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A Dual-Band Quad-Port Circularly Polarized MIMO
Antenna Based on a Modified Jerusalem-Cross
Absorber for Wireless Communication Systems
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Abstract— A modified Jerusalem-cross absorber (MJCA)
based on resistors is presented to minimize mutual coupling at
two independent bands of a very compact quad-port multiple-
input-multiple-output (MIMO) antenna. The double E-shaped
radiating element features sectoral slots, enabling the antenna
to function at two distinct frequencies: a lower band (LB) of
6.5 GHz and an upper band of 8.5 GHz. These slots also facilitate
the conversion of linear to circular polarization, adding to the
antenna’s versatility and performance capabilities. The MJCA,
composed of four resistors placed at right angles to each other
with 150 � lumped resistances, provides an absorbance rate of
more than 90%, and reflectivity tends to zero at both operating
bands. The single antenna is modified into a 4 × 4 MIMO
antenna, with all elements tilted up to 15◦ to improve impedance
matching and increase isolation to some extent. Moreover, a
2 × 2 array of MCJA is placed on top of the MIMO antenna
at a certain height, further enhancing isolation up to −35
and −25 dB at the 6.4–6.8 and 8.3–8.6 GHz frequency bands,
respectively. In addition, it also improves the bandwidth of the
MIMO antenna to up to 100 MHz at the LB. A detailed equivalent
circuit design procedure is developed to understand the operating
principles better. The designed MIMO antenna’s performance
with diverse parameters is also analyzed. The fabrication and
measurement of the MIMO antenna validate the simulation
results and demonstrate a good agreement between them. The
proposed MIMO antenna is a competitive candidate for various
modern wireless communication systems, including satellite com-
munication, remote sensing, navigation systems, radar systems,
and medical applications.

Index Terms— Circular polarization, modified Jerusalem-cross
absorber (MJCA), multiple-input-multiple-output (MIMO)
antenna, mutual coupling.
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I. INTRODUCTION

THE use of circularly polarized (CP) multiple-input-
multiple-output (MIMO) antenna arrays have become

increasingly popular in modern wireless communication sys-
tems because CP MIMO antennas offer several transmission
benefits such as a high-channel capacity, polarization mis-
match immunity, and multipath interference resistance [1], [2],
[3]. In engineering applications such as satellite and radar tech-
nology, adjacent elements in an array are typically spaced no
more than half a wavelength apart to prevent grating lobes and
meet practical requirements such as wide-angle scanning, high
resolution, high signal-to-noise ratio, and space limitations.
However, these high-density CP array configurations often
encounter a significant challenge of intense mutual coupling
among neighboring elements [4], leading to the arrays overall
performance degradation. Developing an efficient decoupling
structure for wideband high-density CP arrays is essential
since interelement couplings can considerably affect array per-
formance [5], [6]. Therefore, developing a decoupling frame-
work that effectively reduces interelement couplings is greatly
desired.

In recent decades, various studies have been conducted
to enhance port-to-port isolation of multi-port antennas [7].
The utilization of a T-shaped decoupling structure on the
ground plane has been employed as a technique to improve
the isolation of multi-port antennas, as reported in [8]. This
method has proven to be effective in increasing isolation by
over 30 dB since it prevents the electric field from propagating
from one element to the other. Another method involves a
self-decoupling technique with two capacitive loads [9]. These
techniques involve the use of either distributed [10], [11],
or lumped decoupling networks placed behind the radiators
to provide decoupling [12]. Similarly, by placing various
structures between adjacent radiators, such as electromagnetic
bandgap (EBG) structures [13], irregular parasitic element
[14], defected ground structure (DGS) [15], neutralization
lines [16], metamaterial (MTM) structures [17], artificial
periodic metal strips [18], and meta-material is inspired to
improve isolation [19]. Additionally, isolation is improved by
a modified antenna decoupling surface (MADS), an H-shaped
DGS (HDGS) with a decoupling structure [20], and field
correlation reduced by employing a phase-gradient surface
such as a superstrate in Fabry–Perot antennas [21]. However,
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most methods for reducing mutual coupling focus on linearly
polarized (LP) arrays.

