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ABSTRACT: In this study, a novel symmetrical complementary double-split-ring resonator structure is proposed, operating in the fre-
quency bands of 2.39–2.44GHz (covering the core 2.4GHz WLAN band) and 3.45–3.60GHz (covering a key sub-band of n78 for 5G
communications), to reduce the coupling of multiple-input multiple-output (MIMO) antennas within these two frequency bands. To align
with the trend of antenna miniaturization, the inter-element spacing is only 0.08λ0. The measured results show that after loading the
metamaterial, the antenna coupling in the operating bands is reduced by 0–10 dB and 8–23 dB, respectively, and the coupling in the two
bands is below −17 dB and −27 dB, respectively. The peak gains achieved are 3.12 dBi and 4.51 dBi in the two bands. The ECC is less
than 0.02, indicating excellent gain performance and effective decoupling capability of the MIMO antenna.

1. INTRODUCTION

In the wireless communication industry, antennas operating
in a single frequency band can no longer meet the demands

of various wireless application modules [1] in devices, due to
rapid technological advancements. Currently, the 5th Gener-
ation Mobile Communication Technology (5G) [2] has been
widely deployed in smart terminals. The combined operation of
5G and Wireless Local Area Network (WLAN) [3] within their
respective independent frequency bands can further adapt to di-
versified application scenarios. As the number of mobile users
increases dramatically, challenges arise regarding channel ca-
pacity and data transmission rates. Therefore, MIMO technol-
ogy is employed to address this issue. Specifically, by utilizing
the core spatial multiplexing technique [4] of MIMO technol-
ogy, multiple independent data streams [5] are transmitted si-
multaneously within the same frequency band. This increases
antenna capacity, consequently enhancing the data transmis-
sion rate.
In addition, current intelligent terminal devices are evolv-

ing toward miniaturization [6]. As a result, the space reserved
for antennas is gradually constrained during device integra-
tion, and reducing the spacing between MIMO antenna ele-
ments serves as an effective solution to shrink the antenna foot-
print. Coupling effects inherently exist among MIMO anten-
nas, and excessively close proximity between antenna elements
will induce severe electromagnetic mutual coupling [7], which
severely deteriorates the radiation performance of the antennas.
Simultaneously satisfying the requirements of smaller inter-
element spacing and lower mutual coupling between antennas
imposes more stringent demands on antenna design.

* Corresponding author: Xuemei Zheng (zhengxuemei@neepu.edu.cn).

To date, the mainstream techniques for mitigating inter-
antenna coupling include Defected Ground Structure
(DGS) [8], Electromagnetic Band Gap (EBG) [9], neu-
tralization lines [10], reconfigurable antenna structures [11],
and metamaterials [12]. Metamaterials are novel, artificially
synthesized periodic structures. The novel complementary
split-ring resonator structure proposed in this paper exploits
its distinctive electromagnetic characteristics at 2.4GHz and
3.5GHz, and significantly enhances the isolation between
dual-band MIMO antennas without increasing the overall
dimensions of the antenna structure.
This paper presents the design, simulation, and testing of

a low coupling, dual-band, two-port MIMO antenna based
on metamaterials, targeting the 2.39–2.44GHz (covering the
core 2.4GHz WLAN band) and 3.45–3.60GHz (covering
a key sub-band of n78 for 5G communications) frequency
bands. A mutually symmetric, double-split semicircular
complementary metamaterial structure is placed between two
original “concave”-shaped patch antenna elements to reduce
inter-element coupling at the two specific frequency bands.
While ensuring that the operational bands remain unchanged
before and after introducing the metamaterial, the port isolation
between antenna elements exceeds 22 dB across both working
bands. The antenna structure and overall dimensions were
analyzed and optimized using electromagnetic simulation
software (HFSS). Subsequently, a physical prototype was
fabricated and measured to verify the consistency with the
simulation results.

2. DUAL-BAND MIMO ANTENNA DESIGN
The MIMO antenna designed in this paper targets center oper-
ating frequencies of 2.4GHz and 3.5GHz. By examining the
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FIGURE 1. Design process of the dual-band MIMO antenna: (a) Rectangular structure; (b) Modified structure.

