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Abstract: This article presents a 6x6 MIMO array optimized for sub-6 GHz mobile and wireless applications.
Utilizing a partial ground plane (PGP), the array incorporates a single-element half-circle-slotted monopole antenna
to achieve a wideband response. The compact design, measuring 75 x 150 mm?2 and only 0.508 mm thick, is
engineered to fit 6.6-inch display smartphones. Operating between 2.82 and 5.95 GHz, the array offers a -10 dB
bandwidth and a VSWR of less than 2. It also delivers port-to-port isolation less than -20 dB and a peak realized gain
of 5.3 dBi, with an antenna efficiency of 71%. Comprehensive far-field radiation patterns are observed across all 6
ports. The array maintains an envelope correlation coefficient (ECC) under 0.004 and a diversity gain (DG) above
9.98, demonstrating robust performance. Specific absorption rate (SAR) results at 3.5 GHz confirms compliance
with MIMO standards, with values as low as 0.13 W/kg. This high-performance MIMO array is a strong contender

for sub-6 GHz 5G applications.

Keywords: MIMO array, Sub-6 GHz, Partial ground plane (PGP), Wideband antenna, Smartphone integration.

1. Introduction

In the ever-evolving path of wireless
communication, 5G technology has emerged as a
groundbreaking solution for many previous
problems associated with 4G. Its introduction
signifies a leap, offering an array of benefits,
including substantially reduced latency, vastly
improved connectivity, faster data transfer rates, and
remarkable high-speed capabilities [1]. What makes
5G even more intriguing is its ability to operate
across an array of distinct frequency bands, serving
as a testament to the global adoption of this
transformative technology.

5G frequency bands in the realm of wireless
communication can be broadly divided into two
main categories. The first category is the sub-6 GHz
band, also known as FR1, which spans from 450
MHz to 6000 MHz. The second category is the
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millimeter-wave (mmWave) band, referred to as
FR2, which covers the range from 24.25 GHz to
52.6 GHz. Specific frequencies of significance
within the sub-6 GHz band include 700 MHz, often
referred to as the lower band, the 3.4-3.6 GHz range,
which constitutes the mid-band, and the 4.8-6 GHz
range, known as the high band [2].

The widespread adoption of these 5G frequency
bands by countries across the globe has given rise to
a unique challenge — the need to reengineer essential
hardware  components of wireless cellular
communication systems. Among these components,
base transceiver stations (BTS) and mobile handsets
must undergo significant modifications to
accommodate the specific frequency requirements
dictated by different nations. In this sophisticated
scenario of wireless communication, the antenna
emerges as a linchpin, serving as the primary
gateway device responsible for transmitting and
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receiving signals [2]. To effectively meet the
demands of 5G communication, meticulous design
and engineering of antenna arrays become
paramount. This holds true for both ends of the
communication spectrum — the base station and the
mobile station. When it comes to devising MIMO
(multiple-input multiple-output) antenna arrays for
mobile devices, a difficult challenge arises in fitting
these arrays within the often limited in space
available in mobile devices. It has been observed
that the MIMO antennas intended for sub-6 GHz 5G
smartphones can be classified according to four
essential factors: how they operate, the quantity of
antenna elements they include, whether they utilize
isolation circuitry, and the specific arrangement of
the antenna structure. Consequently, crafting a
MIMO array that strikes the delicate balance
between a limited number of elements, high
bandwidth (BW), minimal isolation, and a
straightforward  structural design becomes a
formidable task that both scholars and antenna
engineers grapple with.

One promising solution for 5G smartphones
involves implementing a reconfigurable MIMO
array featuring two antenna elements. In this
proposed design, each antenna element comprises
two meander line radiating arms that can be
automatically connected or disconnected from the
50Q feedline. This capability introduces valuable
frequency diversity, enabling operation at either 2.4
GHz or 3.5 GHz frequencies. Remarkably, at these
frequencies, the envelope correlation coefficient
(ECC) measures 0.0056 and 0.0009, respectively,
underscoring the effectiveness of this design.
However, this antenna array achieves a very low
minimum isolation level of 12 dB and of course
works in limited capacity [3].

