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Abstract – This work proposes the development of a
metamaterial-loaded circularly dual-band cavity-backed
substrate integrated waveguide (SIW) MIMO antenna
designed for the sub-6 GHz, emphasizing sub-6 GHz 5G
and WLAN applications. The creation of dual operating
bands is enabled via a modified dual split ring resonator
(CSRR)-shaped slot that is etched into the SIW cavity-
backed rectangular radiator. Additionally, the antenna
incorporates 6x3 modified SSRR unit cells strategically
located in front of the intended radiators along the y-
axis. This arrangement enables circular polarization and
enhances the gain of the proposed radiator at 3.3 GHz
and 5 GHz. The metamaterial loading of the proposed
antenna yields a gain of 5.5 dB at 2.4 GHz and 5.4
dB at 5 GHz. Further, the implementation of a CSRR
electromagnetic bandgap (EBG) decoupling structure
reduces the mutual coupling between the radiators. The
antenna exhibits an exceptional diversity performance.
The experimental validation of the system confirms its
intended functionality.

Index Terms – 5G sub-6 GHz, circularly polarized, gain
enhancement, metasurface, MIMO antenna, SIW cavity.

I. INTRODUCTION
There is a notable need for improved data trans-

mission capacity and link reliability in the current 5G
age of wireless communication technology, as wireless
devices are progressing at a rapid pace [1]. Among
the several methods proposed by researchers to meet
demand, MIMO technology has emerged as a highly
effective means of improving data rates [2]. Without uti-

lizing extra resources, MIMO antennas (multiple-input
multiple-output) can increase channel capacity and link
dependability [2]. Circularly polarized antennas, in con-
trast, have small propagation losses because they effi-
ciently combat multipath fading [3]. This is why mod-
ern wireless networks can’t function without circularly
polarized MIMO antennas. Although wideband MIMO
antennas with circular polarization have been created,
modern communication systems are better served by
multi-band antennas with circular polarization [3]. The
literature reports a plethora of methods for achieving cir-
cular polarization. Circular polarization can be achieved
by strategically placing a patch on top of differently
shaped slots, as described in [4, 5]. In [6, 7], the cir-
cular polarization is achieved by means of a metama-
terial superstate. Many design considerations also need
to be satisfied in order to achieve compact dimensions,
excellent gain, and minimized mutual coupling.The lit-
erature has been updated with a variety of MIMO anten-
nas that have been introduced by researchers in recent
years [4, 6, 7]. The literature states that in order to
achieve a reduction in mutual coupling, it is necessary
to place an electromagnetic bandgap (EBG), parasitic
elements, a rectangular stub, a various shape decoupling
structure, and metamaterial [8, 9]. Over the past decade,
a novel technology called substrate integrated waveg-
uide (SIW) cavities has emerged, offering an extensive
range of applications and innovative strategies for several
existing applications [10, 11]. The SIW cavity-backing
architecture, positioned near the edge of the ground
plane structure, has significantly reduced back lobe radi-
ation and unwanted surface currents. Thus, it enhances
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antenna gain while maintaining a compact form fac-
tor and providing excellent cost-effectiveness. Conven-
tional SIW cavity-backed slot antennas exhibit signifi-
cant challenges due to their limited operating bandwidth
and substantial size. Researchers have explored many
ways over several years to enhance the bandwidth of
the SIW cavity-backed slot antenna. The enhancement
in bandwidth is achieved by exciting two closely placed
mode combinations, with adjustments made to the cav-
ity modes. This facilitates an enhancement of the band-
width. Tuning of the cavity’s position, dimensions, and
slot size is necessary to optimize the cavity modes [12].
The implementation of shorting vias [12] and the slot
ring [13] aims to enhance the bandwidth of the SIW
antenna.

