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ABSTRACT: This paper presents a low-coupling ultra-wideband (UWB) antenna based on a metamaterial structure. The proposed meta-
material exhibits single-negative characteristics with a negative permittivity (ε) in the 3.3–4GHz and 6.4–10.1GHz bands, effectively
reducing inter-element coupling. Through simulation and experimental measurement, the antenna is demonstrated to operate from 3.1 to
11.4GHz, achieving an absolute bandwidth of 11.31GHz and a relative bandwidth of 114.5% (S11 < −10 dB). By integrating the meta-
material to suppress inter-element coupling, the antenna maintains lowmutual coupling across the entire operating band (S21 < −20 dB),
with an envelope correlation coefficient (ECC) below 0.0045 and a radiation efficiency ranging from 70% to 95%. These outstanding
performance metrics render the antenna well-suited for indoor high-precision positioning scenarios, providing stable and high-speed data
transmission capabilities.

1. INTRODUCTION

With the continuous evolution of wireless communication
technologies, next-generation communication systems,

including 5G and the Internet of Things (IoT) [1] have been ex-
tensively deployed worldwide. Wireless communication sys-
tems across diverse application scenarios have imposed in-
creasingly stringent performance requirements on antenna de-
signs, encompassing operating bandwidth, omnidirectional ra-
diation characteristics, and inter-port signal isolation. Ultra-
wideband (UWB) multiple-input multiple-output (MIMO) an-
tennas [2] have emerged as a viable solution to meet these
rigorous performance demands. However, the high integra-
tion density of antenna elements induces strong electromag-
netic coupling among adjacent radiating units, which degrades
the impedance matching, radiation gain and radiation pattern
characteristics of the antenna array [3].
Accordingly, scholars have proposed various decoupling

strategies. One category involves the introduction of ground-
ing branches [4] or defected ground structures (DGS) [5] into
the ground plane as decoupling configurations; another embed
metamaterials [7] or electromagnetic bandgap (EBG) structures
[6] either between or above the radiating elements to achieve
mutual coupling suppression.
Ref. [8] proposed a dual-pentagonal radiating patch MIMO

antenna, with a complementary split-ring resonator (CSRR)
structure etched onto and integrated into the ground plane.
This design achieves an isolation level in excess of −22 dB
across the antenna’s UWB operational bandwidth, albeit at
the cost of degraded radiation directivity. Ref. [9] presented
a broadband four-element metasurface-integrated MIMO an-
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tenna that attains an isolation of better than −23 dB. However,
this antenna features an excessively large physical footprint of
178×178mm2, with radiating elements arranged in an orthog-
onal quadrilateral configuration, thus imposing significant con-
straints on its practical scalability. Ref. [10] proposed a quad-
G-shaped metamaterial structure, which facilitates the antenna
to achieve an isolation level exceeding −19 dB over the 4–
12GHz operational band, yet it offers no notable miniaturiza-
tionmerits. Ref. [11] introduced a UWB four-port metasurface-
basedMIMO antenna, while boasting a high-gain performance.
This design succumbs to an overly large form factor and inade-
quate inter-element isolation, with the latter merely marginally
exceeding −15 dB.
To address these issues, this study designs, simulates, and

experimentally verifies a compact UWB high-isolation MIMO
antenna. Decoupling is achieved through a metamaterial struc-
ture with mirror-symmetric semi-circular split-ring resonators
— integrated on an FR-4 substrate and arranged as a 2×3 array
above the antenna. Systematic optimization yielded an operat-
ing bandwidth of 3.1–11.4GHz. Simulations and experiments
show isolation > −20 dB across the band and improved radia-
tion performance, demonstrating great potential for engineering
applications.

2. ANTENNA AND METAMATERIAL DESIGN

2.1. MIMO Antenna Design
The radiating elements of the proposed MIMO antenna were
printed on a 31mm × 26mm × 1.6mm FR-4 dielectric sub-
strate (with a relative permittivity εr = 4.3 and a dielectric
loss tangent tan δ = 0.02). Its front side has two microstrip-
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FIGURE 1. MIMO antenna design procedures: (a) PreliminaryMIMO antenna; (b) Cut steppedAngleMIMO antenna; (c) Feed line etched rectangular
notch MIMO antenna (The orange part represents the back structure.).
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FIGURE 2. S-parameter analysis of antennas a, b, and c.

fed radiating patches, with stepped rectangular cutouts at their
bottom-left and bottom-right corners and rectangular notches
etched adjacent to the feed line; these features jointly extend
the effective current path to enhance impedance matching in
the mid-to-high frequency bands. The ground plane was an
inverted-T-shaped defected ground structure (DGS), and the an-
tenna’s design workflow is illustrated in Fig. 1. As depicted in
Fig. 2, the antenna achieves a return loss below −15 dB over
3.2–10.8GHz, with an impedance-matched bandwidth of 3.1–
11.4GHz (relative bandwidth: 114.5%). Its optimized struc-
tural dimensions, determined through parametric analysis and
performance trade-off optimization, are presented in Fig. 3.
The specific values are presented in Table 1.

