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ABSTRACT: In this paper, a novel single-layer dual-band metasurface MIMO antenna suitable for high-density 5G base stations, satellite
terminals, and [oT devices is proposed. The antenna utilizes Characteristic Mode Analysis (CMA) to optimize the patch dimensions,
achieving independent design for the low- and high-frequency bands. It also suppresses surface waves through a ground triple-slot struc-
ture. Additionally, the antenna abandons the traditional coplanar waveguide (CPW) and innovatively adopts an H-shaped slot feeding
structure. This groundbreaking design successfully eliminates the need for complex matching networks and multi-layer stacking struc-
tures. Simulation and measurement results show that the MIMO antenna achieves an isolation below —22 dB and envelope correlation
coefficient (ECC) less than 0.0025 in two operating frequency bands (4.13-5.94 GHz with a relative bandwidth of 36%; 7.68.4 GHz with
a relative bandwidth of 10%), with a peak gain of 10.75 dB. Additionally, the antenna exhibits a diversity gain (DG) greater than 9.9 dB,
with aperture efficiencies of 72% (low-frequency) and 36.8% (high-frequency). Compared with existing designs, the MIMO antenna
proposed in this paper shows significant improvements in isolation, bandwidth flexibility, and structural simplicity.

1. INTRODUCTION

The rapid proliferation of 5G networks, satellite commu-
nications, and internet of things (IoT) ecosystems has
intensified the demand for compact, multi-functional antennas
capable of operating across diverse frequency bands while
maintaining high isolation in densely packed multi-antenna
systems.  Dual-band antennas, in particular, are critical
for supporting concurrent services such as sub-6 GHz 5G
(45 GHz) and satellite downlinks (78 GHz), yet their design
faces inherent trade-offs among bandwidth, isolation, and
structural simplicity [1]. Conventional approaches, including
U-slot microstrip patches [2] and defected ground structures
(DGS) [3], often achieve dual-band operation at the cost of
complex decoupling mechanisms. For instance, metal vias [4]
and electromagnetic band-gap (EBG) layers [5] have been
widely adopted to suppress surface waves, but these methods
introduce multilayer fabrication processes or occupy signifi-
cant lateral space, limiting their suitability for ultra-compact
multiple-input multiple-output (MIMO) arrays [6]. Moreover,
existing metasurface-integrated designs [7, 8], while enabling
frequency agility, struggle to simultaneously address dual-
band isolation and structural miniaturization, particularly in
edge-to-edge configurations with sub-wavelength spacing.

As an electromagnetic field analysis method based on eigen-
value solution, CMA provides a systematic framework for
mode manipulation in antenna design. Unlike traditional em-
pirical parameter optimization, CMA can intuitively quantify
the contribution of each mode to radiation (Mode Significance)
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and identify the impact of key geometric parameters on res-
onant frequencies and bandwidth, significantly enhancing de-
sign efficiency and interpretability [9-15]. In this paper, CMA
is introduced into the optimization process of a dual-band meta-
surface antenna by analyzing the mode current distribution of
an initial 4 x 4 square patch array, and it is clarified that the
low-frequency band (4.13-5.94 GHz) is dominated by the fun-
damental mode (Mode 1) and the first-order mode (Mode 2),
while the high-frequency band (7.6-8.4 GHz) is achieved by
exciting a higher-order mode (Mode 17) through adjustments
to the size of the corner patches, enabling independent design
across both frequency bands. This approach avoids the blind-
ness of traditional iterative trial-and-error methods and lays the
theoretical foundation for mode decoupling and bandwidth ex-
pansion in ultra-compact dual-band MIMO antennas.