In environments with significant dispersion, such as
industries, a high-gain antenna is essential. The antenna’s
gain is improved by the utilization of multi-layer sub-
strates [14] and metamaterials [15] as reported in the
literature. A challenge in enhancing gain is the increas-
ing desire for smaller gadgets that occupy less physical
space. Metamaterials have recently emerged as a fea-
sible and economical approach to enhance gain with-
out significantly increasing the physical dimensions of
the antenna. Metamaterials are a unique class of syn-
thetic compounds that exhibit extraordinary properties
that are not found in organic substances. The integra-
tion of metamaterials into various antennas substantially
enhances antenna gain performance [16]. The metama-
terial array is situated in front of the antenna to boost
the gain [16, 17]. Furthermore, the antenna gain is
improved by placing the metamaterial array above the
antenna [18]. The antennas that have been listed above
illustrate a variety of methods for circularly polarized
MIMO antenna implementation, mutual coupling reduc-
tion, bandwidth enhancement, and gain enhancement;
however, there are only a few sub-6 GHz MIMO anten-
nas that are now available that provide a wider band-
width with a higher gain in a compact-sized planar con-
figuration. Further, the mentioned antennas used a meta-
material layer superstate for gain improvement, but this
method makes antennas bulky. In this work, the devel-
opment of a metamaterial-loaded circularly dual-band
cavity-backed SIW MIMO antenna designed for the sub-
6 GHz frequency is emphasized, focusing on sub-6 GHz
5G and WLAN applications.

II. MIMO ANTENNA CONFIGURATION
AND ITS DEVELOPMENT

A. SIW cavity-backed radiator development
Figure 1 (a) illustrates the arrangement of the pro-

posed SIW cavity-backed slot antenna (Antenna-1). The
design incorporates a rectangular SIW cavity, formed by
arranging metal vias in a rectangular pattern, as illus-

trated in Fig. 1 (a). The traditional rectangular SIW
cavity-backed antenna is designed with metallic vias to
prevent electromagnetic energy leakage. The SIW stan-
dards require that the pitch distance (s) and diameter
(d) of metallic vias maintain the ratios d/s ≥ 0.5 and
d/λ0 ≤ 0.1. According to the information presented in
[10], the dimensions of the rectangular cavity resonator
have been estimated using Equation (1), leading to a first-
order mode (i.e., TE110) resonance at approximately 3.4
GHz, as illustrated in Fig. 1 (f):
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where L − SIW cavity length, W − SIW cavity width,
and C and εr are the velocity of light and the dielectric
constant, respectively. The m, n, and p are mode indices.

A shorting pin is placed 3 mm from the left side and
8 mm from the top wall of the SIW cavity radiator to
improve its bandwidth, as illustrated in Fig. 1 (a). The
shorting pins establish a short circuit within the current
path, leading to resonance. The increase in bandwidth is
achieved by exciting two hybrid modes: resonance from
the SIW cavity and shorting pins placed in close prox-
imity to one another. The proposed SIW cavity-backed
antenna features two slots designed to produce dual-band
resonant frequencies: the outer ring Circular Split Ring
Resonator(CSRR) slot and the inner ring CSRR slot. The
integration of the inner and outer CSRR slots results in a
reduction in series inductance while concurrently intro-
ducing series capacitance within the cavity circuit.

Antenna-2 has an outer ring CSRR slot positioned
near the center of the side cavity, as illustrated in
Fig. 1 (b). The resonant frequency of the CSRR outer
ring slot can be calculated using the following equation:

fr =
c

2L1
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3×108
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√

4.4
= 5.1 GHz. (2)

The placement of the CSRR outer ring slot signifi-
cantly influences the current path of the first-order res-
onance mode (TE110), leading to a modified first-order
mode (TE110) that shifts the resonant frequency from
3.4 GHz to approximately 2.5 GHz due to reactive load-
ing, as illustrated in Fig. 1 (f). Consequently, the outer
ring CSRR slot effectively regulates the lower resonance
frequency (2.4 GHz) of the proposed antenna. The inner
CSRR slot is removed from the center of the cavity
within the outer ring CSRR in Antenna-3, as illustrated
in Fig. 1 (c). The resonant frequency of the CSRR outer
ring slot can be calculated using the following equation:

fr =
c

2L2
√

εr
=

3×108

2×18×10−3
√

4.4
= 2.48 GHz. (3)

The placement of the inner CSRR ring slot sig-
nificantly influences the current path of the first order-
resonance mode (TE110), resulting in a slight modi-
fication of the TE110 mode resonant frequency from
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Fig. 1. (a)-(e) Development of the proposed SIW cavity-
backed radiator, (f) Reflection coefficient of the proposed
antenna.

