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Abstract: 5G NR (new radio) introduces the concept of massive MIMO (multiple-input multiple-
output) technology, in which a larger number of antenna arrays are installed on the transceiver. Due to
the increased number of antenna elements allocated close to each other (approximately at a distance of
half a wavelength), mutual coupling becomes a serious problem leading to performance degradation
of the MIMO communication system. In this communication, two different configurations of closely
spaced antenna array elements are studied. In order to reduce the mutual coupling, a combination of a
metamaterial-based frequency-selective surface (FSS), a metallic strip, and a slot element in the ground
plane is examined. It is found that the proposed technique significantly suppresses mutual coupling
from −12 dB to −25 dB. Both designs are fabricated and experimentally validated. The simulation
results are in good agreement with the measurements. The proposed mutual coupling reduction
technique may be suitable for massive MIMO systems in fifth-generation (5G) new radio applications.

Keywords: 5G NR; FSS; isolation; massive MIMO; mutual coupling; metamaterial; transceiver

1. Introduction

Multiple-input multiple-output [1] technology (MIMO) is a well-established wireless
communications technique for sending and receiving multiple data signals simultaneously
over the same radio channel. MIMO techniques play a vital role in Wi-Fi communication,
including in the 3G, 4G, and 4G LTE networks. Massive MIMO is an important technology
in 5G NR, enhancing reliability and data rates in challenging environments [2]. This
involves the application of MIMO on a larger scale in order to obtain greater network
coverage and capacity. Massive MIMO employs many more transmitting and receiving
antennas to increase the transmission gain and the spectral efficiency [3].

Cell-free massive MIMO with a multi-antenna user concept, in which a large number
of distributed devices can communicate with the central processing unit (CPU), has gained
attention recently for serving a small number of users at the same time–frequency resources
block. It remarkably helps in enhancing gain and spectral efficiency [4]. When the multiple
antennas are implemented in the MIMO system, the antenna elements are placed physically
close to each other, and the effects of their mutual coupling become more pronounced [5,6].
The mutual coupling between two closely arranged antenna elements occurs due to (i) the
flow of a surface current from the port excitation area, (ii) the space radiation, and (iii) the
surface waves. Consequently, suppressing the mutual coupling within the miniaturized
printed antenna elements becomes a greater challenge in the design of a 5G NR massive
MIMO multi-antenna system.
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The literature offers several techniques for mutual coupling reduction, including
incorporation of electromagnetic bandgap (EBG) structures [7–9], defected ground struc-
tures (DGS) [10–12], decoupling networks [13–16], a complementary split-ring resonator
(CSRR) [17,18], neutralization lines [19,20], metamaterials [21–23], and parasitic or slot
elements [24–26].

The EBG structure can transmit, block, or pass specific electromagnetic (EM) waves.
Basically, it acts as a low/high pass, stopband, or a bandpass filter. In [7], the authors
propose a novel EBG unit cell and place it in between dual-polarized phased-array antenna
elements to reduce mutual coupling. The mutual coupling between two microstrip patch
antennas is suppressed using a modified electromagnetic bandgap decoupling structure
in [8]. The patch antennas operate at an UWB between 3.1 GHz and 13.5 GHz. The MEBG
is employed on the other side of the patch antennas and connected to the ground plane.
Likewise, in [9], a uniplanar EBG presents mutual coupling reduction between elements of
an UWB MIMO antenna. In [10], UWB MIMO antennas are utilized, and mutual coupling
is suppressed by using a defected ground structure. The proposed UWB antenna covers the
2 GHz to 10 GHz band. Introducing arcs on the patch of the monopoles and on the ground
plane enhances the performance of an antenna system and increases the mutual impedance
among elements. The authors in [11] propose a two-port antenna which comprises a three-
layer structure. Rectangular-shape defects in the ground plane are introduced to enhance
the isolation between the two antenna ports. In [12], the authors propose compact MIMO
antenna systems with improved isolation for sub-6 GHz 5G applications. The isolation is
improved by introducing a T-shaped ground stub between the two elements. The antenna
system operates at 3.6 GHz.

