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Abstract
Amultiresonancemetasurface antenna is proposedwhich haswide bandwidth and low-profile.
The characteristic mode theory is used to design antenna structure. Three ideal modes are
obtained by adjusting themode currents to optimize the radiation performance of the antenna.
The characteristic mode analysis is used tomodel, analyze, and optimize the antenna, revealing
the physical characteristics of the metasurface antenna. The slot is not only used as the feed-
ing structure for exciting characteristic modes but also introduces a slot mode. Combining
the slot mode with the metasurface modes, the bandwidth of the antenna is broadened. The
antenna element has a relative bandwidth of 43.7%. To obtain higher gain, a 2 × 2 antenna array
is proposed. The antenna array is simulated, fabricated, and measured. The results show that
the relative bandwidth of the proposed metasurface antenna array is 31.6% with the gain of
12.3–15.8 dBi over the operating bandwidth.

Introduction

With the development of wireless communication systems, the demand formicrostrip antennas
is increasing [1]. Microstrip patch antenna has been widely used in many applications due to
its advantages of low cost, small shape, and light weight. However, microstrip antenna often has
the disadvantage of narrow bandwidth, how to make the antenna work in a wider bandwidth
has become the current research hotspot.

The main traditional methods to broaden the bandwidth of microstrip antennas are [2]:
(1) improve the feeding structure, such as electromagnetic coupling feed, L-shaped probe, orM-
shaped probe, but this leads to a high cross-polarization. (2) Use high thickness or low dielectric
constant dielectric substrate to reduce the equivalent circuit Q value, but this will lead to poor
radiation efficiency of the antenna. (3)Use parasitic elements to couplemultiple resonantmodes
to increase the bandwidth, but this will increase the size of the antenna.

Recently, to improve the performance of antennas, metamaterials have attracted great inter-
est from researchers due to their unique properties. As a metamaterial, the metasurface is used
in antennas [3–8]. In Ref. [9], the metasurface is angled to obtain the circularly polarized char-
acteristic. In Ref. [10], an omnidirectional radiating metasurface antenna is proposed, and a
bandwidth of 31% is obtained with an average antenna gain of 6.34 dBi. In Ref. [11], a wideband
grid slot patch antenna based on metamaterial is proposed. When |S11| is less than −10 dB, the
measured bandwidth is 28% and the maximum gain is 9.8 dBi. Ref. [12] further points out that
when there are multiple metasurface microstrip antennas, the mutual coupling between them
will excite their respective higher order modes (HOMs), and the radiation of these (HOMs)
will cause the pattern to split. However, to obtain the bandwidth performance, further research
is still needed. The metasurface antenna proposed in Ref. [13], the characteristic mode theory
(CMT) is used to analyze themetasurface antenna, and the antenna structure obtained a relative
bandwidth of 30% and an average gain of 7.28 dBi.

In this paper, the antenna structure is guided andoptimized usingCMT.Theprocess achieves
a physical interpretation of the antenna operationmechanism.Themode properties of themeta-
surfacewere analyzed.Threemodes are excited through the slot and the slot inspires a resonance
frequency.The threemodes are combined with the slot mode to obtain amultimode broadband
antenna.

Configuration and operating concepts

Geometry of the antenna

The overall geometry of the proposed metasurface antenna is shown in Fig. 1. The proposed
structure consists of two substrate layers and three mental layers. The dielectric substrate of
Rogers RO4003C (𝜀r = 3.55, tan 𝛿 = 0.002) is used throughout and the thicknesses are 3.2 mm
and 0.813 mm. The metasurface patch consists of a nonuniform array of rectangular patches.
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Figure 1. Geometry of proposed metasurface antenna.
(a) Top view, (b) bottom view, and (c) side view.

Table 1. Detailed dimensions of the proposed antenna unit (mm)

a1 a2 a3 a4 b1 b2 g1 g2 g3 Lf 2 s

7.4 7.7 8 8.45 10.4 2 3.4 1.9 2.35 12.75 1.7

h1 h2 Wf 1 Wf 2 Ws Ls Lf 1

3.2 0.813 10.4 0.9 2.4 17.2 16.4

A square patch is placed in the center, two square patches of the
same size are placed on the left and right sides of the center patch,
and two rectangular patches of the same size are placed above and
below the center. Four rectangular patches are placed at the cor-
ners, three rectangular slots etched above them. The ground plane
is between two dielectric substrates, and a rectangular slot is etched
in themiddle.Thebottom layer is a Y-shaped feeding structure.The
parameters of the proposed antenna are shown in Table 1.