Circularly polarized arrays face a more significant chal-
lenge in reducing mutual coupling because it is essential to
maintain a high-quality axial ratio (AR) across the operational
frequency bands to achieve optimal performance, which makes
the design process more challenging than that of LP arrays.
Several works have been recently issued to address this prob-
lem, such as a decoupling layer based on a transmission-type
frequency selective surface (FSS) between two closely spaced
CP MIMO antennas, as described in [22]. In [23], the authors
utilized a single negative (SNG) MTM structure within the
operational band to enhance the isolation between the radiators
of a two-element CP conformal array. A W-shaped parasitic
strip is created as a decoupling tool for a two-element CP
array with simultaneous transmission and reception func-
tions, as explained in [24]. Despite their effectiveness, these
CP decoupling methods have inherent drawbacks that limit
their widespread applications, including relatively high pro-
files [22], complex 3-D structures with integration difficulties
[23], and relatively narrow CP bandwidths [22], [23], [24].
While various techniques are used to reduce mutual coupling
between dual-band antenna elements, one approach uses a
metasurface superstrate which consists of pairs of nonuni-
form cut wires of different lengths positioned above the
radiators [25]. Self-decoupling is another method used in
a dual-band MIMO antenna [26]. Furthermore, two planar
inverted-F antennas (PIFAs) have been arranged back-to-back.
They are designed to operate independently at two different
frequency bands, ensuring high isolation between them [27],
[28]. MIMO antennas with closed slots [29], and decou-
pling networks [30] are suggested for dual-band operations
but come with limitations and complexities. Consequently,
achieving high isolation properties between the elements of
a compact multi-band antenna system remains a considerable
challenge.

To reduce mutual coupling in a dual-band quad-port
MIMO antenna, a modified Jerusalem-cross absorber (MJCA)
superstrate is suggested in the design proposal. The results
demonstrate that significant isolation is achieved in both
operational bands of the MIMO antenna, despite the limited
edge-to-edge spacing of only 0.086λ at the lower band (LB).
By utilizing the proposed MJCA superstrate, the isolation
performance can be further enhanced to exceed −25 dB in
both the LB and high band frequencies.

This work presents several contributions as follows.
1) Initially, a dual-band single antenna with bandwidths

of 6.4–6.7 and 8.3–8.6 GHz is proposed. We design
sectoral-shaped slots in a rectangular patch, resulting
in a unique double E-shaped antenna. The addition of
these sectoral slots also causes a change in the antenna’s
polarization behavior from linear to circular at both
bands.

2) By tilting the feeding lines at different angles,
the single antenna is converted into a quad-port
MIMO antenna, resulting in the best impedance
matching at 15◦ to reduce mutual coupling below
−15 dB.

Fig. 1. Front view of the single antenna.

3) We introduce a novel technique for decoupling in an
MIMO antenna that operates at two different frequency
bands. The method involves tilting all the elements to
a specific angle and utilizing a MJCA. This approach
improves the bandwidth by up to 100 MHz in the LB
and decreases the mutual coupling by up to 25 dB in
both bands.

II. MIMO ANTENNA DESIGN PROCEDURE

A. Initial Antenna

A single antenna is designed using a low-cost 0.54λ ×

0.54λ × 0.034λ FR-4 substrate with a relative permittivity
of 4.4, and a dielectric loss tangent of 0.02 is given in
Fig. 1. The antenna’s geometry has transformed from a typical
rectangular patch to integrating various shapes, such as two
circles, a semicircle, and sectoral slots with rectangular shapes,
as seen in Fig. 2(a). The resulting shape provides suitable
impedance bandwidths and helps convert polarization from
linear to circular in both desired bands.

