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ABSTRACT: In the study, a hybrid decoupling architecture (HDA) based on metamaterials and metasurfaces is proposed. Subsequently, an
enhanced ultra-wideband (EUWB) two-port multiple-input multiple-output (MIMO) array antenna with miniaturization, high isolation,
and low coupling is designed based on the proposed HDA. The antenna size is 48 mm x 32 mm X 1.6 mm with an FR4 dielectric substrate,
whose relative dielectric constant is 4.4, and loss tangent is 0.005. The simulated and measured results show that the antenna operates
from 1.89 to 14.85 GHz with a bandwidth of 12.96 GHz and relative bandwidth of 154.8%. The port isolation S2; is less than —26 dB;
the envelope correlation coefficient (ECC) is less than 0.06; the diversity gain (DG) is higher than 9.5; and the maximum gain reaches
7.83 dB. Therefore, the enhanced ultra-wideband two-port MIMO array antenna designed based on HDA exhibits excellent performance
and has broad application potential in various scenarios for wireless communications.

1. INTRODUCTION

n recent years, the fusion technology of ultra-wideband

(UWB) and multiple-input multiple-output (MIMO) has
been widely applied in 5G systems [1]. It enables low-
latency, maximum-throughput, and high-efficiency signal
transmissions and significantly enhances the channel capacity.
Therefore, the research and development of 6G communica-
tion systems are inseparable from MIMO technology [2]. For
antennas applied in 6G communication systems, compact size,
operating bandwidth, isolation, and other related performance
indicators are core issues that must be addressed. Numerous
scholars have proposed various methods for improving the
isolation and bandwidth of compact UWB MIMO antennas.
Specifically, these methods include electromagnetic bandgap
(EBG) [3,4] based decoupling structures, defected ground
decoupling structures, decoupling networks (DNs) [5,6],
neutralization lines (NLs) [7, 8], decoupling resonators, and
cascaded filters.

However, the above decoupling methods are generally suit-
able for scenarios with low isolation requirements and cannot
meet the demands of compact antennas for ultra-high isolation
and multi-scenario applications. Therefore, aiming at com-
pact UWB MIMO patch antennas, this study proposes an en-
hanced UWB MIMO antenna with an efficient hybrid decou-
pling scheme that integrates metamaterials and metasurfaces.
The proposed design achieves the co-design of high port isola-
tion, miniaturization, and ultrawide bandwidth simultaneously.
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Its operating band explicitly covers the following standard fre-
quency ranges:

5G NR: 1.8-6 GHz

6G extended: 615 GHz

UWB: 3.1-10.6 GHz

WiFi 6/6E/7: 2.4/5/6 GHz

V2X: 5.855-5.925 GHz

Drone image transmission: 2.4/5.8 GHz
IoT terminals: 2.4/5 GHz

Compared with existing designs, the proposed scheme syn-
ergistically improves the antenna’s isolation, bandwidth, and
radiation performance through the combined effect of meta-
materials and metasurfaces, thus fulfilling the requirements of
multi-scenario applications.

The main novelty of this work lies in the proposed HDA that
integrates metamaterials and metasurfaces to realize collabora-
tive suppression of surface waves and space waves simultane-
ously. Different from traditional hybrid decoupling methods,
the proposed HDA achieves full-band ultra-high isolation from
1.89 GHz to 14.85 GHz without affecting the operating band-
width and radiation characteristics. The special geometry, ar-
rangement, and dual decoupling mechanism make it suitable
for enhanced ultra-wideband MIMO antenna applications.
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FIGURE 2. Comparison of S-parameters of antennas: (a) S11 and (b) Si2.

2. ANTENNA DESIGN

2.1. Design Process and Analysis of Enhanced Ultra Wideband
(EUWB) MIMO Array Antennas

As illustrated in Fig. 1(a), Antenna 1 was first proposed based
on a classical rectangular microstrip antenna [9], but its oper-
ating bandwidth was only 0.23 GHz, from 7.66 to 7.89 GHz,
failing to meet the design objectives for UWB antennas. To
address this issue, Antenna 2 was designed by etching a grid-
shaped pattern on the radiation patch and periodic strip slots
on the ground surface, as shown in Fig. 1(b). As illustrated in
Fig. 2(a), the obtained bandwidth is 12.96 GHz, ranging from
1.89 GHz to 14.85 GHz, which is a 56-fold improvement and
fully covers the standard UWB from 3.1 GHz to 10.6 GHz[10].
Nevertheless, strong inter-element coupling still exists in the
MIMO configuration, with S5 ranging from —5 dB to —20 dB,
as shown in Fig. 2(b).

