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ABSTRACT: A two-port coplanar waveguide (CPW) multiple-input multiple-output antenna (MIMOA) based on Koch geometry (KG)
with a wide bandwidth and high isolation is proposed in this work. A high-frequency structure simulator (HFSS) is used for performance
analysis and parametric optimization. Initially, a CPW-fed circular patch was designed, which was further modified using KG, and a single
antenna element (SAE) was designed. A two-port MIMO layout was further designed using the SAE. The proposed MIMOA is designed
with a cross slot on an FR4 substrate, which offers a wide bandwidth of 1110 MHz (3.91-5.02 GHz) and works at 4.16 and 4.69 GHz. It
exhibits excellent diversity performance with a Channel Capacity Loss (CCL) < 0.4 bits/s/Hz, Envelope Correlation Coefficient (ECC)
< 0.25, Diversity Gain (DG) > 9.7, Mean Effective Gain (MEG) (1, 2) < 1dB, Total Active Refection Coefficient (TARC) ~ —20 dB
from port 1 to port 2, and isolation of =~ 20 dB across the band. The proposed MIMOA offers a high radiation efficiency (1) of > 80%
across the entire band. The designed MIMOA was fabricated and tested to validate the simulation results. The proposed MIMOA is
useful for 5G communication and covers a frequency ranging from 3.91 GHz to 5 GHz.

1. INTRODUCTION

Modern high-speed communication and radar systems re-
quire high throughput, reliability, and spectral efficiency,
which have driven advances in antenna technology [1,2].
Multi-input multiple-output (MIMO) technology in antenna
design plays a vital role in meeting these demands, making this
technology indispensable for present-day and next-generation
communication systems [3,4]. 5G communication operating
in the n79 5G NR band (4.4-5.0 GHz) supports low-latency
and ultra-reliable communication, and requires a compact
MIMOA with a wide operating bandwidth and high isolation.
Similarly, radar altimeters operating in 4.2—4.4 GHz frequency
range are crucial for determining the altitude of the aircraft,
and they require robust communication that can be achieved
using MIMO technology [5]. MIMOASs use multiple antennas
at both the receiving and transmitting sides, which helps
improve the channel capacity without the use of extra power
and bandwidth [6,7]. However, MIMOA for the desired
applications with high isolation, required bandwidth, low
CCL, and high efficiency is a challenging task, particularly
when the overall antenna size is small [8, 9].

Innovative techniques are required to implement antenna de-
sign to overcome these challenges. Many researchers have re-
cently implemented different approaches in MIMOA design to
address these challenges.

The incorporation of fractal structures in a microstrip patch
antenna is one of the widely used approaches for achieving
multi-band, wideband characteristics, and miniaturization in
antenna design [10, 11]. In[1], an MIMOA with a semi-circular
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cut on a corner and defected in the ground was proposed for
the 5G and 6G bands. In this design, a special structure in the
connected ground was used to improve isolation. In [2], a two-
port Koch Fractal Geometry (KGF) MIMOA with a multilayer
structure was proposed. The proposed MIMOA has a size of
60 x 59.8 x 1.6mm?3, and it operates at 2.85, 4.75, 6.30, and
7.81 GHz with a maximum isolation of ~25 dB. In [12], a two-
element MIMOA for WLAN and 5G sub-6 GHz applications
was designed with a size of 0.30 x 0.51\. It covers frequency
from 2.92 to 5.72 GHz and achieved an isolation of 15dB and a
maximum gain of 3 dB. In [13], an array of four elements was
initially designed, and later, a four-element array two-port MI-
MOA was designed for 5G applications on an FR4 substrate
with a size of 1.4\ x 1.35\. The proposed MIMOA covers
a frequency range of 3.01-6.5 GHz, maintaining an isolation
level 0of 20 dB. In [14], an MIMOA with two ports was proposed
for dual bands, which cover the frequency from 2.5 to 2.7 GHz
and 3.4-3.6 GHz, maintaining an isolation level of 25 dB with
the help of a metasurface-based structure. In this work, an-
tenna elements with U-shaped slots were used, which were de-
signed on an FR4 substrate with a size 0f 0.83 — A x 1.25\. A
particular study [15] examined the design of an MIMOA with
two elements, incorporating inverted T- and E-shaped elements.
To improve isolation, a parasitic resonator was used in the de-
sign. However, the isolation was improved to a limited extent
of 20 dB.