The process of converting polarization in our proposed
single-patch antenna design incorporates two techniques: per-
turbations and truncated corners. Perturbations consist of
strategically placed cuts that influence the resonance create a
90◦ phase difference, resulting in circular polarization. Addi-
tionally, the introduction of truncated corners induces a phase
difference during excitation, further enabling the transition
to circular polarization. A microstrip feed line excites the
antenna element with a matched impedance. An analysis of
the changes made to the antennas structure and their impacts
on the reflection coefficient and AR is presented in Fig. 2(b)
and (c), respectively.

B. MIMO Antenna Configuration

Fig. 3 displays the proposed MIMO antenna, which is
composed of four single antennas arranged in an orthogonal
manner on a 1.08λ × 1.08λ × 0.034λ substrate. The interele-
ment distance in this design is only 0.086λ at 6.5 GHz. The
elements of the MIMO antenna are tilted at different angles
to improve impedance matching and isolation, as shown in
Fig. 3.
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Fig. 2. (a) Designed iteration steps of the single antenna, (b) reflection
coefficient, and (c) AR.

According to the reflection coefficient values shown in
Fig. 4(a), the reflection coefficient behavior of the MIMO
antennas (S11, S22, S33, and S44) is not identical to that of a
single-element antenna, with resonances occurring at different
frequencies when the antennas are perpendicular to each other.
Fig. 4(b) demonstrates that antenna-3 does not exhibit the same
impedance bandwidth as the other three elements when the
MIMO antennas are tilted to 5◦. However, tilting all elements
to 10◦ and 15◦, as shown in Fig. 4(c) and (d), results in a
better impedance bandwidth response in the 6.4–6.8 and 8.3–
8.6 GHz frequency ranges. As a result, the MIMO antenna has
an impedance bandwidth similar to that of the single antenna.

Fig. 5 presents the mutual coupling effects on the MIMO
components and their optimal isolation. In Fig. 5(a), the
isolation between antenna-1 and antenna-2 is presented at
different angles, with −20 dB observed when the antennas
are tilted up to 15◦ in both operating bands. As shown in
Fig. 5(b), the minimum mutual coupling between antenna-1
and antenna-3 is less than −15 dB at a tilt of 15◦. Fig. 5(c)
presents the isolation between antenna-1 and antenna-4, where

Fig. 3. Front view of the given MIMO antenna at different angles. (a) 0◦,
(b) 5◦, (c) 10◦, and (d) 15◦.

|S14/S41| is greater than −15 dB at all degrees. These results
indicate that the tilted MIMO antenna can increase isolation
among the elements. However, the overall mutual decoupling
in the proposed MIMO antenna is insufficient due to the close
proximity of all elements.

A detailed parametric analysis focusing on the inter-element
distance was carried out, as visualized in Fig. 6. The study
evaluated five distinct distances, characterized by wavelengths
ranging from 0.082λ to 0.090λ. Fig. 6(a) highlights the influ-
ence of different spacings among the patches on the reflection
coefficient. It was observed that for most of the examined dis-
tances, the MIMO antenna consistently produced a bandwidth
spanning from 6.35 to 6.48 GHz and from 8.25 to 8.45 GHz.
However, an exception to this trend emerged when the patches
were positioned at 0.086λ, indicating a distinctive response at
this specific interelement spacing.

Fig. 6(b), (c), and (d) shows the port isolation variation
across four elements with differing inter-element distances.
It reveals that when the edge-to-edge distance stands at either
0.082λ or 0.084λ, there is high mutual coupling, approx-
imately −10 dB, at both the lower and upper frequency
bands, as shown in Fig. 6(b). In Fig. (c), by adjusting the
interelement distance to 0.086λ for all antennas, the mutual
coupling is reduced, achieving an isolation of less than −15 dB
in both frequency bands. This configuration ensures optimal
impedance matching and decreased mutual coupling among
elements. On the other hand, by widening the space between
elements, the isolation can be enhanced up to −17 dB, but only
at the LB; it remains about −12 dB at the higher frequency
band, specifically when the distance is set at 0.088λ or 0.090λ,
as depicted in Fig. 6(d).

