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ABSTRACT In this paper, a novel compact wideband and high-gain antenna based on metasurface is
proposed. The antenna is an octagon with a side length of 32.3 mm and a height of 5.6 mm. The metasurface
consists of two stacking layers, and both layers contain a 4 x4 copper patch array. The antenna is excited by
an aperture coupled structure made of an anomalous microstrip line and a narrow slot etched in the ground
plane. Genetic algorithm (GA) is adopted to optimize all the parameters and obtain the valid performance of
the metasurface antenna. Moreover, the antenna is modified by introducing nonuniform patch. Modification
leads to varying degrees gain enhancement, and the peak is approximately 1.5 dB at 6.1GHz. The impedance
bandwidth of the proposed antenna is 54.9%, ranging from 4.48—7.87 GHz. A prototype of the antenna is

fabricated, and the measured results verify the design.

INDEX TERMS Wideband, metasurface, optimization algorithm, nonuniform patch, high gain.

I. INTRODUCTION

With the increasing demands for high speed and large channel
capacity in modern mobile communication systems, broad-
band and high-gain antenna technologies have been rapidly
developed [1]-[3]. There are many high-gain antennas, such
as waveguide antennas [4], [5], lens antennas [6]-[8], and
planar antennas [9], [10]. High-gain waveguide and lens
antennas are very large and thus inappropriate for miniatur-
ization and system-level integration. Planar antennas have
been widely used in various wireless communications sys-
tems due to their low profiles, easy integration, and low
fabrication costs [11]. However, the gain and bandwidth of
traditional patch antennas are limited. For patch antenna
arrays, dielectric losses increase with the operating frequency,
which limits their practical applications.

Currently, researchers are studying a new kind of antenna
called metasurface antenna. Metasurface antennas have been
used to reduce the antenna profile, enlarge the operating
band, and improve the directivity of the antenna [12]-[14].
Metasurfaces are very universal and have drawn increasing
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attention in the past few years [15]-[18]. In [19], a wideband
directive metasurface with aperture coupling feeding was
proposed. In [20], a metasurface was formed by an array of
mushroom cells, and the antenna obtained a 25% impedance
bandwidth with a 9.9-dBi peak gain. In [12], a single layer of
a periodic array of patch cells formed the metasurface. The
antenna had a 28% impedance bandwidth and a maximum
gain of 9.8 dBi. We can see that the impedance bandwidth
of the metasurface antennas listed above is no more than
30%. In [21], a wideband, low-profile antenna loaded with a
dual-layer metasurface was proposed. The 10-dB impedance
bandwidth of the proposed antenna was approximately 44%
(4.08-6.38 GHz). However, the gain of the proposed antenna
was not very steady. The gain increases gradually from 7 dB
to 12 dB, and then decreases rapidly to 7.5 dB, which means
that the value of the gain does not remain stable. To improve
the gain of the antenna, various methods have been reported,
such as complemental boundaries [11] and parasitic ele-
ments [22]. These methods have proven to be efficient.

In this paper, we propose a novel compact high-gain meta-
surface antenna with an improved impedance bandwidth.
The simulated results show that the impedance bandwidth
of the proposed antenna is 54.9% from 4.48-7.87 GHz.
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FIGURE 1. Configuration of the proposed antenna. (a) Side view of the
metasurface. (b) Top view of the metasurface. (c) Top view of the feeding
layer.

Compared with the design in [21], our antenna has good sta-
bility. The variation of the gain is 1.7 dB in the frequency band
from 4.48-6 GHz, while it is 1.5 dB in the frequency band
from 6-7.87 GHz. The measured variation of the gain in
the working band is 3 dB. We adopt the genetic algo-
rithm (GA) to obtain the valid performance of the metasur-
face antenna. Moreover, the gain is enhanced by introducing
nonuniform patch (NP) while keeping the other parts of the
antenna fixed. The paper includes four parts. In section II,
we discuss the design and optimization of the proposed
antenna. Then, the experimental results and discussion are
presented in section III. Finally, the work is concluded in
section IV.