A key challenge lies in reconciling the conflicting require-
ments of wideband impedance matching, dual-band control,
and ultra-low mutual coupling. Traditional feeding structures,
such as CPW feeds, often necessitate intricate impedance trans-
formers or parasitic elements to achieve multi-resonance be-
havior [16], complicating single-layer integration. Meanwhile,
decoupling techniques relying on resonant metamaterials [17]
or absorber layers [18] may degrade radiation efficiency or im-
pose narrowband limitations. Recent advancements in slot-fed
antennas [19] and metasurface superstrates [20] have shown
promise in decoupling through radiation pattern diversifica-
tion, yet their applicability to wideband dual-band systems re-
mains underexplored. Moreover, many existing metasurface
antennas [21-25] primarily focus on single-band, triple-band,
or bandwidth extension designs, and also have not addressed
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FIGURE 1. Configuration of the dual-band metasurface-based antenna. (a) Top view: | = 60mm, a; = 7.2mm, a2 = 8.8mm, a3 = 9mm,
s1 = 0.6 mm (b) Side view: h = 3mm (c) Bottom view: wy = 2mm, ws = 1 mm, w1 = 0.2mm, wsz =1 mm, wsz = 1.6 mm, l;; = 8.4mm,

lso = 4mm, [s3 = 3.6 mm.

the collaborative design and isolation optimization of dual-band
MIMO antennas. In this study, a novel dual-band metasurface-
MIMO antenna is proposed innovatively, which employs an
H-shaped slot feeding structure to replace the traditional CPW
structure, achieving robust impedance matching across dual
bands without the need for additional matching networks or
multilayer stacking. This single-layer topology significantly
reduces manufacturing complexity and cost, making it highly
suitable for high-density deployment [26]. Meanwhile, three
uniformly spaced slots etched on the antenna’s ground plane
are used to replace metal vias, disrupting surface wave prop-
agation and achieving mutual coupling below —22 dB in both
frequency bands. This planar decoupling strategy eliminates
vertical interconnects, preserves the structural integrity of the
antenna, and simplifies the manufacturing process [27]. The
dual-band of the antenna can be designed independently. After
the low-frequency band is determined, CMA is utilized to de-
sign and achieve the high-frequency bandwidth without affect-
ing the low-frequency band. This design ensures flexibility in
frequency tuning and eliminates cross-interference, represent-
ing a significant advancement compared with traditional cou-
pled resonator architectures [16]. Compared to existing decou-
pling methods [3, 17], the proposed slitted ground plane min-
imizes fabrication complexity and avoids multilayer stacking.
The design is validated through a 2 x 1 edge-to-edge array pro-
totype, demonstrating robust performance in dual-band MIMO
scenarios. This approach bridges the gap among high isolation,
dual-band flexibility, and structural simplicity, addressing crit-
ical needs for next-generation wireless systems.

2. DUAL-BAND ANTENNA DESIGN AND ANALYSIS

2.1. Dual-Band Antenna Evolution and Performance

The structure of the proposed metasurface-based dual-band an-
tenna is illustrated in Fig. 1. The antenna consists of a single-
layer substrate with a 4 x 4 array of square patches on the top
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surface and a CPW feeding structure on the bottom side. The
dielectric substrate is FR-4 (g, = 4.4, tand = 0.003) with a
thickness of 4 = 3 mm. The topology was designed using the
Computer Simulation Technology (CST) software.

The design process comprises three steps. In Step 1, a
conventional broadband metasurface slot antenna is proposed,
which consists of a slot-feed structure and regular metal
patches, as illustrated in Fig. 2(a). In Step 2, the antenna
structure is simplified by directly integrating the feeding
structure onto the ground plane, eliminating the need for a
separate microstrip feedline and reducing the antenna structure
to a single layer, as shown in Fig. 2(b). Subsequent results
have verified that this simplification process may have an
impact on high frequencies, but it does not affect the existing
available frequency bands. This design not only simplifies the
manufacturing process but also reduces costs. In Step 3, CMA
is employed to analyze and optimize the patch size to achieve
high-frequency bandwidth, while ensuring good impedance
matching in the low-frequency band.

The | S}, | and gains of the three antennas are shown in Fig. 3.
As depicted in Fig. 3(a), Ant. 1 has a frequency band with
|S11] < —10dB spanning from 4.29 to 5.51 GHz, with two
resonances occurring at 4.56 GHz and 5.36 GHz, respectively.
For Ant. 2, the frequency range where |S;| < —10dB is 4.2—
5.78 GHz. For Ant. pro, the frequency range where |Si;| <
—10dB extends from 4.14 to 5.93 GHz and also from 7.6 to
8.4 GHz. There are two resonances at the low-frequency band,
specifically at 4.42 GHz and 5.66 GHz, and another two reso-
nances at the high-frequency band, occurring at 7.86 GHz and
8.24 GHz. As can be seen from Fig. 3(b), the peak gains of
Ant. pro in the two frequency bands are 9.56 dB and 10.75 dB,
respectively.