In [16], a two-port MIMOA was designed on an FR4 sub-
strate having a size of 0.7A x 0.5\ x 0.0267\ and operates
from 3 to 7GHz. The antenna has an isolation level of 15 dB
with the help of parasitic elements, and it covers the NR 5G
Sub-6 GHz applications. In [17], another study, a two-port MI-
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MOA was proposed with an array structure of four elements.
The proposed design has a size of 3.04\ x 4.34\ and oper-
ates from 5.54 to 5.59 GHz. It has two elements arranged or-
thogonally, containing four elements in each array. The iso-
lation of 30 dB was maintained in operating frequency bands.
In [18], a four-port MIMOA was designed based on a half-
mode substrate integrated waveguide. It covers the frequency
from 5.05 to 5.43 GHz, resonates at 5.35 GHz, and has a size of
1.06\ x 1.06A. The further exploration of these techniques in-
volved the utilization of two rectangular microstrip lines and a
defective ground plane [19]. Additionally, a dual-band MIMO
antenna design incorporating L-shaped split-ring resonator-
loaded monopole elements was investigated [20]. However,
both approaches have limitations in terms of their isolation and
compactness. A four-element MIMOA incorporating a decou-
pling line is reported in [21]. A 30dB isolation was achieved
successfully by utilizing two cross-decoupling lines.

Two studies investigating 1 x 2 and 2 x 2 MIMOA sys-
tems [22,23] found that isolation could be improved by sim-
ply rotating the unit element, eliminating the requirement of
an additional decoupling method. In [24], T- and 7-shaped
strips were employed to enhance the isolation. One more eas-
ily integrated technology, which is also widely used in the lit-
erature for improving the overall efficiency, compactness, and
high Q, is Substrate Integrated Waveguide (SIW). Some qual-
ity works related to SIW technology are as follows. In [25], an
eight-port modified-shielded quarter mode (MS-QM) SIW MI-
MOA for WLAN applications is presented. In this study, SIW
technology was used to achieve compactness and isolation. It
resonates at 5.5 GHz, with a bandwidth of 170 MHz, size of
54mm x 54 mm, gain of 5.5dB, and isolation of more than
22 dB. Using the same SIW technology, an eight-port MIMOA
was presented in [26], in which frequency reconfigurability was
achieved using liquid dielectric materials. The MIMOA can be
tuned dynamically from 1.29 to 2.51 GHz, and it has a high iso-
lation of more than 28 dB and good radiation characteristics. A
self-decoupled two-port MIMO antenna was introduced in [27]
for Vehicle-to-Everything (V2X) communication. In this paper,
shorting vias are used for creating a weak current region on the
ground to achieve a high isolation of 78 dB across the entire
operating band with a high gain of 7.4 dB. In another study, an
MIMOA with an 8-port configuration was proposed for sub-
6 GHz band [28]. It is based on a multiple SIW cavity, which
ensures strong field confinement and a good isolation level of
22 dB, and it offers a bandwidth of 220 MHz.

Other approaches for decoupling discussed in the literature
involve metamaterials, short-neutral lines [29], grounds with
defects, and self-decoupling mechanisms [30—34]. These meth-
ods have been developed to improve the isolation of compact
MIMOA systems and offer potential solutions to enhance their
overall performance.