2.5 GHz to 2.41 GHz for WLAN applications. Addition-
ally, the inner ring CSRR slot produces a second-order
resonance mode (TE120) at 3.3 GHz as a result of the
reactive loading from the CSRR slot, as illustrated in
Fig. 1 (f). Ultimately, Antenna-3 exhibits a hybrid mode
(TE110 and TE120) at frequencies of 2.4 and 3.3 GHz,
suitable for WLAN and sub-6GHz 5G applications. The
SIW cavity dual slot antenna is excited by a 50Ω feed-
line to function at frequencies of 2.4 GHz and 3.3 GHz.
The lumped element equivalent circuit of the proposed
SIW cavity-backed antenna is illustrated in Fig. 2 (a).
The equivalent circuit of the SIW cavity, outer CSRR
slot, and inner CSRR slot with conductor is illustrated
in Fig. 2 (a). The equivalent circuit diagram illustrates
that the metallic vias are influenced by inductance. The
connection between the transmission line and the SIW
cavity provides the coupling capacitance and coupling
inductance. Additionally, the parasitic capacitance and
inductance of the transmission line are represented by Cr
and Lr. The outer CSRR ring slot is governed by the par-
allel lumped elements R, L, and C, while the inner CSRR
ring slot is similarly governed by the parallel lumped ele-
ments R, L, and C.

The proposed SIW cavity-backed slot antenna is
analyzed through the simulation of its lumped equiva-
lent circuit using NI AWR Microwave Office software.
The S-parameter of the lumped equivalent circuit of the
proposed SIW cavity antenna is compared with the S-
parameter of the CST model of the proposed SIW cavity
antenna in Fig. 2 (b). Figure 2 (b) indicates that the pro-
posed antenna operates at frequencies of 2.4 and 3.3 GHz
for both the CST model and the equivalent circuit model.

Fig. 2. Lumped equivalent circuit of proposed SIW cav-
ity antenna, (b) Reflection coefficient of the proposed
antenna for CST model and equivalent circuit model.

Thus, the performance of the CST model and the lumped
equivalent circuit model is equivalent.

B. Metamaterial for gain enhancement and circular
polarization conversion

The proposed antenna is intended for industrial
WLAN and sub-6GHz 5G applications. Therefore, an
antenna with standard gain and polarization is insuffi-
cient for this type of factory environment due to the
high path loss. Therefore, an antenna with high gain and
circular polarization is necessary for environments with
significant path loss. This work introduces the metama-
terial loading method to achieve high gain and circu-
lar polarization. The proposed Square Split Ring Res-
onator(SSRR) metamaterial unit cells are illustrated in
Fig. 3 (a). The proposed SSRR metamaterial unit cell
comprises an outer square ring stub and an inner square
ring stub, which together provide an inductive effect, as
depicted in Fig. 3 (a). Additionally, a 0.5 mm slot is
removed at each corner of the outer square ring stub
to generate a capacitive effect. As depicted in Fig. 3
(a), a 0.5-thickness stub is connected at the midpoint
of both the inner and outer square ring stubs in ver-
tical and horizontal orientations, which produces an
inductive effect. The rectangular stub intersects both
the inner and outer ring stubs at the center, as illus-
trated in Fig. 3 (a). In order to conduct the performance
study of the metamaterial, the unit cell of the metamate-
rial is positioned between two waveguide ports. Addi-
tionally, multiple boundary conditions, including perfect
electric conductor (PEC) and perfect magnetic conduc-
tor (PMC), were applied along the xz axis. The complete
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characterization is conducted using CST Microwave Stu-
dio software. The incident electromagnetic waves typ-
ically propagate along the y-axis. The placement of the
antenna regulates the y-axis stimulation of the metamate-
rial structure, subsequently influencing the transmission
of electromagnetic waves via metamaterial.

The permeability, permittivity, and refractive index
are essential parameters for accurately assessing the per-
formance characteristics of the suggested SSRR meta-
material unit cell. The permittivity, permeability, and
refractive index of the proposed metamaterial unit cell
are illustrated in Figs. 4 (a-c). Figures 4 (a-c) demon-
strate that the proposed metamaterial shows a nega-
tive real near-zero refractive index (NZRI) and epsilon-
negative (ENG) characteristics at frequency ranges of 2.4
GHz and 3.3 GHz. The results clearly demonstrate that
the proposed SSRR metamaterial shows near-zero prop-
erties within the operational bands (2.4 and 3.3 GHz).
As a result, the designated operating frequency range
(2.4 and 3.3 GHz) can be employed to enhance gain and
adjust the polarization of the proposed antenna. The 6 ×
3 array of modified Square Split Ring Resonator (SSRR)
is depicted in Fig. 3 (b). The proposed design incorpo-
rates a metamaterial comprising a 6 × 3 array of mod-

Fig. 3. (a-b) Proposed SSRR metamaterial unitcell.