The 3D gain radiation patterns of the low-frequency resonant
points during the antenna evolution process are shown in Fig. 4.
The two resonant points of Ant. 1 in the low-frequency band ex-
hibit a relatively uniform radiation pattern, with radiation pri-
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FIGURE 3. Performance of the three antennas. (a) S-parameters. (b) Realized gain.

marily propagating in one direction. For Ant. 2 and Ant. pro,
although some multi-lobe characteristics appear at the second
resonant point, they are not prominent, and the low-frequency
band still exhibits a relatively uniform radiation pattern. From
the figure, it can be seen that the simplification of the antenna
structure and the evolution of the high-frequency band do not
affect the initial low-frequency bandwidth.

2.2. Characteristic Mode Analysis

To illustrate the evolution process of the patch size, a detailed
introduction will be provided through the characteristic mode
analysis process. The initial antenna model is the most basic
metasurface 4 x 4 square patch array antenna. By conducting
characteristic mode simulations on the initial antenna model,
we obtain the mode significance (MS) of the initial patch, as
shown in Fig. 5. In this antenna design, three modes are uti-
lized, namely Mode 1, Mode 2, and Mode 17, and their surface
currents are depicted in Fig. 6.

Observing the surface currents of the three modes, it can be
seen that Mode 1 and Mode 2 can be already excited in the basic
array antenna model, working together with the slot-fed struc-
ture to achieve the available low-frequency bandwidth. How-
ever, Mode 17 cannot be excited as its surface current is concen-
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trated around the perimeter, making it ineffective for coupling
with the feeding structure. At the same time, we found that the
surface currents of Mode 1 and Mode 2 were concentrated in the
center, and the patches at the four corners have little influence
on the coupling effect. Therefore, without affecting the low-
frequency bandwidth, we attempted to reduce the size of the
patches at the four corners to concentrate the current towards
the center patches, enabling Mode 17 to be excited and achiev-
ing the available high-frequency bandwidth. In the meantime,
slightly increase the central patch size to concentrate the cur-
rent, which can effectively enhance the coupling area. After
reducing the size of the patches at the four corners, the CMA
was conducted again on the antenna model, and the resulting
MS and surface currents are shown in Fig. 7 and Fig. 8(a). Ob-
serving the MS and surface currents, we found that the band-
width in which Mode 17 can be excited has increased, and the
current is also concentrated towards the center patches, as ex-
pected. As shown in Fig. 8(b), Mode 1 and Mode 2 exhibit sin-
gle main-lobe radiation characteristics primarily oriented along
the positive Z-axis direction in the 3D radiation patterns, re-
spectively dominating the broadband coverage and directivity
optimization in the low-frequency band. Meanwhile, Mode 17
excites a high-order multi-lobe structure, effectively supporting
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FIGURE 5. MS of the antenna.

multi-beam communication in the high-frequency band without
compromising the overall antenna performance.

The feasibility of the scheme was verified through charac-
teristic mode analysis, followed by a parametric analysis of the
size of the four-corner patch. The results are shown in Fig. 9.
Reducing the patch size to 7.2 mm achieved a high-frequency
usable bandwidth.

2.3. Current Distribution

To gain a more intuitive understanding of the operating prin-
ciples of the radio frequency components, we observe the sur-
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face current distribution of the antenna model as depicted in
Fig. 10. At the resonant frequency of 4.42 GHz, the primary
current forms a clear standing wave along the edge of the radi-
ator, with a path length (18 mm) approximately one-quarter of
the free-space wavelength (A, = 67.8 mm). This indicates that
the antenna is based on a quarter-wavelength short-circuited
resonance. Simultaneously, the H-shaped structure couples and
excites secondary currents, whose path lengths match higher-
order modes. The superposition effect of primary and sec-
ondary currents broadens the antenna’s operational bandwidth
through multi-mode resonance, providing the physical founda-
tion for covering the SG Sub-6 GHz frequency band. In con-
trast, at the resonant frequency of 5.64 GHz, the primary current
forms a prominent standing wave distribution along the center
of the radiator, with a path length (13.5 mm) precisely match-
ing one-quarter of the free-space wavelength (A, = 53.2 mm)
at this frequency point. Observing the current distribution at
the two resonant frequencies within the high-frequency band,
the primary currents are regularly arranged along the center of
the radiator. The length of the current path (9 mm) is approx-
imately one-quarter of the free-space wavelength at these two
resonant points, indicating that the antenna operates in a 1/4-
wavelength resonant mode at these resonant frequencies.

