
Citation: Tang, G.; Xiao, T.; Cao, L.;

Cheng, R.; Liu, C.; Huang, L.; Xu, X. A

Multi-Frequency Low-Coupling

MIMO Antenna Based on

Metasurface. Electronics 2024, 13, 2146.

https://doi.org/10.3390/

electronics13112146

Academic Editor: David

A. Sánchez-Hernández

Received: 9 May 2024

Revised: 28 May 2024

Accepted: 29 May 2024

Published: 30 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

electronics

Article

A Multi-Frequency Low-Coupling MIMO Antenna Based
on Metasurface
Guangpu Tang 1,2, Tong Xiao 1,2, Lifeng Cao 1,2 , Runsheng Cheng 1,2, Chengguo Liu 1,2,* , Lifeng Huang 3,4,*
and Xin Xu 5

1 School of Science, Wuhan University of Technology, Wuhan 430070, China; 285432@whut.edu.cn (G.T.);
289608@whut.edu.cn (T.X.); lief1102@whut.edu.cn (L.C.); rs_cheng@whut.edu.cn (R.C.)

2 Hubei Engineering Research Center of RF-Microwave Technology and Application, Wuhan University of
Technology, Wuhan 430070, China

3 School of Information Engineering, Wuhan University of Technology, Wuhan 430070, China
4 China Research Institute of Radio-Wave Propagation, Qingdao 266107, China
5 Aerospace Information Research Institute, Chinese Academy of Sciences, Beijing 100190, China;

xuxin@aircas.ac.cn
* Correspondence: liucg@whut.edu.cn (C.L.); huanglf@crirp.ac.cn (L.H.)

Abstract: In this paper, a multi-frequency MIMO antenna for 5G and Wi-Fi 6E is presented. The
antenna uses a cosine-shape monopole and split-ring resonator (SRR) structure for tri-band radiation,
and frequency band expansion is achieved through SRR, folded split-ring resonators (FSRR) and
Archimedean spiral metasurfaces for decoupling, with which a combination of surface wave and
space wave decoupling is achieved. The Archimedean spiral metasurface unit can achieve space
wave decoupling in the tri-band. By adopting the method of combining space wave decoupling and
surface wave decoupling, the miniature antenna is achieved. The measured results closely align
with the simulated results. Specifically, maintaining a reflection coefficient of −10 dB, the measured
results indicate an increase in isolation of 3.5 dB, 36.47 dB, and 6.42 dB for the frequency bands
of 3.45–3.55 GHz, 5.7–5.9 GHz, and 6.75–7 GHz, respectively. Additionally, the MIMO antenna
demonstrates an average efficiency of approximately 89%, with an average envelope correlation
coefficient (ECC) of 0.0025. Furthermore, the antenna’s peak gain increases by 4.3 dB at 3.5 GHz,
3.8 dB at 5.8 GHz, and 1.9 dB at 6.9 GHz upon integrating the metasurface. The proposed method and
structure are anticipated to contribute significantly to decoupling in multi-frequency MIMO antennas.

Keywords: 5G communication; Wi-Fi 6E; multiple-input multiple-output (MIMO); metasurface;
split-ring resonator (SRR)