TABLE 1. Dimensions of the optimized antenna structure. (unit: mm).

Parameters Size Parameters Size Parameters Size
L 26 L5 8 W2 1
L1 7 L6 9.2 W3 0.8
L2 3 L7 18 W4 1.4
L3 2 W 31 W5 5.5
L4 1 W1 12

2.2. Design and Analysis of Metamaterial Units
Metamaterials are artificially engineered composite structural
materials, whose electromagnetic properties are governed pre-
dominantly by their structural configurations and dimensional
parameters. The entire metamaterial structure can be equiv-
alently modeled as an LC resonant circuit. Inductance (L) is

mainly determined by the total current path length of the metal-
lic ring; a larger circumference results in higher inductance. Ca-
pacitance (C), in turn, mainly comes from the ring’s two central
slots and its opening gap width; narrower slots mean larger ca-
pacitance. This LC resonance induces effective negative per-
mittivity (ε < 0), where electromagnetic waves at the resonant
frequency cannot propagate effectively through the structure,
forming a transmission stopband. Specifically, within the oper-
ating band, metamaterials use their surface wave bandgap prop-
erties to prevent substrate-integrated antenna surface waves
from leaking into free space and converting into space waves,
thus eliminating the resulting secondary coupling [12]. This
study proposes a single-layer metamaterial unit cell exhibit-
ing electromagnetic resonance near 3.3GHz (as illustrated in
Fig. 4). Employing a mirror-symmetric hook-shaped semi-
circular resonator topology, a single circular split ring is divided
into two symmetric semi-circular split rings, which are coupled
and interconnected via horizontal metallic strips.
As shown in Fig. 5, the metamaterial structure was opti-

mized in CST Microwave Studio. It was modeled on a 1.6-
mm-thick FR-4 substrate enclosed in an air box. In the sim-
ulation, waveguide ports were assigned to the boundaries per-
pendicular to the Z-axis for excitation. The surfaces normal
to the Y -axis were set as perfect magnetic conductors (Per-
fect H), and those perpendicular to the X-axis were defined
as perfect electric conductors (Perfect E) [13]. The optimized
geometric parameters were as follows: the substrate dimen-
sions were Ws = Ls = 8.5mm; the metallic strip width was
Vs = 0.2mm. For the split-ring resonator, the outer radius
r2 = 4mm, the inner radius r1 = 3.5mm, and the gap width
D = 1.1mm. The hook-shaped strip had a width V = 0.6mm
and a length Lf = 3.2mm, as determined through simulation-
based optimization.

2.3. Simulation Analysis

The metamaterial element’s S-parameters were obtained
from the CST simulations (Fig. 6(a)). To further investigate
its electromagnetic properties, the S-parameter inversion
method [7, 14] was used to extract the equivalent parameters
of the equivalent homogeneous medium, with results shown in
Fig. 6(b). The S-parameter extraction procedure is as follows.
The reflection coefficient is denoted as S11, and the corre-

lation between S21 and transmission coefficient T can be ex-
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FIGURE 3. MIMO antenna structure diagram. (a) Front structure of the antenna. (b) Back structure of the antenna.

Lf

Ws

V Vs

r1r2

Ls

D

FIGURE 4. Structural diagram of metamaterial.

pressed as:
S21 = Teik0d (1)

where k0 denotes the incident wave number in free space; d
represents the thickness of the uniform dielectric plate; and the
S-parameters are associated with the refractive index n and
impedance z as given below:

S11 =
R01(1− ei2nk0d)

1−R2
01e

i2nk0d
(2)

S21 =
(1−R2

01)e
ink0d

1−R2
01e

i2nk0d
(3)

where R01 = Z−1
Z+1 , the inversion of Eq. (2) and Eq. (3) leads

to:

Z = ±

√
(1 + S11)

2 − S2
21

(1− S11)
2 − S2

21

(4)

eink0d = X ± i
√
1−X2 (5)

whereX = 1
2[S21(1−S2

11+S2
21)]

. Since the considered metamate-

rial is a passive medium, z and n in Eq. (4) and Eq. (5) satisfy:

Re ≥ 0 (6)
Im(n) ≥ 0 (7)

Therefore, the value of the refractive index n can be obtained
from Eq. (5):

n=
1

k0d

{[
Im

[
In(eink0d)

]
+ 2mπ

]
− iRe

[
In(eink0d)

]}
(8)
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FIGURE 5. Waveguide simulation metamaterials.

wherem denotes an integer associated with Re(n), and the two
parameters that determine the properties of themetamaterial are
obtained from Eqs. (9) and (10).
Magnetic permeability:

µ = nz (9)

Dielectric constant:
ε = n/z (10)

Figure 6(b) presents the frequency-dependent variations of
the equivalent permittivity and permeability extracted via the
waveguide simulation. As observed from the figure, the pro-
posed metamaterial demonstrates negative equivalent permit-
tivity in both the 3.3–4GHz and 6.4–10.1GHz bands, qualify-
ing it as an epsilon-negative metamaterial.

2.4. Metamaterial Array Structure

Despite optimizations of the patch cutouts and defected ground
structures, the inter-port isolation of the antenna within the 3.1–
3.8GHz band remained insufficient to meet the ⩽ −20 dB
specification. Consequently, a decoupling metamaterial array
was introduced between the radiating elements. As illustrated
in Fig. 7, to ensure effective homogenization of the metamate-
rial, the unit-cell spacing was constrained to be below λ/10 at
the operating frequency, while the overall array length was kept
within the footprint of theMIMOantenna. Through simulation-
based optimization using CST software, the parameters were
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FIGURE 6. Parameter analysis of metamaterials. (a) S-parameters of metamaterials. (b) Dielectric constant and magnetic permeability of metama-
terials.
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FIGURE 7. Structural diagram of the metamaterial array.

determined as La = 25.5mm, Wa = 17mm, and the spacing
ha = 0.5mm.

3. OVERALL STRUCTURE AND RESULT ANALYSIS OF
THE MIMO ANTENNA
The overall configuration of the MIMO antenna is shown in
Fig. 8, where hg = 8mm (hg denotes the height of the ground
plane). To maintain comparability between the measured re-
sults, the metamaterial-alloaded antenna and the original an-
tenna share identical structural dimensions.

3.1. Parameter Analysis of Antenna Dimensions
To guarantee the antenna’s optimal operational performance,
it is essential to analyze its dimensional parameters, thereby
achieving a balance between impedance matching and isola-
tion.
To investigate the impact of radiation element size on

impedance matching and isolation, this study performs para-
metric analysis on the radiation element width L1 while
keeping the radiation element spacing unchanged. Fig. 9
presents the parametric analyses of the antenna’s S11 and
S21 parameters under different L1 values. As observed in
Fig. 9, Impedance matching and isolation at 7mm have
improved relative to those at 6.5mm; however, with respect
to impedance matching in the 3–5GHz and 8–10GHz bands,
the 7mm design offers no advantage over the 7.5mm and
8mm configurations. In contrast, it achieves superior isolation
in the 3–5GHz and 7–10GHz bands, while maintaining

FIGURE 8. Structural diagram of the MIMO antenna.

comparable isolation performance across all other frequency
bands. Considering the performance balance between the two,
7mm is selected as the optimal value for L1.

3.2. S-Parameter Simulation Analysis
The simulation results of the UWBMIMO antenna after param-
eter optimization are shown in Fig. 10. As observed from the
figure, after integrating the metamaterial structure, the antenna
bandwidth ranges from 3.1 to 11.4GHz without any degra-
dation or narrowing. Furthermore, the reflection coefficients
(S11) over the frequency range of 3.2 to 10.8GHz all remain be-
low−15 dB, preserving the excellent impedance matching per-
formance of the original antenna. As illustrated in Fig. 10(b),
after integrating the metamaterial decoupling structure, the an-
tenna isolation is significantly enhanced over the range of 2.5
to 4GHz, with a modest improvement in the 7 to 9.5GHz band;
the isolation within this range all remains below −25 dB. The
maximum enhancement was achieved at 3.3GHz, increasing
from 18.5 dB to 28 dB (an improvement of 9.5 dB). Even out-
side the operating bandwidth of the metamaterial, it enables an-
tenna isolation to be maintained below −20 dB. The full-band
isolation is improved from above 18.5 dB to over 20 dB, which
fully validates the effectiveness of the proposed metamaterial
decoupling structure.

