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Abstract
This research article proposes a dual-sense dual-portwideband circularly polarized (CP)multi-
inputmulti-output (MIMO) antenna designed forWi-Fi 6E applications.Themain novelty lies
in achieving CP for both ports using a truncated rectangular-shaped aperture. By incorporat-
ing design and spatial diversity and defective ground structure between the two radiators, the
design improves isolation and enables the antenna to generate Left-Hand Circular Polarization
(LHCP) depending on the selected feed port. The proposed MIMO rectangular dielectric
resonator antenna demonstrates an impressive impedance-matching bandwidth (IBW) from
5.5 to 8.0GHz (37.10%) as well as an axial ratio bandwidth (ARBW) covering from 6.0 to
6.55GHz (12.20%). Additionally, the dual-port wideband CPMIMO antenna exhibits satisfac-
tory diversity performance parameters. To validate the simulated results, a physical prototype
is fabricated and subjected to experimental testing. The measured outcomes of the fabricated
model align closely with the simulated results, confirming the accuracy of the design. With
both MIMO and CP capabilities and improved isolation, this proposed model proves benefi-
cial in reducing latency and minimizing the impact of multipath fading. Therefore, it stands
as an excellent choice for future devices utilizing the Wi-Fi 6E band due to its broad IBW and
overlapping AR.

Introduction

The most common form of communication for gadgets that require internet connectivity for
their extended operation is Wi-Fi. Encompassed within are essential communications for mis-
sions, which involve the Internet of things, cellular gadgets having enhanced bandwidth, and
other related technologies. Wi-Fi utilizes the quadrature amplitude modulation (QAM) tech-
nique, with Wi-Fi 5 employing the 512-QAM method, enabling devices to broadcast 8 bits
concurrently. In Wi-Fi 6, 1024-QAM is employed to boost speed and ultimately the bits trans-
mission rate. As a result, 10 bits can now be delivered simultaneously at a faster rate.That assists
in an additional 25% in speed. Wi-Fi not only enhances the performance of smart devices but
also enables the use of virtual reality and augmented reality apps. The ability to remotely man-
age machinery, medical operations, crucial infrastructure, and vehicles is made possible by low
latency and ultra-reliable networks in the industry [1]. Higher data rates and bandwidth are
required due to the rise in demand for these applications. A simple solution like multi-input
multi-output (MIMO) can meet the needs because of limited bandwidth resources and high
data rate demands.

MIMO technology has demonstrated its ability to improve data rates, communication qual-
ity, and bandwidth while keeping power consumption unchanged. The performance of MIMO
systems heavily relies on the design and configuration of antennas, which are essential for mit-
igating the effects of multipath propagation in wireless channels [2, 3]. However, the research
literature has relatively few articles discussing MIMO dielectric resonator antennas (DRAs),
indicating they might not be as extensively explored as other antenna types. In one study [4], an
MIMO rectangular DRA (RDRA) was proposed for 4G applications, but its fabrication process
proved to be intricate due to the incorporation of a shorting pin and metallic strip.

Another research work [5] introduced a cylindrical DRA for MIMO applications, which
improved port isolation through the use of slits in the ground plane. However, the inser-
tion of the cylindrical DRA into an FR4 substrate added complexity to the fabrication
process. Overall, there are limited reports in the literature on dual-port MIMO antennas
with circular polarization (CP) covering the Wi-Fi 6E band and having narrow impedance-
matching bandwidth (IBW) and axial ratio bandwidth (ARBW). Recently, CP radiators have
gained significant attention among antenna designers for MIMO systems [6]. Although
both CP and linearly polarized antennas emit radiation, CP antennas offer advantages in
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mitigating the negative effects of multipath. They are less sensitive
to the orientation of transmitter (Tx) and receiver (Rx) antennas,
making them well-suited for wireless networks [7] and transceiver
applications [8].

Moreover, they create a dependable connection between the
transmitting and receiving systems, regardless of their orientation.
Ref. [9] highlights that utilizing CP radiators in MIMO antenna
systems can be a promising approach for both indoor and out-
door scenarios, offering several advantages over linearly polarized
radiators.