Utilization of decoupling networks is another technique for mutual coupling reduction
in MIMO systems [13–16]. In [13], a two-substrate integrated waveguide (SIW) antenna
array is proposed. A decoupling feed network is composed of a two-layer directional
coupler which is connected to SIW slot antenna arrays. The results show good performance
with coupling being about −35 dB at the center frequency. In [16], a decoupling device
referred to as a cascaded power dividing decoupling network (C-PDDN) is proposed. It is
cascaded between two radiators, to reduce the mutual coupling. It consists of two power
dividers, two transmission lines, and one reactive component. The proposed methodology
shows that the mutual coupling is suppressed over 20 dB. A CSRR [17,18] is a periodic or
non-periodic structure. It is used to achieve both filtering and isolation improvement. The
proposed antenna array of 1 × 2 array elements is composed of microstrip patches with a
pair of CSRRs placed on the ground plane to reduce the coupling between the two patches.
A −30 dB isolation band is achieved at 9.34 GHz to 9.45 GHz.

A novel neutralization line with decoupling network (NLDN) is proposed in [19] for
wideband multi-element antenna arrays. A decoupling network is established between
ports, and a neutralization line is introduced between the antenna arrays. The simulation
and measured result show 20 dB isolation between the array elements. An approach based
on a fractal isolator using an electromagnetic bandgap structure based on metamaterial
for mutual coupling reduction in antenna arrays is proposed in [22]. With this technique,
37, 21, 20, and 31 dB isolation is achieved in the X-, Ku-, K-, and Ka-bands, respectively.
In [24], a 4G/5G MIMO antenna is proposed for handphone application. Four antennas are
implemented, and the isolation is improved by making slots between them. It gives about
15 dB isolation improvement in the 4G and 5G bands. In [26], mutual coupling is reduced
using T-shape parasitic elements between two elements. It cancels the surface current
effect and reduces the mutual coupling. The results show that 15 dB mutual coupling is
diminished by this method.

Mobile communication technology is continuously advancing and involves massive
MIMO systems as the novel solutions that need to be implemented in base transceiver
systems. As elaborated on above, multi-antenna elements in the transceiver system raise
the significant problem of mutual coupling between the closely spaced elements, degrading
the overall system performance. This work proposes and investigates a mutual coupling
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suppression technique which capitalized on some of the aforementioned approaches in an
unconventional manner. More specifically, a metamaterial-based periodic FSS is combined
with a metallic wall and placed between the two planar monopoles. Furthermore, the
isolation is improved by creating a slot element on the common ground plane of the antenna
elements. The proposed isolation technique is applied on two different configurations of an
MIMO antenna system. In this investigation, first, the FSS unit cell is characterized in CST
Microwave studio. The FSS wall, combining six novel unit cells, acts as a bandstop filter
with the operating bandwidth covering the target frequency band of 24 GHz to 27 GHz.
It is then combined with the metallic strip on the same substrate. Finally, a slot element 1
mm in width is etched on the ground plane of the MIMO system. As a result, an improved
isolation is achieved between the closely spaced elements.

The originality and the technical contributions of the paper can be summarized as
follows: (i) development of a novel frequency-selective surface (FSS) design for bandstop
filtering purposes, (ii) development of a novel isolation wall combining the FSS and a metal
strip to reduce mutual coupling among closely spaced array elements, (iii) development
of a complete isolation enhancement structure consisting of several components not em-
ployed before in this combination, leading to excellent performance not reported before,
(iv) numerical and experimental demonstration of the applicability of the proposed tech-
nique to various MIMO system architectures at mmWave frequencies, (v) demonstration
of the superiority of the considered approach over state-of-the-art methods available in
the literature.

2. Case Study: Closely Spaced mmWave MIMO Systems

This section describes two different design configurations of an MIMO system of two
closely spaced monopole antennas. Both designs operate in the millimeter wave band. The
primary point of interest is a reduction in mutual coupling between the antenna elements,
with the specific FSS-based technique proposed and elaborated on later in the paper.

