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A Novel Frequency Selective Surface Loaded MIMO Antenna
with Low Mutual Coupling and Enhanced Gain
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Abstract—This study focuses on the utilization of a slotted patch MIMO antenna to enhance isolation
and gain. The MIMO antenna configuration includes two radiators integrated with an array of Frequency
Selective Surfaces (F'SSs). These antenna components are implemented on an FR-4 substrate and
encompassed by FSS units that are optimized for X-band frequencies. The proposed MIMO antenna
possesses dimensions of 65 mm (width) x 45mm (length) x 1.6mm (height). The primary objective
of incorporating FSSs is to not only enhance isolation but also achieve high gain. The proposed FSS
design features a circular ring structure with a rectangular loop at its center. The FSS unit cells exhibit
excellent stability across various polarization incidence angles and operate within the frequency range of
7 to 9 GHz. The FSS loaded antenna offers a bandwidth ranging from 8.0 to 8.55 GHz, with a peak gain
of 6.5dB and isolation exceeding —20 dB among the MIMO elements. Furthermore, the study explores
the MIMO antenna’s performance in terms of diversity gain (DG), efficiency, and Envelope Correlation
Coefficient (ECC), demonstrating superior results compared to existing state-of-the-art approaches.
The proposed findings are validated by fabricating a sample prototype and conducting a comprehensive
comparison between simulated and measured results.

1. INTRODUCTION

Microstrip patch antennas (MPAs) have gained significant attention for high-frequency data
communication in various applications. They are favored for their lightweight design, cost-effectiveness,
and ease of fabrication. However, their large size limits their utilization in multiple-input multiple-
output (MIMO) antenna systems. Although traditional MPAs can be employed for 5G networks, their
compact size often leads to a narrow bandwidth [1]. The emergence of 5G systems promises seamless
connectivity for cutting-edge technologies such as virtual reality, smart homes, telehealth, and the
Internet of Vehicles (IoV). In the current communication landscape, MIMO antennas play a crucial role
in transmitting and receiving multiple data streams within the same radio network [2]. Because they
reduce interference, MIMO antennas are a critical element in modern wireless communication networks
because they increase connection quality and channel capacity without needing additional bandwidth.
Designing MIMO antennas is a substantial challenge since electromagnetic wave interactions among
close components can affect antenna properties, including bandwidth, gain enhancement, and radiation
pattern [3]. MIMO antenna system is an exciting research area that may be utilized to increase the range
and dependability of Wi-Fi LAN, Bluetooth, PDAs, DCS, WLAN, and UMTs. It is also important for
the deployment of next-generation wireless equipment. Surface wave and near-field effects cause coupling
between antenna components, which has a direct impact on the presentation of the array. So, in many
MIMO antenna applications, mutual coupling cannot be neglected [4,5]. The mutual coupling problem
between antenna components is difficult to resolve using baseband algorithms and signal processing.
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To minimize mutual coupling, a minimum distance between adjacent patches is required [6]. Several
techniques for lowering mutual coupling have been studied to solve this problem, including stub loading
technique [7], defected ground structure (DGS) [8], electromagnetic band gap (EBG) structure [9, 10],
neutralization lines [11], resonator structures [12], slots [13], and metamaterial [14]. Several other
techniques for enhancing the gain of microstrip antennas have also been reported, including antennas
with substrates [15], superstrates [16, 17], reflective surfaces [16-20], and metamaterials [21]. In recent
times, FSSs are mainly two-dimensional arrays of dielectric patches or aperture arrays within a metallic
screen that perform the appropriate filtering action [22]. Another FSS composed only of dielectrics
is acceptable for wideband near-field correction, beam scanning, and other applications requiring a
lot of bandwidth [23,24]. For about 50 years, FSS has been analyzed. The FSS may be used to
improve the gain and directivity of patch antennas. FSSs are periodic arrays made up of conductive
patches or aperture components that, depending on their frequency, reflect or transmit electromagnetic
waves. They operate as spatial filters, allowing electromagnetic waves to pass through or bounce back.
They are often used as antenna reflectors due to their band-stop or band-pass characteristics [25],
Radom [26], electromagnetic absorbers [27], radar cross-section reduction elements [28], and artificial
magnetic conductors [29]. One current challenge is suppressing spurious bands while improving antenna
gain. Several approaches for increasing gain in MIMO antennas have been studied. In [30], for
MIMO system gain and isolation advancements, a current metamaterial (MTM)-based superstructure
is studied. In [31], a dual-band rectangular microstrip antenna with decoupling structures is proposed;
the decoupling structure consists of modified array antenna decoupling surface (MADS) and H-shaped
defect ground structures (HDGS). Under the impact of the MADS, the gain is increased in the work
bands. In [32], a symmetrical dual-beam end-fire bow-tie antenna with gain improvement for 5G
MIMO applications is designed by merging three pairs of MTM arrays. In [33], a single-layer substrate
integrated waveguide (SIW) corrugated method is introduced, which is later employed as the core
component of two high gain, low mutual coupling Ka-band MIMO antennas. In [34], on top, there
are two sets of four-element antenna arrays, and on the ground plane, there is a unique MTM design
that improves gain, bandwidth, and mutual coupling, but the antenna structure is huge and difficult
to manufacture. A slot is put between the elements of the microstrip patch antennas, reducing mutual
coupling and increasing gain [35]. In [36], to enhance a circular patch MIMO antenna’s bandwidth and
gain, a ring and a circular parasitic antenna with an air gap were added to a conventional circular patch
MIMO antenna. To improve the mutual coupling (MC) in closely packed dual-band MIMO antennas,
an adapted array antenna decoupling surface and an H-shape DGS were used [37]. In [38], a proposed
tri-port tiny antenna with gain enhancement was mounted on a hybrid metasurface (MS).