Fig. 4. (a) Permittivity, (b) Permeability, and (c) Refrac-
tive index of SSRR unitcell.

ified Square Split Ring Resonator (SSRR) unit cells. It
is printed in front of the antenna in the y-direction as
depicted in Fig. 1 (d). The periodic distance of 0.5 mm
is maintained in both the x and y directions between
two SSRR unit cells.The y-axis is the orientation of an
electromagnetic wave that is propagating normally. The
y-axis corresponds to the normal path of the electro-
magnetic wave’s incidence. Electromagnetic interactions
within the modified SSRR metamaterial unit cell, trig-
gered by the incident waves, produce resonance in the
transmitted and reflected waves. Since the electromag-
netic wave enters the modified SSRR metamaterial unit
cells via the SIW cavity-supported antenna and travels
in that direction, the y-axis makes it easier to excite the
modified SSRR metamaterial unit cell.

The antenna’s gain, with and without metamaterial,
is illustrated in Fig. 5 (a). Figure 5 (a) reveals that the
suggested antenna demonstrates gains of 3.2 dB and 2.6
dB at frequencies of 2.4 GHz and 3.3 GHz, respectively.
The suggested antenna demonstrates a gain of 6.1 dB
at 2.4 GHz and 6.5 dB at 3.3 GHz, following the inte-
gration of the metamaterial unit cells. The gain of the
proposed antenna with SSRR metamaterial loading has
been significantly improved without modifying the reso-
nant frequencies, as illustrated in Fig. 5 (a). Moreover,
the metamaterial generally has the capacity to modify
polarization. The suggested metamaterial unit cells are
situated in the y-direction in front of the antenna, facil-
itating the conversion of linear polarization into circu-
lar polarization. The suggested metamaterial functions as
a linear-to-circular polarization converter at the 2.4 and
3.3 GHz bands, as evidenced by the axial ratio charac-
teristic illustrated in Fig. 5 (b). The axial ratio of the
proposed antenna exceeds three decibels at all opera-
tional frequencies (2.4 and 3.3 GHz), as illustrated in
Fig. 5 (b).

Fig. 5. (a) Gain of the the proposed radiator with and
without metameterial, and (b) Axial ratio of the proposed
radiator with and without metamaterial.
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Fig. 6. Proposed MIMO antenna without and with SIW
cavity backed parasitic stub decoupling structure (a)
Front side, and (b) Back side of the substrate.

C. Two-port SIW cavity-backed high-gain circularly
polarized MIMO antenna design

For the purpose of facilitating communication in
an environment that has a considerable path loss due
to scattering, the antenna ought to have a high chan-
nel capacity, a high gain, and a good link reliabil-
ity. This led us to propose the two-port SIW cavity-
backed gain improved circularly polarized metamaterial-
loaded dual-band MIMO antenna as a potential solu-
tion for usage in WLAN and sub-6GHz 5G applications
in industrial environments. As depicted in Fig. 6, the
SIW cavity-backed gain increased the circularly polar-
ized metamaterial-loaded dual-band MIMO antenna that
has been presented is designed by positioning two SIW-
based metamaterial-loaded radiators in close proxim-
ity to each other so that they share a common ground
plane. The adjacent positioning of the proposed radiator
enhances the mutual connection between the suggested
SIW cavity-backed radiators. Nevertheless, the mutual
coupling among the radiators requires further enhance-
ment to optimize MIMO performance. There is a neces-
sity for a distinct decoupling structure between the pro-
posed SIW cavity-backed radiators. An EBG structure
can inhibit the transmission of electromagnetic waves
within specific frequency ranges, termed the band gap.
The EBG exhibits band stop filter characteristics across
the band gap, enabling its application as a decoupling
structure in MIMO antennas. Therefore, to diminish the
reciprocal coupling between the radiators in the proposed
MIMO antenna, a unique EBG decoupling structure is
presented in Fig. 7 (a). The unit cell of the proposed mod-
ified CSRR EBG structure is seen in Fig. 7 (a). The pro-

posed EBG decoupling structure is constructed by using
modified CSRR ring stubs as depicted in Fig. 7 (a). As
depicted Fig. 7 (a), two T-shaped stubs are connected
along with modified CSRR of the EBG unit cell.