3.3. Antenna Surface Current Analysis
To gain a more intuitive understanding of the decoupling mech-
anism in themetamaterial-loaded antenna, a detailed analysis of
the surface current distribution was conducted (as illustrated in
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FIGURE 9. S-parameter scanning results. (a) S11 values under different L1 values. (b) The S21 value under different L1 values.
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FIGURE 10. S-parameters of the metamaterial-loaded MIMO antenna. (a) S11 parameter. (b) S21 parameter.
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FIGURE 11. Surface current diagram of the antenna.

Fig. 11). It can be observed that when the antenna operates at
3.3GHz and 7.3GHz, the surface currents are predominantly
concentrated on the semicircular ring and the intermediate con-
necting structure of the metamaterial. At 9.7GHz, a signifi-

cant current concentration is still maintained, indicating that
the bandgap effect of the metamaterial design blocks the sur-
face waves. Consequently, the coupled currents cannot propa-
gate between the radiating elements and are instead absorbed by
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FIGURE 12. The radiation pattern of the antenna.
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FIGURE 13. Gain and efficiency of proposed antenna.
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FIGURE 14. The ECC and the diversity gain value.

the resonant structures of the metamaterial, forming regions of
concentrated current. However, at 5.7GHz, although the meta-
material absorbs a portion of the electromagnetic energy, it is
insufficient to prevent radiative coupling between the elements.
Nevertheless, across most of the operating frequency bands,
the metamaterial-based decoupling structure successfully sup-
presses mutual coupling by absorbing the electromagnetic en-
ergy transferred between adjacent radiating units.

3.4. Antenna Radiation Pattern

For a more intuitive analysis of the antenna’s far-field radia-
tion characteristics, theE-plane andH-plane radiation patterns
were evaluated at 3.3GHz, 5GHz, 8GHz, and 11GHz, with the
simulated results presented in Fig. 12. The results show that the
antenna exhibits omnidirectional radiation at all four frequen-
cies: At 3.3GHz, there is a depression at 90◦; at 5GHz, there is
a depression at 270◦; and at 8GHz, there is a depression at 60◦.
However, these minor depressions do not significantly degrade

the overall omnidirectionality. At 11GHz, the radiation pat-
tern starts to distort, mainly owing to higher-order mode exci-
tation in the high-frequency band, which causes uneven surface
current density distribution. Nonetheless, the radiation perfor-
mance still meets engineering requirements.

3.5. Antenna Gain and Radiation Efficiency

The gain and radiation efficiency characteristics of the antenna
across the entire operating frequency band are shown in Fig. 13.
As shown in the figure, it can be seen that the antenna delivers
a gain of 2–5.6 dB across the 3.1–11.4GHz band, with the peak
gain recorded at 7GHz and the minimum at 3.1GHz. Over
the full operational bandwidth, the radiation efficiency remains
within the 70%–95% range, which means that most of the in-
put energy from the feed is radiated effectively by the antenna.
The antenna demonstrated a fairly high gain and radiation effi-
ciency throughout the working frequency band, confirming its
excellent radiation performance.
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FIGURE 15. Physical processing diagram of the antenna. (a) Front view. (b)
back view.
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TABLE 2. Comparison of parameters between the proposed design and similar designs.

References Size/mm2 Port Bandwidth/GHz Isolation/dB ECC Decoupling Technology
[5] 40× 40 4 2.57 ∼ 12.2 > 14 < 0.125 DGS
[10] 26× 16.3 2 4 ∼ 12 ≥ 17 < 0.2 SRR
[11] 80× 80 4 3.2 ∼ 7.6 ≥ 15.5 < 0.004 Metasurface
[15] 46× 46 2 3.1 ∼ 11.7 ≥ 16.5 < 0.057 Neutral Line
[16] 52× 26 2 2.3 ∼ 11.5 ≥ 16 < 0.012 Parasitic Branch
[17] 58× 58 4 2.8 ∼ 12.1 > 15 < 0.005 Grounding Branch
[18] 48× 35 2 2 ∼ 18 > 20 < 0.07 SRR
[19] 45× 45 4 3.1 ∼ 11 > 16 < 0.04 Rectangular patch
[20] 36× 18 2 2 ∼ 11 > 20 < 0.05 Slotted Branch
[21] 30× 18 2 4.3 ∼ 15.6 > 20 < 0.0075 Grounding Branch
[22] 30× 35 2 2 ∼ 13.7 > 20 < 0.15 Slotted Branch