This work presents a rectangular slot patch MIMO antenna with good isolation and a distance
from edge-to-edge of 14.5 mm. The antenna works in the 8.15 to 8.55 GHz frequency range, providing a
well-known frequency standard for X-band uses. The MIMO antenna design consists of two rectangular
slotted patches that emit signals, along with an FSS component. The FSS elements are positioned in
a periodic arrangement around the two patches to enhance the antenna gain and minimize interference
between them. Computer simulation technology (CST) is employed to design, simulate, and optimize
the antenna. The antenna’s performance is evaluated through both simulation and measurement, and
the results are compared to assess its effectiveness.

2. ANALYSIS AND DESIGN

2.1. FSS Design

Figures 1(a) and (b) show the designed structure of the given FSS unit cell. The frequency range of the
FSS is 7.0 to 9.0 GHz. The proposed FSS unit consists of a circular shape with a rectangular stub in
the middle. The FSS is integrated onto the same substrate as the patch in the MIMO antenna design.
The substrate, made of FR4, has a height of 1.6 mm and a dielectric constant of 4.4. The simulations
are conducted using CST Microwave Studio. The FSS unit cells are designed in a closely spaced
arrangement to achieve a transmission coefficient (Si2) below —10dB across the entire frequency range.
The dimension of the proposed unit cell in millimeters are Rs = 3.7, RP = 4.2, LS =4, WS = 0.5, and
periodicity of p = 10. Figures 1(c) and (d) illustrate the transmission coefficient (|S21]) and reflection
phase of the FSS unit cell, respectively. These graphs depict the functionality of the designed FSS
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Figure 1. (a) Structure of initial and (b) proposed FSS unit cell and (c) its simulated S-parameter
|S21] (d) phase response and (e) S-parameter |S1;| and S-parameter |S;| and (f) simulated surface
current distribution.

as a band-stop filter within the frequency range of 7 to 9 GHz, with a magnitude of the transmission
coefficient (|S21]|) of 10dB. The given FSS reflection phase decreases linearly with frequency and is
reduced to nearly zero at 8.4 GHz. The proposed FSS exhibits a linear reflection phase throughout the
frequency range of 7 to 9 GHz. Figure 1(c) depicts the two-stage development of the suggested FSS and
its simulated transmission coefficient.