Fig. 7. (a) Proposed modified Circular Split Ring Res-
onator EBG unit cell, and (b) Dispersion diagram of the
proposed CSRR EBG unit cell.

The characterization of the proposed EBG unit cell
is conducted using CST Studio software. To effectively
analyze the features of the proposed EBG unit cell, the
dispersion diagram of the EBG can be utilized. The dis-
persion diagram of the proposed EBG unit cell is illus-
trated in Fig. 7 (b). Figure 7 (b) indicates that the pro-
posed EBG unit cell functions as a stop band within
the frequency range of 2.2 to 4 GHz. Consequently,
throughout the 2.2-4 GHz frequency range, the EBG unit
cell functions as a stop-band filter. The electromagnetic
waves propagate from one radiator to another while both
radiators are simultaneously energized. To alleviate this
issue, the suggested 7x2 EBG unit cells are positioned
on the rear side of the substrate, above the ground plane,

Table 1: Dimension of the proposed antenna
P=D P=D P=D P=D
L=40 LG2=1.9 W2=1 WG1=3

L1=12.1 LG3=12.1 W3=2.3 WG2=1.5
L2=5.5 LG4=1 W4=7.3 WG3=5
L3=1.8 LG5=1.2 W5=7.5 WG4=3.5
L5=5 LG6=18 W6=3 WG7=12

L6=8.3 LG7=y2 W7=1 WG8=y20
L7=1.5 LG8=2 W8=1.5 WG10=y1
L8=1.4 LG9=1 W9=1.5 G=1

LG=24.5 W=35 W10=1.5 R=0.4
LG1=1.4 W1=y10 WG=44 D1=2
D3=1.2 D4=0.5 D5=y1.2 D6=1

D7=y0.5 D8=0.5 D9=0.5 D10=0.5
D11=3 E1=2.1 E2=2.1 E3=0.6
E4=0.6 E5=0.5 E6=0.5 E7=y0.3
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situated between the two SIW cavity-backed radiators,
as illustrated in Fig. 6 (b). The positioning of the EBG
unit cell facilitates the absorption of surface current by
the EBG unit cells when both radiators are simultane-
ously activated. This leads to a substantial decrease in
mutual coupling among the radiators in the proposed
MIMO antenna at the 2.4 and 3.3 GHz frequencies. The
dimension of the proposed MIMO antenna is depicted in
Table 1.

III. EXPERIMENTAL RESULTS AND
DISCUSSION

A. Reflection coefficient and mutual coupling
The reflection coefficient and mutual coupling of the

proposed MIMO antenna are measured using a VNA,
as illustrated in Fig. 8. The simulated and measured
reflection coefficients of the proposed MIMO antenna
are compared in Fig. 9 (a).

Fig. 8. Photograph of the fabricated antenna and mea-
surement setup of the proposed MIMO antenna.

Figure 9 (a) indicates that the suggested MIMO
antenna has a reflection coefficient of less than -10 dB at
2.4 and 3.3 GHz. The mutual coupling of the proposed
MIMO antenna, both simulated and measured, is com-
pared in Fig. 9 (b). Figure 9 (b) indicates that the sug-
gested MIMO antenna exhibits mutual coupling of less
than -15 dB at 2.4 and 3.3 GHz. A high degree of agree-
ment can be found between the results of the simulated
and measured reflection coefficients as well as the mutual
coupling studies.

B. Radiation pattern and efficiency
The radiation pattern of the proposed MIMO is

assessed in an anechoic room, as depicted in Fig. 8.
The cross and co-polarization in E- and H-planes at
2.4 and 3.3 GHz is seen in Figs. 10 (a-d). Figures
10 (a-d), illustrates that the proposed antenna exhibits

Fig. 9. (a)-(b) Simulated and measured reflection coef-
ficient and mutual coupling of the proposed MIMO
antenna.

