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Abstract — A novel wideband slot antenna with meta-
surface is presented. In order to achieve broadband,
high-gain, and mechanical reconfigurable performance,
a metasurface is adopted and combined with a new-type
planar slot antenna The antenna and metasurface are
designed on F4B substrate, and the overall dimension
of the antenna is 1.4814x1.484¢x0.24¢ (4¢ is the free
space wavelength at center frequency). Different from
the traditional square metasurface, a structure with dif-
ferent properties in the x and y directions is utilized in
the proposed antenna, which can be reconstructed by
adjusting the relative position between the slot antenna
and the metasurface. By introducing the metasurface, the
maximum gain of the whole antenna is improved. The
antenna works in two states with respect to the two loca-
tions of the metasurface. The impedance bandwidth of
the proposed antenna in state A is from 5.49 to 9.40
GHz (52.5%), and the impedance bandwidth of the pro-
posed antenna in state B is from 5.83 to 6.01 GHz (3%)
and 7.05 to 9.62 GHz (30.8%). The gain of the whole
antenna in both states is higher than that of the original
slot antenna (without metasurface), and the maximum
gain is 9.1 dBi.

Index Terms - Metasurface, reconfigurable perfor-
mance, slot antenna, wideband.

L. INTRODUCTION

Antennas with wideband, high-gain, and pro-
grammable properties have attracted significant attention
from academics in the field of wireless communication
due to the growing demand of wireless communication
systems [1]], [2]. Due to their ability to manipulate elec-
tromagnetic waves, metasurfaces have been designed to
obtain various performances in antennas [3], [4]. Usu-
ally, the structure of reconfigurable antennas can be
mechanical or electrical. Electrical reconfigurable anten-
nas are popular, and their states can be switched by
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PIN-diode switches [3], [6]. However, there are some
problems to be solved. For example, the addition of
electronic components may affect the performance of
the antenna. The operation of the antenna depends on
the reliability of the electronic components and the DC
power supply [7].

The metasurface has been demonstrated in the lit-
eratures [8H12]. When combined with metasurface, the
antenna can achieve reconfigurable performance. In
[I8], a polarization and frequency-reconfigurable antenna
with metasurface was proposed to reconfigure the perfor-
mance of the antenna by changing the relative positions
of the metasurface and antenna layer. The antenna pro-
posed in [8] can achieve a bandwidth of 8 to 11.2 GHz
(33.33%). In [9], two layers of metasurfaces are loaded
above the slot antenna, and the frequency reconfigurable
characteristic is achieved by rotating the top metasurface
with respect to the center of the slot antenna. The operat-
ing frequency band ranges from 2.55 to 3.45 GHz (28%).
And the gain curve of the antenna ranges from 5.3 dBi to
8.3 dBi. Because it does not require additional biasing
circuits or switches, the physical rotation technique is
attractive, which is adopted in this paper to achieve radi-
ation pattern and impedance bandwidth reconfiguration.
Therefore, the state of the proposed design in this paper
can be freely switched in the communication system to
achieve interference immunity. Methods to improve the
overall antenna gain by incorporating metasurfaces have
been used extensively, such as using the metasurface as
a reflector [1O],[[11] and using the metasurface as a sec-
ondary radiation source to modulate the beam [[12]. Nev-
ertheless, the bandwidth and the gain of the designed
antenna needs to be further improved.

In this letter, an antenna that can achieve mechan-
ical reconfigurability, gain enhancement, and wideband
is proposed. The antenna consists of a metasurface and a
slot antenna, which are connected by a nylon column. In
order to enhance the gain, a metasurface structure is uti-
lized under a broadband slot antenna. The metasurface
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is composed of 66 units to achieve different responses to
incident waves in x and y directions. To achieve broad-
band characteristic, some new structures such as gradual
feeder line are introduced in the presented slot antenna.
The proposed antenna operates in two radiation states by
mechanical rotation, and gain of the proposed antenna
can be enhanced in both states compared with the orig-
inal slot antenna (without metasurface). The antenna in
state A provides fractional bandwidths of 52.5% at 7.45
GHz, and the antenna in state B provides fractional band-
widths of 3% at 5.92 GHz and 30.8% at 8.34 GHz. And
the maximum gain of proposed antenna can reach 9.1
dBi. All in all, the proposed antenna can achieve broad-
band, high-gain and mechanically reconfigurable charac-
teristics.