In this article, an innovative two-port MIMOA based on KG
with high isolation is proposed, which resonates at 4.16 and
4.69 GHz. MIMOA shows low ECC, low CCL, high 7, and
high gain which can be used to achieve high data rates and large
channel capacities. A parametrical analysis was carried out to
find the optimal dimension for the MIMOA, and different lay-
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outs were evaluated to achieve better isolation for the MIMOA.
The proposed MIMOA is usable for applications such as: Radar
altimeter (4.2—4.4 GHz) and 5G NR n79 band (4.4-5.0 GHz).
The proposed antenna has a compact size and wideband oper-
ation with good isolation, which are some of the key require-
ments of the MIMOA used for 5G communication. The major
contributions of this study are as follows:

(a) The proposed MIMOA achieves good isolation
and a larger bandwidth of 1110MHz from 3.91 to
5.02 GHz with minimal design complexity compared
with [14, 35,17, 18].

(b) The proposed MIMOA had dimensions of 0.46\ x 0.78
(A — wavelength as per frequency of 3.91 GHz), which is
more compact than [2, 13, 14,35, 17, 18,22,36].

(c) The proposed structure has a better diversity performance
than [18, 35, 36], which makes it highly suitable for a mul-
tipath environment.

(d) The proposed structure obtains an enhanced gain com-
pared with a simple patch antenna resonating at the same
frequency.

2. ANTENNA DESIGN

This section describes the path of antenna design from the very
beginning CPW Circular Patch Antenna (CPWCA) to two-port
multi-input-multi-output antenna (TPMIMOA), including the
change of CPWCA to CPW Pentagonal Patch Antenna (CPW-
PPA) and incorporation of KG into CPWPPA to design SAE.
The final section describes the evolution of the TPMIMOA
Layout.

2.1. CPW Fed Circular Patch Antenna (CPWCPA) to Single An-
tenna Element (SAE) Design
Figure 1 shows the CPWCPA design in image (a) at the initial
phase, designed on an FR4 substrate with a dielectric constant
of4.4 and height of 1.6 mm at 3.5 GHz using the standard Equa-
tion (1) [37, 2] given below:

The effective radius a.s of a circular microstrip patch is:

2h (ln (727;;)—1—1.7726)]1/2 1)

Tae,

Qeff = @ {1 +

where:

* a = physical radius of the patch,
e h = substrate thickness,
* ¢, = relative permittivity of substrate,

* aeir = effective radius used in the resonant frequency
equation.

In the next stage, the initial circular patch is transformed
into a pentagonal shape, which is called CPWPPA, as shown
in image (b) in Figure 1. In the next stage, KG was incorpo-
rated into the two edges of the CPWPPA. Fractal geometries
have been widely used by researchers to attain miniaturiza-
tion, wider bandwidth, and multi-frequency behavior charac-
teristics [11,38-40].
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TABLE 1. IFS transformation coefficient.

Map (@ (b) (© (d (e ®
Wi 0.333333 0.000000 0.000000 0.333333 | 0.000000 | 0.000000
Wo 0.166667 | —0.288675 0.288675 0.166667 | 0.333333 | 0.000000
W3 0.166667 0.288675 —0.288675 | 0.166667 | 0.500000 | 0.288675
Wy 0.333333 0.000000 0.000000 0.333333 | 0.666667 | 0.000000
@ (b) (©) of the KG used in the proposed antenna.
ven=[La] (][] e
’ c d Y f
In this design, KG is used up to the 3rd iteration. The design
stage shown in image (c) uses the 1st iteration of KG, and the
2nd and 3rd iterations of KG are used in the subsequent stages,
as shown in image (d) and (e), respectively. Figure 1 shows the
) © o evolution of the SAE from the CPWCPA. Figure 3 shows the
' dimensional details of the SAE.
32 mm
g
g
. *
FIGURE 1. Transformation from CPWCPA to SAE. (a) CPWCPA, (b) 3.7 mm
CPWPPA, (c) 1st Iteration of KG Incorporation, (d) 2nd Iteration KG FW = 1.7 mm
Incorporation, (e) 3rd Iteration KG Incorporation, (f) SAE Design.
FIGURE 3. SAE design with dimensional details.