The evaluation of the proposed unit cell is presented in Figure 1(a) and (b). The transmission
coefficient of the FSS is represented in Figure 1(c). It is obvious that in step-1, circular ring unit cell
is designed, which resonates at 8.8 GHz. However, in step-2 the proposed FSS unit cell is designed
by adding a rectangular stub in the circular ring, which is able to shift the resonance frequency from
8.8 GHz to the desired resonance frequency of 8.4 GHz, as depicted in Figure 1(e). In Figure 1(f),
the surface current distribution of the examined antenna is depicted. The observation reveals that
the metallic patch functions at the same frequency, leading to a concentrated surface current. This
intensified current density causes substantial surface reflections, thereby diminishing the transmission
efficiency at that specific frequency.

2.2. Antenna Design

This section designs a simple rectangular slot patch antenna for X-band application as shown in
Figures 2(a)—(c). In step-1, the conventional microstrip patch antenna is made of a rectangular patch
and FR-4 as a dielectric substrate with relative permittivity of 4.4 and tand = 0.025, and the thickness
is 1.6 mm with an outer dimension W x L = 12 x 12mm? as shown in Figure 2(a). During the second
step of the designing antenna, a square slot is etched out from the edges, as illustrated in Figure 2(b).
The simulation results, depicted in Figure 2(d), clearly demonstrate that the resonance frequency has
shifted towards a higher frequency. The proposed design now exhibits resonance at 8.3 GHz.
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Figure 2. Design steps of proposed antenna. (a) step-1, (b) step-2, (c) proposed antenna and (d)
simulated |S11| of different shapes of a single antenna. [L = 12; W = 12; a = 0.36; b = 0.36; ¢ = 1.10;
d = 1.10. (unit = mm).

3. PROPOSED MIMO ANTENNA ANALYSIS

3.1. MIMO Antenna Design

The design and prototype models of the proposed MIMO antenna system with slotted patches are
illustrated in Figure 3(a). These antenna components represent an evolution from the basic rectangular
patch antenna. The specific dimensions of the proposed MIMO antenna are determined using the well
established transmission line theory. This theory allows for the calculation of the effective resonant
length (Ls) and width (Ws) corresponding to a given resonant frequency (f,) [41].

Lye = < —2AL (1)
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The MIMO antenna’s overall dimensions are 20 x 40 x 1.6 mm?®, which is smaller than other antennas.
Two radiating patches with slots are fabricated on an FR-4 substrate with thickness 1.6 mm. The width
and length of the radiators are 7.5 and 7.5 mm, respectively. The substrate is claimed to be supported
by a shared ground plane. Initially, simple rectangular patch antenna elements were designed, each
operating at 8.4 GHz with mutual coupling |S21| < —16dB. Figure 3(b) presents the magnitudes of
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Figure 3. (a) Schematic view of the proposed MIMO antenna; (b) |S11] and |S21| of MIMO antenna
without F'SS. [MW = 40; gap = 14.5. (unit = mm)].
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|S11| and |S2;| for the MIMO antenna without the utilization of Frequency Selective Surface (FSS). To
improve the |S;| performance of the rectangular patch MIMO antenna, slots are introduced into the
patch. By maintaining a distance of “d” between the two patches, a low mutual coupling is observed.

