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ABSTRACT A dual-band Multiple Input Multiple Output (MIMO) antenna with low mutual coupling is
analyzed and studied for Fifth Generation (5G) Sub-6 GHz and Wireless Fidelity (Wi-Fi) 6E frequency-
band applications. Each of the identical monopole radiators consists of a rectangular patch, inverted-E, and
asymmetrical T-shaped strip to generate 5G Sub-6 GHz and Wi-Fi 6E frequency bands. The deployment
of the radiators horizontally with end-to-end separation of 5mm makes the antenna compact with an
overall dimension of 45 × 30mm2 (0.37λ×0.25λ for λ at the lower resonating frequency of 2.5GHz).
The antenna achieves measured impedance bandwidths of 2.39-2.57 GHz and 3.82-6.95 GHz, respectively,
at two resonating frequencies of 2.5 GHz and 4.5 GHz. A Parasitic Dollar Shaped Structure (PDSS)
introduced between the two monopole radiators to suppress the surface waves of each monopole reduces
the measured mutual coupling up to -15 dB throughout the operating band. Furthermore, the measured gain,
radiation efficiency, Envelope Correlation Coefficient (ECC), and Diversity Gain (DG) values remain in
good agreement with simulated values and are well within the minimum limit set by industry standards.
These results affirm the applicability of the MIMO antenna for 5G and Wi-Fi 6E frequency bands.

INDEX TERMS Rectangular patch, PDSS, mutual coupling, inverted E-shaped, asymmetrical T-shaped,
monopole radiators, sub-6 GHz, Wi-Fi 6E.

I. INTRODUCTION
Today’s new generations of cellular and wireless Local
Area Network (LAN) technologies, 5G and Wi-Fi 6E
use common technical methodologies such as orthogonal
frequency-divisionmultiplexing (OFDM), andMIMO to pro-
vide high-end user experiences, power gigabit speed, and
quicker response to users. Wi-Fi 6E uses an unlicensed
frequency spectrum of 2.4-2.5 GHz and 5.15-7.125 GHz
efficiently to achieve higher user densities with improved
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network efficiency. The 5G New Radio (5G NR) Sub-6 GHz
requires a licensed spectrum of n77 (3.30-4.20 GHz), n78
(3.30-3.80 GHz), and n79 (4.40-5.00 GHz). While Wi-Fi 6E
is easier to use and has become the dominant connectivity
technology for homes and businesses, 5G offers the quality
of service (QoS) for latency- and capacity-sensitive appli-
cations, including Industrial Internet of Things (IIoT) and
robots. Therefore, building a MIMO antenna with a compact
size and dual /multiband operations is desirable to allow
both Wi-Fi 6E and 5G bands to be used independently and
with a seamless transition in indoor networks. One particular
challenge involved with the MIMO antenna design is the
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mutual coupling between closely deployed antenna elements
which deteriorates the effectiveness of the MIMO antenna
with respect to efficient utilization of available spectrum and
high-speed data rate. Therefore, the MIMO antenna design
with regulated mutual coupling within the current miniatur-
ized printed antenna elements is critical for the advancement
of MIMO antenna technology in the Wi-Fi 6E and 5G Sub-6
GHz bands.