1. Introduction

As the requirements for the quality of communication systems continue to improve,
wireless communication systems are developing rapidly; fifth-generation mobile com-
munication technology (5G) and beyond has become a solution, with its advantages of
high speed, low latency, and high communication capacity for IoT applications in various
sectors. The simultaneous development of MIMO technology can effectively increase the
capacity of the communication system [1]. In addition to increasing system capacity in
adopted frequency bands, Wi-Fi 6E technology, as an evolution of Wi-Fi 6, offers higher
capacity, and can utilize the 6 GHz frequency band from 5.925 GHz to 7.125 GHz. The
demand for expanding the system capacity requires the use of many frequency bands
simultaneously; multi-band devices are more advantageous than single-band ones [2],
as well as antennas [3]. However, in MIMO antennas, size constraints can lead to mutual
coupling if the antenna elements are placed too closely together, affecting the radiation
performance of the antennas and degrading system capacity [4]. Therefore, frequency band
expansion and addressing the mutual coupling issue in multi-frequency MIMO antennas
are key areas of research focus.
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There are many methods for designing multi-frequency antennas. In [5–7], by slotting,
other resonant branches are formed to generate other resonant frequency bands, which is a
traditional method of frequency band expansion by adding branches. In [8,9], the method of
loading SRR and complementary split-ring resonators (CSRR) is used to achieve frequency
band expansion. Compared to the multi-branch method, using resonant rings for frequency
band expansion allows for a wider range of frequency band expansion, offering greater
flexibility. Additionally, in terms of decoupling, the branches in the multi-branch method
may show a mutual influence between each other. To solve the mutual coupling issue
between MIMO antennas, various methods have been proposed, such as decoupling
matching network (DMN), defected ground structure (DGS), electromagnetic band gap
(EBG), and metamaterial decoupling. DMN was used for decoupling between antennas.
In [10], the traditional technique of designing a two-level decoupling matching network was
employed for antenna decoupling. In [11], lumped elements were used to design the DMN,
and in [12], a compact dual-band DMN consisting of a pair of dual-band open-loop square
ring resonators was proposed. This method involves directly loading active and passive
networks between antenna elements to achieve decoupling. However, as the decoupling
frequency points increase, the DMN tends to become complex, making it unsuitable for
multi-band decoupling. In [13–16], DGS was used for decoupling, which can achieve good
decoupling effects if the ground is large enough. Additionally, using EBG structures can
effectively reduce mutual coupling between antennas [17–20]. However, both DGS and
EBG structures require antennas to have sufficient distances between them, which is not
conducive to miniaturization. In addition to the above methods, using metamaterials for
decoupling is a promising method. Meta structures for electromagnetic application are
deployed to develop new microwave devices [21], especially metasurfaces for antenna [22].
In [23,24], SRRs were loaded on the antenna plane for decoupling surface waves and certain
space waves. In [25–29], the effective decoupling of antennas was achieved by loading
them with metasurfaces. The decoupling method using metamaterials has a smaller impact
on antenna size and radiation performance in resonance bands, and it provides good
decoupling effects.

In this paper, a cosine-shape monopole is used for radiation, and SRRs are loaded
to expand the frequency bands, achieving resonances in tri-band and forming a MIMO
antenna. This method of expanding frequency bands will result in less influence between
different frequency bands during decoupling. Subsequently, FSRR and a metamaterial
surface in the form of an Archimedean spiral are used for decoupling to achieve the
decoupling of space wave and surface wave, with the Archimedean spiral decoupling unit
capable of achieving the decoupling of space wave in the tri-band. Ultimately, an MIMO
antenna with low coupling in the tri-bands of 3.5 GHz, 5.8 GHz, and 6.9 GHz is designed
for use in the 5G and Wi-Fi 6E frequency bands. The proposed method in this paper
integrates the frequency band expansion function of metasurfaces with the decoupling
function of space wave and surface wave, along with a specific design for frequency band
expansion and decoupling structures. This is expected to contribute to the decoupling of
multi-frequency MIMO antennas.

The structure of this paper is as follows: Section 2 details the analysis of the design
principles, process, and decoupling mechanism of the MIMO antenna. Section 3 analyzes
the performance of the antenna, comparing the performances of antennas with and without
decoupling structures, such as gain patterns, efficiency, and ECC. Section 4 summarizes the
design process, methods, and results of the MIMO antenna designed in this paper.