Our parametric analysis shows that an interelement distance
of 0.086λ yields the most optimal results for both impedance
matching and mutual coupling minimization. The dimensions
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Fig. 4. Comparison of reflection coefficient when the projected MIMO
antenna is placed at different angles. (a) 0◦, (b) 5◦, (c) 10◦, and (d) 15◦.

of the single antenna and proposed MIMO antenna are given
in Table I.

C. Absorber Structure and Its Equivalent Circuit Design

The evolution steps of the proposed MJCA are depicted in
Fig. 7(a)–(c). It is positioned on a Rogers RT/duroid 58801

with permittivity 2.2 and tan (loss tangent) = 0.0009 of
2.54 mm substrate height. The first step involved loading

1Trademarked.

Fig. 5. Mutual coupling at different angles of the projected MIMO antenna.
(a) |S12/S21|, (b) |S13/S31|, and (c) |S14/S41|.

TABLE I
DIMENSIONS OF THE PROPOSED SINGLE ANTENNA AND MIMO ANTENNA

a simple Jerusalem-cross-shaped unit cell, as presented in
Fig. 7(a). In the second step, four T-shaped bulges are added
to the unit cell, as shown in Fig. 7(b). Finally, in the third
step, four resistors (r1, r2, r3, r4) are added to the unit
cell, each with a resistance of 150 �, as seen in Fig. 7(c).
Meanwhile, the bottom of the substrate lacks any copper or
conductor material to enable the electromagnetic current from
the antenna to flow through to the superstrate. It is simulated
by ANSYS HFSS using periodic-boundary conditions and
the Floquet-port excitation. 2 × 2 unit cells of the MJCA
are arranged on a superstrate, as shown in Fig. 7(d). The
magnitude of the reflection coefficient of all the evolution
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Fig. 6. Effects of the inter-element distance on the MIMO antenna’s elements.
(a) Reflection coefficient, while (b)–(d) transmission coefficient at different
inter-element distances.

steps is shown in Fig. 7(e). Without resistors, the absorber
remains inert, not functioning at any frequency. However,
integrating four resistors, each with a value of 150 �, implants
the structure with functionality, enabling it to absorb elec-
tromagnetic waves efficiently. This setup yields a remarkable
operational bandwidth of 3 GHz, spanning from 6 to 9 GHz.

Fig. 7. (a) Jerusalem-cross absorber, (b) MJCA without R, (c) MJCA with
R (proposed), (d) 2 × 2 absorbers of the MJCA, and (e) |S11| of all the
evolutional steps.

This wide frequency range, evidenced in Fig. 7(e), highlights
the potential applications of this absorber in fields that require
effective wide-band absorption. The dimensions of the MJCA
are seen in Table II.
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TABLE II
DIMENSIONS OF THE MJCA

Fig. 8. (a) Absorptivity and reflectivity and (b) |S11| of the proposed absorber
unit cell as a function of the lumped resistance values.

The absorptivity “A” of the proposed MJCA structure can
be calculated by [31]

A = 1 − |S11|
2
− |S21|

2. (1)

The reflectivity and transmissivity of the MTM surface to
frequency are represented by |S11|

2 and |S21|
2, respectively.

The absorption curve depicted in Fig. 8(a) demonstrates that
the MTM surface can absorb above 90% of the electromag-
netic waves within a bandwidth ranging from 6 to 9 GHz,
covering both operating bands. The absorption bandwidth
defines the range of frequencies in which the MTM surface can
absorb the incident radiation. As a result, the MTM absorbers
bandwidth limits the reduction in mutual coupling between
antennas. The resistor-inductor-capacitor (RLC) values of the
MJCA are shown in Table III.