In this study, KG is used to attain a wider bandwidth, and The reflection coefficients (S;1) of all stages of the design
the Koch geometry is shown in Figure 2, whose geometrical from CPWCPA to SAE are shown in Figure 4. CPWCPA and
descriptors are acquired by the Iterative Fractal System (IFS). CPWPPA have similar S characteristics and operate within a
The IFS method has been widely used to design a wifie Varifaty frequency range of 3.25 to 3.61 GHz, offering a bandwidth of
of usable fractals and has been proven to be an effective design 360 MHz. The CPWPPA with the 1st and 2nd iterations of KG
FOOL .For self-affine frgctals,'segments are deyelopeq at every have similar circuit characteristics and cover frequency from
1‘Ferat10n of the same dl.mensmns and are der1v§d using Egua— 2.88 to 3.15 GHz, providing an operating band of 270 MHz.
tion (2) [41]. Table 1 lists the IFS transformation coefficients The CPWPPA with the 3rd iteration of KG does not have good

matching, and at this stage, antenna design optimization has

: been performed using parametric optimization. As a result of
i optimization, the final SAE is evolved from the CPWPPA with
the 3rd iteration of KG. During optimization, the ground height
i (Gnd H) was varied from 13 to 36 mm taking a step size of
2 mm, the Feed Width (FW) varied from 1.5 to 3.0 mm, and the

step size kept equal to 0.1 mm. Figure 5 shows a few results

from the analysis which are obtained from parametric analysis

of the SAE, and from Figure 5, it can be seen that the best re-

sults as per requirement are obtained at Gnd H= 25 mm and

FW = 1.7mm. The optimized CPWPPA with the 3rd iteration

of KG is named SAE, which offers a bandwidth ranging from

3.91 to 5.02 GHz, resulting in a bandwidth of 1110 MHz. The

performance of the design in terms of bandwidth improved is

shown in Figure 4. The integration of KG into the CPWPPA

changes the Surface Current (SC) distribution, effectively in-

creasing the path length of the current along the surface of the

FIGURE 2. Koch geometry (KG). antenna, which results in bandwidth enhancement.
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FIGURE 5. Parametric analysis of SAE design at various Gnd

FIGURE 6. TPMIMOA. (a) Layout 1: SAE facing left, (b) SP of Layout 1.
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FIGURE 7. TPMIMOA. (a) Layout 2: SAE facing each other, (b) SP of Layout 2.

2.2. TPMIMOA Layout

The SAE was used to design the TPMIMOA after carefully an-
alyzing the results of the SAE in terms of Sq;. Three different
layouts of TPMIMOA were designed using SAE on an FR4
substrate (Dielectric constant= 4.4 and loss tangent= 0.02)
with a size of 36 x 60 x 1.6 mm?®. Image (a) of Figure 6 shows
the layout in which both SAEs face the left side, and its S-
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parameter (SP) is shown in Figure 6(b). From SP, it can be
seen that for this layout, S7; and Soo are not similar. Sy does
not cover the required band, and it is below the level of —10 dB
up to 4.95 GHz. Therefore, two other layouts, as shown in Fig-
ures 7(a) and 8(a), were designed and analyzed. Figure 7(a)
shows the layout in which the two SAEs face each other, and the
corresponding SP is shown in Figure 7(b). Although Si; and
Sao are very similar in this layout, the isolation among SAEs
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FIGURE 8. TPMIMOA. (a) Layout 3: SAE facing opposite, (b) SP of Layout 3.
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FIGURE 9. Final TPMIMOA (a) Layout 3: SAE facing opposite with cross slot, (b) SP of Layout 3 with cross slot.

is not at an acceptable level, and the available frequency band
does not cover up to 5 GHz or the frequency band for targeted
applications.

