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Abstract—A dual-band metasurface antenna is designed consisting of three-layer metal patches and
two-layer dielectric substrates. To facilitate the modal analysis of the metasurface, Characteristic Mode
Analysis (CMA) is used to analyze the metasurface antenna with 4 × 4 rectangular patches, and the
performance of the antenna is optimized based on the Modal Significance (MS) curves. In order to
excite the current of different characteristic modes at certain frequencies, symmetric resonant arms
and cross-shaped impedance matching converters are used in the feeding structure. The measured
results are consistent with the simulated values, and the designed antenna can yield gains of 7.67 dBi
at 3.5GHz and 7.28 dBi at 4.9GHz, which provides the potential applications in 5G and other wireless
communications.

1. INTRODUCTION

With the development of high-speed and multi-functional applications in wireless communication
technology, multi-band antennas become a trend for future antenna design [1, 2]. Among multi-band
antennas, microstrip antennas have the advantages of low profile and compact structure with a wide
range of scenarios including smartphones [3], routers [4], base stations [5], etc. Even so, small gain [6–9],
low power capacity [10], high loss [11], and low radiation efficiency [12] also bother the development of
microstrip antennas.

Usually, metasurface structure is composed of uniform or nonuniform metal patches with
multiple unit cells [13], which can significantly improve the radiation efficiency [14, 15] and operating
bandwidth [16, 17]. Thus, metasurface structure is regarded as one of the ideal platforms to design the
radiation element of the antenna [18]. In order to facilitate the antenna design, characteristic mode
analysis (CMA) method is introduced during the antenna design process, and the values of Modal
Significances (MSs) are solved in the desired frequency bands [19, 20]. For example, Li and Chen used
CMA to optimize the radiation element structure by tuning metasurface current distributions and
obtained three required MSs to achieve dual-band characteristics [21]. Gao et al. investigated the surface
current of the radiation elements based on CMA to improve the antenna efficiency [22]. Similarly, Lin
and Chen optimized radiation elements by tuning the current distributions based on CMA [23]. The
CMAmethod is also used to increase the antenna bandwidth and suppress unwanted high-order resonant
modes [24, 25]. In recent years, advanced materials play a significant role in modern electronic and
photonic technologies, providing a highly effective means for the manipulation and control of carriers
at terahertz frequencies. With antennas operating at frequencies from gigahertz to terahertz, new two-
dimensional materials, such as graphene [26] and Dirac Semimetal [27], can also be used as the radiation
element of the antenna.
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In this study, a dual-band metasurface antenna is designed based on CMA method with a five-layer
structure. The radiation elements contain 4×4 rectangular patches, and the feeding structure consists of
symmetric resonant arms and cross-shaped impedance matching converters. The numerical simulation
shows that the proposed antenna can operate in the range of 3.43 ∼ 3.58GHz and 4.61 ∼ 5.11GHz. The
measured results are in good agreement with the simulated values. The proposed antenna can be applied
to 5G base station, radar, satellite communication, medical imaging, and other wireless communication
scenarios. In addition, multi-antenna system based on metasurface antenna can obviously enhance the
signal quality of 5G communication networks and realize the multi-beam control by using beam-forming
technology.

2. ANTENNA MODEL AND STRUCTURE DESIGN

2.1. Antenna Structure

Figure 1(a) gives the side-view of the metasurface antenna, which is divided into five layers including
metasurface, dielectric layer 1, ground plane,dielectric layer 2, and feed structures. The material of
dielectric layer 1 is F4BM350 with ε1 = 3.5, and that of dielectric layer 2 is F4BM265 with ε2 = 2.65.
In addition, the radiation elements in the metasurface composed of 4 × 4 rectangular patches shown

(a) (b)

(c) (d)

Figure 1. (a) Side-view. (b) Metasurface. (c) Ground plane. (d) Feed structure for the proposed
metasurface antenna.
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in Fig. 1(b), the coupling apertures on the ground plane shown in Fig. 1(c), and the feed structure
shown in Fig. 1(d) are used to excite the radiation energy in the metasurface. The detailed structure
parameters of the metasurface antenna are shown in Table 1.

Table 1. Detailed structure parameters of the metasurface antenna.

Parameter H1 H2 G L1 Lt1 Lt2 Ld1 Ld2

Size (mm) 4.6 0.8 0.5 75 18 5 1.6 30

Parameter Lk1 Lk2 Lk3 Lk4 Lk5 W1 Wt1 Wt2

Size (mm) 1.5 2 5 1.5 36 8 6 12

Parameter Wd1 Wd2 Wk1 Wk2 Wk3 Wk4 Wk5

Size (mm) 39.2 0.5 1.5 3.5 1.5 27 20

2.2. Design and Optimization of Metasurface Based on CMA

The metasurface of the proposed antenna is composed of 4 × 4 rectangular patches, which can obtain
high gain and optimal radiation efficiency. By analyzing the MSs values and the characteristic currents
at different characteristics modes, we can derive the desired radiation characteristics at a certain working
frequency. During the process of CMA analysis, the dielectric layer beneath the metasurface is regarded
as an infinite plane. The effect of modal current Jn in the total current can be characterized by the
mode weighting factor [21]