2.4. MIMO Antenna Design and Analysis

The configuration of the 2 x 1 antenna array is shown in Fig. 11.
The two antenna elements based on the dual-frequency meta-
surface antenna presented in Fig. 1 remain unchanged, ex-
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cept that the overall dimensions are optimized to Iz X ly =
100mm x 60 mm to ensure the operating frequency bands.
Fig. 11(b) illustrates the configuration of the backplane for the
2 x 1 antenna array. In the central area of the antenna’s ground
plane, three slots are uniformly distributed and aligned parallel
to the array’s arrangement direction. Each slot has a width of
2 millimeters and a length of 50 millimeters, with a spacing of
2 millimeters between the slots. These slots fully penetrate the
ground plane but do not extend through the dielectric substrate,
thus maintaining the single-layer integrity of the structure. The
antenna’s feeding structure has been modified from the tradi-
tional CPW to an H-shaped slot feed. The arrangement of the
backplane slots avoids the radiation area of the H-shaped slot
to prevent interference with the feeding efficiency.

As shown in Fig. 12, a comparison of the currents before and
after adding the isolation structure is presented. Without the
isolation structure, the current forms a direct path between the
two antennas, leading to the mutual coupling of electromag-
netic energy. This cross-current can cause signal crosstalk and
reduce isolation. After incorporating the isolation structure, the
cross-flow path of the current is physically or electromagneti-
cally blocked, and the current is primarily confined within the
effective radiation area of each antenna, thereby significantly
reducing the coupling effect.

The comparison of |S,;| before and after slotting is shown
in Fig. 13. Before slotting, |S2;| was less than —14.4 dB. After
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introducing backplane slots, the high-frequency isolation is sig-
nificantly enhanced, with |.S;; | remaining below —22 dB across
the entire frequency band.

3. RESULTS AND DISCUSSION.

3.1. Measurement and Simulation

S-parameters were measured using a vector network analyzer,
while the radiation pattern and gain were tested through stan-
dard gain horn antennas in an anechoic chamber, as shown in
Figs. 14(a) and (b). Figs. 15(a) and (b) present the S-parameters
and isolation of the antenna array from both measurements and
simulations, which show good agreement with the simulated
results.

Figure 16 shows the measured and simulated radiation pat-
terns of the E-plane and H-plane at the center frequency of
the low band and high band, respectively. The measured radi-
ation pattern is in high agreement with the simulation results
in terms of beam pointing, HPBW (Half Power Beam Width),
and sidelobe level, with an error of less than 5%. The E-
plane pattern exhibits significant unidirectional radiation, while
the H-plane pattern approaches omnidirectional radiation. As
shown in Figs. 16(c) and (d), the radiation pattern exhibits a
“multi-lobe” characteristic, which is caused by the use of a
higher-order mode (Mode 17) to achieve frequency band cov-
erage. This higher-order mode causes multiple beams to ra-
diate, leading to some distortion in the radiation pattern and a
deviation from the original omnidirectional pattern, though the
low-frequency band remains unaffected. However, this phe-
nomenon does not negatively affect the overall performance of
the antenna.

