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5Terahertz Technology (Datong) Institute, Datong, China

This paper presents a broadband metasurface (MTS) antenna using the
characteristic mode analysis (CMA) method for high-frequency gain
enhancement. First, by loading four parasitic patches around the 3 × 3 squared
patches on the upper layer, the potential bandwidth of the characteristic modes
of the MTS is broadened, and the impedance matching of the antenna is
improved. As a result, the bandwidth of the proposed antenna is improved.
However, the high-frequency realized gain of the antenna is significantly lower
than that at low frequency because the mode at the high operating band has
radiation null in the boresight direction. To address this, two slots along the
x-axis are introduced in part of the unit cells of the MTS, according to the
CMA, for mode optimization. The optimized higher-order modes (HOMs) then
exhibit broadside radiation patterns at high frequency, leading to a significant
improvement in high-frequency realized gain. Specifically, the realized gain at
7 GHz in the boresight direction is enhanced from −1.17 dBi to 9.5 dBi. The
simulated and experimental results show that the proposed antenna achieves
a 55.2% (4.66 GHz–8.22 GHz) impedance bandwidth for |S11| ≤ −10 dB, with a
very flat gain of 7–10 dBi.
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1 Introduction

Metasurface (MTS) antennas can achieve low profile, high gain, wide bandwidth
[1], and other characteristics due to the great potential of MTS in manipulating
electromagnetic waves. Characteristic mode analysis (CMA) [2–4] is often used
in MTS antenna design. However, the high operating band of broadband MTS
antennas often contains a large number of higher-order modes (HOMs), which
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FIGURE 1
Geometry of the proposed antenna: (a) type I, (b) type II, (c) type III, (d) type IV, (e) side view, and (f) bottom view.

TABLE 1 Structure parameters of the antenna (units: mm).

Dimension a b c e f p h

Value 55 9.5 10.7 0.65 0.85 0.2 20.4

Dimension g k l m n z w

Value 2.5 5 7 0.8 27 3.454 0.508

have large sidelobes and radiation nulls in the boresight direction
[5]. If the unoptimized HOMs are heavily weighted at the high
frequency, it will result in a decrease in the high-frequency realized
gain ofMTS antennas, thereby reducing communication quality [6].

Different methods based on CMA are used to improve the
radiation characteristics of MTS antennas [7–16]. For example,
cross-polarization is reduced by loading shorting pins [1]. In [7],
dual slots are etched on the patch fed by a coaxial probe to
reduce H-plane cross-polarization levels, where the realized peak
gain reaches 10.1 dBi and the 3 dB gain bandwidth is 22%. The
boresight gain is improved in [8] due to the relatively large lateral

size that supports in-phase currents, and the feeding position is
calculated based on CMA in [9]. The radiation pattern decoupling
is achieved in [10]. CMA has also been used for miniaturized
MTS antennas [11], filtering MTS antennas [12], and different
polarization characteristics ofMTS antennas [13–18].The operating
bandwidth is 20.24%, and the isolation is better than 38 dB for the
low-profile wideband pattern diversity MTS antenna proposed in
[17]. A low-sidelobe dual-beam antenna is proposed in [19] based
on MTS with independently regulated amplitude/phase.

Unwanted HOMs that produce large sidelobes could also be
suppressed using CMA to improve radiation characteristics, such
as by loading the unit cells of the MTS with slots and vias [6],
using two types of scatterers [20], or reducing the ground size
[21]. A dielectric resonator (DR)-excited wideband MTS antenna is
proposed in [22], where the broadside maximum generated by the
DR is utilized to enhance the boresight gain of the HOM, according
to the superposition principle of radiation patterns.

In this paper, a broadband MTS antenna with parasitic patches
for high-frequency gain enhancement is proposed. Four parasitic
patches are loaded around the 3 × 3 squared patches on the
upper layer of the antenna, which helps the proposed antenna
achieve a broad bandwidth. However, the high-frequency realized
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FIGURE 2
MSs, characteristic currents, and the radiation patterns of the three MTS structures: (a) type I, (b) type II, and (c) type III.

gain of the antenna is reduced by the radiation nulls in the
boresight direction of the HOMs in the high operating band.
Subsequently, to optimize HOMs and increase the high-frequency
realized gain of the proposed MTS antenna, two slots along the
x-axis are introduced in part of the MTS unit cells to interrupt

the out-of-phase currents. According to the theory of characteristic
modes [2–4], the characteristic modes vary with the structure.
Since the optimized HOMs have broadside radiation patterns at
the high operating band, the gain of the MTS antenna in the
boresight direction will be improved further. The proposed antenna
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FIGURE 3
Simulated |S11| of the antennas I–III.

can operate from 4.66 GHz to 8.22 GHz with a very flat realized
gain of 7–10 dBi.