To further examine the TPMIMOA performance, Layout 3
was designed in which the two SAEs face opposite directions,
as shown in Figure 8(a). The SP of this layout was analyzed
and is shown in image (b) of Figure 8. From all the layouts and
their SP, it can be seen that the overall performance of Layout 3,
compared to Layouts 1 and 2, exhibits a notable improvement.
Layout 3 still needs further improvement in terms of isolation.
Although it has achieved the required frequency band, isola-
tion is still not at an acceptable level, and it can be observed
that at the second resonant frequency, its isolation is approxi-
mately —12 dB. To improve the isolation level throughout the
entire operating band, an optimized cross slot was embedded in
Layout 3, as shown in Figure 9(a).

The incorporation of a cross-slot configuration, consisting of
a 1 mm x 7 mm vertical slot and a I mm x 8 mm horizontal slot,
effectively suppresses surface currents, resulting in an isolation
exceeding 18 dB The FW of the 1 x 2 MIMO antenna layout
was again used to optimize the results in terms of the required
bandwidth and isolation for the targeted application. The effect
of FW variation on bandwidth and matching is analyzed again
(from 1.7 mm to 2.5 mm), and an optimum value of 1.9 mm has
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been selected for further analysis and development of the proto-
type. Images (a) and (b) in Figure 10 show the SC distribution
when port 1 is excited, while port 2 is kept at matched state
at 4.16 GHz and 4.69 GHz, respectively, and similarly, images
(c) and (d) of Figure 10 show the SC distribution when port 2
is excited, while port 1 is kept at matched state at 4.16 GHz
and 4.69 GHz, respectively. When port 1 is excited, the SC
density is greater over the surface of the left antenna element.
Similarly, when port 2 is excited, the SC density is higher at the
right antenna element surface. Moreover, from Figure 9, the ef-
fectiveness of the cross slot in the structure can be seen to help
in confining the current on the excited antenna element, thus
significantly improving the isolation, as shown in Figure 9(b).
The effect of KG incorporation can be analyzed from the SC
distribution, as this increases the effective path length for the
current, thereby enhancing the bandwidth of the antenna.

3. RESULTS AND DISCUSSION

From the different TPMIMOA layouts, Layout 3 was selected
for prototyping because the results of Layout 3 were better than
those of the other layouts. To verify the circuit and radiation
properties, a prototype of the proposed layout of the TPMI-
MOA, shown in Figure 10(a), was fabricated. SP and radiation
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FIGURE 10. SC distributions over the antenna surface in Layout 3. (a) at 4.16 GHz when Port 1 is excited, (b) at 4.69 GHz when Port 1 is excited,
(c) at 4.16 GHz when Port 2 is excited, and (d) at 4.69 GHz when Port 2 is excited while the other remains in a matched state.

performance were measured in the laboratory using a Vector
Network Analyzer and an anechoic chamber. These laboratory
tests provided a thorough evaluation of the circuit and radiation
behavior of the proposed TPMIMOA.

Figures 11(a) and 11(b) show the antenna prototype and its
view with the anechoic chamber. Figure 11(c) presents the mea-
sured and simulated SPs of TPMIMOA across the two ports.
The measured parameters were closely aligned with the sim-
ulated results, although minor discrepancies were observed.
These variations may arise owing to copper loss, slight mis-
alignment of the connector and feed line, fabrication tolerances,
and constraints of the laboratory. Minor discrepancies in the
bandwidth can be seen in the simulated and measured results,
but it does not affect the usability of the TPMIMOA for the
targeted application, as it covers the required bandwidth. To
determine the practicality of the TPMIMO antenna, several di-
versity parameters were thoroughly examined. Factors such as
mutual coupling, ECC, DG, CCL, and isolation are crucial for
determining the capability of a system. A broader understand-
ing of these parameters is a key to designing systems with op-
timum functionality. The following discussion provides a de-
tailed analysis of these aspects.