As illustrated in Fig. 1(c), Antenna 3 was designed by load-
ing metamaterials between the elements to improve isolation.
This preserved the operating bandwidth, enhanced impedance
matching, and reduced Si2 to a maximum of —20dB from
8 to 15 GHz, verifying the decoupling capability, though se-
vere coupling persisted from 1.8 to 8 GHz. As illustrated in
Fig. 1(d), Antenna 4 was proposed based on Antenna 3 with a
hybrid decoupling architecture (HDA) for full-band decoupling
of surface and space waves. As shown in Fig. 2(a), compared
with Antenna 3, the bandwidth of Antenna 4 was not affected by
the HDA. As shown in Fig. 2(b), the hybrid architecture main-
tained the EUWB bandwidth, improved impedance match-
ing, and reduced Sy to below —26 dB (minimum —55dB at
11.8 GHz), endowing the MIMO antenna with high-isolation
characteristics.
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FIGURE 3. 3D structure of the EUWB MIMO
array antenna.

This experimental result verifies that the proposed HDA can
effectively suppress the electromagnetic coupling of the EUWB
MIMO antennas without affecting the antenna operating band-
width and realizes the design target of low coupling and high
isolation.

2.2. Structure and Performance Optimization of EUWB MIMO
Array Antennas

Based on the analysis results from the previous section, An-
tenna 4 exhibited optimal bandwidth and decoupling perfor-
mance. Therefore, this section focuses on analyzing the struc-
tural performance. The bandwidth of Antenna 4 exceeds the
definition of UWB, so it is referred to as an EUWB MIMO ar-
ray antenna in this study.

The structure of the proposed EUWB MIMO array antenna
consists of two layers: the lower layer is composed of the ra-
diation patches of the EUWB MIMO array antenna and meta-
materials for surface-wave decoupling, as shown in Fig. 3. The
upper layer comprised an improved dual-opening split-ring res-
onator (DSRR) [11, 12] metasurface for space wave decou-
pling. The upper metasurface substrate layer adopts an FR4 di-
electric substrate, whose relative dielectric constant is 4.4, and
loss tangent is 0.005.

The metamaterials for surface wave decoupling in the lower
layer are arranged in a 3 X 1 configuration, as illustrated in
Fig. 4. The upper layer is the metasurface for space-wave
decoupling, whose front side is composed of circular dual-
opening split-ring resonators, and the back side is composed of
square dual-opening split-ring resonators, arranged in a 4 x 6
configuration, as shown in Fig. 5.
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FIGURE 4. Structures of the EUWB MIMO array antenna lower layer.
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FIGURE 5. Front and back structures of the metasurface on the EUWB
MIMO array antenna upper layer.
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FIGURE 7. S-parameters of the EUWB MIMO array antenna.

As shown in Fig. 6(a), a parameter sweep was subsequently
conducted to optimize the antenna performance. First, parame-
ters A and Bg were swept to explore their effects on S1;. For
As, values of 0.3 mm, 0.4 mm, 0.5 mm, and 0.6 mm were se-
lected. The simulation results show that a larger A5 leads to
poorer impedance matching but a wider bandwidth. A5 was set
to 0.4 mm. For Bg, the sweep uses values of 0.8 mm, 0.9 mm,
1.0mm, and 1.1 mm. Based on the simulation results, Bg was
determined to be 0.9 mm, as shown in Fig. 6(b).
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A parameter sweep was performed for multiple variables in
this study. The proposed EUWB MIMO array antenna achieves
an operating bandwidth of 12.96 GHz with a relative bandwidth
of 154.8%, from 1.89 GHz to 14.85 GHz, fully encompassing
the standard UWB of 3.1 GHz to 10.6 GHz. Meanwhile, the
antenna achieves an isolation level below —26dB across the
entire band, with a minimum isolation of —55 dB at 11.8 GHz.
The S-parameters of the antenna are shown in Fig. 7, and the
optimized structural parameters are listed in Table 1.

2.3. Analysis of a Hybrid Metamaterial and Metasurface De-
coupling Architecture

Owing to the wide operating frequency range and compact
structure of the proposed EUWB MIMO array antenna, a novel
decoupling method is proposed for the EUWB MIMO array an-
tenna, which adopts an HDA composed of metamaterials and
metasurfaces.