Fig. 8(b) provides the parametric variation of S11 at different
values of the loaded lumped resistance for the intended fre-
quency of the proposed unit cell. This proves the ability of the
proposed design to adapt to changes in absorbance, when the
proposed absorber adopted lumped resistances of R1,2,3,4 = 50,
100, 150, and 200 �. When the values of these resistors are
shifted from 50 to 200 �, the lumped resistances had a slight
effect on absorption in the operating frequency band, as shown
in Fig. 8(b). Hence, by selecting a proper value for R1,2,3,4 =

Fig. 9. (a) Generalized ECM presented for the MTM and (b) comparison
of |S11| between simulated and ECM.

TABLE III
OPTIMIZED RLC FOR THE MJCA ECM

150 �, the proposed absorber provides excellent absorbance
and reflectivity across the bandwidth from 6 to 9 GHz, making
it the optimal value for the proposed design.

An equivalent circuit model (ECM) for the projected
absorber is modeled and simulated using advanced design
system (ADS) software, as illustrated in Fig. 9(a). The cir-
cuit comprises two conductance elements: G1 (represents the
radiation conductance of the antenna) and G2 (represents the
measure of the loss conductance due to ohmic loss, dielectric
loss, and mismatch loss), an RLC circuit, where inductors,
capacitors, and resistors were connected in series, as shown
in Fig. 9(a). The inductors (L1, L2, L3, and L4) represent the
unit cell’s conducting part. In contrast, the capacitors (C1, C2,
C3, and C4) represent the cuts or air gaps between adjacent
conductors within the unit cell. Furthermore, four resistors
of 150 � are incorporated into the circuit to represent the
resistance of a conducting material. By adjusting the values
of the inductors and capacitors, desired results comparable
to those obtained using HFSS can be achieved. For the
proposed unit cell, the reflection coefficient values between
the simulated and ECMs demonstrate good agreement, as seen
in Fig. 9(b).

D. MIMO Antenna Configuration With Superstrate Absorber

Fig. 10(a) describes the proposed geometric configuration of
the MIMO antenna based on the MJCA superstrate. An array
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Fig. 10. (a) Schematic view of the proposed MIMO antenna, (b) photograph
of fabricated prototype MIMO antenna layer, and (c) superstrate layer.

of 2 × 2 MJCAs, with dimensions of 0.1λ × 0.1λ × 0.052λ,
is designed and placed on top of the MIMO antenna at a height
of 0.058λ. This height is determined after extensive parametric
studies, considering various parameters, including bandwidth,
isolation, and AR. Therefore, the MJCA array is utilized to
improve the performance of the MIMO antenna system at
this specific height. This is achieved by decreasing mutual
coupling and amplifying the constructive interference between
the waves generated by the antenna and those reflected by the
superstrate. Fig. 10(b) and (c) demonstrate the front view of
the fabricated MIMO antenna and superstrate, respectively.

The integration of the MJSCA has resulted in a substan-
tial enhancement in the performance of the MIMO antenna,
as demonstrated in Fig. 11(a) and (b). Fig. 11(a) displays
the reflection coefficient graphs of the MIMO antenna,
highlighting the variations in the absorber’s LB pre- and post-
utilization. The introduction of the absorber has resulted in
a 100 MHz expansion in the impedance bandwidth, with the
bandwidth now ranging from 6.7 to 6.8 GHz in the LB.
In Fig. 11(b), the transmission coefficients curve depicts the
minimum isolation among all antennas without metasurface,
which is approximately −18 and −15 dB in both operating
bands, respectively. Conversely, the transmission coefficient
curves in Fig. 11(b) demonstrate the mutual coupling among
all antennas with a metasurface, displaying a minimum isola-
tion of −35 dB in the frequency band of (6.4–6.8 GHz) and
−25 dB in the (8.3–8.6 GHz) band, respectively. Fig. 12(a)
and (b) compare the simulated and measured S-parameters
of the proposed MIMO antenna. The experimental results
indicate that the mutual coupling in the MIMO antenna has

Fig. 11. (a) Reflection coefficient of the proposed MIMO antenna without
and with superstrate and (b) mutual coupling without and with superstrate.

Fig. 12. Comparison between the simulated and measured results. (a) Reflec-
tion coefficient and (b) mutual coupling.

been efficiently reduced while simultaneously achieving good
matching performance at both frequency bands.