Fig. 10. (a)-(d) Radiation pattern of the proposed antenna
at 2.4, and 3.3 GHz in E- and H-plane, and (e) Efficiency
of the proposed antenna at 2.4 and 3.3 GHz.

an omnidirectional radiation pattern at 2.4 and 3.3 GHz.
Due to the metamaterial loading and the SIW cav-
ity, cross-polarization and backlobe radiation are sup-
pressed, resulting in the proposed antenna exhibiting an
excellent co-polarization radiation pattern at 2.4 and 3.3
GHz. There is a high degree of concordance between
the results of the simulated and measured radiation
patterns.

A representation of the simulated and observed effi-
ciency of the proposed MIMO antenna can be found in
Fig. 10 (e). According to the data presented in Fig. 10 (e),
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the suggested MIMO demonstrates an efficiency that sur-
passes 90% at all operational bands (2.4 and 3.3 GHz).

IV. DIVERSITY PERFORMANCE OF
PROPOSED MIMO ANTENNA

A. Diversity gain
Diversity gain, which quantifies the improvement in

system performance due to the application of diversity
techniques, is a critical metric calculated using equa-
tion (4). The performance of an enhanced system is indi-
cated by an increased diversity gain value. The opti-
mal number for MIMO antenna performance should be
approximately 10 to achieve expected results.

DG = 10
√

1−|ECC|2. (4)

The diversity gain of the proposed MIMO antenna
is illustrated in Fig. 11 (a). From Fig. 11 (a), it is evident
that the proposed MIMO antenna demonstrates a diver-
sity gain value of approximately 10 at frequencies of 2.4
and and 3.3 GHz.

B. Envelope Correlation Coefficient (ECC)
The ECC, is a statistical measure that is used to

quantify the degree of correlation that occurs between
the components of the MIMO antenna:

ECC =

∣∣∣∫∫ −→F1(θ ,φ)
−→
F2(θ ,φ)dΩ

∣∣∣2∫∫ ∣∣∣−→F1(θ ,φ)
∣∣∣dΩ2

∫∫ ∣∣∣−→F2(θ ,φ)
∣∣∣dΩ2

(5)

ECC =
|S11

∗S12 +S21
∗S22|2(

1−
(
|S11|2 + |S21|2

))(
1−

(
|S22|2 + |S12|2

)) .
(6)

The determination can be achieved through scatter-
ing parameters by applying equation (5) in a lossless
environment, characterized by a uniform distribution of
power across antenna elements. This equation is appli-
cable solely in scenarios where there is no loss present.
Consequently, the ECC can be estimated based on the
emitted far-field by utilizing equation (6). For uncorre-
lated MIMO antennas, the optimal value of the ECC is
zero. However, for practical MIMO antennas, the ECC
value must not exceed 0.5. Figure 11 (b) illustrates the
proposed MIMO antenna based on the ECC design. The
data presented in Fig. 11 (b) indicates that the proposed
MIMO antenna demonstrates an ECC value of less than
0.04 at frequencies of 2.4 and 3.3 GHz.

C. TARC
An accurate evaluation of the correlation between

the components of the MIMO antenna can be accom-
plished with the use of a statistical measure known as
TARC. It is possible to compute the TARC of the MIMO
antenna system for two ports by utilizing equation (7).
In order to get optimal performance, the TARC of the

Fig. 11. (a) ECC, (b) DG, (c) TARC, (d) CCL, and
(e) MEG of the proposed MIMO antenna.

MIMO antenna must be lower than 0 dB:

TARC =

√
|(S11 +S12e jθ )|2 + |(S21 +S22e jθ )|2

2
(7)

Figure 11 (c) illustrates the TARC of the MIMO
antenna. The data presented in Fig. 11 (c) indicates that
the proposed MIMO antenna achieves a TARC of less
than -15 dB. As a result, the proposed MIMO antennas
demonstrate a reduced correlation between the radiating
elements.