The proposed decoupling architecture is based on dividing
the antenna decoupling work into surface-wave decoupling and
space-wave decoupling, as shown in Fig. 8.

Two types of metamaterials were used for the HDA. The first
type is a rectangular metamaterial dedicated to surface-wave

WWW.jpier.org



Progress In Electromagnetics Research C, Vol. 171, 348-358, 2026

PIER C

TABLE 1. Dimensions of the optimized antenna structure.

Parameter  Unit (mm) Parameter Unit (mm) Parameter Unit (mm)
a1 12 by 16 L, 36
a 10 b2 8 Ry 0.5
as 2.46 b3 24 Ry 1.25
a4 3.6 b4 3.6 L1 6
as 0.4 bs 8 Lo 4.5
ag 4 be 0.9 g3 0.5
ar 2.9 b7 2 W 24
as 0.3 h1 1.6 g1 0.5
ag 0.2 hg 1.6 g2 0.5

a 4.6 b 9 Wh 6
ar 1.8 by 1.5 Wa 4.5
a2 1.85 bQ 4.8 g4 0.5
as 0.3 b3 4.2 hh 6
a4 0.4 by 0.9 Ly 48
as 0.4 bs 0.3 Wg 32
ae 34

= P
PR Tl 0

’.::,"\\\antenna element 2

surface wave coupling

antenna element 1
e
dielectric substrate

FIGURE 8. Space and surface wave coupling.

decoupling, and the second is a modified double split-ring res-
onator (DSRR) metamaterial for space-wave decoupling. This
section analyzes the metamaterials from two aspects: their S-
parameters and equivalent electromagnetic parameters.

To obtain the equivalent electromagnetic parameters of the
metamaterials, the Nicolson-Ross-Weir (NRW) [28] method
was introduced for parameter extraction. The S-parameter ex-
traction techniques involved in the theoretical calculation are as
follows: S711 denotes the reflection coefficient [13, 14]. The re-
lationship between S15 and the transmission coefficient 7' can
be expressed as follows:

512 = Tejnkod

(M
where K denotes the wave number of the incident wave in free
space, and d represents the thickness of the uniform dielectric
slab. In addition, the relationship among the S-parameters, re-
fractive index n, and impedance z can be expressed as follows:

R01 (1 _ ei2nkgd>

SU = 1— RgleianOd (2)
_ (1- Rgl)emkod

Sa1 = 1— Rgleiangd (3)

R01 = (Z — 1)/(2 + 1) (4)
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The expression for impedance z can be derived from the above
Egs. (2) and (3), respectively:

(1+81)? — 53
Z =X\ ———5 5
V/(1,511)2,S§1 ©
eithod — X +i\/1— X2 (6)
X = 1/2[S21(1 — 5%, + 53] (7

Because the metamaterial under consideration is a passive di-
electric, the parameters z and n in the equations must satisfy
the following conditions:

Re(z) >0
Im(n) >0

®)
©
The formula for calculating the value of the refractive index n
is given as follows:

n = — {[Im[Tn(e™o%)] + 2ma] — iRe[Tn(c™9)]} (10)

kod

where m is an integer related to Re(n). Finally, two parameters
that determine the characteristics of the metamaterial can be de-
rived from these equations. The permeability and permittivity
are expressed as follows:

= nz

(11)
(12)
As shown in Fig. 9, the electromagnetic characteristics of meta-
material and metasurface units were analyzed under normal
surface wave incidence. Ideal periodic boundary conditions
(PBCs) were applied in the in-plane direction of the units. A
wave port was set in the normal direction to generate vertically
incident surface waves. Open boundaries were used to simulate
a free-space environment for reliable parameter extraction.

e =n/z
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FIGURE 9. Rectangular metamaterial and circular metasurface unit: (a) Model of rectangular metamaterial unit, (b) S-parameters of rectangular meta-
material, (c) equivalent permittivity of rectangular metamaterial, (d) model of circular metasurface unit, () S-parameters of circular metasurface,

and (f) equivalent permittivity of circular metasurface.