Researchers have introduced various CP MIMO antennas with
two-port [10–13] and four-port [14–16] configurations. Among
these, a four-port CP antenna with a planar structure and DRA
has been proposed [17, 18]. In smart Wi-Fi devices, the planar
and DRA shape is highly preferred for accommodating the anten-
nae. However, none of the existing antennas were discovered to
resonate at the Wi-Fi 6E band (5.90–7.10GHz), and the four-port
configuration failed to meet the user requirements. Another study
[19] introduced a CP dual-band MIMO antenna with a multi-
layer structure, which exhibited decent antenna performance in
a higher frequency band. However, it was considered unsuitable
for the intendedWi-Fi 6E application range due to the overlapping
axial ratio (AR) and IBWs.

Additionally, in papers [20, 21], planar CP MIMO anten-
nas were proposed with center frequencies of 3.6GHz and
2.44GHz, IBWs of 11.11% and 3.27%, and ARBWs of 13.88%
and 40.34%, respectively. Nevertheless, even with DRA geometry
and respectable antenna properties, these operational bands still
necessitate a dual-port CP antenna resonating in the Wi-Fi 6E
spectrum.

This paper introduces a miniature, dual-element, two-port,
double-sense RDRA tailored for MIMO applications. The RDRA
design incorporates truncated rectangular-shaped apertures to
generate CP waves. Specifically, one port of the aperture produces
LHCP waves, while the other port generates Right-Hand Circular
Polarization (RHCP) waves.This arrangement achieves an impres-
sive overlapping bandwidth, covering both IBW andAR at 20.20%.
The adoption of a carefully chosen defective ground geometry
contributes to a favorably improved isolation and wide IBW char-
acteristic. To assess the MIMO performance, the paper evaluates
the envelope correlation coefficient (ECC) parameter.The findings
suggest that the MIMO antenna design holds promising potential
for futureWi-Fi 6E wireless applications, owing to its DRA config-
uration and the ability to achieve circular polarization without the
need for a complicated process.

Antenna design and analysis

Single element antenna

Figure 1(a) illustrates the three-dimensional model of the single-
element antenna positioned on a 25 × 25mm (L × W) ground
plane with a substrate height (Hs) of 1.6mm. The optimal dimen-
sions of the RDRA and periodic truncated rectangular-shaped
apertures are detailed in Table 1. Further elaboration on the dielec-
tric material, substrate, and feeding mechanism is provided in the
subsequent section.

Utilizing periodic truncated rectangular-shaped apertures is a
technique employed to generate CP [22], which aligns with the
objectives of this research. Fundamentally, the square ring func-
tions as a network to induce sequential phase shifts of 0∘, 90∘, 180∘,
and 270∘ at the four edges of the loop.This phenomenon facilitates

Figure 1. Schematic diagram of the single element antenna: (a) 3D-design;
(b) reflection coefficient; (c) axial ratio; and (d) gain.

Table 1. Augmented dimension of the projected wide band CP MIMO antenna

Elements Parameters Dimensions (mm)

Length ground/
substrate

LS, LG 53, 53

Width ground/substrate WS, WG 53, 53

Height of substrate HS 1.6

RDRA H, W, D 26, 25, 20

Distance between DRs DR 13

Truncated rectangular-
shaped apertures width,
breadth, and gap, arc

WP, BP, D, Θ 4, 2, 1, 90∘

DGPS, arc H1, H2, Θ 2.5, 25, 80∘

Microstrip feed
(length/width)

HS/WS 30, 3

the attainment of the desired response critical for generating theCP
field and maintaining the phase difference between the generated
orthogonal modes.