2. Antenna Design
2.1. Overall of the Designed Antenna

The low-coupling MIMO antenna herein designed is capable of achieving tri-band
resonance at 3.5 GHz, 5.8 GHz, and 6.9 GHz. The overall structure of the antenna is shown
in Figure 1, where the tri-band resonance is generated by the cosine-shaped monopole and
two SRRs on the back of the substrate. Three equally spaced FSRRs are placed between
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the two cosine-shape monopoles to decouple the antenna for surface waves. Additionally,
a metasurface composed of Archimedean units is positioned at the Hgap below the antenna
structure for space wave decoupling in the tri-band. The antenna unit and metasurface
unit are loaded on an F4B substrate with a relative permittivity of 2.1 and a loss tangent of
0.002. The substrate has a thickness of 1 mm and utilizes microstrip line feeding.
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Figure 1. Structure of the antenna.

The antenna is designed based on theory, and simulated and optimized using the
simulation software CST 2021, with the simulation results shown in Figure 2. The simulation
results in Figure 2 indicate that at 3.5 GHz, the S11 and S21 values are −17.5 dB and −16 dB,
at 5.8 GHz, the S11 and S21 values are −20.8 dB and −35.9 dB, and at 6.8 GHz, the S11 and
S21 values are −26 dB and −27 dB. It can be observed that the coupling is very low under
effective resonance conditions.
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Figure 2. Simulation results.

2.2. Design of the Radiation Structure

In order to achieve antenna miniaturization and better explain decoupling design, a
detailed analysis of the design process of the MIMO antenna is conducted. This includes
the design of the cosine-shape monopole, frequency band-extended SRR, and the overall
structure of the MIMO antenna. Figures 3–5 illustrate the design process of a tri-band
MIMO antenna.
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2.2.1. Cosine-Shape Monopole

In Formulas (1) and (2), Lpatch represents the length of the cosine-shaped monopole, c,
f, and s represent the speed of light, frequency, and the length of each period of the cosine
line, respectively, εr is the relative permittivity, A = 1 is the amplitude of the cosine, and N
is the number of periods. Figures 3 and 5c show the designed cosine-shaped monopole,
resonating at 6.9 GHz. This curved form is beneficial for reducing the antenna size [30].
The selection of a monopole at 6.9 GHz is due to the narrow absolute bandwidth of the
monopole in the low-frequency band, which leads to poor decoupling effects. Additionally,
a full-wave length monopole is adopted due to the need for loading SRR.

λ =
c

f
√

εr
(1)

N =
λ

s
(2)

Lpatch = N · T =
c × 2π

f × s ×√
εr

(3)

where

s =
T∫

0

√
1 + ( f ′(x))2dx =

2π∫
0

√
1 + (−A sin x)2dx (4)
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2.2.2. SRR for Frequency Band Expansion

Figure 4 shows the addition of two types of SRR structures on the back of the antenna
based on Figure 3, in order to generate two additional resonant frequency bands. Compared
to the method of loading branch structures, the SRR loading method provides a wider
frequency range and greater flexibility for frequency band expansion. It also results in
less interference between frequency bands. Importantly, this method of adding an SRR
structures does not increase the overall size of the antenna. Figure 4d illustrates the
equivalent circuit diagram of the SRR, where the SRR can be equivalent to an LC resonant
circuit. In this circuit, Ls can be approximated as an inductance with a radius of r0 and
width of r2-r1, where r0 = (r3 + r2)/2; Cs represents the capacitance between the two loops,
and Cpul is the capacitance per unit length between the loops [31].

f =
1

2π
√

Ls × Cs
(5)

where
Cs = C0/4 (6)
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C0 = 2πr0Cpul (7)
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2.2.3. MIMO Structure

We combined two radiation units as antenna 1 and antenna 2 to form an MIMO
antenna, which resonates at 3.5 GHz, 5.8 GHz, and 6.9 GHz. The S11 values are −17.37 dB,
−25.43 dB, and −14.21 dB, respectively, while the S21 values are −12.5 dB, −16.57 dB, and
−21.08 dB. These specifications are shown in Figure 5. The S11 in each stage of the MIMO
antenna design process is depicted in Figure 5c, and the final MIMO antenna demonstrates
tri-band resonance at 3.5 GHz, 5.8 GHz, and 6.9 GHz. Its specific parameters are listed in
Table 1.