In light of these challenges, several MIMO antennas
aiming to reduce mutual coupling among closely-deployed
antenna radiators for wireless applications are suggested
in [1], [2], [3], [4], [5], [6], [7], [8], [9], [10], [11], [12],
[13], [14], [15], [16], and [17]. The Ultra-wideband (UWB)
antennas in [1] and [2] operating in the 4-12 GHz and 2.95-
15.65 GHz bands, respectively, achieved high isolation using
Quad G-shaped metamaterial and a parallel strip resonator.
However, UWB technology is nearly obsolete today due to
issues of co-existence and interference with other wireless
technologies. To overcome this problem, several researchers
have designed antennas for 5G Sub-6 GHz andWLAN appli-
cations. The antenna in [3] functions in the 5G Sub-6 GHz
band and uses a slot in the ground plane to achieve good
isolation. However, the antenna only achieved the isolation
of -10 dB with 6-dB impedance bandwidth by using pin
diodes (which increase power consumption and complexity)
and occupied a very large space of 120 × 60mm2. Two
simpler antennas occupying less space (30 × 30mm2 and
40×40mm2, respectively) are discussed in [4] and [5]. These
antennas have very narrow bandwidth and operate in a single
band only. In order to accommodate the multiband and wide-
band two-port MIMO, other antennas have been investigated
in [6], [7], and [8]. The inverted-F antenna in [6] uses an
inverted T-shaped slot to improve isolation and operates in
the 3.3-3.65 GHz and 4.8-5.50 GHz bands. The CPW-fed
antenna in [7] uses two identical trapezoidal radiating ele-
ments to achieve dual bands and a rectangular stub along
with a defective ground to obtain a good isolation between
the antenna radiators. The design in [8] uses a swastika slot
in a rectangular patch to obtain dual bands, and a T-shaped
strip to improve the isolation. Nevertheless, none of these
antennas operate in both Sub-6 GHz and Wi-Fi 6E operating
bands. The one exception is the MIMO antenna in [9], which
operates in both the Sub-6 GHz and Wi-Fi 6E and achieves
high isolation with a comb-shaped structure but has a discon-
nected ground that may not be suitable for diverse MIMO
applications.

Nowadays, many researchers are oriented toward design-
ing Dielectric Resonator Antennas (DRA) as these provide
several advantages such as higher bandwidth, lower losses
(due to the absence of metal), and improved gain and effi-
ciency [10], [11], [12], [13], [14]. Researchers in [10] report
an aperture-coupled, fed, two-port DR MIMO antenna built
on a Roger’s dielectric slab with impedance bandwidth of
4.70- 6.20 GHz and a mutual coupling of up to −15 dB oper-
ating in theWLAN5GHz band. Another two-port DRMIMO
antenna mentioned in [11] operates in a single band with

a 10-dB impedance between 5.65-6.55 GHz and a mutual
coupling of up to −20 dB across the functioning bands. The
DR antenna in [12] uses a ring-shaped DR and a defective
ground structure to obtain the desired dual-band and uses
polarization diversity to improve the isolation among the
radiators. In [13], a two-port DRA MIMO antenna operates
in the WLAN andWorldwide Interoperability for Microwave
Access (WiMAX) bands with a dual-band of 3.30-3.80 GHz,
and of 5.00-5.70 GHz, with mutual coupling better than
−20 dB across the desired operating bands. In [14], two half-
cylinder DRA’s are placed next to each other without a gap
to operate in dual bands, but each DRA operates in a separate
band. However, a DRA is three-dimensional (3D) and thus
occupies more physical space, which makes it less suitable
for integration into next-generation wireless devices.

It can be seen that obtaining a dense MIMO antenna with
minimum mutual coupling and accompanied by better diver-
sity performance is still an important objective for research.
The planar circularly polarized (CP) MIMO antennas are
becoming a commonly used part of modern wireless devices,
as these CPMIMO antennas minimize the problems of polar-
ization mismatch and interference of the wireless signals.
Planar CP MIMO antennas are investigated in [15], [16],
and [17] for wireless applications. In [15], a simple modified
square patch is used to generate CP waves at 5.6 GHzWLAN
frequencywith higher isolation of up to−37 dB. The compact
antenna in [16] can also achieve CP radiation by embedding
three oval slots on the right, left, and top concentric rings.
This suggested CP technique produces CP waves in the 3.30-
5.02 GHz band for 5G applications. The left-hand CP antenna
in [17] uses a rectangular slot on a rectangular-shaped ring
to operate in the 3.30-4.20 GHz frequency band with mutual
coupling better than -15 dB across the operative band. How-
ever, none of these CP MIMO antennas operate in the Wi-Fi
6E bands.