2 Design of the broadband
metasurface antenna

Figure 1 shows the geometry of the proposed MTS antenna. It
consists of two substrate layers and three metal layers. As references,
the upper MTS layer of the antenna changes gradually, and they are
denoted as types I–Ⅳ and shown in Figures 1a–d, respectively. Type
I is a traditional microstrip square patch. As for types II and III, the
two groups of coplanar patches with different sizes are named P1 and
P2.The parasitic patches are named P3. For themodified typeⅣ, P2
and P3 are loaded with two slots along the x-axis.

Types I–Ⅳ are fed by a microstrip line at the bottom through
an ellipse slot etched on the middle ground plane, as shown in
Figure 1f. The corresponding antennas are named antennas I–Ⅳ,
respectively. The dielectric substrate is Rogers RO4003C with a
relative permittivity of 3.55 and a loss tangent of 0.0027, and
the thicknesses are 3.454 mm and 0.508 mm, respectively. The
dimensions of the antenna are listed in Table 1.

2.1 Effect of the parasitic patches on the
bandwidth

To illustrate the effect of the 3 × 3 patches and the four parasitic
patches P3 on the performance of the bandwidth, the counterparts
of types I–II are compared to that of type III, respectively. The
simulated analysis is carried out using CST Microwave Studio.

According to the theory of characteristic modes [2–4], modal
significance (MS) indicates the degree to which each characteristic
mode is easily excited, which is only determined by the MTS
structure. When MS = 1, the mode is easily excited, whereas
MS = 0 means that the mode hardly resonates or radiates. The
CMA is performed on types I–III without the feeding structure

FIGURE 4
Simulated results of antenna III: (a) realized gain, (b) surface currents at
7 GHz, and (c) the modal current and radiation patterns of J5 at 7 GHz.

for identifying the potential bandwidth (MS > 0.7) of the modes.
By optimizing the design of both the MTS and the antenna, it
is possible to fully utilize the potential bandwidth of the MTS,
thereby significantly expanding the impedance bandwidth of the
antenna. Figure 2 shows the MS curve, characteristic currents, and
radiation patterns of modes J1–J6 for types I–III. Figures 2a–c
demonstrate that several MSs are greater than 0.7 and range
from 4 to 8 GHz, which means that these modes may be excited
effectively. For type I in Figure 2a, themodes have a narrow resonant
frequency band compared with the modes of types II and III in
Figures 2b, c. Furthermore, none of the modes in Figure 2a can
be excited to realize the broadside radiation pattern because of
the out-of-phase current distribution. For type II in Figure 2b, the
potential bandwidths of the degenerate modes J1 and J2 are 4.8
GHz–6.75 GHz. In addition, the corresponding currents of J1 and
J2 are oriented in the same direction, and only one main lobe is
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FIGURE 5
Modes of the type IV: (a) MS, (b) characteristic currents and the
radiation patterns at resonant frequencies, and (c) mode current and
the radiation pattern of Js5 at 7 GHz.

observed, indicating that J1 and J2 are the fundamental modes in
the target frequency band. The HOMs J3–J6 have radiation nulls
in the boresight direction because of the out-of-phase current
distribution. The same situation also exists in type III (Figure 2c),
but the fundamental mode J1 of type III has a broader potential
bandwidth of 4.7 GHz–6.75 GHz compared with that of type II (4.8
GHz–6.75 GHz) in Figure 2b. In other words, it is easier to obtain a
broader bandwidth with antenna III than with antenna II.

Subsequently, the reflection coefficient of the antennas Ⅰ–Ⅲ
are simulated and shown in Figure 3. For antenna Ⅰ, there are
two independent resonances at 5.18 GHz and 6.4 GHz, and the
bandwidth is narrow. For antenna II, the resonances appear at
4.6 GHz, 5.9 GHz, and 6.8 GHz.However, these three resonances are
separated from each other. For antenna III, there are four resonances
at 4.8 GHz, 6 GHz, 6.5 GHz, and 7 GHz, respectively. The several

FIGURE 6
Simulated surface currents of antenna IV at 7 GHz.