E. Gain and AR

A comparison between the simulated MIMO antenna gain
with and without the integration of the metasurface at both
operating bands is given in Fig. 13(a). The results indicate that
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Fig. 13. (a) Comparison of simulated and measured gain for the proposed
MIMO antenna, with and without a superstrate, (b) simulated and measured
AR for the MIMO antenna, both without and with the superstrate, and (c) AR
in the planes of phi = 0◦ and phi = 90◦, at 6.5 and 8.5 GHz, respectively.

after adding the metasurface, the gain of the antenna system
increases by approximately 3 dBi at both operating bands.
The MJCA array operates as a superstrate layer that induces
a resonant cavity effect, which leads to an increase in the
gain of the antenna system. Additionally, Fig. 13(a) depicts
a comparison between the simulated and measured results,
highlighting their coherence.

The AR plays a critical role in determining the proposed
antenna’s circular polarization performance. To assess the
influence of the MTM superstrate on CP characteristics,
a comparative analysis is presented in Fig. 13(b), contrasting
the antenna’s performance with and without the integration of
the MTM.

As previously discussed in the manuscript, the original
MIMO antenna design already exhibits circular polarization
due to the incorporation of multiple cuts in the single patch.

This intrinsic design feature ensures satisfactory CP perfor-
mance.

Following the integration of the MTM superstrate, a slight
modification in the AR is observed across both frequency
bands. Importantly, however, the AR remains consistently
below 3 dB, affirming that the MIMO antenna retains its
circularly polarized nature even with the inclusion of the super-
strate. These results indicate the robustness of the proposed
antenna design, which effectively preserves CP characteristics
despite the presence of the MTM.

Furthermore, the comparison between the simulated and
measured results of the MIMO antenna’s AR, as presented in
Fig. 13(b), exhibits a remarkable agreement. This validation
underscores the accuracy and dependability of our antenna
design, confirming that the simulation results accurately depict
the actual performance of the antenna.

The angular range where the antenna’s performance main-
tains under a specific threshold is defined by the 3-dB AR
beamwidth. Fig. 13(c) depicts the simulated AR beamwidth
of the proposed MIMO antenna at 6.5 GHz, specifically in the
phi = 0◦ and phi = 90◦ planes. The 3-dB AR beamwidth for
the phi = 0◦ plane at 6.5 GHz ranges from −25◦ to 50◦. This
means that the antenna’s AR stays within 3 dB of the reference
value inside this angular range. Similarly, the beamwidth for
the phi = 90◦ plane at 6.5 GHz spans from −20◦ to 25◦.

Similarly, at 8.5 GHz, the phi = 0◦ plane exhibits a 3-dB
AR beamwidth ranging from −40◦ to 25◦. The beamwidth for
the phi = 90◦ plane at the same frequency ranges from −20◦

to 25◦.

F. Surface Current Distribution and Radiation Pattern

Fig. 14 depicts the effect of field variations in the MIMO
antenna with and without metasurface. It is evident from the
field behavior that the MJCA impedes the current flow toward
the neighboring element. This technique offers the benefit of
incorporating an extra component that does not negatively
affect the antenna’s performance. The MTM surface functions
as an absorbing medium for shielding purposes. Furthermore,
this approach does not necessitate any field control tuning,
unlike other methods proposed in the literature.

The radiation patterns of the MIMO antenna for left-hand
circular polarization (LHCP) and right-hand circular polariza-
tion (RHCP) are compared in Fig. 15(a) and (b), respectively,
with and without the implementation of the MTM surface. The
antenna exhibits LHCP radiation at both operating frequencies.
The results demonstrate that the field pattern is almost identical
in both cases, primarily due to the placement of the MJCA on
top of the antenna structure, which does not interfere with
the radiation pattern. Consequently, the MIMO antenna can
maintain its original radiation pattern while taking advantage
of the MTM absorber’s ability to reduce mutual coupling and
increase gain. The simulated and measured radiation patterns
are well-matched, as given in Fig. 15(c) and (d) at LB and
upper bands, respectively.