Observably, two orthogonal degenerate modes manifest at
6.6GHz and 6.8GHz, contributing to CP generation at a fre-
quency of 6.6GHz. The single antenna exhibits an IBW of 8.43%
(6.54–6.6GHz), as depicted in Figure 1(b), alongside a 3 dB AR
passband extending from 6.48 to 6.82GHz, offering a 12.9%
ARBW, as shown in Figure 1(c). Conversely, Figure 1(d) illustrates
the average gain of the single element, maintaining a nearly 5 dBic
level throughout the desired band.

Proposed MIMO antenna

Figure 2 illustrates the suggested configuration of the CP MIMO
RDRA. The primary emphasis lies on the feeding mechanism and
its three-dimensional depiction. Figure 2(a) depicts the complete
proposed 3D model. While Figure 2(b) shows the backside view
which comprises a standard microstrip feed line. However, the
feed line has undergone meticulous optimization to achieve a
50Ω impedance matching. The main part of the proposed design,
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Figure 2. Schematic diagram of the proposed wideband CP MIMO antenna:
(a) proposed design, (b) feeding structure, back side of the ground; and
(c) DGS/truncated rectangular-shaped apertures 3D view.

i.e., defected ground structure (DGS) and truncated rectangular-
shaped aperture is illustrated in Figure 2(c). The etched structure
on the ground plane plays a pivotal role in generating a CP wave-
form directed broadside.

Two symmetrically arranged truncated rectangular-shaped
apertures are employed at ports 1 and 2. To improve isolation,
S-shaped DGS slits are incorporated into the upper portion of
the ground plane between the two feeding ports. For the antenna
simulation and optimization, the CST MWS tool is utilized. The
antenna’s compact dimensions in its basic form are 53 × 53 ×
1.6mm, and it is built using an FR-4 substrate with a dielectric con-
stant (𝜖r) of 4.4 and a loss tangent (tan 𝛿) of 0.02. The optimized
antenna dimensions can be found in Table 1.

Design evolution steps

This section presents a discussion of the simulated design evo-
lution and its corresponding steps. Figure 3 depicts the iterative
progression from the basic RDRA design to the proposed design.
To get the optimum dimension, a comprehensive parametric study
has been performed using an finite element method (FEM)-based
simulation tool. A pair of simple RDRA are placed on the ground
plane. Both the DR elements are tightly spaced with an optimum

Figure 3. Evolution of the 3D view of the RDRA, (a) a basic RDRA pair. (b) Truncated
rectangular-shaped apertures base RDRA. (c) Proposed design (DGS). (d) Backside
view of microstrip lines.

gap after running the intense simulations. In order to reduce sur-
face wave current, the substrate of a low permittivity of around
4.4 is used. It consists of an alumina ceramic-based rectangular
dielectric resonator (DR) (𝜖r = 9.8, tan 𝛿 = 0.02) placed over an
FR-4 substrate (𝜖sub = 4.4, tan 𝛿 = 0.02), resulting in an overall
size of 53 × 53 × 1.6mm3. The ECCOSTOCK HiK material has
been utilized to create RDRAs having a permittivity of 9.8 shown
in Figure 3(a). For the generation of CP waves, two modified rect-
angular corner truncated-shaped apertures have been etched. Both
are mirror images of one another as described in Figure 3(b), used
at port 1 and port 2. Figure 3(c) and (d) illustrates the 3D view of
the proposed model from the top and backside respectively.

Simulated results

The proposed two-port wideband CP MIMO antenna adopts
the elementary antenna’s geometry. The ground plane has been
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Figure 4. S-parameter parametric analysis results of all three antennas: (a) S11 antenna (a), (b) S11 antenna (b), (c) S11 antenna (c), and (d) isolation S21.

modified with truncated rectangular-shaped apertures etched on
the upper side, and a simple microstrip line is employed on the
lower part of the ground plane. Port 1 and port 2 incorporate two
modified rectangular corner truncated-shaped apertures, which
act as symmetrical mirror images of one another. To improve iso-
lation, S-DGS slits are etched between the two feeding ports on the
upper section of the ground plane. Even though a shared ground
geometry is commonly suggested for MIMO configurations [36],
it is not used in this particular case. This decision stems from the
fact that the CP performance is highly dependent on the ground
plane geometry.