FIGURE 7
Simulated normalized radiation patterns of antennas III and IV at
7 GHz: (a) E-plane and (b) H-plane.
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FIGURE 8
Simulated |S11| and the realized gain of the antennas III and IV.

resonant frequencies combine with each other, and the impedance
bandwidth of approximately 50.2% (4.47–7.47 GHz) is obtained.

Subsequently, the realized gain of antenna III is simulated
and shown in Figure 4a. As shown, the realized gain range of
−1.17–5.5 dBi in the high-frequency band of 6.5 GHz–7.5 GHz is
significantly lower than that of 7.2–9.7 dBi in the low-frequency
band of 4.5 GHz–6 GHz. Specifically at 7 GHz, the realized gain is
only −1.17 dBi. To investigate this, the surface current distribution
of antenna III at 7 GHz is simulated and shown in Figure 4b. The
currents on the patches P1 are out-of-phase with those on patches
P2 and P3. Consequently, the realized gain decreases at 7 GHz as
the radiation caused by the out-of-phase currents is largely canceled
in the boresight direction.

To illustrate the design concept of improving the radiation
performance of antenna III at high frequency using CMA, the mode
behavior for type III needs to be reanalyzed. In Figure 2c, mode J5
resonates at 5.67 GHz and exhibits radiation nulls in the boresight

direction; however, it is heavily excited at 7 GHz. According to the
theory of CMA, modal currents change with the frequency [3].
Therefore, the modal current and radiation patterns of J5 at 7 GHz
are simulated and shown in Figure 4c.There is a radiation null in the
broadside direction of J5 at 7 GHz, which will lead to a reduction in
the realized gain at 7 GHz. Due to the large out-of-phase currents
of J5 at the P2 and P3 locations, loading two slots along the x-axis
at P2 and P3 can interrupt the out-of-phase currents and suppress
the unwanted HOM J5 without affecting the fundamental mode J1,
whosemaximumcurrent distribution is located at P1.Theoptimized
MTS is named typeⅣ, and the mode behavior and the effect on the
realized gain are analyzed in Section 2.2.

2.2 Effect of the slots along the x-axis on
the radiation performance

TheMSs, modal currents, and radiation patterns for typeⅣ are
shown in Figure 5. The subscript “s” represents the loading slot. In
Figure 5a, the MSs of Js1–Js5 are greater than 0.7, ranging from 4.7
to above 7.17 GHz. Furthermore, a new mode Js6 appears with a
resonant frequency of 7.94 GHz. In Figure 5b, by loading two slots at
P2 and P3 along the x-axis, the out-of-phase characteristic currents
are interrupted, and the radiation nulls of most of the HOMs are
eliminated.Therefore, the radiation patterns of the optimizedmodes
Js4, Js5, and Js6 are broadside. Although the radiation patterns of
Js2 and Js3 have large sidelobes, the maximum currents of these
two modes are distributed in P2 and P3. Therefore, modes Js2 and
Js3 are difficult to excite by the ellipse slot etched at the center of
the ground plane. On the contrary, modes Js1, Js4, and Js6, which
have broadside radiation patterns, can easily be excited because their
maximumcurrents are distributed in P1.Next, we focus on themode
behavior of 7 GHz. As shown in Figure 5a, the MS of mode Js5 is
approximately 0.83 at 7 GHz, which is much larger than that of any
other modes. Hence, the modal current and the radiation pattern of
Js5 at 7 GHz are analyzed and shown in Figure 5c. Unlike the mode

FIGURE 9
Photograph of the antenna: (a) top, (b) ground, and (c) bottom.
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FIGURE 10
Photograph of the antenna measurement set-up.

FIGURE 11
Simulated and measured S-parameters and realized gain.

J5 of type III in Figure 4c, the radiation pattern of Js5 at 7 GHz is
broadside, and the maximum currents are primarily distributed at
P1.Therefore, the ellipse slot etched at the center of the ground plane
can effectively excite mode Js5, which helps the proposed antenna
to achieve high realized gain at 7 GHz. Meanwhile, the potential
bandwidth of these broadside radiation modes Js1, Js4 Js5, and Js6
extends from 4.7 GHz to approximately 9 GHz (Figure 5a), which
helps the proposed antenna achieve higher realized gain across the
entire operating frequency band.