FIGURE 2. Comparison of MIMO antenna performance optimization.

TABLE 1. Geometric parameters of the antenna (Unit: mm).

Parameter Reference Value Parameter Reference Value
a 9.7mm Wp 25.5mm
R1 4mm L1 5mm
g1 0.6mm L2 8.8mm
g2 0.2mm a1 14mm
w1 0.2mm Ds 4.8mm
w2 0.7mm Dp 10mm
w3 0.9mm Ls 40mm
Ws 64mm Lp 20.4mm

S-parameters shown in Figure 2, it can be observed that al-
though the high-frequency band meets the design requirements,
the low-frequency band consistently fails to reach 2.4GHz. To
precisely control the antenna’s resonance, particularly to lower
the resonant frequency in the low band, this study introduces
a rectangular slot structure. The evolution process is shown in
Figure 1. The introduction of this structure essentially creates
a controlled geometric perturbation on the radiator. This alters
the distribution path and density of the surface current on the an-
tenna, effectively adjusting its equivalent electrical length and
enabling the fine-tuning of the resonant frequency.
All the above radiating patches are printed on the front side

of the dielectric substrate. The backside is a ground plane fully
covering the substrate (material: FR-4, relative permittivity:
4.4, loss tangent: 0.005), facilitating more convenient fabrica-

FIGURE 3. Configuration of the dual-band MIMO antenna.

tion of the physical prototype. The dimensions of the dielectric
substrate are 64× 40× 1.6mm3. Figure 3 and Table 1 present
the detailed dimensional information of the designed antenna.

3. METAMATERIAL ANALYSIS
To extract effective electromagnetic parameters, the most com-
monly used waveguide simulation method was employed for
the metamaterial unit. Figure 4 shows the designed metama-
terial unit structure, which is placed on the top surface of a
substrate with a thickness of 1.6mm, and the entire structure
is placed inside an air box.
To simulate the magnetic resonance generated when a mag-

netic field passes through themetamaterial structure, it was nec-

FIGURE 4. Structure of the symmetric complementary double-split-
ring resonator unit.
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FIGURE 5. (a) S11 and S21 curves obtained from waveguide simulation; (b) Extracted equivalent electromagnetic parameter.

essary to orient the magnetic field perpendicular to the surface
of the metamaterial unit. The simulation model was configured
accordingly: the boundaries in the top and bottom directions
were set as perfect magnetic conductors (PMCs), the bound-
aries in the front and back directions were set as perfect elec-
tric conductors (PECs), and the boundaries on the left and right
sides were set as wave port excitations.
Using HFSS electromagnetic simulation, the reflection co-

efficient (S11) and transmission coefficient (S21) of the meta-
material unit can be obtained, as shown in Figure 5(a). It can
be clearly observed that the metamaterial exhibits transmission
stopbands around both 2.4GHz and 3.5GHz, indicating that the
metamaterial unit structure presents high impedance to the cou-
pled surface currents. At these frequencies, the frequency of the
incident electromagnetic wave matches the resonant frequency,
enabling the metamaterial to absorb or scatter the coupled elec-
tromagnetic wave energy between the antenna elements. This
is visually verified by the surface current distribution shown in
Figure 10. As a result, the coupling paths can be interrupted
to achieve decoupling in MIMO antennas without significantly
altering the reflection coefficient.
To verify the electromagnetic characteristics of the proposed

metamaterial structure — specifically, whether the permeabil-
ity and permittivity are negative — the S-parameters of the
metamaterial unit were first extracted from HFSS simulation
results. These data were then imported into a MATLAB pro-
gram and calculated using a parameter extraction algorithm to
more clearly present the equivalent electromagnetic parameter
curves, as shown in Figure 5(b).
The final results indicate that the proposed split-ring res-

onator exhibits negative permeability at 2.4GHz and 3.5GHz,
and negative permittivity throughout the 2–4GHz range. Con-
sequently, it can be characterized as a double-negative meta-
material unit at both 2.4GHz and 3.5GHz.