3.2. MIMO Antenna Using FSS

The MIMO antenna design features rectangular slotted patches and integration of FSS, as shown in
Figures 4(a) and (b). The antenna components consist of two-port slotted patches that are printed on
a rectangular substrate measuring 65 x 45 mm?. The antenna is fed at two ports using two 50 Q SMA
connectors. Rectangular slot patches and FSS elements are printed on the top surface of the substrate.
The FSS elements are positioned periodically around the patches, with a separation distance denoted
as “c”, in order to improve the performance of the antenna. Impedance matching (|S11|) is achieved
across the desired resonant frequency band, which indicates good performance. Furthermore, it is also
observed after loading F'SS units around the antenna that the impedance matching is well preserved.
Figures 4(c) and (d) show the current distributions at 8.4 GHz in both the absence and presence of
FSS elements. When one antenna (right side) is excited and the other antenna terminated with 50 2
impedance, a high mutual coupling between the patches is achieved, because the current is closely linked
to other radiators without F'SS elements, as shown in Figure 4(c). The positioning of the FSS elements,
as shown in Figure 4(d), demonstrates a noteworthy reduction in current density between the two
radiating patches, yielding improved performance. Consequently, these analyses assist in identifying
the optimal placement of FSS elements for enhanced isolation between the patches. By introducing
FSS elements between the two patches, the flow of current to the opposite side is hindered, effectively
reducing coupling between the patches. Furthermore, after loading the FSS in the middle of the two
rectangular patches, the isolation, represented by |Sa1|, is observed to be less than —20 dB. Figures 5(a)—
(c) display the |S11| and |Sa1| of the FSS-based antenna before and after incorporating the FSS. The
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Figure 4. (a) Schematic view of MIMO antenna using FSS. (b) Fabricated prototype and (c) simulated
surface current distribution without FSS and (d) with FSS.
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Figure 5. (a) Experimental setup. (b) Simulated and measured Sii. (c) So1.
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simulated and measured |S11| of the proposed MIMO antenna exhibit good agreement. Additionally,
Figure 6(a) illustrates the measured and simulated gains for the two antennas. At a frequency of
8.4 GHz, the MIMO antenna exhibits a maximum gain enhancement of 2.5dB. The antenna gain is
illustrated in Figure 6(a) both with and without FSS elements. The antenna is reported to have a
gain of 4dB without FSS, but with the inclusion of FSS elements, the gain increases to 6.45dB due
to improved aperture efficiency. Placing FSS units above the MIMO antenna leads to a redistribution
of surface current and facilitates the transmission of energy from the radiating element to the antenna
surface. Consequently, the loaded FSS units demonstrate enhanced aperture efficiency compared to a
MIMO antenna without FSS units. Notably, the FSS units surrounding the right-side patch antenna
receive additional power. The integration of an FSS in the MIMO antenna leads to a significant gain
improvement. This gain enhancement is achieved by the coherent superposition of energy radiated
from the FSS unit cells and patches, as highlighted in the study’s findings. The radiation efficiency
of the antenna is depicted in Figure 6(b), demonstrating a high efficiency of approximately 77% after
incorporating the F'SS. To further analyze the radiation patterns of the MIMO antenna, both measured
and simulated radiation patterns are presented in Figures 7(a) and (b). The results indicate that the
MIMO antenna with the loaded FSS exhibits a more focused radiation pattern than the MIMO antenna
without the loaded FSS.
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Figure 6. (a) Simulated and measured gain (b) efficiency with and without FSS.
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Figure 7. The radiation pattern of the proposed work, with both simulated and measured results
depicted for the (a) E-plane and (b) H-plane and (c) simulated envelope correlation coefficient and
diversity gain.
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4. PROPOSED ANTENNA DIVERSITY PERFORMANCE

The performance evaluation of the MIMO antenna involves the consideration of established system
parameters, including the Envelope Correlation Coefficient (ECC) and Diversity Gain (DG). CST
Microwave Studio is utilized to estimate the diverse performance of the proposed antenna. The
subsequent section provides a detailed and comprehensive explanation of these parameters.

4.1. Envelope Correlation Coefficient

Envelope Correlation Coefficient (ECC) is a critical metric for evaluating the performance of MIMO
systems. In the case of the proposed antenna, ECC is utilized to assess its diversity performance, as
depicted in Figure 7(c). ECC reflects the correlation between the received signals of the antenna. It
can be computed using the 3D far-field radiation patterns or scattering characteristics of the antenna.
It is important to note that estimating ECC values solely based on S-parameters for lossy antennas is
inefficient and often leads to an underestimation of the actual requirements. Equation (3) presents the
calculation of ECC for a two-port MIMO system, taking into account the S-parameters and radiation
efficiency [39].

[S11 X S12 + S21 X Sog|

3
=150 — 152 (1~ 15 ® ~ [Saal?) )

The ECC, shown in Figure 7(c), indicates the correlation of the given antenna. To achieve optimal
MIMO performance, it is ideal for the ECC to be below 0.5 [40]. Figure 7(c) demonstrates a minimal
correlation between two antennas, with a consistently simulated ECC value below 0.001 throughout the
entire operating frequency range. This observation suggests that the MIMO antenna exhibits remarkable
pattern diversity, as the ECC value is below 0.5.