II. ANTENNA DESIGN
A. Antenna configuration
The proposed antenna consists of a new slot antenna
and a metasurface, as shown in Fig. m The antenna and
the metasurface are printed on a 1 mm substrate with
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Fig. 1. (a) Feeder line of slot antenna, (b) surface of slot
antenna, (c) bottom view, (d) top view of the metasur-
face, and (e) 3D geometry of proposed structure in states
A and B.
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Table 1: Dimensions of the proposed antenna (unit: mm)

Parameter Value Parameter Value
L 60 L 56
R 7.5 R, 9
R;3 3.5 Wi 2.4
W, 6.95 W3 1.9
Wy 10 Dy 6
Dy 3 D5 5
Gy 5 H, 8

a relative permittivity of 2.2 and loss tangent of 0.001.
The antenna is on the top layer, and the metasurface is
on the bottom layer. In order to improve the impedance
bandwidth of the slot antenna, a new gradual feeder line,
which splits at the end into a two-part circular arc and cir-
cular slot are designed, as shown in Figs. |I| (a) and (b).
The metasurface is composed of 6x6 two-layer patch
units, which are etched on the both sides of one sub-
strate. The top patch layer is arranged by an inverted H-
shaped patch unit in x and y directions and the bottom
layer consists of a square patch. The units are designed
as shown in Figs.[T](c) and (d). By rotating the metasur-
face around the center with respect to the slot antenna,
the reconfigurable characteristic of the proposed antenna
can be achieved. The detailed operation of mechanical
reconfiguration is achieved by manually adjusting the
four nylon columns on the four corners of the substrates.
When the four columns are unscrewed, the metasurface
can be manually rotated by 90 degrees around the z-axis
along the center, and then installed under the antenna,
bringing in the switching between two states. The struc-
ture of the proposed antenna in two states is shown in
Fig. [T] (e). The dimensions of the antenna are shown in
Table[d]

B. Working mechanism

The characteristics of the proposed slot antenna and
metasurface are simulated by using ANSYS HFSS. In
order to obtain broadband characteristics of the slot
antenna, the design of the feeder line is especially impor-
tant. The impedance characteristics of the slot antenna
can be greatly improved by the design of the tapering
structure and the open ring. Therefore, of all the param-
eters, Ry and W make great contributions to the char-
acteristics of the slot antenna. Figure[2]depicts the simu-
lated Sy; of the proposed antenna with different values of
Ry and W. From Fig. |Z| (a), it can be seen that when R;
decreases, the resonance characteristics of the low fre-
quency band become worse, when R; increases, mainly
the resonance characteristics of the high frequency part
become worse. when R; = 7.5 mm, the impedance band-
width is the best, From Fig. |Z| (b), it can be seen that
when W; changes, there will be two frequency points
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Fig. 2. Simulated Sy, of the proposed slot antenna with
different values of the main parameters including (a) Ry,
and (b) W;.

Frequency (GHz)

where the resonance performance becomes worse. When
W1 = 1.8 mm, the impedance bandwidth is optimal. To
obtain good matching property, it reaches a compromise
to choose the value R; as 7.5 mm and W, as 2.4 mm.
As mentioned above, the reconfigurability of the
antenna results from the units of the metasurface. When
the metasurface and the antenna are in two different rela-
tive positions, the metasurface can achieve transmission
and reflection performance, respectively. The units of
the metasurface are shown in Figs. El (a) and (b). In order
to investigate properties of the metasurface, the unit cell
is simulated by the simulation software ANSYS HFSS,
and the simulation model is shown in Fig. E] (c). The unit
is imposed by the Master-Slaver boundary conditions
and excited by the Floquet ports. With this electromag-
netic simulation method, the response characteristics

(©)
COPPER . F4B
Fig. 3. (a) Top view of the unit cell, (b) bottom view of
the unit cell and (c) the simulation model of the proposed
unit cell of the metasurface.
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of the matasurface with infinitely large dimensions
can be simulated and thus save computational
resources.