For the metamaterial unit in Fig. 9(a), the reflection coeffi-
cient S1; in Fig. 9(b) exhibits resonant responses near 4 and
10 GHz. The transmission coefficient Sio reaches its mini-
mum value near 7 GHz. According to the effective permeabil-
ity in Fig. 9(c), the real part of the permeability is negative,
from 3.5 to 12.5 GHz. This characteristic helps to form a high-
impedance surface. It blocks the propagation of surface waves
and restrains the propagation of surface waves along the ground
surface.

For the metasurface unit in Fig. 9(d), the reflection coeffi-
cient S1; in Fig. 9(e) shows resonant responses at 6.5 GHz,
11 GHz, and 14 GHz. The transmission coefficient Sio is sig-
nificantly suppressed from 7 to 11 GHz. Based on the effective
permeability in Fig. 9(f), the real part of the permeability re-
mains negative from 2 to 14.5 GHz. It reduces the spatial wave
coupling between the antenna elements through phase modula-
tion and scattering effects.

The two units work synergistically from 1.89 to 14.85 GHz.
They realized an efficient dual suppression of surface- and
spatial-wave coupling. The proposed antenna thus obtains an
outstanding full-band decoupling performance. Compared with
using only a metamaterial or only a metasurface, the hybrid
structure shows a clear synergistic effect. A single metamate-
rial can suppress surface-wave coupling but has little effect on
space waves. A single metasurface can reduce space wave cou-
pling but cannot block surface waves well. Only their combina-
tion can suppress both types of coupling at the same time, which
brings better isolation than any single decoupling method.

352

3. EUWB MIMO ARRAY ANTENNA PERFORMANCE
ANALYSIS

To evaluate the performance of the MIMO antenna, this study
introduces a series of parameters, including Mean Effective
Gain (MEG) [15], Channel Capacity Loss (CCL) [16], Enve-
lope Correlation Coefficient (ECC) [17], Diversity Gain (DG)
[18], gain, and radiation efficiency.

MEG is an indicator for evaluating the signal enhancement
capability of an antenna in a specific direction. For a two-
element MIMO antenna, it can be calculated using the follow-
ing formula:

MEG: = 0571104 = 0.5 [1 —1Su - |512|2] (13)

MEGy = 0.512,rqa = 0.5 [1 — Sy |” — |522|2] (14)
In engineering applications, the requirement for MEG is less
than —3dB [19]. The MEG of the antenna designed in this
study is less than —6 dB, which satisfies the engineering re-
quirements, as illustrated in Fig. 10(a).
CCL is an indicator of the reduction in channel capacity [31].
For a two-element MIMO antenna, it can be estimated using the

following formula:
CLL = — "] (15)

In engineering practice, the requirement for CCL is less than
0.3 bits/s/Hz. The CCL of the antenna designed in this study
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efficiency.

was less than 0.2 bits/s/Hz. Therefore, the proposed MIMO an-
tenna system exhibits a relatively small degradation in channel
capacity and achieves a favorable performance, as illustrated in
Fig. 10(b).

ECC indicates less mutual interference and lower coupling
between antenna elements when they operate independently
[29]. The formula for calculating ECC based on S-parameters
is as follows:

’ ’ 2
11512 + 851529
(1 = (IS11]* + |S21 %) (1 = (|Sa2]* + [S12/*))

ECC, = (16)

Due to the low accuracy of S-parameter-based ECC calcu-
lation for UWB antennas, this study also recalculates the ECC
using 3D radiation patterns at multiple frequencies and presents
a comparison. The formula for calculating ECC3p based on 3D
radiation patterns is as follows:

F 0.0)] a0 1] J,, | B 0.0)] a0l

ECCsp = (17)

U Jix

The ECC, of the antenna calculated from S-parameters is
lower than 0.06, while the ECC3p derived from the 3D radi-
ation pattern is below 0.08. The detailed results are presented
in Fig. 11(a). This discrepancy mainly arises because the ECC
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calculated by S-parameters is obtained under ideal conditions
without considering losses, whereas the calculation based on
the 3D radiation pattern is relatively accurate.

DG is a parameter that characterizes the diversity perfor-
mance of MIMO antennas. It can be derived using the follow-
ing formula [30]:

DG =10 % /1 — [ECC| (18)

The DG is greater than 9.5, which indicates that the antenna
exhibits favorable spatial diversity performance, as illustrated
in Fig. 11(a).