αn = 1/(1 + jλn)

∫
Jn · Eids (1)

where λn is the eigenvalue of the modal current Jn, Ei the applied E field, and S the surface of the
conductor area. In addition, MS and modal excitation coefficient are defined as

MS = 1/|1 + jλn| (2)

Vi =

∫
Jn · Eids (3)

The MS values at different frequencies can be optimized by tuning the size and position of the radiation
patches. As shown in Fig. 2, the first five MSs J1 ∼ J5 are derived in the frequency range from 2.5GHz
to 6.5GHz. It is obvious that the resonant points of modal currents J1 and J3 are around 3.5GHz,
and the maximum value of J5 is in the vicinity of 4.9GHz. The surface current distributions and the
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Figure 2. MS curves of the modes J1 ∼ J5.
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Figure 3. Modal currents and radiation patterns of Modes J1 ∼ J5 of the radiation elements.

corresponding radiation patterns of J1 ∼ J5 are shown in Fig. 3. Even though the maximum values of
J1 and J3 concentrate on the left and right sides of the radiation elements, the modal currents J1 and
J3 have different radiation characteristics shown in Figs. 3(f) and (h). For J2, the maximum current is
distributed at the central region of the radiation elements, which can produce the perfect unidirectional
radiation in Fig. 3(g). For J4 and J5, due to the opposite current directions in the left and right of
the radiation elements, the maximum radiation appears at the upper and lower sides of the radiation
elements.

As we know, the MS currents and the corresponding radiation patterns are determined by the
structure parameters of the metasurface. Then, we can tune the parameters to obtain the desired MS
values at different modal currents. Fig. 4 gives the variation of the MS curves for modal current J3 at
Lt1 = 16 ∼ 20mm and J5 at Wt1 = 4 ∼ 8mm, respectively. It can be observed from Fig. 4(a) that with
the increase of Lt1, the resonance frequency of MS curves gradually moves to the lower frequency band.
As can be seen from Fig. 4(b) that with the increase of Wt1, the resonance frequency of the MS curves
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Figure 4. The variation of MS curves for modal current (a) J3 at Lt1 = 16 ∼ 20mm and (b) J5 at
Wt1 = 4 ∼ 8mm.
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for J5 vary irregularly and attain 4.9GHz at Wt1 = 6mm. To obtain the dual-band characteristics in the
vicinity of 3.5GHz and 4.9GHz, Lt1 = 18mm and Wt1 = 6mm are chosen in the following discussion.

2.3. Design and Optimization of the Feed Structure

In order to obtain the desired resonant frequencies at 3.5GHz and 4.9GHz, the appropriate modal
currents should be excited, and the unnecessary modal currents are suppressed as much as possible.
According to the MS curves distribution in Fig. 2, J1, J3, and J5 are selected to generate the desired
frequencies. Based on the current distributions from Fig. 3, the feed aperture in the ground plane should
be positioned at the maximum current distribution in the metasurface radiation elements. The apertures
in horizontal direction are used to excite modal currents J1 and J3 at 3.5GHz, and the apertures in
vertical direction are selected to excite J5 at 4.9GHz, as shown in Fig. 1(c). Fig. 5 gives two different
feeding apertures and the corresponding S-parameter curves. Compared with the feeding aperture in
Fig. 5(a), symmetrical cross-shaped impedance matching conversion in the feed aperture is introduced
in Fig. 5(b), and two obvious resonant points in the vicinity of 3.5GHz and 4.9GHz are excited.
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Figure 5. (a) Without and (b) with the cross-shaped impedance matching converters in the feed
aperture and (c) the corresponding S-Parameter curves.

Similar to the aperture in the ground plate, the parameter variation in the feed structure can also
influence the performance of the metasurface antenna. The detailed structure parameters in the feed
structure are shown in Fig. 1(d). Fig. 6(a) shows the S-parameter curves at different Wk1. It can be
seen that the first resonant point blueshifts obviously as Wk1 increases, and the second resonant point
keeps almost unchanged. Fig. 6(b) shows the variations of the S-parameter at different Wk5. With the
increase of Wk5, the second resonant point blueshifts and attains the minimum at Wk5 = 19.25mm.
In addition, as Wk5 increases, the first band’s bandwidth widens concurrently. In order to achieve
better performance of the metasurface antenna, Wk1 = 1.5mm and Wk5 = 19.25mm are chosen in the
following experiment.

2.4. Surface Current Distributions

The current distributions on the metasurface antenna at 3.5GHz and 4.9GHz are illustrated in Figs. 7(a)
and (b), respectively. Due to the intercoupling between modal currents J1 and J3 in Fig. 7(a), the current
distributions become out-of-phase in the horizontal direction of the middle region. Consequently, the
radiation energy caused by the out-of-phase is canceled greatly in the horizontal direction, and the
combined current distribution at 3.5GHz is along the vertical direction. The combined currents on
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Figure 6. S-Parameter curves at different (a) Wk1, (b) Wk5.
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Figure 7. Current distributions of the metasurface antenna at (a) 3.5GHz and (b) 4.9GHz.

metasurface radiation elements at 4.9GHz are also virtually vertical in Fig. 7(b), going in the same
general direction as J5 at that frequency. Here, J2 and J4 are not discussed, because the operating
bands are not in the vicinity of 3.5GHz and 4.9GHz.