In this paper, a compact two-antennaMIMO is designed on
an economical FR-4 dielectric slab with a very small footprint
of 45 × 30 mm2. The proposed dual-band MIMO antenna
operates in the 5G Sub-6 GHz and Wi-Fi 6E bands with
measured impedance bandwidths of 2.39-2.57 GHz and 3.82-
6.95 GHz, respectively. The proposed antenna uses a novel
Parasitic Dollar Shaped Structure (PDSS) which improves
the isolation of the proposed MIMO antenna. Due to its
compact size, dual-band operation in 5G Sub-6 GHz and
Wi-Fi 6E bands, and reduced mutual coupling between the
antenna radiators, the proposedMIMO antennawill be a good
candidate for future next-generation wireless devices.

II. DESIGN STRUCTURE AND WORKING MECHANISM OF
A SINGLE MONOPOLE RADIATOR
The layout and appearance of the single monopole radiator is
illustrated in Figure 1.

Here, the main rectangular monopole is loaded with an
inverted E-shaped structure at its left and an asymmetrical
T-shaped strip at its right. To achieve better impedancematch-
ing of the CPW-feed technique, two identical ground planes
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FIGURE 1. Layout of monopole radiator (a) Front View (b) Layered View.

having an area of 8.6 × 9.5mm2 each are positioned at the
lower left and right corners of the substrate. A 50�microstrip
transmission feeding line of size 10 × 1.8 mm2 is embedded
within the two ground planes with an air gap of 0.5mm on
each side, as depicted in Figure 1. The overall planar size of
this monopole radiator engraved on 0.8mm FR-4 substrate
is 20 × 30 mm3. To explore the working mechanism and
excitation of the single monopole radiator within the two
wide operational bandwidths of 2.40 to 2.55 GHz and 3.85 to
6.93 GHz, the remainder of this section describes the steps of
antenna development and its corresponding reflection coeffi-
cient curve (S11).

1) STEP 1: LOADING OF VERTICAL RECTANGULAR
RADIATOR (ANT@1)
Initially, a vertical rectangular radiator (ANT@1) is intro-
ducedwith symmetrical CPW-fed ground planes, as indicated
in Figure 2a. The width and length of the vertical rectan-
gular radiator were optimized using CST Microwave Stu-
dio®(MWS) to obtain the desired dimension of 14×7mm2.

FIGURE 2. Step-wise development of the mechanism of the single
monopole radiator (a) ANT@1 (b) ANT@2 (c) ANT@3.

FIGURE 3. Corresponding S 11 (dB) of step-wise design.

Figure 3 shows the associated S11 of ANT@1, indicating
that ANT@1 induces a good resonant frequency at 4.5GHz
with a wide bandwidth of 3.88-5.77 GHz. Thus, ANT@1
can meet the wideband demand for Sub-6 GHz 5G fre-
quency band. The amalgamation of a vertical rectangular
radiator, symmetrical ground planes, and microstrip feeding
line cancels the reactive impedance by offering an equal
amount of capacitive and inductive impedances at a resonat-
ing frequency of 4.5 GHz. Therefore, ANT@1 obtains good
impedance matching for 3.88-5.77 GHz frequency bands.

2) STEP 2: DESIGN OF ASYMMETRICAL T-SHAPED STRIP
(ANT@2)
As observed in Figure 3, the frequency band induced by
ANT@1 alone is not sufficient to cover the lower and higher
Wi-Fi 6E frequency band. Hence, in order to generate res-
onance at the lower frequency of 2.4 GHz as well as to
enhance the bandwidth of the higher Wi-Fi 6E band without
disturbing the impedance matching and feeding position of
ANT@1, an asymmetrical T-shaped strip is deployed on the
right side denoted as ANT@2 shown in Figure 2b. Here it
can be observed that ANT@2 generates resonance at 2.5 GHz
yielding a 10-dB impedance bandwidth between 2.40 and
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FIGURE 4. Surface current distribution of ANT@3 at (a) 2.5 GHz and
(b) 4.5 GHz.