Operatingmechanism

To obtain the patch size of Fig. 4(a), we use some formulas to cal-
culate [14]. For a rectangular microstrip antenna with operating
frequency f, the width W of the radiation patch can be estimated.
It can also be estimated the equivalent radiation slot length Ws
through the formula in Ref. [14]. Figure 3(b) calculates the model

significance (MS) through the formula [1]. By using the above for-
mula, the initial patch size w and slot size Ws of the metasurface
antenna can be obtained. To better demonstrate the design princi-
ple of the proposed antenna size, Fig. 2 shows the simulated S11 of
a 3 × 3 traditional metasurface antenna at different sizes. It can be
seen that the calculated parameter w achieves the best impedance
matching and has a wide bandwidth. The length of Ws has less
effect on S11. Based on this, we continue to improve the design
to obtain the antenna structure shown. Assemble the obtained
antenna structure into an array and fabricate the antenna array.The
reflection property of the square patch unit is analyzed using the
Floquet-port HFSS model. Figure 3 shows that W and unit spac-
ing g have a significant impact on the reflection property. The zero
reflection phase point will be affected by changes in w and g. Thus
square patches with different sizes are formed into a nonuniform
metasurface structure. As a result, multiple resonant modes can
be excited together with the resonant mode of the coupling slot to
obtain broadband performance.

The result is obtained using the MoM-based characteristic
mode analysis (CMA) tool in commercial simulation softwareCST.
It can be seen from the MS that mode 1/2, mode 7/8 and mode
9/10 are three pairs of degenerate modes. For degenerate mode,
only y-polarized mode currents are given. Observing the radiation
patterns in Fig. 5(a), it can be observed that mode 2 has lateral
radiation, and mode 3, mode 4, mode 5, and mode 6 exhibit a

Figure 2. Simulated S11 of 3 × 3 traditional
metasurface antenna at different sizes, (a) different
lengths of w and (b) different lengths of Ws.
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Figure 3. Reflection phase at different sizes,
(a) different lengths of w and (b) different lengths of g.

Figure 4. (a) Configuration of the traditional metasurface and
(b) modal significance of the traditional metasurface.

Figure 5. Model currents and radiation patterns of the modes.
(a) Radiation patterns and model currents of the traditional
metasurface and (b) radiation patterns and model currents of
the optimized metasurface.

omnidirectional radiation, and the current distribution is disor-
dered, so they are not considered. The mode 8 pattern is split, and
the mode 10 pattern has larger sidelobes. Further observation of
the mode currents of each mode in Fig. 5(a) shows that the cur-
rent of mode 2 is mainly concentrated on the central patch, and
the current direction on the patch is y polarization, thus, mode
2 has good radiation directivity. Observe the surface current of

mode 8, the current is mainly concentrated on the A, C, and D
patches. The current directions on the C and D patches are the
same. Therefore, the pattern splitting of mode 8 is caused by the
inconsistent current directions on the A patches and the C and
D patches. Modify the size of patch A and etch slots along the
y-axis on patch A to truncate the original rectangular patch into
three parts. The etched slots can successfully weaken or reverse the
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Figure 6. Simulated and surface current. (a) Simulated S11 without metasurface and (b) simulated |S11| and gain of proposed antenna.

Figure 7. Simulated surface current at different frequencies.
(a) 5.5 GHz, (b) 6.6 GHz, and (c) 7.4 GHz.

Figure 8. Configuration of the 2 × 2 antenna array.

modal currents along the x-axis while not decreasing the required
modal currents along the y-axis. Observemode 10, the surface cur-
rent of patch B and patch C is opposite. Adjust the size and spacing
of patch B and patch C so that the current on the patch C and patch
A are in the same direction and occupy a dominant position. The
metasurface structure as shown in Fig. 1(a) is finally obtained by

Figure 9. Power divider. (a) Two-way microstrip power divider and (b) four-way
microstrip power divider.

adjusting the size through trial and error. Figure 5(b) is the pattern
of optimized mode 8 and mode 9. It can be seen that the radiation
directivity of the modes is good.

Selecting the appropriate feeding structure to excite the meta-
surface. A rectangular slot along the x-axis is etched on the ground,
and a y-shaped feeding structure is used to excite the modes with
a y-polarized current. To further prove the working mechanism,
the commercial simulation software HFSS is used to simulate the
metasurface antenna, and the broadband metasurface element is
obtained. At the same time, the slot feeding structure without
metasurface is simulated and analyzed. From Fig. 6(a), it can be
seen that the resonance point at the high frequency of the meta-
surface element is introduced by the radiation slot, which makes
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Figure 10. S-parameters of the power divider. (a) S-parameters of the two-way power divider and (b) S-parameters of the four-way power divider.

Figure 11. Photographs of the fabricated antenna. (a) Top view and (b) back view.

Figure 12. Simulated and measured results. (a) Simulated and measured |S11| and realized gain of the proposed antenna and (b) measured radiation efficiency of the
proposed antenna.
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the antenna structure have multiple resonance points. As shown
in Fig. 6(b), the relative bandwidth of the obtained metasurface
unit |S11| is 43.7%, with great broadband characteristic. For fur-
ther verification, Fig. 7 gives the current of three resonance points
of the metasurface antenna, which corresponds to the three mode
currents in Fig. 5(b).