3.1. ECC

ECC quantifies the similarity between radiation patterns of the
two antennas and helps assess the correlation between the re-
ceived signal envelopes. A lower ECC value indicates a re-
duced mutual coupling between the antennas. For optimal MI-
MOA performance, ECC should be less than 0.5.
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It can be calculated using SP and far-field meth-
ods [42,35,43-45]. Equation (3) is used to calculate the
ECC from the SP:

|SpSpa + S;‘quq|2

T O 50 = 150 (1= 1 — 1507

Equation (4) given below is used to calculate the ECC from the
far field:

ECC =

wE, (0,0) - E, (6,0)d
- E5(0,0) dQur E, (0,0) - E; (0,0) dO

“4)
where I, and E; are the far-field radiation patterns, generated
by ports p and q, respectively. The simulated and measured
ECCs for the TPMIMOA are depicted in Figure 12, which has a
value of less than 0.1 for the entire operating band and confirms
that TPMIMOA has a good diversity performance.

Vi Ep (6,0)

3.2. DG

DG measures the improvement in signal quality achieved by
using a number of antennas rather than a single antenna. The
use of more than one antenna helps the system overcome issues,
such as fading and interference, which can degrade the received
signal. DG acts as an indicator of how much the signal quality
improves because of multiple antennas, with an optimal value
generally near 10 dB in the operating region.

A higher DG signifies a better overall system perfor-
mance. To compute DG, the ECC value is used in Equa-
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FIGURE 11. (a) Prototype of the TPMIMOA, and (b) Antenna in an anechoic chamber, (c¢) TPMIMOA SP comparisons between simulated and
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FIGURE 12. ECC for the TPMIMOA. FIGURE 13. DG for the TPMIMOA.
tion (5) [23,43,45], as given below: all n, gain, and propagation effects in a multipath fading envi-
ronment. For an MIMOA system, it should be under —3 dB.
DG =10 x /1 - |EC C|2 (5) In the evaluation of the TPMIMOA system, the s%mulated and
measured MEGs were analyzed, as illustrated in Figure 14, and
The simulated and measured DGs for TPMIMOA are above MEG(m,n) is the ratio of MEGm to MEGn. The MEG is
9.9 dB in the operating region as shown in Figure 13. computed using Equations (6) and (7) [23, 44, 45].
3.3. MEG MEGm = 05 [1=|Sunl” = |Sual’]  (©)
MEG plays a vital role in designing and analyzing multiple an- ) )
tenna systems, providing valuable information about the over- MEGn = 0.5 x [1 = |Smnl|” = |Snal } (7
156
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3.4. TARC

It is the square root of the ratio between the total power reflected
and the total incident to all ports and also by using the SP from
Equations (8) and (9) [23,43, 45].

N 2
Z_l\le
TARC = Y= ®)
N
> |Lnl?
m=1
TARC — 1St S12€30|* + |(Sag + Sa1ed?|? )

2

In Equation (8), R,, is the reflected signal, and I,,, is the inci-
dent signal. To achieve an efficient MIMOA system, the TARC
value should remain below —10dB in the operating band. It
can be observed from Figure 15 that the simulated and mea-
sured TARC values for ports 1 to 2 of the TPMIMOA are all
less than —10 dB.
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3.5. CCL

CCL measures the reduction in the highest possible data rate of
a communication channel owing to factors such as attenuation,
noise, and interference. It indicates a decline in the ability of the
system to transmit data efficiently. Understanding the idea of
CCL is essential for improving the performance of the system
and maximizing 7. For MIMOA systems, maintaining the CCL
value below 0.4 bits/s/Hz is preferable. The CCL calculation
can be performed using Equations (10)—(13) [23, 44] based on
the SP. Figure 16 presents the simulated and measured CCL
values for TPMIMOA, showing that they remain well below
the designated limit of 0.4 bits/s/Hz.