D. CCL
The primary function of MIMO antennas is to

enhance the capacity of the communication channel.
Nevertheless, losses are a consequence of the correla-
tion that exists between the elements of the antenna. For
the purpose of estimating the highest practical limit for
signal transmission while simultaneously reducing sig-
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Table 2: Comparison of the proposed work with existing
work

P = D P = D P = D P = D
L = 40 LG2=1.9 W2=1 WG1=3

L1=12.1 LG3 = 12.1 W3=2.3 WG2 = 1.5
L2 = 5.5 LG4=1 W4 = 7.3 WG3 = 5
L3 = 1.8 LG5 = 1.2 W5 = 7.5 WG4 = 3.5
L5 = 5 LG6=18 W6 = 3 WG7 = 12

L6 = 8.3 LG7 = 2 W7 = 1 WG8 = 20
L7 = 1.5 LG8=2 W8 = 1.5 WG10=1
L8 = 1.4 LG9 = 1 W9 = 1.5 G = 1

LG = 24.5 W = 35 W10 = 1.5 R = 0.4
LG1=1.4 W1=10 WG=44 D1=2
D3 = 1.2 D4 = 0.5 D5 = 1.2 D6=1
D7 = 0.5 D8 = 0.5 D9 = 0.5 D10 = 0.5
D11=3 E1 = 2.1 E2 = 2.1 E3 = 0.6

E4 = 0.6 E5 = 0.5 E6 = 0.5 E7 = 0.3

nificant loss, a metric known as channel capacity loss
(CCL) is utilized. The calculation of CCL can be car-
ried out by utilizing equation (8). In real applications,
the CCL should be kept at a level that is lower than 0.4
Bits/Hz/Sec:

CCL =− log2 det
(
ψ

R) ,(
ψ

R)= [
ρii ρi j
ρ ji ρ j j

]
.

(8)

Figure 11 (d) illustrates a representation of the CCL
of the MIMO antenna. The data presented in Fig. 11 (d)
indicates that the proposed MIMO antenna achieves a
CLL of less than 0.4 Bit/Hz/Sec at frequencies of 2.4
and 3.3 GHz.

E. MEG
The MEG statistic is another important statistic that

is used to evaluate the performance of MIMO antennas.
This statistic calculates the average signal strength that is
received by each radiator within the antenna. The math-
ematical expression known as MEGi represents the ratio
of the mean power that is received by the ith element to
the mean power that is incident on the jth element from
the same source. It is possible to calculate MEG by using
equation (9), and the MEG value ought to be lower than
3 dB in order to achieve the best possible MIMO perfor-
mance:

MEGi = 0.5

[
1−

N

∑
i=1

∣∣ Sij
∣∣2] . (9)

The MEG of the MIMO antenna is depicted in
Fig. 11 (e). The data presented in Fig. 11 (e) indicates
that the proposed MIMO antenna exhibits a MEG of less
than -3 dB at frequencies of 2.4 GHz and 3.3 GHz.

V. COMPARISON OF THE PROPOSED
WORK WITH EXISTING WORK

Table 2 illustrates a comparison of the performance
metrics between the proposed MIMO antenna and the
existing MIMO antennas. The data presented in Table 2
indicates that the recommended MIMO antenna out-
performs the currently utilized antennas regarding size,
innovative methodology, and gain.

VI. CONCLUSION
In this work, a SIW cavity-backed gain-enhanced

circularly polarized metamaterial-loaded dual-band
MIMO antenna is designed for WLAN and sub-6
GHz 5G applications. The dual operating bands are
enabled by placing a modified CSRR-shaped slot at the
center of the SIW cavity-backed rectangular radiator.
Additionally, the antenna incorporates 6 × 3 modified
SSRR unit cells strategically located in front of the
intended radiators along the y-axis. This arrangement
enabled circular polarization and enhanced the gain
of the proposed radiator at 2.4 GHz and 5 GHz. The
metamaterial loading of the proposed antenna yields a
gain of 5.5 dB at 2.4 GHz and 5.4 dB at 5 GHz. The
cavity-backed configuration of the suggested antenna
yields a unidirectional radiation pattern, contributing
to its efficiency surpassing 90% at frequencies of 2.4
and 5 GHz. Further, the implementation of a CSRR
EBG decoupling structure reduces the mutual coupling
between the radiators. The antenna exhibits exceptional
diversity performance, as evidenced by various per-
formance metrics: an ECC of 0.001, a DG of 9.98, a
CCL of < 0.4 bits /S/Hz, a MEG of < 3 dB, and a
TARC of <−20 dB. The experimental validation of the
system confirms its intended functionality, showing a
strong correlation between the simulated and measured
results.
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