Table 1. The detailed dimension (mm) of the MIMO antenna radiation structure.

Variable Value Variable Value Variable Value

Wsub 60 Lground 5 r2 1.628/2.648
Lsub 37 D1 8.4 r3 2.328/3.348

Lpatch 25.5 D2 6.4 r4 3.128/4.148
Dpatch 28 r1 0.828/1.848 g 0.1
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2.3. Design of the Decoupling Structures

There are two ways to reduce the coupling between antennas: reducing surface
wave coupling and reducing space wave coupling [32]. After the design of the MIMO
antenna radiation structure is completed, in order to reduce the coupling effect, a method
of combining space wave and surface wave decoupling is used, by which two structures
are designed for decoupling. The following will introduce the design process and methods
for these two structures.

2.3.1. FSRR for Decoupling

In order to decouple the surface wave of the MIMO antennas, the proposed structure
is shown in Figure 6a. Formulas (8) and (9) represent the cutoff frequencies of the TM
and TE modes, where h is the thickness of the dielectric substrate, and ε1, ε2 and µ2 are
the relative permittivity of the dielectric, the relative permittivity above the dielectric
substrate, and the relative permeability, respectively. It can be inferred that when the space
above the dielectric substrate is an air layer, ε2µ2 = 1, there will always exist a surface
wave of the TM mode on the grounded dielectric substrate, because the cutoff frequency
of the TM fundamental mode is 0. However, when a special dielectric layer is placed
above the dielectric substrate, causing ε2µ2 = εr, the cutoff frequencies of the TE and TM
modes approach infinity, making it impossible for surface wave to propagate along the
dielectric interface [33]. As shown in Figure 6b, the product of the relative permittivity
and relative permeability of the FSRR is approximately 2.1, around 5.8 GHz. Figure 6c
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shows the equivalent circuit of the FSRR, where C1 is the capacitance of the middle gap,
C2 is the capacitance of the gap with a distance of n on both sides, and the inductance L
is calculated from the length of the FSRR. The calculation of the resonance frequency is
given by Formula (10) [34], resulting in 5.8 GHz. Therefore, the FSRR not only reduces
surface waves but also resonates at 5.8 GHz, thereby offsetting some of the space wave. As
shown in Figure 7, after loading the FSRR between the antennas, it can be observed that
the S21 values of the MIMO antennas at 5.8 GHz improved significantly from −16.57 dB
without the FSRR to −24.5 dB, with an increase in isolation of 7.93 dB, showing a clear
enhancement, while S11 did not exhibit a significant increase.

fc_TM =
mc

2h
√

εr − ε2µ2
, m = 0, 1 . . . (8)

fc_TE =
(2m − 1)c

4h
√

εr − ε2µ2
, m = 1, 2 . . . (9)

f =
1

2π
√

2C1·C2
C1+2C2

· L
(10)
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2.3.2. Metasurface for Decoupling

After decoupling surface wave and to some extent space wave using FSRR, a meta-
surface unit in the form of an Archimedean spiral is proposed for the more effective space
wave decoupling of MIMO antennas. The Archimedean spiral radiates from an area where
the spiral circumference equals one wavelength, known as the active region of the spiral.
The low-frequency operating point of the spiral is theoretically determined by the outer
radius, as given by Formula (11), where c is the speed of light, and r is the radius of the
outermost ring of the antenna, with a value of 13.64 mm. Formula (12) represents the polar
coordinate formula of the Archimedean spiral, indicating that the Archimedean spiral is
determined by α and β, where α is 0.4 and β is 0.9. When r is the outer ring radius, the value
of θ is 4.5π [34]. The loading structure is shown in Figure 8a. To illustrate the characteristics
of the metasurface, simulations of the reflection coefficient and transmission coefficient of
this Archimedean spiral metamaterial unit were conducted, as shown in Figure 8b. It can
be seen from Figure 8b that wave reflection can be carried out in the tri-band to achieve the
function of space wave decoupling. The detailed dimensional parameters of the antenna
decoupling structure are listed in Table 2.

flow =
c

2πr
√

εr
(11)

R = α + βθ (12)

x = (α + βθ) cos(θ)
y = (α + βθ) sin(θ)

(13)
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sion coefficients of the metasurface.