CCL = —log, |c"| (10)
R €11 C12
= 11
¢ {021 022} (b
N
n=1
N
cij = =D 55Sn; (13)
n=1

3.6. Radiation Properties

To verify the simulated results, measurements of the radiation
properties of the TPMIMOA were performed in an anechoic
chamber. Figure 17 presents the normalized simulated and
measured radiation properties in the X Z-plane and Y Z-plane,
along with 3D-polar plots at 4.16 GHz and 4.69 GHz. The ra-
diation in the Y Z-plane demonstrates bidirectional behavior,
whereas in the X Z-plane, the TPMIMOA radiates almost uni-
formly in every direction.

3.7. Gain and Radiation Efficiency (7))

Figure 18 presents the simulated and measured gain plots of the
TPMIMOA. It is noted that the maximum gain within the oper-
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TABLE 2. Comparison with related work.
Ref. No. Size (\?) Frequency Range (GHz) | Fractional Bandwidth Isolation (dB) ECC
[36] 0.792 x 0.792 3.3-6.0 58% 15 0.005
[35] 1.7 x 0.85 3.4-3.6,4.8-5 5.7%, 4% 16.5 0.01
2.66-3.82,4.57-4.91
[2] 0.62 x 0.61 ’ ’ 35%, 7%, 7%, 7% 24 <04
6.06-6.50, 7.53-8.08
[13] 1.4 x 1.35 3.01-6.5 73% 20 < 0.5
[14] 0.83 x 1.25 2.5-2.7,34-3.6 7.6%, 5.7% 25 < 0.08
[22] 0.72 x 0.72 4.3-6.65 43% 20 < 0.004
[23] 0.6 x 0.6 43-6.8 45% > 20 <0.2
[18] 1.06 x 1.06 5.05-5.43 7% Max. 19.2 < 0.003
[17] 2.98 x 1.31 5.6-5.67 1.2% 30 0.06
[25] 0.44 x 0.86 3.2-3.6 ~ 11% > 25 < 0.05
[27] - 5.85-6.45 ~ 9% > 30 < 0.02
[26] 0.19 x 0.33 1.29-2.51 ~ 6% > 28 <0.05
28 dB (without d ling) t
[29] 0.39 x 0.61 3.296-5.962 57.6% (without decoupling) to -
> 50 dB (with decoupling)
Proposed work 0.46 x 0.78 3.91-5.02 25% ~ 20 < 0.25

ating range reaches approximately 2.5 dB at 4.75 GHz. In addi-
tion, 7 of the proposed design is more than 80% throughout the
operating region as shown in Figure 19. A comparison between
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TPMIMOA and previous studies from the literature is presented
in Table 2. The data clearly indicate that TPMIMOA outper-
formed its counterparts in terms of performance and size. The
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proposed MIMOA achieves a large bandwidth of 1110 MHz
from 3.91 to 5.02 GHz with minimal design complexity com-
pared with [14,35,17, 18]. It has dimensions of 0.46A x 0.78\
(A — wavelength as per frequency of 3.91 GHz) which is more
compact than [2, 13, 14,35,17, 18,22,36]. The proposed struc-
ture has better isolation and diversity performance than those
in [18, 35, 36], which makes it highly suitable for multipath en-
vironments.

4. CONCLUSION

A KG-inspired CPW-fed TPMIMOA is designed in this work
for the 5G Sub-6 GHz band. It provided an impedance band-
width of 1110 MHz (3.91-5.02 GHz). A cross slot is used in
the design, which helps improve the isolation level. The an-
tenna’s performance characteristics were extensively analyzed
and parametrically optimized to achieve the desired perfor-
mance. Critical parameters, such as TARC, ECC, CCL, MEG,
and DG, were meticulously evaluated to check the MIMOA
performance. The simulation results were verified through ex-
perimental validation. This detailed analysis of the proposed
TPMIMOA demonstrates its suitability for several applications,
including 5G communication in the n79 5G NR band and radar
altimeters.
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