The peak gain and radiation efficiency curves of the an-
tenna across the entire operating frequency band are shown in
Fig. 11(b). Its gain ranges from 2.5 to 7.83 dB within the band
from 4.66 to 15.97 GHz, and the maximum gain of 7.83 dB
is obtained at 11.45 GHz. The radiation efficiency is between
70% and 94% over the entire operating frequency band, indicat-
ing that most of the energy from the feeder is radiated [20, 21].
This demonstrates that the antenna achieves favorable gain and
radiation efficiency across the entire band.

4. EUWB MIMO ARRAY ANTENNA FAR-FIELD RADIA-
TION CHARACTERISTICS ANALYSIS

In this section, the decoupling effect of the HDA is verified
by intuitively comparing the surface current distributions of the
antenna before and after HDA loading [22].
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The influence of the HDA on the antenna radiation charac-
teristics is investigated at 5.6 GHz, which is the frequency point
with the strongest inter-element coupling (S12 = —5 dB) with-
out HDA loading and the typical frequency for verifying the
decoupling effect in this study. Therefore, evaluating the stabil-
ity and omnidirectionality of the radiation characteristics at this
frequency is more convincing than at other frequencies [23].

In the absence of the HDA, obvious mutual coupling ex-
ists between the MIMO antenna elements. The frequency of
5.6 GHz exhibits the strongest coupling in the entire operating
band. At 5.6 GHz, the Si2 parameter is only —5dB, leading
to poor isolation between elements. Meanwhile, both the sur-
face and space wave coupling reach the most severe state at
this frequency. Because 5.6 GHz is the critical frequency with
the worst isolation and strongest coupling, it was selected as
the typical analysis frequency. Analyzing the field character-
istics at this extreme coupling frequency can fully demonstrate
the decoupling suppression effect and verify the performance
of the proposed HDA.

The color bar on the left side of the figure represents the sur-
face current density (Jsurf) in units of A/m, as shown in Fig.
12(a), Fig. 12(b), and Fig. 12(c), ranging from 0.0 to 42.0 A/m.
The red and blue colors correspond to the maximum and min-
imum current densities, respectively. In the simulation, the
maximum observed current density was 41.143 A/m, and the
minimum was 0.247 A/m.

As shown in Fig. 12(a), at 5.6 GHz, without the HDA, the
current of the excited element is not confined within its radi-
ation structure, as illustrated in Fig. 12(a). Instead, it diffuses
significantly into the element gap and ground surface, and in-
duces an obvious induced current on the non-excited adjacent
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element. It indicates a strong coupling interference between
elements, which seriously affects port isolation. As shown
in Fig. 12(b), without the space-wave decoupling metasurface
structure, the current of the excited element is concentrated in
its radiation patch area, but the coupling current between ele-
ments is still obvious.

After loading the HDA, the space-wave decoupling metasur-
face structure, the current of the excited element was concen-
trated in its radiation patch area, as shown in Fig. 12(c). The
coupling current between elements is significantly suppressed,
and the induced current on the adjacent element is greatly re-
duced; thus, the cross-coupling phenomenon is remarkably im-
proved. Meanwhile, the S1o parameter at this frequency was
optimized from —5dB to —45 dB, representing an extremely
significant improvement in isolation.

The above comparison shows that the designed HDA can ef-
fectively block the coupling paths between elements, suppress
the current coupling effect, significantly weaken the cross-
coupling between antenna elements, and greatly improve the
port isolation, thus verifying the effectiveness and superiority
of the proposed decoupling scheme over the previous studies
[24].

Figure 13 presents the E-field and H-field distributions of
the antenna with the proposed HDA at the strongest coupling
frequency of 5.6 GHz. As shown in Fig. 13(a), under the effect
of the HDA, the E-field energy is effectively confined around
the radiation patch of the excited element and the surrounding
metasurface, with no continuous coupling path observed be-
tween the elements. This indicates that the upper metasurface
suppresses space-wave coupling through phase modulation and
scattering [25].
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As shown in Fig. 13(b), the H-field distribution exhibits
obvious localization. The high magnetic field region is con-
fined within the element and around the metamaterial struc-
ture, and the coupling path along the ground surface is blocked
by the high-impedance surface formed by the lower metama-
terial. In summary, the HDA achieves efficient decoupling
through two synergistic mechanisms: the lower metamaterial
suppresses surface-wave coupling, while the upper metasurface
suppresses space-wave coupling, resulting in excellent port iso-
lation at 5.6 GHz.