2.55 GHz, along with slight enhancement in the higher band
of 4.11-6.01GHz. (Figure 3). However, theANT@2 still does
not cover the higher Wi-Fi 6E band.

3) DEPLOYMENT OF AN INVERTED-E-SHAPED STRUCTURE
(ANT@3)
In order to obtain the entire Wi-Fi 6E band, an inverted-E-
shaped structure with equal-sized arms is deployed on the left
side of ANT@2 (ANT@3, Figure 2c). Each of the three rect-
angular arms of the E-shaped structure has a size of 4×1mm2

(see Figure 1a), and, notably, the air gap between these arms
acts as a capacitor to cancel the inductive reactance created
by the E-shape. Furthermore, the entire inverted E-shaped
structure increases the path for electrical current, thus aiding
in enhancing the higher frequency bandwidth from (4.11-
6.01 GHz) to the range of ANT@2 (3.85-6.93 GHz) along
with better impedance matching at 2.5 GHz for ANT@3,
as depicted in Figure 3. Therefore, the ANT@3 successfully
functions in the lower frequency band of 2.40-2.55 GHz and
higher frequency band of 3.85-6.93 GHz, thus fulfilling the
desired frequency of Sub-6 GHz 5G and Wi-Fi 6E band.

To demonstrate the multiband and wideband characteris-
tics of ANT@3, its respective surface current distribution is
analyzed in Figure 4. From Figure 4a, it can be noticed that

FIGURE 5. Simulated analysis of S11 versus frequency for varying the
width Tw of asymmetrical T-shaped strip.

the maximum current is passing through the asymmetrical
T-shaped strip (shownwith black dotted lines), which helps to
resonate at a lower 2.4GHz frequency band. Likewise, from
Figure 4b, the longer current passing through the inverted
E-shaped structure and the lower part of the asymmetrical
T-shaped structure help in generating a resonance at 4.5GHz
with a very wide bandwidth. Therefore, ANT@3 generates
a dual band with impedance bandwidth of 6.06% (2.40-
2.55 GHz) and 57.14% (3.85-6.93 GHz) at the resonant fre-
quency of 2.5 GHz and 4.5 GHz, respectively, and will be
applied for realizing the MIMO configuration for Sub-6 GHz
5G and Wi-Fi 6E applications.

III. PARAMETRIC ANALYSIS OF THE PROPOSED
TWO-PORT MIMO ANTENNA
To characterize the proposed antenna in Sub-6 GHz 5G and
Wi-Fi 6E bands, a parametric study of essential parameters
like width (Tw) of asymmetrical T-shaped strip length (RL) of
the main monopole radiator, and length (GL) of symmetrical
ground planes are analyzed by keeping other dimensions
unchanged.

A. A SIMULATED ANALYSIS OF VARIATION OF WIDTH TW
OF THE ASYMMETRICAL T-SHAPED STRIP
A simulated S11 of the proposed antenna versus frequency
curve is plotted in Figure 5 for different values of Tw in the
step increment of 1mm. From Figure 5, it can be noticed that
as the width of Tw increases from 14 mm to 17 mm, the
lower resonance of the 2.4 GHz band gets shifted toward the
lower side of the spectrum. However, the variation of Tw does
not affect the resonance of 4.5 GHz and the matching band-
width of the Wi-Fi 6E band. To achieve the required band-
width of lower 2.4 GHz band, the value of Tw as 16 mm is
considered.

B. A SIMULATED ANALYSIS OF VARYING LENGTH RL OF
THE VERTICAL RECTANGULAR STUB
As observed from Figure 6, the impedance matching curves
for the 2.4 GHz band remain unaffected for the variation RL
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FIGURE 6. Simulated analysis of S11 versus frequency for varying the
length RLof vertical rectangular stub.