Il. DESIGN AND OPTIMIZATION OF THE PROPOSED
ANTENNA

A. STRUCTURE OF THE ANTENNA

Figure 1 shows the structure of the proposed metasurface
antenna. The proposed antenna is an octagon due to the
limitation of the installation platform. The side view of the
antenna is shown in Figure 1 (a), revealing two stacking
layers and a ground plane. As shown in Figure 1 (b), two
layers of the same size constitute the metasurface. Each layer
contains a copper patch array printed on an F4B substrate
with a thickness of Hi = 1.5 mm, relative permittivity of
& = 2.65, and loss tangent of 0.002. The patch array is
formed by 4 x4 copper cells uniformly distributed along the x
and y directions, with a gap width g. From Figure 1 (c), we can
see that the metasurface antenna is excited by the aperture
coupled structure, which is placed underneath the metasur-
face. The structure is made of an anomalous microstrip line
and a narrow slot etched in the ground plane. In this way, two
adjacent resonance modes can be excited simultaneously. The
feeding part is fabricated on an F4B substrate with a thickness
of H = 0.6 mm, relative permittivity of ¢, = 2.65, and
loss tangent of 0.002. The proposed antenna is simulated and
studied by the high-frequency structure simulator (HFSS).
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FIGURE 2. Stereograms of the antenna. (a) Expanded structure of the
antenna. (b) Feeding structure. (c) Anomalous microstrip line.

Stereograms of the antenna structure are shown in Figure 2.
The antenna consists of three stacking layers. The top patch
is etched on the upper surface of the top layer, and the bottom
patch is etched on the upper surface of the bottom layer. The
metal ground is etched on the upper surface of the feed layer
while the feed line is etched on the lower surface, as shown
in Figure 2(a). The feeding structure is shown in Figure 2(b).
As shown in Figure 2(c), the anomalous microstrip line is
composed of a scallop and a branch to improve matching. The
overall dimension of the antenna is 2.041¢ x 2.041¢ x 0.161
( A is the operating wavelength in free space).

As seen from the above description, the metasurface con-
sists of two stacking layers of the same size. In addi-
tion, each layer contains a uniformly distributed copper
patch array. The orientation of the 4x4 copper cells in the
first and the second layers affects the performance of the
antenna. To better understand the influence of the orienta-
tion, we simulated four antennas with different orientations.
The antennas are called antenna 1, antenna 2, antenna 3,
and antenna 4, as shown in Figure 3. The simulated Si;
of each antenna is shown in Figure 4. We can see that
the impedance bandwidth of antenna 1 is the widest of the
four antennas. Therefore, we choose antenna 1 for further
study.

B. PARAMETRIC STUDY

In this part, some critical parameters are studies to analyze
that ones can influence the performance of the antenna. In the
simulation, we found that some of the parameters greatly
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FIGURE 3. Different combinations of antennas. (a) Antenna 1.
(b) Antenna 2. (c) Antenna 3. (d) Antenna 4.
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FIGURE 4. Simulated S;; of each antenna.

influence the performance of the antenna; thus, they are
typically. Through the changes of these parameters, we can
seek a rule that will lay the foundation for the optimization
and simplification of the antenna design in the next step. First,
the effects of unit cell size on impedance performance are
shown in Figure 5. L;, is the side length of the square cell,
which we change from 8 to 10 mm. It can be seen that, when
Ly, = 9 mm, the antenna has the widest impedance band-
width; thus, in this paper, we set L, = 9 mm. Then, the effects
of different gap widths g in the patch array are studied.
As seen from Figure 6, the first resonance obviously moves
to a higher frequency when g increases. This phenomenon
occurs because the equivalent capacitance decreases as the
gap width g increases. When g = 2 mm, the antenna has the
widest impedance bandwidth.