The surface currents of the proposed antenna Ⅳ at 7 GHz
are investigated and shown in Figure 6. It is clear that this
current distribution is well-consistent with the current of mode
Js5 at 7 GHz shown in Figure 5c, which illustrates that the
optimized mode Js5 is well-excited by the proposed feeding
structure at 7 GHz.

To prove that typeⅣ is effective in improving the realized gain
at 7 GHz, the simulated radiation patterns of antennas Ⅲ and Ⅳ
at 7 GHz are also investigated and shown in Figure 7. Compared
to antennaⅢ, the main lobe magnitude of antennaⅣ at 7 GHz is
enhanced from −1.17 dBi to 9.56 dBi.

Subsequently, the simulated |S11| and realized gain of antennas
Ⅲ and Ⅳ are investigated and shown in Figure 8. Antenna Ⅲ
achieves a gain range of −1.17–5.5 dBi in the high-frequency band
of 6.5 GHz–7.5 GHz, which is significantly lower than the gain of
7.4–9.4 dBi in the low-frequency band of 4.5 GHz–6 GHz. However,
the modified antenna Ⅳ can operate from 4.7 to 8.36 GHz with
a flat gain of 7–10 dBi. Specifically, the realized gain at 7 GHz is
enhanced from −1.17 dBi to 9.5 dBi due to the slots along the x-
axis for mode optimization. It indicates that the proposed antenna
Ⅳ is effective in optimizing the radiation performance at a high
operating band.

3 Measured results and discussions

The photograph of the fabricated antenna Ⅳ is shown in
Figure 9. The fabrication tolerance of copper foil is 0.015 mm.
The magnitude of |S11| is measured using a network analyzer
(Agilent N5230C). The radiation patterns are measured in an
anechoic chamber using the antenna test arrangement shown
in Figure 10. Figure 11 shows the simulated and measured S-
parameters and realized gain of the proposed antenna. It can be
observed that the proposed MTS antenna operates in the frequency
band of 4.66–8.22 GHz (|S11|< −10 dB) with a relative bandwidth
of 55.2% and a flat realized gain of 7–10 dBi. The measured result
agrees well with the simulated result. We can also find that the
measured result of |S11| is slightly better than the simulated result.
This may result from the slight increase in thickness in the hot-
pressing process.

The normalized radiation patterns at different frequencies
are shown in Figure 12. It can be observed that the measured results
agree with the simulated results.

Table 2 shows the comparison of the performances of the
proposed MTS antenna and previously reported linear polarization
MTS antennas. The proposed antenna achieves the widest
bandwidth compared with the references in Table 2. Compared
with the relative reported works [11, 15], the proposed antenna
has excellent performance, including broader bandwidth and larger
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FIGURE 12
Simulated and measured radiation patterns: (a) 5 GHz, (b) 6.5 GHz, and (c) 8 GHz.

Frontiers in Physics 08 frontiersin.org

https://doi.org/10.3389/fphy.2025.1638385
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org


Liu et al. 10.3389/fphy.2025.1638385

TABLE 2 Comparison with reported linear polarization MTS antennas and arrays.

Reference Center frequency (GHz) Bandwidth Element no. Gain (dBi)

[1] 5.13 28% 2 × 2 array 8.3–12.1

[5] 5.53 31% 2 × 2 array 13–14.5

[7] 28.4 16% Single 6.5–10.1

[11] 6.59 41.35% Single 4.6–6.6

[15] 5.48 20.24% Single 6.4–8.1

[20] 5.86 6.5% Single 8.5–11.5

This work 6.4 55.2% Single 7–10

gain. Comparedwith the relatedworks [7, 20], the proposed antenna
has a higher bandwidth and a higher minimum gain, although its
peak gain is slightly lower.

4 Conclusion

A high-frequency gain enhancement of a broadband MTS
antenna with parasitic patches using CMA was proposed. Four
parasitic patches around the 3 × 3 squared patches on the MTS
help the proposed antenna to achieve a broad bandwidth. Two
slots along the x-axis are introduced in part of the MTS unit
cells for improving the antenna radiation performance at a high
operating band using CMA.The proposed antenna realizes a 55.2%
(4.66 GHz–8.22 GHz) impedance bandwidth for |S11| ≤ −10 dB and
maintains a flat gain of 7–10 dBi. In addition, the proposed MTS
antenna offers cost-effective implementation and easy integration
with the planar circuits due to its fully planar structure and
low profile.
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