FIGURE 7. Simulated analysis of S11 versus frequency for varying the
length GL of CPW ground planes.

from 9.5 mm to 11 mm in the step increment of 0.5mm.
The RLof 9.5 mm affects the amplitude of S11 by reducing
the required bandwidth. For RL of 10.5 mm, the original
resonance of 4.5 GHz is shifted towards the higher frequency
of 4.8 GHz; however, this value of RL fails to achieve the
required band of Wi-Fi 6E. Further increment of RL slightly
shifts the resonance towards higher frequency and affects the
value of S11 by decreasing the impedance bandwidth in the
Wi-Fi 6E bandwidth. Therefore, RL of 10 mm is considered
as this gives the desired bandwidth of Wi-Fi 6E band with a
good value of S11.

C. SIMULATED ANALYSIS OF VARYING LENGTH GL OF THE
CPW GROUND PLANES
It can be seen from Figure 7 that the variation of GL from
8 mm to 9.5 mm in a step increment of 0.5 mm has very
less effect on the lower resonance of 2.4 GHz. However,
it significantly affects the S11, along with a slight deviation in
10-dB impedance bandwidth. It can be very well noted that
decreasing GL from 9.5 mm to 8 mm, slightly reduces the
bandwidth at the same time, and decreases the S11 value of
the Wi-Fi 6E band. Therefore, a GL of 9.5 mm is considered
in order to operate in the desired Wi-Fi 6E band.

FIGURE 8. Layout and design of the proposed two-port MIMO,
(a) without PDSS, and (b) with PDSS.

IV. LAYOUT AND ANALYSIS OF THE PROPOSED
TWO-PORT MIMO ANTENNA
Figure 8 illustrates the layout and design of the proposed two-
port MIMO antenna with and without deploying the isolat-
ing structure. As observed from Figure 8a, the two similar
monopole radiators (ANT@3) are deployed horizontally at
a distance of 0.04λ (where λ is the free space wavelength
at 2.5 GHz). A compact PDSS is easily accommodated as a
decoupling structure within this narrow space, as illustrated
in Figure 8b. Furthermore, this narrow space also guarantees
the monopole radiators will operate independently without
affecting theMIMO diversity performance in a rich multipath
scattering condition.

A. ANALYSIS OF TWO-PORT MIMO ANTENNA WITHOUT
AND WITH PDSS LOADING
Figure 9(a) depicts the simulated S11 at port 1, S22 at port 2,
and the mutual coupling (S12 and S21) of the proposed
two-port MIMO antenna without deploying the PDSS. Here,
it can be noted that the S11 and S22 are similar, confirming
good impedance matching in the operating bands. This con-
figuration also exhibits wide 10-dB impedance bandwidths
of 6.06% (2.40-2.55 GHz) and 57.14% (3.85-6.93 GHz).
However, the mutual coupling level (S12 or S21) of approx-
imately −10 dB at around 4 GHz does not meet the industry
and IEEE standards, which call for a lower than −15 dB
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FIGURE 9. Simulated S-parameters (a) without the PDSS element (b) with
PDSS element.

to communicate the antenna element independently without
interfering with the adjacent antenna element.

Various techniques have been proposed to increase the
isolation between two monopole radiators, including meta-
material [1], defected ground [3], EBG structure [4], comb-
shaped structure [9], polarization diversity [12], and slotted
ground structure [19]. For the antenna of this paper, a novel
dollar-sign-shaped PDSS is employed as an isolating ele-
ment between the monopole radiators (within the 0.04λ gap),
as depicted in Figure 9b. The PDSS consists of two interlock-
ing, opposite-facing C-shaped structures, each with a size of
5.5 × 3 mm2. Further, a vertical rectangular strip of size 6 ×

4mm2 is inserted on the lower arm of each C-shape in order to
act as a stop band filter to block complete surface waves in the
desired operating bands. The S-parameter curves in Figure 9b
reveal that the introduction of the PDSS maintains the same
impedance bandwidth (as observed from the S11/S22 curves)
of the monopole radiators. Notably, the PDSS significantly
increases the isolation between the two monopole radiators,
achieving a level of >15 dB (seen from S12/S21 curves) and
meeting industry standards.