Connecting the antenna to a common ground would adversely
affect the performance. As a result, the current MIMO antenna
employs a separate ground plane structure to effectively maintain
its CPperformance. Figure 4 presents the simulated reflection coef-
ficient S11 and transmission coefficient S12 for all three stages of the
MIMO antenna. The simulated S11 performance of the integrated
antenna is illustrated in Figure 4(a). It is basically a dual-band
antenna, it can be seen that two |S11| ≤ 10 dB frequency bands are
obtained with one centered at 2.02GHz and the other at 5.7GHz.
The bandwidths of the two operational bands are 5.6–5.88GHz
(4.87%) and 6.73–7.0GHz (4.0%), respectively.

The antenna 3(a) provides a narrow bandwidth in the desired
band (5.9–7.1GHz). The antenna 3(b) exhibits dual-band char-
acteristics too, an impressive IBW spanning 24.54% (from 5.6 to

7.1GHz) and 5.5% from 7.36 to 7.78GHz covering the whole
desired band in addition to this an ARBW of 20.20% (from 5.58
to 6.69GHz) has been attained as depicted in Figure 3(b). Upon
close examination of Figure 3(c), it is evident that the reflection
coefficients S11 for both antenna 3(b) and (c) are nearly identi-
cal, except for antenna 3(a). The broadened response observed
in antennas 3(b) and (c) is attributed to the synergistic influ-
ence of two pivotal factors: cavities and resonance [22]. A novel
design methodology is introduced herein, entailing the arrange-
ment of sequential patches periodically. These patches, charac-
terized by truncated rectangular-shaped apertures, are strategi-
cally positioned on the substrate (ground plane) to augment the
impedance-matching bandwidths.

As we know, cavities play an important role in IBW enhance-
ment by etching on the ground plane, e.g., resonant cavity antenna.
Moreover, these truncated apertures are placed in a periodic man-
ner to generate the resonance, and by converting a single element
into MIMO the overall resonance increases, the presence of multi-
ple resonances can lead to awider impedance-matching bandwidth
compared to a single resonance. This is because each resonance
point contributes to the overall bandwidth of the antenna. These
multiple resonant modes are simultaneously excited to broaden
the bandwidth of a proposed antenna by about 32%. Several reso-
nant modes are clearly visible in Figure 4(b) and (c), same concept
has been used in [37]. Conversely, in Figure 3(a), the absence
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Figure 5. Linearly polarized RDAR field distribution of TEy1𝛿1 at 6.84 GHz. (a) E-field
and (b) H-field.

of truncated rectangular-shaped apertures results in a narrower
impedance-matching bandwidth performance, as illustrated in
Figure 4(a).

However, the transmission coefficients S21 show considerable
differences. At the resonant frequency of 6.8GHz, Figure 3 exhibits
S21 at approximately −20 dB, while Figure 3(b) records −23 dB.
Figure 3(c) stands out with a significantly reducedmutual coupling
(MC), reaching approximately −46 dB, as shown in Figure 4(d).

The observed results can be attributed to the polarization prop-
erties of the two DRAs used in Figure 3(b). Both antennas exhibit
the same polarization characteristics in this arrangement, gener-
ating LHCP waves upon excitation. As a result, a significant level
of MC between the two DRAs is observed. On the other hand,
Figure 3(c) takes advantage of the S-shaped DGS implementation,
leading to a noteworthy reduction in MC. The working principle
of the DGS will be explored in more detail later. Similarly, when
two CP antennas are positioned adjacently, the mutual interfer-
ence is relatively faint [23], which corroborates the findings of this
investigation.

On the other side, Figure 3(a) only excites the single fundamen-
tal mode TEy

1𝛿1 inside the DRA, which is evident from the E and
H-field as depicted in Figure 5. The AR is not shown here because
the Figure 3(a) is linearly polarized.Hence necessarymodifications
are required to design CP DRA which are explained in the next
section. Generating CP waves requires essential stimulation of two
orthogonal modes with a 90∘ angle difference between them [24].
In order to enhance the S11 bandwidth a bit more, and generate CP
waves, a modification has been done in Figure 3(a) which leads the
design to Figure 3(b).