This Work 31× 26 2 3.1 ∼ 11.5 > 20 < 0.0045 Metamaterial

3.6. MIMO Antenna Diversity Characteristics
For MIMO antenna arrays, it is essential to evaluate their en-
velope correlation coefficient (ECC) to assess the isolation and
channel correlation: a lower ECC value indicates a reducedmu-
tual coupling between antenna elements. The ECC ranged from
0 to 1, with a threshold of 1 for acceptable performance. The
ECC can be calculated using Eq. (11):

ρe=
|S∗

11S12 + S∗
21S22|2(

1−
(
|S11|2+|S21|2

))(
1−

(
|S11|2+|S21|2

)) (11)

where S∗
11 and S∗

21 represent the real parts of parameters S11

and S21, respectively. S∗
12 and S∗

21 represent the real parts of
parameters S12 and S22, respectively.
The diversity gain (DG) is another key parameter used to

characterize MIMO antennas, reflecting their spatial diversity
performance. A higher diversity gain signifies a more effective
improvement in the system reliability and signal quality pro-
vided by MIMO technology, and it can be computed according
to Eq. (12):

DG =

√
1− (ECC)2 (12)

Figure 14 shows the simulated ECC and diversity gain curves
of the MIMO antenna. As illustrated in Fig. 15, the ECC

remained below 0.0045 across the entire operating frequency
band, and all values dropped below 0.001 above 3.2GHz. This
indicates that the designed MIMO antenna achieved excellent
port isolation and performed optimally in multipath fading en-
vironments. Furthermore, the diversity gain within the opera-
tional band reaches up to 9.97 dBi, confirming outstanding di-
versity characteristics.

3.7. MIMO Antenna Physical Testing Analysis

Aprototype antenna is fabricated and experimentally character-
ized to validate the efficacy of the proposed design. The proto-
type, constructed based on the optimized parameters described
earlier, is shown in Fig. 15. The S-parameters of the antenna
were characterized with an Agilent vector network analyzer
(VNA), and simulated and measured results are comparatively
presented in Fig. 16. A minor frequency offset is observed
between the simulated and measured responses, arising from
SMA connector losses, fabrication tolerances and environmen-
tal disturbances during themeasurement process. Such discrep-
ancies are nonetheless negligible, with the measured results ex-
hibiting good consistency with the simulated ones. This vali-
dates the stable performance of the proposed MIMO antenna,
with all deviations falling within acceptable engineering tol-
erances. Specifically, the antenna realizes an operating band-
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FIGURE 17. Measured and simulated radiation patterns.

width of 3.1–11.4GHzwith S11 < −10 dB and S21 < −20 dB,
which fully meets the design specifications.
Figure 17 presents the simulated and measured radiation pat-

terns of the antenna at 3.3GHz, 5GHz, 8GHz, and 11GHz.
The obtained results confirm that the far-field radiation char-
acteristics of the antenna meet the design requirements for the
targeted frequency bands.

4. DISCUSSION
Table 2 presents a performance comparison between theMIMO
antenna proposed in this work and designs reported in other
publications. Key metrics for comparison include antenna di-
mensions, operating bandwidth, number of ports, isolation, and
envelope correlation coefficient (ECC). Compared to the de-
signs in [5, 11, 15–19], the proposed antenna achieves more
compact dimensions and superior isolation. Furthermore, it ex-
hibits a lower ECC than those in [10, 20–22], indicating weaker
inter-element coupling and stronger unit independence. The
tabulated data demonstrates that the antenna design presented
herein offers advantages over all the referenced designs.

5. CONCLUSION
This paper proposes a UWB MIMO antenna featuring a
metamaterial-based decoupling mechanism. The antenna
operates across the 3.1–11.4GHz frequency band and demon-
strates excellent impedance matching, with an S11 below
−15 dB, particularly within the 3.2–10.8GHz range. A mirror-
symmetric hook-shaped semi-circular split-ring metamaterial
decoupling structure is introduced, which enables the antenna
to achieve port isolation better than −20 dB over the entire

operational band. Furthermore, the isolation is maintained
below −25 dB within the 7–9.5GHz sub-band, confirming the
effectiveness of the decoupling design.
The proposed antenna is highly suitable for indoor high-

precision positioning applications. It has very low ECC and
high isolation (S21 < −20 dB) across the full band effectively,
which suppress multipath interference and inter-element cou-
pling, thereby ensuring the phase consistency of positioning
signals. The compact form factor allows for integration into
miniaturized positioning terminals. A radiation efficiency of
70–95% ensures sufficient signal transmission range and posi-
tioning accuracy. Additionally, the antenna’s low mutual cou-
pling and favorable gain characteristics guarantee stable and
high-speed data transmission in complex electromagnetic en-
vironments.
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