The proposed metasurface antenna is excited by the aper-
ture coupled structure, which is made of an anomalous
microstrip line and a narrow slot etched in the ground plane.
The dimensions of the slot greatly influence the antenna.
We change the distance from the feeding port to the coupling
slot Lfl while keeping the other parameters fixed. It can be
seen from Figure 7 that, when Lfl = 37.5 mm, the antenna
can achieve the widest impedance bandwidth. The effects
of different widths of the coupling slot Ws are also studied
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FIGURE 5. Effect of Lp on the performance of the proposed antenna.
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FIGURE 6. Effect of g on the performance of the proposed antenna.
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FIGURE 7. Effect of Lf1 on the performance of the proposed antenna.

in Figure 8. It is shown that the impedance bandwidth is
widest when Ws = 2 mm. To further improve the performance
of the antenna, a minor modification is made to the both ends
of the coupling slot. The length of the sector end Ls2 changes
from 0.5 to 4.5 mm, and we can see from Figure 9 that
the impedance bandwidth is widest when Ls2 = 2.5 mm.
In addition, the distance between the metasurface and the
ground plane Hy;; also affects the performance of the antenna.
As shown in Figure 10, the high working band improves and
the low working band worsens as Hy;; increases. We choose
Hair = 2 mm to obtain the best performance in the impedance
bandwidth.
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FIGURE 8. Effect of Ws on the performance of the proposed antenna.
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FIGURE 9. Effect of Ls2 on the performance of the proposed antenna.
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FIGURE 10. Effect of H,;, on the performance of the proposed antenna.

C. OPTIMIZATION ALGORITHM

In the above discussion, we change one parameter while
keeping the other parameters unchanged. In this way, we can
study the influence of the different parameters and find an
approximately optimal solution. However, all the parame-
ters can be varied simultaneously. To further optimize the
parameters, the genetic algorithm (GA) is adopted to obtain
the valid performance of the metasurface antenna. The GA
tool in MATLAB software with the tournament selection
strategy is used. The value of the fitness function in each
iteration is taken from the full-wave electromagnetic sim-
ulation carried out in the HFSS. Some parameters such as
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TABLE 1. Parameters used in the ga optimization.

GA parameter Value
Population size 200
Number of generations 100
Selection mechanism Tournament
Cross rate 95%
Mutation rate 5%

Optimization goals (1)Maximize
the impedance

bandwidth

IS, =-15d8 >

(2) Maximize
the 3-dB gain
bandwidth

the air height H,;, the gap width g, and patch length Lp
need to be optimized. Since we want to obtain a good
impedance bandwidth and a good gain bandwidth, multi
objective optimization is required. The fitness function con-
sists of the impedance bandwidth (S11 gw) and the gain band-
width (Ggw) as follows:

fitness_function = 2 — (w1S11.8w + W2 Gaw) (1)

with
2(fp2 — fp1)
Siigw = — ©)
fp2 +fpl
2F, —
Gpw = (fup fdown) 3)
fup +fduwn
where f,; and f,; are the higher and lower frequencies,
respectively, |S11] = —15dB, and f,, and fgou, are the

higher and lower frequencies, respectively, where the gain
decreases by 3 dB compared to the peak gain. We choose
wi = wy = 0.5 because both the impedance bandwidth
and the gain bandwidth are important. Note that, to improve
the resonance of the antenna, we use a more rigorous con-
dition of |S;;| = —15dB instead of |S;;|] = —10dB in
the optimization. To achieve the widest gain bandwidth and
impedance bandwidth, we expect the fitness function to be
positive and minimized. The other parameters used in the GA
algorithm for our design are shown in Table 1. The optimized
geometrical parameters are as follows: g =2 mm, Lp = 9
mm, and Hy;; = 2 mm. After optimization, the impedance
bandwidth of the proposed antenna is 54.9% from
4.48-7.87 GHz. In addition, the optimized dimensions are
listed in Table 2. Figure 11 shows the simulated S;; and
gain of the proposed antenna. We can see that the impedance
bandwidth is 51.8% from 4.81-8.17 GHz.

D. NONUNIFORM PATCH

From [23], nonuniform metallic patches are used instead
of uniform ones to enhanced impedance bandwidth and
antenna gain. We know that the radiation element of the tra-
ditional patch antenna can be replaced by a periodic array of
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TABLE 2. Parameters for the proposed antenna (Unit: mm).