For different incident waves in x-polarized and y-
polarized directions, the metasurface works in a differ-
ent state. When the incident wave is x-polarized, the
metasurface is reflective, which is defined as state A;
and when the incident wave is y-polarized, the metasur-
face is transmissive, which is defined as state B. When
in state A, electromagnetic energy is reflected from the
metasurface and superimposed, which contributes to the
improvement of the maximum gain. And when in state
B, the aperture of the antenna is increased by the addi-
tion of a metasurface, which narrows the beam and raises
maximum gain.
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Fig. 4. Simulated reflection and transmission coefficients
of metasurface.

The response of the metasurface from the incident x-
polarized wave and y-polarized wave is shown in Fig. 4]
It can be seen from the blue curve in Fig. @] when
the incident electromagnetic wave is x-polarized, the
metasurface reflects the majority of the energy. From the
red curve in Fig. [] it can be obtained that the metasur-
face transmits most of the energy when the incident elec-
tromagnetic wave is y-polarized. Due to the different per-
formances of the metasurface in two states, the proposed
antenna in this work can achieve various characteristics.

In order to investigate the influence of the metasur-
face on the original slot antenna, the proposed combined
antenna at 6.5 GHz in two states is taken as an exam-
ple. And Fig. [5] depicts the electric field intensity distri-
bution of the antenna in both states, from which it can
be determined that the electric field intensity distribution
the both sides of the slot and terminal feeder line are dif-
ferent. That is because the addition of the metasurface
changes the electromagnetic environment around the slot
antenna. When operating in state A, the slot antenna
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Fig. 5. Electric field distributions in states A and B at 6.5
GHz.

around the electromagnetic energy is scarcely affected
because the metasurface is transmissive, bringing in the
similar frequency response between the whole antenna
in state A and the original slot antenna (without metasur-
face). In state B, the metasurface reflects the energy ini-
tially radiated in the +z direction. The reflected energy
is then excited again on the terminal feeder line of the
slot antenna, which results in the difference in reflection
coefficient between the whole antenna in state B and the
original slot antenna at 6.5 GHz.

III. SIMULATED RESULTS
The simulated S;; and radiation efficiency of the
original proposed slot antenna (without metasurface) and
the whole antenna in states A and B are shown in Fig. [6]
It can be seen that the original slot antenna operates in
the band between 5.81 GHz and 9.56 GHz (48.8%). The
bandwidth of the whole antenna in state A is from 5.49
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Fig. 6. Simulated S1; and radiation efficiency of the pro-
posed original slot antenna and the slot antenna with
metasurface in two states.
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GHz to 9.40 GHz (52.5%). The bandwidth of the whole
antenna in state B is 5.83 GHz to 6.01 GHz (3.0%) and
7.05 GHz to 9.62 GHz (30.8%). And the radiation effi-
ciency of the proposed antenna is greater than 90% in
two states.

Figure[7]depicts the radiation patterns in xoz and yoz
plane of the original slot antenna, and the whole antenna
in state A and state B at 6 GHz, 7.5 GHz, and 9 GHz.
As shown in Fig.[7] the maximum gain of the antenna in
both state A and state B is higher than that of the original
slot antenna. Moreover, it can also be seen that the addi-
tion of the metasurface makes the original slot antenna
generate two radiation patterns, which brings in recon-
figurable achievement. Table[2]demonstrates the increase
in maximum gain of the proposed antenna at the three
frequency points. It can be found that, with the metasur-
face, the proposed slot antenna can achieve significantly
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Fig. 7. The simulated radiation patterns of the proposed
slot antenna with and without metasurface at (a) 6 GHz,
(b) 7.5 GHz, and (c) 9 GHz.