2.1. Design 1

Figure 1 shows the geometry of two identical monopole antennas sharing a common
ground plane and dielectric material. The monopoles are individually excited through the
probe feeds. In this design configuration, both monopoles are facing the +z-direction. The
center-to-center distance between the two monopoles is 6.25 mm (0.535λ), whereas the edge-
to-edge distance is 1.25 mm (0.107λ), where λ is the free-spaced wavelength at 25.5 GHz
(center frequency). The monopole design is imprinted on Rogers RO4003 (lossy) dielectric
material with relative permittivity εr = 3.38, thickness t = 0.508 mm, and dissipation factor
tanδ = 0.0027. The common dielectric substrate is also Rogers RO4003 (lossy), but the
substrate thickness is 1.524 mm to ensure improved rigidness of the structure. Figure 2
illustrates the reflection and transmission coefficients for Design 1, which indicate the level
of mutual coupling between the two monopoles; it ranges from −12 to −23 dB within the
frequency range of interest (24 GHz to 27 GHz).
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2.2. Design 2

The second design is shown in Figure 3. It also consists of two identical monopole
antennas sharing a common ground plane and dielectric material. Both monopoles are
individually fed via probe feeds. However, here, the monopoles are facing the opposite
directions, i.e., +z and −z. The dimensions and the substrate materials are the same as for
Design 1. Figure 4 shows the reflection and transmission coefficients for Design 2. The
mutual coupling ranges from −9 to −16 dB within the frequency range of interest (24 GHz
to 27 GHz).
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3. Mutual Coupling Suppression using Frequency-Selective Surface

This section describes the mutual coupling reduction technique proposed in this work.
It is explained using several design case studies. The major components of the presented
approach are isolation improvements using a frequency-selective surface (FSS), a FSS with
a metallic strip, and the ground slot.

3.1. Frequency-Selective Surface: Unit Cell

Frequency-selective surfaces (FSSs) are arrays of periodic elements consisting of metal-
lic layers imprinted on dielectric material. FSSs exhibit bandpass or bandstop characteristics
depending on the arrangement of their unit cells. FSSs are widely used as spatial filters,
but most of them feature a narrow operating band. In this work, a broadband FSS is
designed which acts as a bandstop filter in the millimeter wave frequency range. The FSS
unit cell consists of two metallic layers imprinted on both sides of a dielectric material. The
FSS is designed on a Rogers RO4003C (lossy) dielectric material with material thickness
t = 0.508 mm, relative permittivity εr = 3.38, and dissipation factor tanδ = 0.0027. The unit
cell geometry consists of two cross-shape dipoles enclosed in a circle.

Figure 5 shows the FSS geometry, which consists of two well-known shapes, i.e.,
two crossed dipoles, and an outer ring printed on both sides of the FSS unit cell. The
transmission coefficient corresponding to the two crossed dipoles exhibits a stopband
from 40.1 to 46.4 GHz below −10 dB, as indicated in Figure 6a. Likewise, an outer ring
yields a stopband transmission from 20 GHz to 38.51 GHz (again, at the −10 dB level).
When both shapes are combined, two broad stopbands are obtained in the range from
22.28 GHz to 55.78 GHz below −10 dB, as also shown in Figure 6. The stopband of the
proposed FSS can be further enhanced through a parametric study of the combined unit cell
parameters (Ri and L). A procedure for rigorous optimization of the unit cell is also applied
to achieve a broad stopband. The FSS unit cell is characterized using the frequency domain
solver of CST Microwave Studio, using Floquet ports and periodic boundary conditions.
Its transmission and reflection coefficients are shown in Figure 6. Table 1 provides the
optimized values of the unit cell parameters.

Table 1. Proposed FSS unit cell dimensions.

Parameters Quantities (Millimeters)

P 4.24
W 0.1
L 0.45
Ri 0.72
Ro 1.85
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3.2. Frequency-Selective Surface for Mutual Coupling Reduction

The proposed FSS can be used to reduce mutual coupling between the two monopole
antennas. For that purpose, six FSS unit cells are combined into a wall and placed be-
tween the closely spaced elements. Figure 7a–d shows the wall geometry. Its total size
is 12.70 mm × 19.08 mm. Figures 8 and 9 show the effect of the FSS wall for the case of
Design 1. The isolation is improved from −12 dB to −20 dB in the desired frequency band.
Similarly, the FSS wall applied to Design 2 improves the isolation from −15 dB to −21 dB.
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3.3. FSS Wall and Metallic Strip