L Lp Lfl Lf2
73 9 37.5 3.5
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FIGURE 11. Simulated S;; and gain of the proposed antenna.

metasurface units loaded with a series capacitor. The pro-
posed metasurface antenna is excited by the aperture coupled
structure. In addition, the structure is made of an anomalous
microstrip line and a narrow slot etched in the ground plane.
The surface current density of the antenna at 7.25 GHz is
shown in Figure 12. We can see that the surface current
density on the copper patch array is mostly concentrated
in the center cells. The surface currents on the marginal
cells are obviously weaker because of the long distance from
the coupling slot. Therefore, the marginal cells are hardly
excited simultaneously with the center cells. The amplitude
is related to both the frequency and the phase distribution.
The current distribution is strongly related to the resonance
of the patch array, as the array’s dimension is comparable with
the wavelength at operation frequencies. The patches in the
bottom-left and top-right corners might carry the strongest
current due to phase cancellation and addition. The distance
between them may cause reversed-phase addition; thus, it car-
ries the strongest current. Nonuniform metallic patch cells are
added to improve the uniformity of the antenna array. Finally,
the gain is improved.

To address this shortcoming, the metasurface antenna is
modified with nonuniform patch (NP), as shown in Figure 13.
Both array surfaces are modified. We introduce PE along
the E-plane periphery. The marginal cells in the upper
metal layer of the metasurface are extended lengthwise
along the x-axis and y-axis, and the other parameters are
unchanged. The effects of the extended length Heq on the
antenna are studied and shown in Figure 14 and Figure 15.
We can see that, when Hgy = 1.5 mm, the gain of
the antenna is high and the impedance bandwidth is the
widest.
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FIGURE 12. Simulated surface current density of the antenna.
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FIGURE 14. Simulated S;; of the modified antennas with different H.q_

Figure 16 shows the simulated S1; and gain of the antenna
without and with PE. We can see clearly that the gain of the
modified antenna with PE is better than that of the primary
antenna. The gain of the modified antenna increased by over
1.5 dBi at 6.1 GHz. The gain from 6—7.3 GHz increased by
over 1 dBi on average. The impedance bandwidth exhibits
little change. As a result, the amplitude of the surface current
in the marginal cells is perturbed but relatively uniform,
as shown in Figure 17, which illustrates that PE enlarges
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FIGURE 16. Simulated S;; and gain of the antennas with and without the
nonuniform patch.
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FIGURE 17. Simulated surface current density of the modified antenna.

the effective radiation and enhances the gain of the antenna
effectively.

Ill. EXPERIMENTAL RESULTS AND DISCUSSION OF THE
PROPOSED ANTENNA

To validate the design, the proposed metasurface antenna
is fabricated as shown in Figures 18 (a) and (b). The Sy
of the antenna is measured with an AV 3672B vector net-
work analyzer and is shown in Figure 19. It is found that
the 10-dB impedance bandwidth ranges from 4.48 GHz
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FIGURE 18. Photographs of the proposed antenna. (a) Top view of the
metasurface. (b) Top view of the feeding layer.
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FIGURE 19. Simulated and measured S;; of the modified antenna.
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FIGURE 20. Simulated and measured gain of the modified antenna.

to 7.87 GHz (54.9%). The gain and the radiation pattern
are measured in an anechoic chamber. Figure 20 shows the
measured gain of the modified antenna, which agrees well
with the simulated results. Figure 21 shows the radiation
efficiency of the antenna. The measured efficiency is slightly
lower than the simulated data, mainly due to the transition
loss of the SMA connector and a small assembling offset
of multilayer substrates. The measured E-plane and H-plane
radiation patterns at four representative frequencies, 4.84,
5.91, 7.25, and 7.86 GHz, in the working band are shown in
Figure 22. Good agreement is obtained between the simulated
and measured results. It can be seen that desirable broadside
radiations are obtained at all three frequency points.
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FIGURE 21. Simulated and measured radiation efficiency of the modified
antenna.
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FIGURE 22. Simulated and measured radiation patterns of the proposed
antenna.

IV. CONCLUSION

In this paper, a wideband low-profile high-gain metasurface
antenna is proposed. The metasurface consists of two stack-
ing layers and a ground plane. In addition, the metasurface
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antenna is excited by an aperture coupled structure that is
placed underneath the metasurface. We adopt GA to obtain
the valid performance of the metasurface antenna. The gain is
enhanced by introducing nonuniform patch while keeping the
other parts of the antenna fixed. The measured results indicate
that the proposed antenna has high gain with low profile.
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