angle of
the four characteristic modes.*e characteristicmode theory is
described in detail in [19]. It can be concluded that the nearer
the modal significance is to the maximum value of one or the
characteristic angle is to 180°, the more effectively the asso-
ciated mode contributes to radiation. Notably, J1 and J1′ are a
pair of modes resonating at 7.1GHz with the same modal
significance. *e remaining two modes (i.e., J2 and J3) dem-
onstrate similar resonant frequencies and share the same trends
of variations against frequencies.

Figures 4(a)–4(d) present the corresponding modal
electric currents at 6.8GHz, where the black arrow shows the
current direction. As can be seen from Figures 4(a) and 4(b),
J1 and J1′ are in phase throughout the whole metasurface and
polarize in the x- and y-directions, respectively. Because of
the metasurface symmetry, J1 and J1′ represent a pair of
orthogonal modes, and both of them radiate in the +z-di-
rection (see Figures 5(a) and 5(b)). *e currents J2 and J3 are
self-symmetric along the x-axis and y-axis, respectively. *is
will lead to a radiation null at boresight (see Figures 5(c) and
5(d)). Consequently, J1 and J1′ indicate the desired modes for
the broadside radiation. A circular polarization is also de-
tectable by exciting both orthogonal modes with a PD of 90°
simultaneously.

3.2. Feeding Network Design. To retrieve circularly polari-
zation radiation, J1 and J1′ with a PD of 90° were simulta-
neously excited via an adaptive feed network. Figure 3
displays that the currents J1 and J1′ are evenly distributed
on the whole patches of the metasurface for the central
patch, and the current density is mostly distributed at the
edge of the patch. For J2 and J3, the current distribution is
completely different, and the current distribution on the
central unit is very weak. In view of these current distri-
bution characteristics, the feed structure is placed at the
metasurface’s center patch. *erefore, J1 and J1′ can be ef-
fectively excited, whereas J2 and J3 are suppressed. To satisfy
these conditions, a single-feed network combined with a
shorted annular-ring slot and a microstrip line for exciting
the antenna are employed (Figures 1(b) and 1(c)).

In order to illustrate the operating mechanisms of CP
radiation, the surface current distribution of the metasurface
is examined. *e currents are estimated for two AR points
(5.8 and 6.8GHz) of the 5× 5 cell configuration and given in
Figure 6. As demonstrated in Figure 6(a), the currents flow
in the x- and y-directions in order at the phases of 0° and 90°.
As illustrated in Figure 6(b), at the phases of 0° and 90°, the
dominant current discharges in the x- and y-directions,
respectively. It is demonstrated that both orthogonal modes
with a PD of 90° are excited to realize the left-handed (LH)
CP radiation for each AR point. In addition, the maximum
currents occur on the metal plates located in the metasurface
center at 5.8GHz, while the maximum current occurs on all
the constituent metasurface plates at 6.8GHz. It implies that
the current on the metasurface is stronger at 6.8GHz than at
5.8GHz. *ese results imply that the AR point at 6.8GHz is
chiefly attributed to the metasurface, while that at 5.8GHz is
produced by the shorted annular-ring slot.

3.3. Effect of Spacing between Elements of the Metasurface.
A parametric study was carried out on variation of edge-to-
edge spacing of metasurface elements. Figure 7(a) shows the
S-parameters versus frequency for different spacing g. It is
clear that there are two resonant frequencies within the
impedance bandwidth for each spacing g. *e operating
frequency shift towards higher frequency as the spacing is
increased. Figure 7(b) shows the AR versus frequency for
different spacing g. It is observed that there are two AR
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Figure 1: *e configuration of antenna structure: (a) metasurface, (b) ground metal plane, (c) microstrip line, and (d) side view of the
antenna.

Table 1: *e geometry data of the proposed antenna.

a (mm) g p (mm) r 1 (mm) r 2 (mm) l 1 (mm) w α 1 α 2

50 0.5mm 7.3 4.6 5.6 25 1.5mm 45° 14°

PEC

substrate

metasurface

Radiation Boundary

Figure 2: A simulation model of the metasurface and boundary setup.
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Figure 3: (a) *e modal significance and (b) the characteristic angle of the proposed metasurface.
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minimum points for each spacing g. *e left one shift to-
wards higher frequency as the spacing is increased, and the
right one keeps at 6.8GHz. An optimized value of the
spacing must therefore be selected to obtain the desired AR
bandwidth.

4. Results and Discussion

In order to verify the analysis above, one prototype is
fabricated, as shown in Figure 8. *e bottom and top views
of the antenna are presented in the right and left images,
respectively. *e S-parameters are evaluated using an Agi-
lent E5071C network analyzer. Figure 9 presents the mea-
sured and simulated S-parameters varying in terms of the
frequency. *e measured −10 dB S11 bandwidth is a little
wider than the simulated results, which is 43.9% at the center
frequency of 6.15GHz (4.8–7.5GHz). *ere are a few dis-
crepancies between these two results but share a similar
variation as a function of the frequency. Such divergence can
be caused by the fabrication tolerance, including the ad-
hesive glue and small distance between PCBs.