Generation of CP waves

Antenna (b) is a traditional patch antenna, where a rectangu-
lar corner truncated-shaped aperture is introduced. These equal-
sized rectangular corner truncated structures are placed in circular
shapes with a uniform distance between them. It is basically a
sequential rotation technique [25]. In addition to the microstrip
feed line, the energy supply for the sequentially rotated patches is
facilitated by using the gap-coupled feed method [26]. Moreover,
to enhance the impedance and CP bandwidth, the four stacked
patches are etched above the bottom layer. In the sequential rota-
tion technique, the angular orientation of each element is adjusted
to achieve the appropriate DR arrangement, resulting in the gener-
ation of CP waves [27].

To enhance the purity of CP, minimizing the cross-pol com-
ponent of the total E-field of the array is crucial. This cross-pol

Figure 6. AR antenna evolution results (a) axial ratio antenna (a) and (b) axial ratio
proposed design.

component is dependent on the microstrip feed line and the
rotation angle of each array element with a circular shape aper-
ture [28]. The best approach to reduce the cross-pol component is
to apply a 90∘ rotation among the truncated structures and rotate
each element in the quadruple array [29, 30]. In our specific case,
as shown in Figure 2(c), each element has an angle ≥90∘ of spa-
tial rotation, leading to the excitation of CP waves, resulting in the
visibility of the degenerate modes pair of first higher-order in the
DRs TEx

𝛿11 at 6.3GHz and TEy
1𝛿1 at 6.49GHz as depicted in Figure

6(a). On the other hand, CP response from the proposed antenna is
almost a copy of antenna (b), i.e., 12.50 over the desired frequency
band as depicted in Figure 6(b).The antennamodification provides
a wide CP response over a bandwidth of approximately 13.20%,
achieving anARBWfrom 6.0 to 6.55GHz, sufficiently covering the
targeted band.ThewidebandCP response and excitation of higher-
order modes have been accomplished using a low-cost, simple
design configuration without any complexity, making a valuable
contribution to the existing literature. Additionally, Figure 7 illus-
trates the E-field distribution of the proposed CPRDRA, providing
evidence of the degenerate mode pair.

To gain deeper insights into reference antenna (b), Figure 8
displays the E-field vectors w.r.t angles in DRA-1 and DRA-2
at 6.3GHz and 6.49GHz, considering four different phases:
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Figure 7. E-field distribution of the proposed circularly polarized RDRA: (a) TEx𝛿11
excited at 6.3 GHz and (b) TEy1𝛿1 excited at 6.49 GHz.

Figure 8(a) 0∘, Figure 8(b) 90∘, Figure 8(c) 180∘, and Figure 8(d)
270∘.

In this analysis, DRA-1 is the only one excited, while DRA-2
remains receptive. As depicted in Figure 8, it is evident that the
electric-field direction energized in operational DRA-1 undergoes
a right-handed rotation as timeprogresses.TheDRA-2undergoes a
counterclockwise rotation of its coupled electric field. Additionally,
it is important to note that the wave propagation in DRA-1 occurs
along the +y axis, whereas for other DR, it propagates toward the
−y axis. As a result, the energized DRA-1 and the inactive DRA-2
exhibit LHCP electric fields.

Based on the above analysis, upon closer examination, it
becomes evident that improving the port isolation could poten-
tially be achieved by transforming the coupled electric field
(E-field) in DRA-2 to RHCP radiation. This observation brings to
light a promising method to enhance the isolation performance of
the MIMO antenna.