4. DUAL-BAND LOW-COUPLING MIMO ANTENNA
The finalized dual-band low-couplingMIMO antenna is shown
in Figure 6. Based on the aforementionedMIMO antenna struc-
ture, the introduced metamaterial units are positioned in a 1×3
array and arranged as complementary structures, with their spe-
cific positions shown in Figure 6. They are placed in a waveg-

FIGURE 6. Planar configuration of the MIMO antenna.

uide configuration at the central position on the same surface
as the MIMO antenna elements. In the figure, L = 8.8mm,
W = 27.2mm, and the spacing between two adjacent meta-
material units ism1 = 0.5mm. To ensure the credibility of the
comparison between results before and after the introduction of
the metamaterial, it is essential to guarantee that the dimensions
and structure of the MIMO antenna remain unchanged.

4.1. Analysis of S-Parameters
Figures 7(a) and (b) show the comparison of S11 and S21 pa-
rameters before and after integrating the complementary split-
ring resonator array structure. The reflection coefficient shows
minimal variation; the bandwidth of the MIMO antenna re-
mains largely unaffected, with only a slight shift of the oper-
ating frequency in the high-frequency band, which is essen-
tially negligible. Observing the transmission coefficient re-
veals a significant impact at the two frequencies of 2.4GHz and
3.5GHz after incorporating the metamaterial. The mutual cou-
pling of theMIMO antenna is notably improved: coupling is re-
duced by−14 dB at 2.4GHz and by−23 dB at 3.5GHz. Over-
all, the mutual coupling across the operating bands remains be-
low −22 dB. This result aligns well with the conclusion drawn
from the analysis of the stopband characteristics, highlighting
the unique advantage of metamaterials in multi-band decou-
pling.
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FIGURE 7. Comparison of S-parameters with and without metamaterial: (a) S11, (b) S21.

FIGURE 8. Peak gain and radiation efficiency curves of the dual-band
MIMO antenna.

4.2. Antenna Radiation Performance

As shown in Figure 8, for the dual-band MIMO antenna loaded
with the metamaterial, the gain ranges from 2.99 to 3.12 dBi in
the low-frequency band (2.39–2.44GHz), with a radiation effi-
ciency ranging from 45% to 48%. In the high-frequency band
(3.45–3.60GHz), the gain ranges from 3.93 to 4.51 dBi, and the
radiation efficiency ranges from 66% to 67%. This agrees with
the values highlighted in the abstract.
The left side of Figures 9(a) and 9(b) represents theH-plane,

while the right side represents the E-plane of the radiation
patterns. Figure 9 compares the simulated radiation patterns
(E-plane and H-plane) of the MIMO antenna at 2.4GHz and
3.5GHz, with and without the metamaterial structure. It can
be observed that the introduction of the metamaterial structure
does not significantly alter the radiation characteristics of the
antenna. The patterns remain nearly identical, exhibiting only
minor variations. To provide a more comprehensive perspec-
tive and further demonstrate the stability of the radiation pat-
terns, Figure 10 presents the 3D radiation patterns at both fre-
quencies with and without the metamaterial. The 3D views
confirm that the overall radiation shape and directionality are
preserved.
This confirms that the decoupling structure effectively re-

duces mutual coupling without distorting the far-field radia-
tion pattern of the antenna, all of which demonstrates that the
designed MIMO antenna possesses excellent radiation perfor-
mance.

4.3. Antenna Surface Current Distribution
To more intuitively demonstrate the decoupling effect of the
metamaterial on the MIMO antenna, the surface current distri-
butions of the MIMO antenna at 2.4GHz and 3.5GHz are ana-
lyzed below. To ensure rigorous comparison, an identical scale
is used for the current magnitude legend.
The current distribution comparison is shown in Figure 11.

In the simulation setup, Port 1 on the left side of the MIMO an-
tenna is excited, while Port 2 on the right side is terminated with
a 50-ohm impedance load. This configuration is used to study
the interference from Antenna Element 1 to Element 2 under
the influence of the decoupling structure. In the figures, darker
color indicates stronger coupling current between the antenna
elements, and lighter color indicates weaker coupling. By ob-
serving Figure 11, it can be seen that the metamaterial array
provides varying degrees of decoupling at the two frequencies
by absorbing the coupled electromagnetic energy.