The proposed isolation can be further improved by adding a 3 mm metallic strip beneath
the FSS wall. With this enhancement, the total size of the FSS becomes 16.72 mm × 19.08 mm.
Figure 10 shows that isolation in Design 1 is improved from −20 dB to −33 dB in certain
regions of the desired bands. On the other hand, Design 2 exhibits consistent isolation
improvement in the entire desired band (below −25 dB), as indicated in Figure 11.
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3.4. Ground Slot

Finally, a 1 mm slot in the ground plane is introduced for further isolation improve-
ment. It can be seen that mutual coupling is significantly suppressed for both MIMO
designs. For Design 1, the isolation is now below −25 dB (cf. Figure 12), whereas, for
Design 2, the isolation is below −28 dB, as reported in Figure 13.
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The CST simulation setups for Designs 1 and 2 are shown in Figure 14. The overall
simulated results for all the applied techniques of both designs are shown in Figures 15
and 16, respectively. Furthermore, as shown in Figure 17, using the surface current distri-
butions, the proposed isolation improvement technique suppresses the coupling between
the two ports sharing a common ground plane.
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4. Working Principle

The closely spaced antennas in an MIMO system radiate electromagnetic (EM) waves
in free space and on its ground. This causes an increase in mutual coupling. In order to
reduce this effect, the FSS unit cell acts as a stopband filter, showing a wide stopband of
33.5 GHz.

The combination of the FSS stopband filter blocks the unwanted EM waves from
the neighboring mounted antenna element in the MIMO system, which leads to isolation
improvement in both designs. However, there is more room for improvement. Therefore,
a metallic wall beneath the FSS unit cells and the slot on the shared ground plane is
implemented. The metallic strip helps in the prevention of air coupling, whereas the
ground slot aids in the separation of the elements from each other. This combination further
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enhances the isolation in the MIMO system design. The actual gain in Design 1 before
adding the proposed isolation structure is 4.55 dBi, and, after adding the aforementioned
structure, it rises to 6.32 dBi. Similarly, the actual gain in Design 2 before adding the
proposed structure is 4.99 dBi, and, after adding the FSS wall, it becomes 6.47 dBi.

5. Experimental Validation and Benchmarking

This section provides experimental validation of both the MIMO designs considered
earlier in this section. Measurement data are compared with the EM simulation results.

5.1. Experimental Validation of Design 1

The prototype of Design 1 including the FSS wall and the remaining components
as described earlier is shown in Figures 11b and 18a. The S-parameters of the MIMO
system are tested using the 10 MHz to 40 GHz vector network analyzer PNA-X N5242A
(Agilent Technologies, Santa Clara, CA, USA). Figure 18c shows the comparison between
the simulated and measured S-parameters. It can be seen that the measured mutual
coupling is below −22 dB at 24 GHz, and it is further improved beyond 26 GHz, achieving
less than −40 dB between 26.5 GHz and 27 GHz. The discrepancies between the two data
sets, especially noticeable in the 24 GHz to 25.5 GHz frequency range, result from the
inaccuracies of the fabrication and manual assembly process. The FSS wall with metallic
strip is inserted between the two monopole antennas using glue, which also contributes to
the mentioned misalignments. The deviations of the electrical properties of the substrate
material and the connector from their nominal values at millimeter wave frequencies
constitute another reason for the discrepancies between the simulation and measurement
data. A comparison of simulated and measured radiation patterns can be found in Figure 19.
Also in this case, the agreement between the two data sets is satisfactory.
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5.2. Experimental Validation of Design 2

Design 2 is fabricated and tested using the same measurement setup. Figure 20a,b
shows a photograph of the prototype with the FSS wall inserted between the two monopole
antennas. Figure 20c shows the reflection and transmission coefficients of Design 2 along
with the corresponding measurement data. It can be seen that both simulated and measured
results are in reasonable agreement. The reflection coefficient is below −10 dB from 24 GHz
to 27 GHz. The mutual coupling is −28 dB at 24 GHz and below −35 dB in the entire target
frequency range. In this case, the discrepancies between the simulation and measurements
are smaller, and their origin is of the same nature as explained in the previous section.
Figure 21 provides a comparison of the simulated and measured radiation patterns.
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6. Benchmarking

Table 2 shows the performance comparison of the proposed mutual coupling reduction
technique versus that of state-of-the-art designs reported in the literature. The comparison
is conducted in terms of the arrangement of the mutual coupling suppression technique,
edge-to-edge element distance, and mutual coupling reduction in terms of |S21|.