Figure 14 illustrates the evolution of the antenna’s 3D ra-
diation patterns at 5.6 GHz through the incorporation of two
key structures: HDA and the top metasurface. As shown in
Fig. 14(a), the antenna without HDA exhibits a relatively wide
main lobe with noticeable back-lobe radiation. After intro-
ducing the HDA (Fig. 14(b)), the back lobe is significantly
suppressed, and the main lobe becomes more directional, in-
dicating improved front-to-back ratio. Similarly, comparing
Figs. 14(c) and 14(d) at 5.6 GHz, the antenna without the top
metasurface shows several distinct side lobes [26]. In contrast,
with the top metasurface (Fig. 14(d)), the side lobes are effec-
tively reduced, and the overall radiation pattern becomes more
concentrated. These observations confirm that HDA plays a
critical role in enhancing the antenna’s radiation performance
at 5.6 GHz.

5. EUWB MIMO ARRAY ANTENNA PROTOTYPE FAB-
RICATION AND PERFORMANCE COMPARISON

In this section, an antenna prototype is fabricated to experi-
mentally verify the proposed HDA and the overall performance
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of the MIMO antenna. The photographs of the prototype are
shown in Fig. 15, where Fig. 15(a) presents the front structure
of the prototype, clearly displaying the layout of the radiation
patch and feeding port; Fig. 15(b) shows the back structure of
the prototype, reflecting the reasonable layout of the ground
surface and installation position of the decoupling structure;
Fig. 15(c) exhibits the 3D structure of the prototype, intuitively
showing the overall spatial layout of the antenna.

In the prototype fabrication, the small corner mechanical
standoffs supporting the upper metasurface are made of nylon.
It is a low-loss and low-dielectric-constant insulating material
widely used in antenna engineering. These nylon standoffs are
very small and are only placed at four corners. Therefore, their
local dielectric loading effect on impedance matching, operat-
ing bandwidth, and port isolation is extremely weak and negli-
gible [27]. The good agreement between simulation and mea-
surement also proves that the standoffs cause no obvious per-
formance degradation or detuning.

The measured data of the prototype were compared with the
simulation results, and good agreement was observed between
the measured S-parameters, radiation patterns, and simulated
results. This not only verifies the accuracy of the simulation
model but also confirms the rationality and processability of
the antenna design.

The measured results demonstrate that the proposed MIMO
antenna achieves an ultra-wide operating bandwidth of 1.89—
14.85 GHz, covering the impedance matching condition of S1;
less than —10 dB and the high isolation requirement of .S less
than —25 dB simultaneously within the entire band, as depicted
in Fig. 16(b). In particular, at 5.6 GHz, the strongest coupling
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FIGURE 15. Prototype of EUWB MIMO array antenna: (a) Front structure of prototype, (b) back structure of prototype, and (c) 3D structure of

prototype.
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FIGURE 16. Comparison of measured and simulated results for EUWB MIMO array antenna: (a) Experimental setup, (b) comparison of measured
and simulated S-parameters, (c) E-plane at 5.6 GHz, (d) H-plane at 5.6 GHz, (¢) E-plane at 8.75 GHz, (f) H-plane at 8.75 GHz, (g) E-plane at

11.76 GHz, and (h) H-plane at 11.76 GHz.

frequency point, the port isolation is significantly improved
from —5dB to —45 dB after HDA loading, which fully illus-
trates that the proposed hybrid decoupling structure provides
excellent decoupling performance and fully meets the design
target of high isolation for UWB MIMO antennas.

Furthermore, to verify the influence of the decoupling struc-
ture on the radiation performance, the radiation patterns of the
antenna with and without HDA loading at typical frequency
points are compared. As shown in Fig. 16, a comprehensive
comparison between the measured and simulated results of the
EUWB MIMO array antenna is presented. Fig. 16(a) illustrates
the experimental setup employed for antenna performance test-
ing, including the test environment and related measurement
equipment. Fig. 16(b) shows the comparison of the measured
and simulated S-parameters, which reflect good consistency in
impedance matching and port isolation.