Table 2. Decoupled structure detailed parameters (mm).

Variable Value Variable Value Variable Value

Wsub2 75 d 6 β 0.9
Lsub2 50 e 0.85 θ 4.5 π

a 9 n 0.5 e2 2
b 10.5 t 3
c 4 α 0.4

2.4. Decoupling Mechanism Analysis

According to the above conclusions, the coupling mechanism between MIMO an-
tennas includes both surface wave coupling and space wave coupling, as illustrated in
Figure 9a. The FSRR positioned between antenna 1 and antenna 2 attenuates the surface
wave and contributes to radiation. Simultaneously, it generates a wave in the opposite
direction of the coupling to counterbalance some of the space wave energy, resulting in the
space wave decoupling effect, as depicted in the upper section of Figure 9b. Nonetheless,
since the effectiveness of space wave decoupling is insufficient, a metasurface is introduced.
This metasurface absorbs the space wave between antenna 1 and antenna 2, simultane-
ously emitting a wave in the opposite direction to neutralize the space wave coupling,
as illustrated in the lower segment of Figure 9b. In summary, the mutual coupling among
MIMO antenna units is mitigated through the implementation of the suggested decoupling
technique involving FSRR and the metasurface.

To further elucidate the decoupling mechanism of MIMO antennas, taking 5.8 GHz
as an example, the Poynting vector and surface current of MIMO antennas without any
additional structure, MIMO antennas with FSRR structure, and MIMO antennas with
both FSRR and metasurface loaded are compared, as shown in Figure 10. In Figure 10a,b,
the energy flows from antenna 1 to antenna 2, resulting in mutual coupling. Subsequently,
the loaded FSRR in Figure 10c,d generates energy flow in the opposite direction, partially
canceling out the coupling. The metasurface loaded in Figure 10e,f also produces energy
flow in the opposite direction, canceling out the coupling energy flow, thereby reducing
the coupling strength between the antennas. Figure 10g shows the resonance at 5.8 GHz
generated by the small FSRR. In Figure 10h, the decoupling FSRR induces current, playing
a role in decoupling the antennas. In Figure 10i, induced currents are generated on both the
FSRR and the metasurface. It can be seen from the circled part in Figure 10c,e that FSRR
and Archimedean metasurface pairs generate waves in the opposite direction from the
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propagation direction, and cancel each other in space, thus achieving the effect of cancelling
space wave and reducing the coupling of space wave between antenna elements.
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In the Figure 11, since the distance between the MIMO antenna and the metasurface
has a large impact on the results, the distance Hgap is parameterized next to analyze the
effect of the distance between the MIMO antenna and the metasurface with respect to the
isolation. It can be seen that the decoupling is best when Hgap is equal to about 20 mm.
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(a) (b) 

  
(c) (d) 

 
(e) (f) 

  
(g) (h) 

 
(i) 

Figure 10. Poynting vectors and the current: (a) Poynting vector front view of the unloaded structure;
(b) Poynting vector top view of the unloaded structure; (c) Poynting vector front view of the structure
loaded with FSRR; (d) Poynting vector top view of the structure loaded with FSRR; (e) Poynting
vector front view of the structure loaded with FSRR and metasurface; (f) Poynting vector top view of
the structure loaded with FSRR and metasurface; (g) the current of the unloaded structure; (h) the
current of the loaded FSRR; (i) the current of the loaded FSRR and metasurface.
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Figure 11. Effects of different Hgap on S21.