3. EXPERIMENTAL VALIDATION

3.1. Antenna Manufacture and Measurement

In order to validate the simulation results, the proposed antenna is fabricated and measured. Fig. 8(a)
shows the front and back views of the antenna prototype. Fig. 8(b) shows the anechoic chamber,
which is used for the antenna testing environment. The vector network analyzer is used to obtain
the S-parameter values, and the measured and simulated results are shown in Fig. 8(c). It can be
seen that the measured operating bands (S11 ≤ −10 dB) are in the range of 3.46 ∼ 3.54GHz and
4.61 ∼ 5.02GHz, respectively. The measured results are nearly in good agreement with the simulated
data. The slight differences between the measured results and simulated values may be caused by the
fabrication inaccuracy, test cable, minor tolerance in the dielectric constant of the substrate, and the
loss of metasurface metal element.
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Figure 8. (a) Front and back views of the fabricated antenna prototype. (b) Photograph of the actual
measured environment. (c) Simulated and Measured S-Parameters of the metasurface antenna.

3.2. Far-Field Radiation Patterns

In order to further analyze the performance of our proposed metasurface antenna, the far-field radiation
patterns and peak gains of the antenna are tested and recorded in an anechoic chamber. Fig. 9 displays
the co-polarization and cross-polarization radiation patterns of the metasurface antenna at 3.5GHz
and 4.9GHz, respectively. It can be observed that the co-polarization patterns present a bidirectional
radiation characteristic in the E-plane and a unidirectional radiation characteristic in the H-plane.
Thus, the cross-polarization levels at boresight are well suppressed across the operating bands. In

Table 2. Comparison of the proposed antenna with other referred antennas.

Ref.

Resonant

frequency

(GHz)

Number

of bands
Substrate

Peak

Gains

(dBi)

Antenna

type
Applications

[6] 2.45/3.55/5.5 Triple FR4 1.22/2.15/4.06 Patch
WLAN

WIMAX

[7] 3.6 Single FR4 2.5 Patch 5G

[8] 2.4/3.6 Dual FR4 2.6/4.5 Patch 5G/WLAN

[9] 2.4/3.5 Dual FR4 2.5/4 Patch 5G/ WLAN

[10] 3.6 Single FR4 4.2 Patch 5G

[11] 3.5 Single FR4 4 Patch 5G

[12] 3.75 Single FR4 3 Patch 5G

This

work
3.5/4.9 Dual

F4BM265

F4BM350
7.67/7.28 Metasurface 5G
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Figure 9. Measured and simulated radiation patterns of the proposed antenna with E-Plane at (a)
3.5GHz and (c) 4.9GHz and H-Plane at (b) 3.5GHz and (d) 4.9GHz.

addition, the values of co-polarization are more than those of cross-polarization, which satisfies the
design standards for the antenna. Due to the welding error, chamber scattering, environmental effects,
etc., there are some differences between the measured results and simulated data in the radiation
patterns.

3.3. Antenna Gain

The peak gains of the metasurface antenna are shown in Fig. 10. Compared with the simulated peak
gains of 5.85 ∼ 7.8 dBi at 3.3 ∼ 3.7GHz and 5.79 ∼ 7.34 dBi at 4.6 ∼ 5.1GHz, the measured peak gains
are 7.31 dBi at 3.5GHz and 7.23 dBi at 4.9GHz, respectively. The results shown in Fig. 10 reveal that
the measured and simulated peak gain values show slight differences in tolerable limits. Table 2 shows
the comparison of the proposed antenna with other patch antennas. It can be seen that the proposed
metasurface antenna can provide higher peak gains than other patch antennas, which can provide more
advantages in 5G and other wireless applications.
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Figure 10. Measured and simulated and peak gains of the metasurface antenna.

4. CONCLUSION

In this paper, a dual-band metasurface antenna based on CMA is proposed and designed, which consists
of three-layer metal and two-layer dielectric substrates. With the aid of CMA, the current distributions
on the metasurface are analyzed in detail. In order to obtain the appropriate mode current, a feed
structure with a symmetrical resonant arm and a cross impedance matching converter is introduced.
From the measured and simulated results, the proposed antenna resonates at around 3.5GHz and
4.9GHz, both of which lie in the sub-6GHz band. The measured peak gains can attain 7.31 dBi
at 3.5GHz and 7.23 dBi at 4.9GHz, respectively. Thus, a conclusion is drawn that the proposed
metasurface antenna has enough bandwidth with better bidirectionality and stable gain. The proposed
antenna can improve the performance of the communication system and enhance the reliability of signal
transmission in 5G or other high-speed wireless communication scenarios.
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