3.2. Envelope Correlation Coefficient

ECC is a metric that measures the degree of correlation be-
tween communication channels. In wireless communication
systems, especially MIMO systems, ECC is used to quantify
the correlation between antenna element channels. A lower
ECC value indicates less correlation between antennas, which
leads to better performance of the MIMO system [28]. As il-
lustrated in Fig. 17, the ECCs within the two operating bands
are below 0.0009 and 0.002, respectively, demonstrating ex-
cellent multiple-input multiple-output performance. When the
ECC of the antenna approaches zero, the diversity gain (DQG)
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FIGURE 11. 2 x 1 antenna array. (a): Top view (b): Bottom view.

approaches the ideal value (DG > 9.9dB). The ECC can be 3.3. Antenna Performance Comparison

Iculat ing the following ft la: .
calculated by using the following formula The proposed antenna demonstrates outstanding performance

_ _ 9 in dual-band design, with its gain (10.75dB) being signif-
i = |ff47rFi (6,0) £ (6,0) dQ| (1) icantly higher than other dual-band antennas (e.g., 9.1dB
Y fﬁm |Fi (97®)|2d9'ff4,r |Fj (9’(2))|2dQ for [30] and 8.6dB for [35]), and even surpassing some
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FIGURE 16. Simulated and measured 2D radiation patterns of the proposed MIMO system. (a) 4.42 GHz; (b) 5.66 GHz; (c) 7.86 GHz; (d) 8.24 GHz.

TABLE 1. Antenna performance comparison.

Bandwidth Isolation

Gain

Aperture

Ref ECC ) Size
(%) (dB) (dB) Efficiency (%)

[29] 72.93% 0.005 > 15 8.8 61.7% 0.966\, x 0.766A, x 0.053)\,

[30] 2.9%/28.6% 0.007/0.002 > 19.7 9.1 64.7%/62.2% 1.7X X 17X, X 0.051,

[31] 10.8% Not given > 22 33.7% 19X, x 1.9)\, x 0.07),

[32] 13.04% 0.0015 > 22 8 34.7% 147X x 1.47TX, x 0.45),

[33] 88% 0.01 > 15 3.8 37% 1Mo X 1A, x 0.035),

[34] 4.78% 0.01 > 20 5.34 40% 1.64X, x 1.64X, x 1.64X,

[35] 7.69%/5.71% 0.08/0.01 > 25 8.6 Not given 1.3X X 0.867X, x 0.052),
Proposed 36%/10% 0.0009/0.0025 > 22 10.75 72%/36.8% 1.67X\, x 1.67), x 0.05),

Ao is the free-space wavelength at center operating frequency.

wideband antennas (e.g., 8dB for [32]). The Envelope
Correlation Coefficient (ECC) of this antenna reaches the
lowest values in both frequency bands (0.0009/0.0025),
indicating the extremely low correlation between antenna
elements, which can significantly enhances channel capacity
and anti-fading capabilities in MIMO systems. Despite its
moderate size (1.67)\, x 1.67A, x 0.05),) among dual-
band antennas, the low-profile design (with a height of only
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0.05),) achieves compactness without compromising gain
and isolation (> 22dB), meeting deployment requirements
across multiple scenarios. In comparison to other designs, this
antenna achieves or exceeds the optimal values in Table 1 for
the three core indicators: gain, ECC, and isolation, particularly
demonstrating significant advantages in dual-band applica-
tions. It is suitable for 5G/6G MIMO communication systems
with stringent performance requirements.
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4. CONCLUSION

This paper proposes a mnovel single-layer dual-band
metasurface-MIMO antenna that employs an H-shaped slot
feeding structure to replace the traditional CPW. Combined
with a triple-slot decoupling technique on the ground plane,
it achieves a dual-band independent design without the need
for multilayer stacking or complex matching networks (low-
frequency band: 4.13-5.94 GHz, with a relative bandwidth of
36%; high-frequency band: 7.6-8.4 GHz). CMA is utilized
to optimize the patch size, effectively exciting a high-order
mode (Mode 17), thereby resolving the contradiction between
dual-band isolation and structural compactness. Experimental
results demonstrate that the antenna achieves isolation below
—22dB within both frequency bands, with an ECC of less
than 0.0025 and peak gains reaching 9.56 dB and 10.75dB,
respectively. This verifies its excellent impedance matching,
radiation efficiency, and MIMO performance. ~Compared
to existing methods, the planar decoupling strategy avoids
metal vias or multilayer structures, significantly reducing
manufacturing complexity and cost. This design provides a
high-performance antenna solution for high-density 5G base
stations, satellite terminals, and IoT devices. It also lays a
theoretical foundation for mode decoupling and bandwidth
expansion in ultra-compact dual-band MIMO antennas. Future
research can further explore the potential applications of this
solution in multi-band compatibility and large-scale arrays.
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