Mutual coupling suppression

High MC is undesirable in high-performance MIMO antennas, as
depicted in the simulated results of both antenna (a) and antenna
(b). The MC between antennas occurs through the propagation of
surface waves or radiation [31]. Reducing radiation coupling can
be achieved by increasing the gap between radiating elements, but
this approach leads to an overall increase in the antenna’s size. The
MC performance S12 of antenna (a), antenna (b), and the proposed
antenna is illustrated in Figure 4(d). It is evident that both antenna
(a) and antenna (b) exhibit very highMC in the 5.5–6.3GHz band,
primarily attributed to the presence of surface waves at this lower
frequency range. Now, to reduce surface wave coupling, a periodic
S-shaped defect in the ground plane is created. The dimensions of
the S-shaped slot and its position are selected in such a way that
it creates a gap discontinuity for the 5.5–6.3GHz band and the
result is evident from the S12 of the proposed antenna. The sig-
nificance of S-shaped defects in the ground plane can be known
from the surface current distribution on the ground plane when
one of the antenna elements is excited and another is kept passive.
The transmission coefficient performance of the proposed antenna
is shown in Figure 4(d). It can be clearly seen that the deep dip
has been visible at 6.05GHz this is due to the introduction of
PDGS. Simulated results of MC suppression are well explained in
the simulated results section.

Figure 9 shows the surface current distribution in the ground
plane of the proposed antenna. It is clear that high MC is observed
in Figure 9(a) while on the other hand, the current coupling from
the active antenna element to the passive element is reduced by

Figure 8. Simulated E-field vectors w.r.t. angles of reference antenna: (a) 0∘,
(b) 90∘, (c) 180∘, and (d) 270∘.

the introduction of an S-shaped ground defect as illustrated in
Figure 9(b).

Measurement verification

To verify the design, a prototype of the proposed CP MIMO DRA
was manufactured and subsequently subjected to testing. The fab-
rication process involved cutting two DRAs from a dielectric block
with ECCOSTOCKHiKmaterial having a 𝜖r of 9.8.The energizing
structure was realized by carving a printed circuit board made of
F4BMXmaterial. Figure 10 presents the prototype of the fabricated
antenna. Figure 10(a)–(c) shows the aerial view and the underside
perspective of the feeding structure, respectively.
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Figure 9. Current distributions of CP MIMO antenna at 6 GHz (a) with and
(b) without DGS.

All dimensions of the prototype matched those shown in
Figure 2(a)–(c). The measurement process closely followed the
procedure used in [32]. To conduct a precise analysis, the
S-parameters of the prototype were assessed by connecting the two
ports of the DRAs to a Keysight E5071C vector network analyzer.
Additionally, far-field parameters such as ARs, radiation patterns,
and antenna gains were evaluated using a Satimo Starlab system,
employing the traditional single-port method where one port is
excited while the other is terminated with a matched load.

Simulated and measured results are shown in Figure 11.
Moreover, in Figure 11(a) the prototype exhibited wide input
IBWs, with simulated and measured values of approximately
35.10% (5.6–7.99GHz) and 37.05% (5.5–8.0GHz), respectively.
A favorable agreement has been witnessed between the simu-
lated and measured parameters. The measured IBW for both
ports were determined to be ∼36.30% and ∼36.10%, respec-
tively. Overall, there was a commendable correlation between the
theoretical and experimental results, with minor discrepancies
mainly attributed to limitations in the measurement process and
fabrication errors. Furthermore, the isolation between the two
feeding ports exhibited a negligible discrepancy, consistently stay-
ing better than −21 dB across the operating band, as illustrated
in Figure 11(b). While conducting the measurement process, one
port of the antenna is actively stimulated, while the other port
is connected to a 50-matched load. Figure 11(c) depicts the AR

Figure 10. This figure showcases images of the constructed antenna: (a) provides a
bottom view, (b) illustrates the feeding structure, and (c) displays the proposed
antenna.
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Figure 11. Tested and simulated outcomes of the two-port CP antenna in terms of
(a) S11, (b) S12, and (c) 3-dB axial ratio.

in the broadside direction of the proposed model. The measured
AR characteristics closely match the simulated ones, indicating
a strong agreement between the two. Both the simulated and
measured 3-dB ARBWs cover approximately 12.20% (from 6.0
to 6.55GHz) and 10.07% (from 6.18 to 6.52GHz), respectively.
Furthermore, the experimental return loss (S11) and CP (3-dB)
bandwidths exhibit significant overlap, providing consistency and
validation of the antenna’s performance.The combinedARBWand
IBW cover the frequency range suitable for the Wi-Fi 6E band,

Figure 12. Results of MIMO antenna at 7 GHz in terms of (a) beamwidth at Θ = 0∘

and (b) beamwidth at Θ = 90∘.

showcasing the suitability of the proposed antenna for applications
within this band.