To investigate the radiation characteristics of the antenna,
three typical frequencies of 5.6 GHz, 8.75 GHz, and 11.76 GHz
are selected for analysis. Fig. 16(c) and Fig. 16(d) show the
measured and simulated Eplane and Hplane radiation patterns
at 5.6 GHz. Fig. 16(e) and Fig. 16(f) show the measured and
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simulated Eplane and Hplane radiation patterns at 8.75 GHz.
Fig. 16(g) and Fig. 16(h) show the measured and simulated
Eplane and Hplane radiation patterns at 11.76 GHz. From
the comparison, it can be concluded that the measured radia-
tion patterns are highly consistent with the simulated results.
No obvious distortion is observed in the main-beam direction,
beamwidth, or side-lobe level in both Eplane and Hplane. This
indicates that the influence of the decoupling structure on the
antenna radiation pattern, gain distribution, and radiation sta-
bility is negligible, further verifying the effectiveness and ro-
bustness of the proposed HDA.

A brief parameter tolerance analysis was carried out to eval-
uate the robustness of the proposed antenna against fabrica-
tion errors and dielectric constant deviations. Key dimen-
sional parameters were perturbed by +0.02 mm, while the rel-
ative permittivity of the FR4 substrate was varied from 4.38
to 4.42. Simulation results show that the antenna performance
remains almost unchanged within typical manufacturing toler-
ances. The hybrid decoupling architecture maintains high isola-
tion and stable radiation characteristics, demonstrating robust-
ness for practical fabrication and mass production.
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TABLE 2. Comparison between the proposed antenna and other antennas.

Size Bandwidth Isolation Ports Peak Gain Diversity Gain
Reference ECC ] ]
(mm) (GHz) (dB) number (dBi) (dBi)
[5] 140 % 70 * 1.6 6.4-7.1 18 4 0.025 6.4 NG*
[6] 20%30% 1.6 3.01-12.34 22 2 0.0025 5.5 9.99
[7] 36 %27 1.6 12.1-13.99 18.8 2 0.004 6.65 9.98
[10] 75%75% 1.6 3.5-3.8 30 4 0.002 4.8 9.95
[11] 54 x 54 % 1.6 3-11 15 4 0.02 2.83 NG*
[12] 40%24 % 1.6 3.1-10.9 15 2 0.2 5 NG*
[13] 50 % 28 * 1.6 2.8-11.5 18 2 0.05 NG* 9.94
[14] 70 % 150 * 1.6 2.5-3.6 15 8 0.02 NG* NG*
[15] 55 %26 * 1.6 3.1-123 20 2 0.12 4 NG*
[16] 95 % 60 * 1.6 2.4-4.5 18 2 0.15 NG* NG*
[17] 91 %38 1.6 2.8-10 22 2 0.05 6 NG*
This work | 48 %32x% 1.6 1.89-14.85 26 2 0.06 7.83 9.8
NG* means that this performance is not provided in the paper.

In conclusion, the measured results were in good agreement
with the simulations, and all indicators of the antenna met the
design objectives. A good balance among the ultra-wide oper-
ating bandwidth, high port isolation, and stable radiation char-
acteristics was achieved. Meanwhile, a comparison with other
studies was conducted, as shown in Table 2, fully demonstrat-
ing that the designed MIMO antenna possesses high practical
engineering application value.

6. CONCLUSIONS

In this study, we propose a novel HDA based on metamaterials
and metasurfaces. The proposed HDA differs from existing hy-
brid decoupling structures in decoupling mechanism, structural
geometry, and broadband applicability. It realizes collabora-
tive decoupling of surface waves and space waves and obtains
high isolation performance in a UWB range.

An enhanced two-port UWB MIMO array antenna is de-
signed using the proposed HDA, which achieves comprehen-
sive performance in terms of miniaturization, high isolation,
and low coupling. Owing to the integrated decoupling design
of metamaterials and metasurfaces, the antenna exhibits excel-
lent decoupling capability and stable radiation characteristics.
The antenna operates in the frequency range from 1.89 GHz
to 14.85 GHz and covers multiple application fields, includ-
ing UWB, Wi-Fi 6/6E/7, vehicle-mounted V2X, UAV image
transmission, and the Internet of Things (IoT) terminals. It
boasts advantages such as excellent performance, simple struc-
ture, low cost, and easy processing, with significant engineering
application value, effectively addressing the inherent defects of
traditional decoupling structures.

The proposed antenna has limitations in structural complex-
ity and profile height. In addition, the rigid FR4 substrate
limits its flexible applications. In future work, a simplified,
low-profile, and flexible design will be studied, and multi-port
MIMO antennas will be developed for 6G and multi-scenario
applications.
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