4.4. Diversity Characteristics of the Antenna
To further evaluate the performance of the MIMO antenna, two
metrics, the Envelope Correlation Coefficient (ECC) and Di-
versity Gain (DG), are introduced to analyze its diversity per-
formance. Good diversity performance effectively suppresses
signal fading, thereby enhancing transmission efficiency and
reliability. ECC is a key metric in this evaluation. In simple
terms, a lower ECC value indicates less interference between
antenna elements when they operate independently. A value
below 0.05 is generally considered a common benchmark. The
ECC value is calculated using formula (1) [20]:

ECC =

∣∣∣S∗
11S

′

12 + S∗
21S

′

22

∣∣∣2(
1−

(
|S11|2 + |S21|2

))(
1−

(
|S22|2 + |S12|2

))
(1)

Here, S∗
11 and S∗

21 refer to the imaginary parts of S∗
11 and S∗

21,
respectively, while S′

12 and S
′

22 refer to the real parts of S12 and
S22.
Furthermore, as another key reference indicator for evalu-

ating the diversity performance of MIMO antennas, Diversity
Gain (DG) differs from ECC in that a larger DG value indicates
better antenna diversity performance. Formula (2) [21] for cal-

69 www.jpier.org



Zheng, Xing, and Zhang

(a)

(b)

FIGURE 9. H-plane (left) and E-plane (right) radiation patterns of the dual-band antenna array with and without the metamaterial: (a) at 2.4GHz,
(b) at 3.5GHz.

(a)

  

(b)

 

 

FIGURE 10. 3D radiation patterns of the dual-band antenna without (left) and with (right) the metamaterial (unit: dB): (a) at 2.4GHz, (b) at 3.5GHz.

culating the ECC value is shown below:

DG = 10
√
1− ECC (2)

Based on the simulation results of the ECC and DG curves
shown in Figure 12, the designed dual-band MIMO antenna
meets the design requirements for both metrics. The antenna
achieves a DG of 9.9 dBi in both frequency bands, while its
ECC remains below 0.02. This further confirms that the de-

signedMIMO antennamaintains excellent isolation across both
operational bands.

4.5. Comparative Analysis of the Antenna

As shown in Table 2, compared with [13–19], all the MIMO
antennas listed are dual-band low-coupling designs. A com-
parison with [13] and [19] shows that although the proposed
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TABLE 2. Performance comparison of the proposed MIMO antenna and antenna structures in the literature.

Reference Size (mm) Center
Frequency (GHz)

Bandwidth
(GHz)

Max. Isolation
|S21| (dB)

Gain
(dBi)

ECC

[13] 60× 60× 1.6
2.74 2.42–3.07 34 2.8 < 0.01

5.25 4.14–6.07 26 4.91 < 0.005

[14] 40× 47.5× 1.5
2.45 2.2–2.83 20.7 1.99 < 0.017

5.55 5.03–5.95 42.6 3.71 < 0.004

[15] 40× 40× 1.6
3.5 3.46–3.56 20 1.63–1.74 < 0.02

5.3 5.22–5.41 22 4.07–5.05 < 0.01

[16] 52× 40× 1.6
3.4 3.37–3.40 20 NG NG
4.95 5.2–5.35

[17] 54× 42× 1.6
2.4 2.38–2.44 20 NG < 0.1
5.3 5.2–5.36

[18] 55× 42× 1.6
5.4 5.00–5.8 20 NG < 0.05
6.8 6.60–7.00

[19] 120× 68× 8
2.4 2.25–2.63 15.3 5.1 < 0.05

5 5.14–6.06 7.8 < 0.1

This paper 64× 40× 1.6
2.4 2.39–2.44 3 2.99–3.12 < 0.02

3.5 3.45–3.60 38 3.93–4.51 < 0.01

(a)

(b)

FIGURE 11. Comparison of current distribution: (a) @2.4GHz, (b) @3.5GHz.