Figure 10 shows the surface current (A/m) distribution
without and with the PDSS structure at both the resonant

frequency of 2.5 GHz and 4.5 GHz. Figure 10a reveals that at
2.5 GHz, when Monopole radiator#1 is active, but Monopole
radiator#2 is terminated by 50 � load impedance, Monopole
radiator#2 is highly coupled by the strong radiating field
generated fromMonopole radiator#1. In contrast, Figure 10b
reveals that Monopole radiator#2 is shielded from the strong
radiation field of Monopole radiator#1 due to the PDSS,
which acts as a band stop filter to suppress the correlated
signals (surface waves) coming from Monopole radiatort#1.
The same phenomenon without PDSS (Figure 10c) and with
PDSS (Figure 10d) at a 4.5 GHz resonant frequency is also
shown and verified when Monopole radiator#2 is excited,
while Monopole radiator#1 is terminated with a 50� load
impedance.

B. PARAMETRIC ANALYSIS OF ISOLATING ELEMENT AND
COMMON GROUND PLANE OF MIMO ANTENNA
To comprehend more about the performance of PDSS, a para-
metric study including the length (IG) of the connected
ground plane and width (ID) of the vertical rectangular strip
is carried out in the dual-band of operation of the proposed
MIMO antenna. These critical parameters do not affect the
desired resonances of 2.5 GHz and 4.5 GHz and achieve
10-dB impedance bandwidth. As noticed from Fig. 11, as the
value of IG increases from 7.5 mm to 9 mm in the step
increment of 0.5 mm, the isolation level increases from 8 dB
to 15 dB. The further increment of IG fails to maintain the
connectivity of ground planes of two identical monopole
radiators, which is very essential in the practical implemen-
tation of the MIMO antenna. Therefore, an IG of 9 mm is
considered, as this helps to maintain the 15 dB isolation level
throughout the dual-band operation.

Another analysis is carried out by increasing ID from
0.2 mm to 0.8 mm, in the step increment of 0.2 mm, as illus-
trated in Fig. 12. It is noted that at the ID of 0.2 mm,
15 dB isolation level is achieved in both desired operating
bands; however, it was not considered for the final design of
PDSS as the very thin size of 0.2 mm may create fabrication
challenges. Furthermore, ID of 0.6 mm and 0.8 mm shifts
the isolation curve towards a higher frequency band. This
results in a high isolation level of better than 15 dB at 4 GHz.
Therefore, an ID of 0.4 mm was considered for the final
design of PDSS.

V. RESULTS AND DISCUSSION OF THE PROPOSED
TWO-PORT MIMO ANTENNA
A prototype was fabricated to physically implement the pro-
posed two-port MIMO antenna for Sub-6GHz 5G and Wi-Fi
6E wireless applications, as shown in Figure 13. The free
space performances, including scattering and radiating, and
MIMO diversity performances, including ECC and DG of
the fabricated proposed prototype, were validated with sim-
ulated and experimental performances. When analyzing the
two-port MIMO antenna, only one Monopole radiator was
excited, whereas the other Monopole radiator was terminated
with a 50� load impedance.
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FIGURE 10. Surface Current (A/m) (a) without PDSS and monopole
radiator#1 excited at 2.5GHz, (b) with PDSS and monopole radiator#1
excited at 2.5GHz, (c) without PDSS and monopole radiator#1 excited at
4.5GHz, and (d) with PDSS and monopole radiator#1 excited at 4.5GHz.