Table 2: Gain enhancement effect (unit: dBi)

Frequencyl Only |State|State| State A | State B
(GHz) |Antenna| A B | Enhance | Enhance

6 5.6 9.1 | 84 35 2.8

7.5 34 7.1 | 7.7 3.7 4.3

9 5.8 6.7 | 8.1 0.9 2.3

more gain improvement than the original slot antenna.
The maximum gain of the slot antenna with metasurface
can reach 9.1 dBi.

IV. EXPERIMENTAL RESULTS

To verify the antenna performance, a prototype of
the same size as in Table [ is fabricated and mea-
sured. The specific appearance is shown in Fig. [§]
For easy switching between state A and state B, four
nylon columns are fixed to connect the antenna and the
metasurface. The reflection coefficient is measured by
Keysight ES063A network analyzer.

Fig. 8. Front and back sides of the prototype.

The simulated and measured S;; in state A and state
B are depicted in Fig.[9] It can be seen that the measured
results are in good accordance with the simulated ones
except for small deviations in operating frequencies,
which are mainly due to fabrication and experimental
tolerances. The operating bandwidth of the antenna in
state A is from 5.41 GHz to 9.55 GHz (55.35%). The
operating band of the antenna in state B ranges from
5.95 GHz to 6.13 GHz (3%) and from 7.03 GHz to 9.87
GHz (33.6%). The radiation patterns are measured in
the microwave lab. The simulated and measured radia-
tion patterns of the proposed antenna in state A and B in
xoz and yoz plane at 8 GHz are shown in Fig. The
proposed antenna exhibits different radiation character-
istics in different states and realizes the reconfigurable
characteristics in the radiation patterns. In the xoz plane,
the cross-polarization is less than -30 dB. The cross-
polarization level in the yoz plane is small in the direction
of maximum radiation and does not affect communica-
tion. The little difference between the measured and the
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Fig. 9. Simulated and measured S;; of the proposed
antenna in state A and state B.
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Fig. 10. Simulated and measured radiation patterns of the
proposed antenna at 8§ GHz in (a) state A and (b) state B.
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simulated results is mainly due to the measure environ-
ment and manufacturing errors.

The performances of the proposed antenna com-
pared with that of antennas are illustrated by Table [3]
in references. Compared with [4], [7], and [9-11]], the
proposed antenna has a wider bandwidth and high gain.
Compared with [8], the dimension of the proposed
antenna is smaller and the bandwidth is wider. In conclu-
sion, the proposed antenna can achieve broadband, high-
gain, and reconfigurable characteristics.
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Table 3: Comparison of the proposed antenna and refer-
ences

References BandwidthGain| Overall size (10) | Whether
(%) (dBi) Reconfig-
urable
[4] 23.6 8.1 | 0.78x0.78x0.038 no
7] 14.6 5 0.67x0.67x0.05 yes
[8] 33.33 16.5| 2.56x2.56x0.93 yes
[9] 28 8.3 1x1x0.07 yes
[10] 40 9.9 1.2x1.2x0.12 no
L] 43.1 6.12 | 0.348x0.348x0.07 No
This work 52.5 9.1 1.48x1.48x0.2 yes
V. CONCLUSION

In this paper, a reconfigurable, high-gain, and wide-
band slot antenna with metasurface is designed and fab-
ricated, and two radiation states can be realized by phys-
ically rotating the metasurface. The impedance band-
width of the proposed antenna in state A is from 5.49
GHz to 9.40 GHz (52.5%), and the impedance band-
width of the proposed antenna in state B is from 5.83
GHz to 6.01 GHz (3%) and from 7.05 GHz to 9.62 GHz
(30.8%), and the maximum gain reaches 9.1 dBi. The
measured results agree well with the simulated ones,
which validates that the antenna has the advantages of
large bandwidth, high gain, and reconfigurable perfor-
mance. Therefore, the proposed antenna can be utilized
in C and X bands for high-capacity microwave commu-
nication, such as satellite communication and medical
service.
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