The prototype’s radiation characteristics are measured in a
microwave anechoic chamber, where it is positioned in the
far-field of a transmitting antenna and mounted on a rotatable
platform for versatile testing, as shown in Fig. 16.
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Fig. 14. Surface current distributions of the proposed MIMO antenna at
(a) and (b) 6.5 and 8.5 GHz without the metasurface, (c) and (d) 6.5 GHz
with the metasurface, and (e) and (f) 8.5 GHz with the metasurface.

III. PROPOSED MIMO ANTENNA’S ECM

Fig. 17(a) illustrates a circuit model simulating a patch
antenna designed to operate at two frequencies, 6.5 and
8.5 GHz. The model begins with a 50 � source. Following
this, it incorporates two sets of components: one consisting
of La and Ca for 6.5 GHz, and the other including Lb and
Cb for 8.5 GHz. The components are connected in series (one
after another) while their sets are connected parallel to feed
the patch. The feeding network is connected to the antenna’s
radiating patch, where the signals are emitted, with a group
of components (Ra , Lc, Ld , Cc, and Cd ) arranged in parallel.
For the proposed RLC circuit, the resonance frequencies of
fc1 and fc2 are given by

fc1 =
1

2π
√

L1C1
=

1
2π

√
L2C2

(2)

fc2 =
1

2π
√

L3C3
=

1
2π

√
L6C6

=
1

2π
√

L4C4
. (3)

Tables V and VI provide the first and second resonance
frequencies ( fc1 and fc2) for both ECM and calculated.
Furthermore, the ECM bandwidths (BW1 and BW2) are

Fig. 15. Left-hand circularly polarized and right-hand circularly polarized
radiation patterns. (a) and (b) LHCP and RHCP at 6.5 and 8.5 GHz without
metasurface and (c) and (d) simulated and measured LHCP and RHCP at
6.5 and 8.5 GHz with metasurface.

Fig. 16. Photograph of radiation pattern measurement.

determined as

BW1 =
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The values of both RLC circuit variables are shown in
Table IV.

As depicted in Fig. 17(b), we have designed a circuit
model of our proposed MIMO system. As previously men-
tioned, four-unit cells of the absorber are positioned at a
specific height above the quad-port MIMO antenna to reduce
mutual coupling. Regarding the circuit design, a 2 × 2 array
of absorbers is placed centrally and connected in series.
Subsequently, four distinct series connections are established
from these absorbers to the four patches, each located at a
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Fig. 17. (a) ECM of a single antenna and (b) MIMO antenna with the
metasurface designed to enhance its performance.

TABLE IV
OPTIMIZED RLC VALUES FOR THE SINGLE ANTENNA AND PROPOSED

MIMO ANTENNA ECMS

corner. This arrangement is designed to achieve our desired
performance results.

The magnitudes of capacitors and inductors are modified
to adjust the reflection coefficients of the proposed dual-band
single antenna to the resonance frequencies. Fig. 18(a) shows
a comparison of the mutual correlation between the reflec-
tion coefficients of the proposed dual-band antenna and the
equivalent RLC circuit model. This comparison indicates an
excellent level of agreement between them. According to
the results presented in Tables V and VI, the values of La ,
Lc, Ca , and Cc are responsible for determining the first

Fig. 18. S-parameter comparison between the simulated and the ECM of the
projected MIMO antenna. (a) Reflection coefficient and (b) mutual coupling.

resonance frequency, whereas the values of Lb, Ld , cb, and
cd are responsible for tuning the second resonance frequency.
The first calculated resonance frequency ( fc1) values for the
proposed ECMs are 6.53 and 6.5 GHz, respectively. Similarly,
the second calculated resonance frequency ( fc2) values for
the proposed ECMs are 8.53 and 8.5 GHz, respectively. The
mutual coupling results of both the simulated and calculated
circuit models show a good match, as displayed in Fig. 18(b).