To demonstrate the CP characteristics of the MIMO antenna,
Figure 12(a) and (b) illustrates the 3-dB ARBWs are measured to
be 110∘ and 95∘ along the XZ and YZ planes, respectively. The
boresight AR is recorded at 0.86 dB. These findings highlight the
antenna’s ability to maintain CP over specific beam widths in both
planes, further affirming its suitability for MIMO applications.

The radiation patterns, both measured and simulated, at 𝜙 =
0∘ and 𝜙 = 90∘ planes for two ports at 7GHz are depicted in
Figure 13. Notably, in the direction of the boresight, the LHCP
filed is stronger than the RHCP filed by more than 13 dB, in com-
parison to the cross-polar fields (right-hand CP). This substantial
disparity between the co-polar and cross-polar fields, deemed to
be of paramount importance for a diverse array of practical appli-
cations, underscores the efficacy and suitability of the antenna
design.The same geometry (spatial diversity) concept and phe-
nomena for LHCP of radiation patterns have been discussed in
[38]. Although there is a slight variation in the radiation patterns
when the elementary antenna is configured as an MIMO antenna,
this variation is mainly attributed to the presence of an additional
substrate and other antenna elements in close proximity.
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Figure 13. Radiation patterns of the proposed CP MIMO DRA at 7 GHz. (a) Port 1.
(b) Port 2.

Figure 14. Tested and simulated gain.

Nevertheless, even with the MIMO configuration, the over-
all shape of the radiation patterns remains almost identical to
that of the elementary antenna. The measurement of these pat-
terns is carried out in an automatic anechoic chamber, ensur-
ing a controlled and isolated environment for precise charac-
terization of the antenna’s performance. Figure 14 illustrates
the gain of the suggested configuration, showcasing a mean
measured gain of 5.01 dBic. The measured gain is slightly less
which could be due to fabrication and measurement setup
inaccuracies.

MIMO diversity analysis

The performance and capabilities of the MIMO antenna are vali-
dated using the ECC and diversity gain. In an ideal scenario, ECC
should be 0 [33]; however, a practical limit for better ECC is typ-
ically considered to be <0.5. ECC is a crucial parameter used to
assess the similarity of received signals, indicating the level of MC.
Its value ranges from 0 to 1. For the measurements conducted
in an outdoor setting, the ECC results are remarkably promising,
with values consistently below 0.01, well within the safe thresh-
old [34]. Figure 15 illustrates the ECC of the CP MIMO antenna
parameters, where the ECC for Port 1 and Port 2 is computed
using far-field radiation patterns with Equation (1). The measured
ECC for the proposed wideband CP MIMO antenna is consis-
tently below 0.04 for the entire operating band. These findings

Figure 15. ECC of CP MIMO antenna parameters.

Figure 16. Antenna efficiency of the proposed circularly polarized MIMO DRA.

further emphasize the antenna’s effectiveness in reducing MC and
ensuring reliable performance. Diversity gain serves as an impor-
tant metric for assessing the efficacy of MIMO antenna systems.
In an ideal scenario, a DG value of 10 is desirable, but in practi-
cal terms, a value exceeding 6 is typically considered satisfactory
[35]. As depicted in Figure 15, the measured diversity gain for
the newly designed wideband CP-MIMO antenna surpasses 8 dB.
The following formula can be employed to compute the diversity
gain of the MIMO antenna. Along with this the antenna efficiency
of the proposed antenna is illustrated in Figure 16, revealing a
consistent efficiency of approximately 90 % within the desired fre-
quency band. This achievement underscores the robustness and
effectiveness of the antenna design in converting input power
into radiated energy, thus affirming its suitability for practical
applications.