Table 2. Performance comparison between the proposed mutual coupling reduction technique and
state-of-the-art solutions.

Design Mutual Coupling
Structures

Operating Frequency
(GHz)

Edge-to-Edge
Spacing

Max. Mutual Coupling
Suppression
|S21| (dB)

Total Size of the
Antenna System

[8] EBG 3.1 to 13.5 ≈1.01λ 23 ≈0.87 λ × 1.55 λ × 0.0008 λ
[10] DGS 2 to 10 ≈0.1λ 30 ≈1.2 λ × 0.7λ × 0.032 λ

[16] Cascaded decoupling
network 2.3 to 2.4/2.4 to 2.483 ≈0.18λ 20 ≈0.82 λ × 0.82 λ × 0.25 λ

[19] Neutralization line and
decoupling network 4.68 to 5.5 ≈0.083λ 20 Not available

[22] EBG and metamaterial
wall

8.7–11.7, 11.9–14.6,
15.6–17.1, 22–26, and

29–34.2
≈0.65λ 37, 21, 20, 20, and 31 ≈0.96 λ × 0.96 λ × 0.18 λ

[27] FSS wall 57 to 63 ≈0.5λ 30 Not available
[28] Metasurface 23.8 to 25.2 ≈0.3λ 25 ≈5.65 λ × 1.7 λ × 0.28 λ
[29] Metasurface 28 and 39 ≈0.23λ 30 and 48 ≈0.7 λ × 0.63 λ × 0.013 λ
[30] EBG 28 and 39 ≈0.5λ 30 and 25 ≈1.43 λ × 0.79 λ × 0.074 λ

This work (Design 1) FSS, metallic strip, and
ground slot 24 to 27 ≈0.107λ 22.5 ≈2.57λ × 2.57λ × 1.43λ

This work (Design 2) FSS, metallic strip, and
ground slot 24 to 27 ≈0.107λ 22.5 ≈2.57λ × 2.57λ × 1.43λ

Most available mutual coupling suppression studies consider lower operating frequen-
cies, specifically, the sub-6 GHz range, and only very few papers address the issue at higher
frequencies, in particular, at mmWave frequencies. The size of the MIMO antenna system
becomes physically smaller at higher frequencies, and the antenna system is considerably
more difficult to handle compared to at a lower frequency. Additionally, for massive MIMO
antenna systems, the transmitting and receiving antennas are situated close to each other
so that mutual coupling effects degrade the overall performance of the system to a great
extent. The solution proposed in this work addresses these specific issues, i.e., isolation
improvement under challenging scenarios with physically small MIMO systems where the
application of a single technique is typically insufficient (recall that the approach presented
here combines three methods: FSS unit cells with a metal strip wall and a slot on the
common ground plane). Bearing this in mind, the performance of our technique is superior
in terms of offering a significant reduction in mutual coupling while operating under a
small edge-to-edge radiator spacing of only about 0.1λ. It is better than what is proposed
in, e.g., [27], let alone the many solutions reported for lower operating frequencies, which
are not easily transferrable to higher bands.
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7. Conclusions

This communication proposes an isolation technique for closely spaced antenna el-
ements in an MIMO system. A part of the presented approach is a novel wideband FSS
unit cell, introduced to suppress the mutual coupling, with the specific realization being an
FSS-based wall supplemented by a metallic strip, both inserted between the two antenna
elements. Furthermore, a slot is etched in the common ground plane to reduce the surface
current between the two antennas. A detailed study of the effects of the proposed approach
on the mutual coupling level is carried out to corroborate its efficacy using two specific
examples of MIMO systems, referred to as Design 1 and Design 2. It is demonstrated, both
numerically and experimentally, that the proposed technique improves the isolation by
about 23 dB and 30 dB for Designs 1 and 2, respectively. The presented mutual coupling
suppression technique provides an attractive alternative to existing approaches and can
be used in the design of compact platforms with high isolation for 5G NR massive MIMO
system applications.
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