3. Antenna Performance Analysis

The antenna was fabricated using the standard PCB fabrication process and measured
using a network analyzer Keysight N5247A. The simulated S-parameters of the proposed
antenna compared to the measured S-parameters are shown in Figure 12. The simulated
and measured data exhibit a high level of concordance. At 3.5 GHz, the measured isolation
increased by approximately 3.5 dB, and at 5.8 GHz, S21 was −53 dB, showing an increase
in isolation of 36.47 dB, significantly improving the isolation between the two antennas.
At 6.9 GHz, S21 decreased to −27.5 dB. The results indicate that the effective suppression
of mutual coupling between the two antennas was achieved at 3.5 GHz, 5.8 GHz, and
6.9 GHz, while maintaining matching performance across the tri-band.
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Figure 12. Simulated and measured S-parameters of the proposed antenna.

The antenna samples and the test environment are shown in Figure 13, where the radi-
ation direction patterns of the unloaded and loaded metasurface are tested in a microwave
anechoic chamber. The following are the procedural steps for testing the antenna:

a. The signal source, network analyzer, source antenna, standard horn antenna, and
antenna under test should be set up;

b. The antenna to be tested is divided into two types—the one without metasurface
and the one with metasurface. The metasurface and the antenna are drilled and
connected with nylon bolts. The medium between the antenna radiation structure
and the metasurface is air. The two antennas are independently excited, while the
other antenna is terminated with a matched load;

c. The antenna gain pattern is measured by the comparison method. The gain of the
antenna to be measured is calculated by the signal power level Px received by the
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antenna to be measured, the signal power level Ps received by the standard horn
antenna and the gain Gs of the standard horn antenna, as shown in Formula (14).
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The gain direction diagram of the E-field and H-field with and without metasurface
loading is shown in Figure 14. The red dotted line is the result of simulation. The red and
black solid lines represent the measured images of the loaded and unloaded metasurface,
respectively. It can be observed that the contour of the gain direction diagram remains
similar with and without metasurface loading, indicating minimal changes in the radiation
characteristics of the antenna before and after loading the metasurface. The gain increases
in the direction of maximum load radiation, resulting in an improvement from 8.2 dBi to
12.5 dBi at 3.5 GHz, from 9.3 dBi to 13.1 dBi at 5.8 GHz, and from 10.3 dBi to 12.2 dBi at
6.9 GHz for the antenna’s gain due to the metasurface reducing coupling energy between
the MIMO antenna elements.

G = Gs + (Px − Ps) (14)

The measured efficiency and ECC of the unloaded metasurface and loaded metasurface
are shown in Figure 15. When evaluating the antenna efficiency, considering the consistent
simulation radiation pattern and gain performance, the efficiency can be calculated based
on the measured gain, simulated gain, and directivity, as shown in Formula (15) [35]. The
parameters G (θ, ϕ) and D (θ, ϕ) represent the antenna’s gain and directivity, respectively,
while ecd denotes the radiation efficiency of the antenna, and functions of the spherical
coordinate angles θ and ϕ. From the results, it can be seen that the efficiency of the
antenna loaded with the metasurface is improved as compared to the unloaded metasurface,
while the ECC is also reduced. From Figure 12, it is evident that the overall frequency
of the measured antenna shifts towards the lower frequency direction after loading the
metasurface. Prior to loading, the optimal decoupling frequency point is approximately
5.85 GHz; however, the frequency offset post-loading results in a narrower decoupling
frequency band, leading to a slightly higher ECC at 5.85 GHz compared to when unloaded.
ECC is an important parameter when measuring the degree of coupling between antennas,
and is calculated as [36]

G(θ, ϕ) = ecdD(θ, ϕ) (15)
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ρe =

∣∣∣∣s4π

[
⇀
E1(θ, ϕ) ·

⇀
E2(θ, ϕ)

]
dΩ

∣∣∣∣2
s

4π

∣∣∣∣⇀E1(θ, ϕ)

∣∣∣∣2dΩ
s

4π

∣∣∣∣⇀E2(θ, ϕ)