Figure 10(a) shows the comparison between the simu-
lated and measured ARs and antenna gains. *e obtained
findings demonstrate that the developed antenna has an AR
bandwidth of 22.2% (5.6–7.0GHz), while the simulated
coverage is in the range of 5.6 to 6.9GHz (20.8%). *e
measurements show the ARs of 0.30 and 0.86 dB at 6.8 and
5.8GHz, respectively. *ere is only a slight discrepancy
between the measured and simulated ARs. *e minimum

AR point at 5.8GHz is mainly caused by the shorted an-
nular-ring slot antenna, and the higher one at 6.8 GHz is
generated by the metasurface, resulting in broadband cir-
cularly polarized radiation. As shown in Figure 11, the
measured boresight gains are more than 7.4 dBic within the
CP radiation bandwidth, yielding the highest gain of 9.3 dBic
at 6.9GHz. *e gain increment of the antenna with the
increasing frequency (5.6–6.9GHz) and high gain perfor-
mance are attributed to the effective excitation of the or-
thogonal modes. As shown in Figure 10(b), the simulation
and the measurement radiation efficiency are both higher
than 87% throughout the 3-dB AR bandwidth.

*e simulated and measured far-field radiation patterns of
the antenna at 5.8 and 6.8GHz have been plotted in Figure 11.
*e antenna produces stable and symmetrically unidirectional
boresight radiation patterns with LH CP radiation. No obvious
difference is observed between the simulated and measured
radiation patterns. At both frequency points, the LH CP ra-
diation is higher than the right-hand CP radiation. At the
frequency of 5.8GHz, the measurement yields a front-to-back
ratio of 19.5 dB, a gain of 7.52dBic, and a half-power beam-
width (HPBW) of 68° in both xoz and yoz planes. Furthermore,
at the frequency of 6.8GHz, the measurement yields a gain of
9.20 dBic, a front-to-back ratio of 35.8 dB, and a HPBW of 48°
in both xoz and yoz planes.

Table 2 indicates the comparison between the results of the
developed antenna and other CP metasurface antennas.
Compared with [10, 12, 23], the developed antenna exhibits the
highest gain. On the other hand, the developed antenna has a

(a) (b) (c) (d)

Figure 4: Schematic representations of the modal currents of the developed metasurface at 6.8 GHz. (a) J1 (b) J1′ (c) J2 (d) J3.

(a) (b) (c) (d)

Figure 5: *e modal radiation patterns of the proposed metasurface at 6.8GHz. (a) J1 (b) J1′ (c) J2 (d) J3.
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Figure 6: *e current distributions on the metasurface for various phase angles: (a) 5.8 GHz and (b) 6.8GHz.
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Figure 7: (a) S11 and (b) AR versus frequency for different spacing g.
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Figure 8: *e photographs of the proposed antenna for various views; left: top view; right: bottom view.
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Figure 9: *e measured/simulated reflection coefficients.

0

1

2

3

4

5

6

7

8

9

10

A
xi

al
 R

at
io

 (d
B)

0

1

2

3

4

5

6

7

8

9

10

G
ai

n 
(d

Bi
c)

5.0 5.5 6.0 6.5 7.0 7.54.5
Frequency (GHz)

Measured
Simulated

(a)

5.0 5.5 6.0 6.5 7.0 7.54.5
Frequency (GHz)

Ra
di

at
io

n 
effi

ci
en

cy

1.0

0.9

0.8

0.7

0.6

0.5

Measured
Simulated

(b)

Figure 10: *e measured/simulated (a) gain and ARs and (b) radiation efficiency.
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Figure 11: *e measured and simulated radiation patterns of the antenna at: (a) 5.8GHz and (b) 6.8GHz.

Table 2: Comparison of the developed antenna with other studied antennas.

Ref Size (λ3) Frequency (GHz) Impedance 3-dB Peak gain (dBic)Bandwidth (%) ARBW (%)
[10] 0.58× 0.58× 0.056 5.5 45.6 23.4 7.6
[11] 1.4×1.4× 0.071 5.6 38.8 14.3 9.4
[12] 0.93× 0.93× 0.024 1.51 17 14.5 8.0
[13] 1.0×1.0× 0.07 5.5 28.2 20.9 9.7
[20] 1.1× 1.1× 0.093 26.8 34.7 20.1 11
[21] 1.0×1.0× 0.04 27.3 23.4 16.8 11
[22] 0.86× 0.67× 0.13 5.6 22.6 14.3 4.8
[23] 0.94× 0.94× 0.06 5.9 40.7 27.1 7.2
[24] 0.822×1.18× 0.06 4.0 36 28.3 7.5
*is work 1.05×1.05× 0.059 6.3 43.9 22.2 9.3
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broader 3-dB AR bandwidth but is still lower than that of the
antenna studied in [10]. Generally, the designed antenna ex-
hibits a satisfactory overall performance, including wide
bandwidth, high gain, and LP.

5. Conclusions

A single-feed, high gain, LP, and broadband CP metasurface
antenna was presented. *e modal behavior of the meta-
surface (5× 5 metal plates) was investigated by the CMA. In
the meantime, a feeding structure contained a microstrip
line, and a shorted annular-ring slot was utilized to excite the
desired orthogonal modes. *ey produced a PD of 90° be-
tween them, leading to a circularly polarized radiation. For
the sake of verification, a prototype antenna was also
designed and tested.*e prototype, 1.05λ0 ×1.05λ0 × 0.059λ0
at 6.3GHz, attains an impedance bandwidth of 43.9% for |
S11|<−10 dB, a broadside gain of 7.4–9.3 dBic, and a 3-dB
AR bandwidth of 22.2%. *e developed antenna exhibited
unique properties of the LP, appropriate impedance simi-
larity, broad CP-radiation bandwidths, and high gain.
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