A. SIMULATED AND MEASURED S-PARAMETERS OF THE
TWOPORT MIMO ANTENNA
As the S11 and mutual coupling S12 are analogous to S22 and
S21, respectively, Figure 14 only illustrates the simulated and
measured S11 and S12 impedance bandwidth characteristics
of the two-port MIMO antenna.

From Figure 14, it is important to note that both the
simulated and measured results agree well with each other,
with negligible variation in both operating bands. This small
deviation may arise from minor fabricating errors or manu-

FIGURE 11. Simulation analysis of varying length (IG) of the common
ground plane on the isolation of proposed MIMO Antenna.

FIGURE 12. Simulation analysis of S12 vs frequency by varying the width
(ID) of the Isolating element.

FIGURE 13. Fabricated prototype of the proposed two-antenna MIMO.

facturing tolerances. Nevertheless, Sub-6 GHz 5G and Wi-Fi
6E dual-band operation is clearly seen in Figure 14. The
measured Sub-6 GHz 5G/lower Wi-Fi 6E and higher Wi-Fi
6E band operation exhibit wide 10-dB impedance bandwidths
of 7.25% (2.39-2.57 GHz) and 58.12% (3.82-6.95 GHz),
respectively, while the mutual coupling better than -15 dB
was obtained in the desired bands.

B. SIMULATED AND MEASURED FAR-FIELD RADIATION
PATTERNS OF TWO-PORT MIMO ANTENNA
Figure 16 depicts the schematic for far-field measurement
inside an anechoic chamber. The radiation patterns of the
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FIGURE 14. Simulated and measured S-parameters.

FIGURE 15. Schematic Diagram of anechoic chamber set-up for farfield
measurements of antenna.

two-port MIMO antenna in the E-plane and H-plane are
visualized in Figure 16.

Figures 16(a) and (b) reveal that the two monopole radi-
ators in the E-plane exhibit approximately omnidirectional
patterns and eight-shaped patterns for the co-polar and cross-
polar radiation, respectively. Furthermore, it is important to
observe that Monopole radiator#1’s radiation patterns are
exactly the mirror images of the ones shown in Monopole
radiator#2. As for the H-plane equivalents, shown in Fig-
ures 16(c) and (d), across the two bands of operation, 2.5 GHz
and 4.5 GHz, respectively, the twomonopole radiators exhibit
bi-directional patterns (co-polar) and omnidirectional pat-
terns (cross-pol). These results demonstrate that the proposed
two-portMIMO antenna offers reasonably good radiation far-
field characteristics to meet the desired free space andMIMO
diversity performances in rich multipath conditions.

C. SIMULATED AND MEASURED REALIZED GAIN AND
RADIATION EFFICIENCY
Figure 17 shows the gain and efficiency plots of the two-port
MIMO Antenna.

As the two monopole radiators are similar in structure and
performance, only the characteristics of monopole radiator#1
are shown. The maximum simulated gain is observed to be

FIGURE 16. Radiation patterns of Monopole radiator#1 and Monopole
radiator#2, at (a) 2.5 GHz, E-plane, (b) 4.5 GHz, E-plane, (c) 2.5 GHz,
H-plane, and (d) 4.5 GHz, H-plane.

2.65 dBi, whereas the measured gain is 2.60 dBi. The peak
simulated efficiency is observed to be 75%, while the mea-
sured efficiency is around 70%. Thus, the two-port MIMO
antenna exhibits good gain and radiation efficiency.

VI. DIVERSITY PERFORMANCE ANALYSIS
To confirm the efficacy of the two-port MIMO antenna, the
diversity assessment (ECC andDG, for example) are essential
and thus was verified through both simulation and measure-
ment.
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FIGURE 17. Gain (a) and Efficiency (b).

A. ENVELOPE CORRELATION COEFFICIENT (ECC)
The ECC was investigated to determine how independently
the monopole radiators can radiate throughout the operating
band. Ideally, the ECC value should be zero, which shows that
monopole radiators do not interfere with each other despite
close deployment and that each radiates independently by
generating uncorrelated signals. However, in a real scattering
situation, the ECC value is not zero. The ECC value of
the two-port MIMO antenna is determined by the far-field
patterns using Equations (1) [18].