∣∣∣∣2dΩ

(16)

where
⇀
E1(θ, ϕ) ·

⇀
E2(θ, ϕ) =

⇀
E θ1(θ, ϕ) ·

⇀
E θ2

∗(θ, ϕ) +
⇀
Eϕ1(θ, ϕ) ·

⇀
Eϕ2

∗(θ, ϕ) (17)
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Figure 14. Measured radiation patterns of the antenna arrays without and with metasurface at
(a) 3.5 GHz E-plane; (b) 5.8 GHz E-plane; (c) 6.9 GHz E-plane; (d) 3.5 GHz H-plane; (e) 5.8 GHz
H-plane; (f) 6.9 GHz H-plane.
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Figure 15. Measured total efficiency and calculated ECC of the antenna without and with metasurface.

Finally, in Table 3, the antenna proposed in this paper is compared with the reference
antenna in terms of method, decoupling band, spacing (edge-to-edge), thickness, isolation,
ECC, efficiency and relative bandwidth. It can be seen that the metasurface decoupling



Electronics 2024, 13, 2146 15 of 17

and FSRR decoupling proposed in this paper realize the decoupling of the tri-band and the
isolation enhancement of 36.47 dB at 5.8 GHz, which represents a great improvement in
ECC and efficiency compared to other decoupling structures and methods. The antenna
decoupling structure and method proposed show high isolation and multi-band advantages.
It can be seen that the decoupling method of FSRR combined with the metasurface and the
design of the decoupling structure proposed in this paper feature certain innovations that
make contributions to the decoupling of MIMO antennas.

Table 3. Comparison of reference and proposed decoupling structures.

Ref. Method Frequencies
(GHz)

Spacing
(Edge-to-Edge)

Height
(mm)

Enhancement
(dB) ECC Efficiency Relative

Bandwidth

[10] DMN 3.3–3.7 0.31 λ0 0 11–16 dB <0.04 85% 5.5%
[13] DGS 2.48 0.38 λ0 0 20 dB <0.03 68% 2%
[17] EBG 3.48/4.88 0.46 λL/0.65 λH 0 2.8 dB/25 dB <0.089 85% 5.7%/9%
[14] SRR 5–6 0.06 l0 0.05 λ0 15 dB <0.1 65–74% 27.5%
[16] Metasurface 2.6/3.5 0.008 λL/0.01 λH 0.095 λL 30.4 dB/10.6 dB <0.6 88%/67.5% 7.5%/5.7%
Pro. FSRR/Metasurface 3.5/5.8/6.9 0.18 λL/0.29 λM/0.35 λH 0.12 λL 3.5 dB/36.47 dB/6.42 dB <0.005 84%/94%/88% 3%/5.8%/9.5%

Note: λ0 represents the free-space wavelength of a single band, while λL, λM and λH represent the wavelengths
of the low, intermediate, and high bands of the tri-band-free space, respectively.

4. Conclusions

In this paper, a multi-frequency low-decoupling MIMO antenna is proposed and
fabricated with a loaded SRR to realize frequency band expansion, while using FSRR
and a metasurface in the form of an Archimedean spiral for decoupling between MIMO
antennas. Firstly, the design process and method of the MIMO antenna with frequency
band expansion achieved by SRR are proposed, and then the working principle and design
process of the decoupling structure FSRR and the metasurface of the MIMO antenna are
introduced. The decoupling mechanism is analyzed by Poynting vectors and currents
to show the decoupling effect of the metasurface, after which the effect of Hgap on the
decoupling is analyzed. With a size of the antenna of 0.18 λL, the simulated and measured
results show that the isolation is improved by 3.5 dB at 3.5 GHz, and when the S21 is −53 dB
at 5.8 GHz, the isolation is improved by 36.47 dB, which represents a great improvement
in the isolation of the two antennas, while the S21 is reduced to −27.5 dB at 6.9 GHz. In
addition, the radiation efficiency of the antenna is improved in all tri-bands, and the ECC is
reduced. The proposed tri-band low-coupling MIMO antenna is expected to be useful in
the 5G band and the Wi-Fi 6E band.
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