IV. MIMO PARAMETERS ANALYSIS

In a multi-element system, determining the effective band-
width only based on the scattering matrix is insufficient;
thus, the envelope correlation coefficient (ECC), diversity gain
(DG), total active correlation coefficient (TARC), and channel
capacity loss (CCL) must also be considered [19]. The analysis
depicted in Fig. 19(a) reveals that the proposed antenna
demonstrates an ECC value below 0.075 at two distinct
operating frequencies. This value is considered significantly
low, obtained through evaluating ECC from far-field radiation
patterns. Additionally, based on ECC, the proposed MIMO
antenna achieves a DG of 9.9999 dBi at both frequencies,
which is a significant accomplishment in diversity analysis.
The simulated and measured results show only minor discrep-
ancies within an acceptable range. Furthermore, based on the
measured results, the TARC and CCL can be calculated. The
TARC value averages at −22 and −25 dB for the 6.5 and
8.5 GHz bands, respectively. The CCL averages at 0.15 and
0.013 bits/sec/Hz for the lower and upper frequency bands,
respectively, as presented in Fig. 19(b).

V. PERFORMANCE COMPARISON

Table VII compares the proposed decoupling and referenced
techniques, highlighting the former’s superiority. The proposed
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TABLE V
LIST OF PARAMETERS ASSOCIATED WITH THE LB FREQUENCY fc1

TABLE VI
LIST OF PARAMETERS ASSOCIATED WITH THE UPPER BAND FREQUENCY fc2

TABLE VII
PERFORMANCES COMPARISON WITH OTHER DUAL-BAND MIMO ANTENNAS

Fig. 19. Diversity analysis. (a) ECC from far-field radiation pattern and DG,
(b) TARC, and CCL.

technique offers three distinct advantages over previous tech-
niques, which are discussed and compared in Table VII.

A. Dual Band and Circular Polarization

Most of the previous techniques focus on dual-band LP
antennas, except [26]. However, in the proposed MIMO
antenna, sectoral slots are used to achieve dual-band capability
by converting the linear polarization into circular polarization.

B. Reflection Coefficient and Mutual Decoupling
Improvement

The prototype with a hybrid decoupling technique achieves
a superior isolation of 35 and 25 dB over a frequency band

of 6.4–6.8 and 8.3–8.6 GHz, respectively. Notably, this work
provides a remarkable improvement in isolation at lower
frequencies than previous techniques [26], [27], [30]. Fur-
thermore, the proposed technique has resulted in a 100 MHz
increase in impedance bandwidth in the LB.

C. Gain Enhancement

The manuscript shows that previous studies did not improve
the gain of the antenna, while the proposed work has managed
to enhance the gain by up to 2 and 3 dBi at the lower and
higher frequency bands, respectively.

Although some of the structures in the literature are very
compact [25], [26], [29], they tend to have complex designs.
Therefore, the proposed antenna demonstrates superior perfor-
mance compared to the existing literature.

VI. CONCLUSION

This article presents an MJCA with a multi-resistor configu-
ration, arranged orthogonally. The proposed design minimizes
mutual coupling in a compact dual-band four-element MIMO
antenna. The patch includes several sectoral cuts that con-
vert polarization from linear to circular. The results obtained
from both simulation and measurement indicate a significant
enhancement in isolation between any of the patch antennas,
even when the edge-to-edge space between them is as small
as 0.086λ. The proposed design achieves more than 25 dB
of isolation at 6.4–6.8 and 8.3–8.6 GHz frequency bands.
The designed antenna exhibits excellent diversity performance,
including ECC, TARC, and CCL values of less than 0.025,
−20 dB, and 0.15 bits/sec/Hz, respectively, at both bands.
Meanwhile, it maximized DG up to 10 dBi due to low ECC.
The article also includes an analysis of an ECM that provides
a better understanding of the design. The antenna’s circular
polarization characteristic makes it an ideal choice for satellite
communication systems, especially in challenging conditions.
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