ρe =

∣∣∣∫∫4π [
F1(θ, ∅) ∗

−→
F2(θ, ∅)

]
d�

∣∣∣∫∫
4π

∣∣∣−→F1(θ, ∅)
∣∣∣2 d�

∫∫
4π

∣∣∣−→F2(θ, ∅)
∣∣∣2 d�

(1)

where F1 (θ , φ) is the three-dimensional (3D) field pattern of
the antenna when the ith port is excited, and � is the solid
angle.

Figure 18 depicts the ECC graph for the desired frequency
ranges. The ECC of the two-port MIMO antenna obtained
from equations (1) remain well below 0.02 in the complete
operating band, which confirms that this MIMO antenna
operates close to the ideal MIMO diversity performance cri-
teria.

FIGURE 18. Calculated and simulated ECC.

FIGURE 19. Calculated and simulated DG.

B. DIVERSITY GAIN (DG) dB
The DG parameter is used to calculate the increment in the
signal-to-noise ratio (SNR) magnitude of each signal path
because of the fading signals of the spatial diversity tech-
nique. Ideally, the DG is equal to 10 dB. Calculation of its
value is obtained using Equation (2).

DG = 10
√
1 − |ρe| (2)

Figure 19 illustrates the DG of the two-port MIMO
antenna. The calculated and simulated DG results obtained
from far-field radiation patterns are very near the ideal of
10 dB. This result indicates that the two monopole radiators
are strongly mutually uncoupled and thus are suitable for
MIMO applications.

VII. PERFORMANCE STUDY OF THE TWO-PORT MIMO
ANTENNA
Performance comparison of the two-antenna MIMO is con-
ducted with respect to the existing two-antenna MIMO types,
including operating bands, size, type of decoupling structure,
gain, efficiency, ECC, and DG (Table 1). Table 1 shows that
the two-antenna MIMO exhibits sufficiently wide bandwidth
and dual-band operation with smaller design footprints and
acceptable ECC and DG values.
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TABLE 1. Study of two-antenna MIMO.

More specifically, from Table 1, the following features of
the two-antenna MIMO are identified:

1. It has the smallest designed footprint (area) compared to
[5, 7, 8, 9, 10, 12, 13, and 14].

2. Unlike [5, 9, 10, 14, 15, 16, and 17], it functions in a
dual-band.

3. Higher gain than [5, 8, 10, 12, and 17].
4. Unlike [10, 12, and 17], it has greater ECC and DG.
5. Its decoupling structure is very compact and simple in

design, giving high isolation of >15 dB compared to other
designs researched in the literature.

VIII. CONCLUSION
A two-port MIMO antenna exhibiting the bandwidth require-
ments of Sub-6 GHz 5G and Wi-Fi 6E band has been
successfully designed, studied, and analyzed. The two-port
MIMO antenna validates dual-band operation with wide
10-dB impedance bandwidths of 7.25% (2.39-2.57 GHz) and
58.12% (3.82-6.95 GHz), along with a peak gain of 2.65 dBi
and efficiency of 70%. Deployment of a dollar-sign-shaped
PDSS as a decoupling structure between the two closely
spaced monopole radiators of the MIMO antenna produces
a desirable mutual coupling better than -15 dB. Assessment
metrics such as ECC (< 0.02) and DG (> 9.98 dB) are found
to be well within the acceptable practical values. Therefore,
because of its good free-space characteristics, better diversity
assessment, and small design footprint, the two-port MIMO
antenna can be easily integrated inside modern devices func-
tioning in the Sub-6 GHz 5G andWi-Fi 6E bands. In addition,
it is well suited to form large-number antenna arrays for better
wireless communication transmission and reception signal
quality and for facilitating seamless internet connectivity.
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