ECC =

4.2. Diversity Gain

The Diversity Gain (DG) in wireless networks serves as a measure of performance and reliability for
MIMO antennas. It is typically achieved by receiving multiple transmission streams through distinct
channel paths. Therefore, the MIMO antenna should demonstrate a high DG, ideally exceeding 10 dB,

Table 1. Comparison of the given work with previously published works.

References | f (GHz) Ant. (ifnnf)n Son BW (%) E}d?;r)l Layer Method
[15] 10.44 28 x 28 6.93 757 | 2 Metasurface
superstrate

[16] 24 120 x 120 - 10.14 2 FSS superstrate
[17] 412 86.5 x 86.5 - 12 2 FSS
[18] 2.5-12 82.5 x 82.5 - 9 2 FSS Reflector
[19] 2.45-5.8 76 x 52 548 to 748 | 5 2 FSS
[20] 5.79-6.02 29.2 x 41 6.93 5.37 2 Metameterial array
[30] 26 30 x 30.5 - 7.4 2 metamaterial
[31] 26.8-28.4 72 x 17.2 5.8 69.5 1 Parasitic element
[32] 5.8 137 x 77 - 9.2 2 Metameterial
[34] 2.3 50 x 130 49.7 7.1 1 Parasitic structure
[35] 3.74.1 48.5 x 60.6 - 8.1 2 MADS and HDGS
[37] 1.3-40 47.5 x 40.1 187 8.51 1 T-shape Parasitic
[38] 4-8 80 x 40 65.5 3.8 1 Metasurface DMS

Prop. 8.4 65 x 45 6.45 6.5 1 Single substrate
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within the designated frequency range, as shown in Figure 7(c). The DG can be calculated using
Equation (4), with the ECC value as one of the parameters [42].

DG =10 x /1 - (ECC)? (4)

Table 1 provides a comparison of the proposed MIMO antenna’s performance with recently
published works in the literature, focusing on the antenna’s size, isolation, and high gain. The proposed
MIMO antenna exhibits high gain, compact size, and maintains satisfactory isolation between its
radiators. The comparison includes various aspects such as overall antenna volume, isolation, mutual
coupling reduction, and gain enhancement techniques. It can be observed from Table 1 that the
antenna [16] achieves high gain but has a narrow bandwidth, a two-layer construction, and a significantly
larger size than the proposed antennas [17,18], which also have larger sizes. On the other hand, the
antenna in [15] demonstrates a smaller size but features a two-layer construction and lower gain than
the given antenna. The proposed design stands out as it utilizes a single substrate, unlike other antenna
designs that involve multiple substrates, as indicated in Table 1. While alternative methods may enhance
antenna gain, they often come with increased complexity, larger footprint, and potential impacts on
other parameters such as radiation pattern and efficiency. Consequently, the antenna’s overall cost may
rise due to its complexity. In this study, the antenna and reflector are designed on the same substrate,
minimizing space requirements and improving radiation performance.

5. CONCLUSION

This study presents a single-band slotted patch MIMO antenna aimed at enhancing isolation and
gain. The MIMO antenna features a simple design with compact dimensions of 65 x 45 mm? and
a gap of 14.5mm between the two patches. To improve the gain and reduce mutual coupling, a
novel approach utilizing an angularly stable band-stop FSS is employed. Metasurfaces, known for
their exceptional electromagnetic properties, are utilized to enhance performance and reduce the size
of patch antennas. The proposed FSS consists of a periodic structure with a circular shape and a
rectangular stub in the center. It exhibits high stability across various polarizations and incidence
angles. The operating frequency range of the FSS spans from 7 to 9GHz. The FSS elements are
strategically positioned periodically around the two antennas to improve impedance matching, reduce
mutual coupling, and enhance gain. The antenna demonstrates an impedance bandwidth ranging from
8.0 to 8.55 GHz, with significant isolation of 21 dB within the resonating band. At 8.4 GHz, the antenna
achieves a peak gain of 6.5 dB and radiation efficiency of 77%. The ECC indicates exceptional diversity
performance, with a value of 0.001, while the DG achieves an impressive approximately 10 dB. Instead of
utilizing multiple substrates for the antenna and FSS, which occupies considerable space, the suggested
approach integrates both the antenna and FSS on a single substrate. This innovation leads to enhanced
performance and compactness, offering a more efficient solution.
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