𝜌e =
4𝜋F1(𝜃, 𝜙) ⋅ F2(𝜃, 𝜙) dΩ

24𝜋F1(𝜃, 𝜙)2 dΩ + 4𝜋F2(Θ, 𝜙)2 dΩ (1)

DG = 10√(1 − 𝜌e
2 (2)

Table 2 presents a comprehensive evaluation of the performance
of the proposed CPMIMO antenna system in comparison to other
existing CP MIMO systems. The assessment encompasses various
factors, including size, operating bandwidth, ARBW, isolation, and
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Table 2. Augmented dimension of the projected wideband CP MIMO antenna

Lit.
Size (mm2)/
Num. of ports

Resonant
freq (GHz) S11% Axial ratio % Separation (dB) ECC Design

[8] 41 × 51/2 5.73 18.81% (5.23–6.03) 4.47% (5.72–5.94) 24 0.08 DRA

[9] 86.7 × 16.6 3.63 22.3% (3.26–4.00) 5.77% 3.7–3.56) 21 <0.02 DRA

[10] 57 × 33/2 5.6 24.83 (5.3–6.7) 14.78% (5.20–5.96) 21 <0.6 Planar structure

[11] 160 × 110/2 2.6 3.3% (2.58–2.66) 6.20% (2.50–2.66) 20 0.003 Planar structure

[12] 37 × 30/2 3.86 25% (3.4–4.3) 25% (3.4–4.3) >16 <0.11 Planar structure

[14] 50 × 50/4 12 10.18% (11.6–12.6) 9.88% (11.8–12.9) >21 Nil Metamaterial
multilayer

[39] 53 × 54/4 6 65.01% (3.81–7.48) 20.10% (5.47–6.70) >15 <0.01 Planar

[15] 45.6 × 45.6/4 7.92/11.12 6.90% (7.69–12.6) &
16.7% (9.34–11.88

6.6% (9.75–10.41) 20 <0.03 Multilayer

This
work

53 × 53/2 7 37.10% (5.5–8.0) 12.20% (6.0–6.55) >21 <0.02 DRA

ECC. The proposed antenna demonstrates notable strengths, par-
ticularly in terms of size, operating bandwidth, and ARBW. With
its DRA structure, it achieves a wide overlapping impedance and
ARBW, effectively covering the Wi-Fi 6E band. Additionally, the
antenna exhibits outstanding ECC, further enhancing its suitabil-
ity forMIMOapplications. In direct comparison to state-of-the-art
CP MIMO antennas, the suggested antenna stands out as a com-
pelling option due to its superior performance across the evaluated
parameters.

Conclusion

In this study, a two-port wideband CP antenna employing sim-
ple geometry and DRA structure is analyzed. The CP is achieved
through the utilization of rectangular-shaped truncated slots, posi-
tioned orthogonally on the ground plane. To mitigate MC, an
S-shaped DGS is incorporated. The MIMO antenna’s physical
dimensions are 53 × 53 × 1.6mm3, enabling coverage of the Wi-
Fi 6E band (5.91–7.10GHz) and delivering a respectable gain
of ∼5.10 dBic across the frequency range. The radiation pat-
terns resemble dipoles and are consistently observed for both
individual and MIMO antennas along the XZ and YZ planes.
To assess the MIMO performance, the antenna is evaluated
in terms of ECC and diversity gain. The results indicate that
the antenna’s MIMO performance falls within acceptable lim-
its, demonstrating its suitability for Wi-Fi 6E applications in the
future. In conclusion, the proposed two-port CP MIMO antenna
showcases distinctive advantages, such as CP, favorable radia-
tion characteristics, and a DRA-based design. These attributes
position it as a promising option for forthcoming Wi-Fi 6E
implementations.
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