FIGURE 12. Peak gain and radiation efficiency curves of the antenna
loaded with metamaterial.

antenna has a slightly narrower bandwidth, its compact size
aligns well with the trend of antenna miniaturization. Ref. [14]
demonstrates clear advantages in terms of both isolation and
ECC performance; however, its relatively low gain makes it
less suitable for modern mobile communication requirements.
Furthermore, compared to the proposed antenna, Refs. [15–18]
achieve a reduction in overall antenna size, but their maximum
isolation is only around 20 dB, indicating a less significant ef-
fect in reducing inter-element coupling. It is worth noting that
Ref. [16] has an even narrower bandwidth than the proposed
design, while the ECC value in [17] is too high to meet the ex-
isting standard of ECC < 0.05. Therefore, the proposedMIMO
antenna structure offers a comprehensive advantage in terms of
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FIGURE 13. Fabricated prototype photograph of the MIMO antenna: (a) Front view, (b) back view.

FIGURE 14. Comparison of measured and simulated S-parameters for
the MIMO antenna.

size, bandwidth, isolation, gain, and ECC performance, making
it suitable for a wider range of communication scenarios.

5. MEASUREMENT AND RESULTS OF THE MIMO AN-
TENNA
To verify the reliability of the simulation results, a physical
model of the MIMO antenna was fabricated based on the de-
sign from the electromagnetic simulation software HFSS, as
shown in Figure 13. It can be clearly seen that the decoupling
structure consists of three complementary split-ring resonators
etched on the ground plane between the two antenna elements,
with the entire antenna integrated on a 1.6mm FR-4 substrate.
The S-parameters of the fabricated MIMO antenna were then
measured using an Agilent Vector Network Analyzer (VNA).
The measurement results are shown in Figure 14. While slight
discrepancies exist between the measured S21 and S11 results
and their simulated counterparts, three primary potential rea-
sons for these differences are analyzed below: Firstly, the con-
nection between the transmission line ends on the back of the
substrate and the SMA connectors may not have been perfectly
secure. Secondly, fabrication tolerances in the dielectric sub-
strate could have affected the radiation performance. Finally,
measurement noise and external electromagnetic interference
in the testing environment may have contributed to the varia-
tions.
Overall, the errors introduced by the factors above are within

an acceptable range and did not substantially affect the physical
measurement results. The measured results are in good agree-

ment with the simulated ones. The measurements show that the
coupling in the two bands is below −17 dB and −27 dB within
the 2.4GHz and 3.5GHz operating bands, respectively, demon-
strating excellent isolation across the two frequency bands.

6. CONCLUSION
In this design, a compact, low-coupling dual-band MIMO an-
tenna system based on a symmetrical complementary double-
split-ring resonator is proposed. By integrating a 1 × 3 meta-
material array between the radiating elements, an inter-element
spacing of only 0.08λ0 is achieved without increasing the
overall size, offering a notable advantage in miniaturization.
The antenna operates in the 2.39–2.44GHz (covering the core
2.4GHzWLAN band) and 3.45–3.60GHz (covering a key sub-
band of n78 for 5G communications) bands, with measured
gains of 2.99–3.12 dBi and 3.93–4.51 dBi, respectively, and a
diversity gain greater than 9.9 dBi. The envelope correlation
coefficient remains below 0.02 across both bands. The mea-
sured results demonstrate that incorporating the novel meta-
material structure reduces antenna coupling by 0–10 dB and
8–23 dB in the two operating bands, respectively, resulting in
coupling levels below −17 dB and −27 dB, confirming the ef-
fective decoupling capability of the proposed structure.
In summary, the proposedMIMO antenna not only maintains

good gain and radiation performance but also achieves indepen-
dent tuning of the decoupling responses at 2.4GHz and 3.5GHz
through the use of novel complementary split-ring resonators.
This fills the research gap in the application of metamaterials
for this specific dual-band combination and further expands the
application research of metamaterials for decoupling in closely
spaced multi-band MIMO antennas.
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