The design of the antenna array

A 2 × 2 antenna array is designed based on the proposed meta-
surface antenna element. Finally, we get the arrangement method
as shown in Fig. 8. To facilitate the analysis of the characteris-
tics of the proposed power divider, the two-way microstrip power
divider of Fig. 9(a) is first analyzed and its S-parameters are shown
in Fig. 10(a). From Fig. 10(a) it can be seen that the S11 of the input
port #1 of the antenna is lower than −15 dB. Insertion loss between
output ports #2, #3 and input port #1 is −3 dB. Isolation between
output ports S23 is less than−20 dB.The two-waymicrostrip power
divider has good performance. To improve the gain of the antenna,
the antenna elements are arranged into an array. Because the two-
way microstrip power divider has been analyzed separately, it can
be considered as an output port. Therefore the proposed power
divider is approximated as a four-way microstrip power divider as
shown in Fig. 9(b). Figure 10(b) shows the characteristics of the
power divider in Fig. 9(b). It can be seen that the S11 of input port
#1 in the antenna array instantaneous bandwidth (IBW) is lower
than −15 dB, and the insertion loss of #2, #3, #4, and #5 is −6 dB.
The isolation between the output port and the input port is less than
−20 dB, indicating weak coupling between the output ports. The
results of D1 andD2 are obtained using the commercial simulation
software HFSS. The optimized D1 = 41.5 mm and D2 = 44.3 mm.

Simulation and measurement

The photograph of the fabricated antenna is shown in Fig. 11,
Fig. 11(a) and (b) shows the front side and the back side of
the antenna respectively. The proposed antenna is simulated
and measured. In this article, the antenna was installed in a
9 m × 6 m × 6 m microwave anechoic chamber. An Agilent
N5244A network analyzer was used to obtain the performance of
the antenna. Figure 12(a) shows the simulated and measured |S11|
and gain of the antenna array. It can be observed that the mea-
sured and simulated curves of the antennamatchwell and a relative
bandwidth of 31.3% (5.43–7.47 GHz) is obtained, with gain peaks
up to 15.8 dBi in the operating band. Figure 12(b) shows the mea-
surement result of the radiation efficiency of the designed antenna.
In addition, efficiency is also an important indicator of the antenna
which can be calculated through the formula [14].

The reason for not giving the simulation curve of the efficiency
is the weak radiation boundary electric field using the commer-
cial software HFSS for simulation, the adaptive grid is not dense
enough.The data dispersion error causes the received energy of the
integration to be greater than the port energy. The final efficiency
obtained is greater than 1. So there is a significant error in calcu-
lating the efficiency of antennas with low losses using HFSS. The
measured average radiation efficiency is above 85%. The efficiency
decreases at high frequency due to microstrip line loss and other
reasons.

Figure 13(a–e) shows the patterns of E-plane andH-planemea-
surements and simulations at 5.5 GHz, 6 GHz, 6.5 GHz, 6.8 GHz,
and 7.4 GHz. It can be observed that the simulated and mea-
sured radiation patterns coincide with each other. The antenna
achieves stable radiation performance with nearly identical main

Figure 13. E-plane and H-plane radiation pattern (a) at 5.5 GHz, (b) at 6 GHz,
(c) at 6.5 GHz, (d) at 6.8 GHz, and (e) at 7.4 GHz.
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Table 2. Performance comparison with the proposed antenna

Ref. Size (𝜆2) Height (𝜆) f 0 (GHz) Impedance bandwidth Peak gain (dB) Feedingstructure

3 0.88 × 0.88 0.05 3.25 36% 8.9 Microstrip

8 1.0 × 1.0 0.07 5.5 28.2% 5.8 Microstrip

15 0.58 × 0.58 0.07 5.25 36.3% 6.05 Microstrip

16 1.0 × 1.0 0.058 6 25.08 8 Coplanar waveguide

17 1.15 × 1.15 0.1 7 37.7% 8.7 Microstrip and coaxial

18 0.91 × 0.91 0.07 5.5 26.73% 8.54 Coplanar waveguide

19 2.42 × 2.42 0.06 6 32.62% 7.2 Coaxial

Element 0.75 × 0.75 0.06 6.5 43.7% 10.6 Microstrip

Array 1.6 × 1.6 0.06 6.5 31.6% 15.8 Microstrip power divider

polarization gain directional in the E-plane and H-plane and with
little variation in beamwidth within the band. There is a split at
7.4 GHz, which is because the slot pattern does not provide good
broadside radiation. This also causes a slight decrease in the gain
of the antenna at high frequency.

Table 2 shows the comparison of the proposed antenna and
other antennas reported in the literatures. Obviously, the band-
width of the proposed structure is thewidest.The lowprofile of Ref.
[3] is at the expense of antenna gain.The antenna element proposed
in this paper uses a Y-shapedmicrostrip line feeding structure, and
on this basis, a microstrip power divider is designed to success-
fully form an antenna array. The antenna array not only has a wide
bandwidth, but also improves the gain.

Conclusion

In this work, a broadband low-profile linearly polarized patch
antenna using metasurface has been presented, analyzed, and
experimentally verified. Through the coupling slot, multiple adja-
cent resonant frequencies can be excited to achieve broadband
operation. CMA provides a clear explanation for the broadband
operation and radiation performance of the antenna structure.The
obtained bandwidth of the antenna element is 5.22–8.14 GHz, and
the relative bandwidth is 43.7% and the proposed antenna array
achieves a 3 dB gain bandwidth of about 31.3%.
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