Another study [4] introduces a dual-element
MIMO array specially designed for smartphones.
This particular antenna boasts a good coverage
range, spanning over 400 MHz across two mid sub-
6 GHz bands — precisely, 3.5 GHz and 4.3 GHz. Its
capabilities extend even further, encompassing
frequencies up to 12 GHz within the mmWave 5G
bands, which operate between 24 GHz and 38 GHz.
The sub-6 GHz bands achieve a substantial
minimum isolation level of 21 dB, while the
mmWave bands reach an impressive isolation of 24
dB. These achievements are realized through the
strategic utilization of complementary metamaterial
unit cells positioned between the two antenna
elements. Importantly, the ECC for this advanced
antenna array remains consistently below 0.05.

The prevalence of four-port MIMO antenna
arrays is gaining momentum within both research
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and industry circles, particularly concerning 5G
smartphones, given their exceptional performance
capabilities[5]. In [6], a four-element dual-band
MIMO array is meticulously developed for
integration into 5G mobile terminals using side edge
positioning technique. This array effectively
operates within two distinct frequency ranges: 3.4
GHz to 3.6 GHz and 4.8 GHz to 5.0 GHz,
showcasing an impressive isolation level as low as -
17.5 dB. However, this array demonstrates a low
total efficiency (TE) of only 60% and an ECC below
0.05 across both frequency bands.

Another proposal is presented in [7], featuring a
2x2 MIMO array with a quad-port dual-band
configuration. This array functions good with 200
MHz bandwidths, spanning frequencies from 3.4
GHz to 3.6 GHz and 4.8 GHz to 5.0 GHz. However,
its performance gets curtailed as it can achieve a TE
of 70% only. Even though the authors used the
parasitic rectangle strip to enhance the isolation but
could not achieve more than a level of 16.5 dB. Yet
another approach is introduced in [8] utilizing the
space and pattern diversity, where a four-element
MIMO dipole array is proposed for 5G handsets,
boasting dual-band capability and dual diversity.
This array showcases an ECC as low as 0.005,
however, dents its performance as the minimum
isolation level goes as low as -15 dB only. Again,
the TE is only 51% at port 1 antenna. Additionally,
the paper provides a good SAR analysis, examining
the interaction of the array with the human head and
hand and result is 1.7W/Kg at 3.5GHz.

In recent times the researchers have also made
several approaches to propose innovative designs
consisting of six [9], eight [10-13], ten [14] and
twelve [15, 16] element MIMO array antennas to
improve the parameter of MIMO for mobile phone
for sub-6 GHz (5G) communications. In [9], the
authors have proposed a six-element MIMO array
that operates below 2.5 GHz. They employed a
slotted technique to achieve resonance and
incorporated parasitic elements between the
antennas to enhance isolation. Additionally, a
modified ground structure was utilized to improve
MIMO performance. However, the results indicate
that, while the measured isolation reaches a
minimum of 45 dB, the maximum isolation only
degrades to -12 dB. Furthermore, although the array
is intended for mobile phone applications, no
specific SAR analysis has been presented for this
technique.

In [10], an eight-element (8x8) array designed
for the 3.5 GHz 5G band on an FR4 substrate. This
design employs a modified and rectangular-slotted
ground plane, with antennas placed side by side for
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a MIMO configuration suitable for smartphones.
Small rectangular slots separate the antennas. The s-
parameter results indicate an in-band resonance dip
as low as -28 dB and an ECC of 0.03, meeting
acceptable standards. However, isolation remains as
a challenge, barely reaching -12 dB, and again, there
is no SAR analysis presented for smartphone
applications. Similarly, a new proposal is made by
utilizing the dual polarized self-complementary
antennas (SCA) with the edge corner probe-feed
technique at 3.6 GHz [11]. With this technique the
array produces a high-gain pattern, improved
radiation coverage and low ECC level of 0.004 in
simulation. Also, the SAR value for the Antenna 3 is
1.8 W/Kg which is within the acceptable range. Yet,
the isolation between port 1 and 2 (S21) is not so
good, achieving only less than -12dB and measured
ECC is surprisingly high around 2 shows the
limitation of this design.

In [12], an 8-element MIMO array design for 5G
smartphones uses deep learning (DL) for efficient
antenna dimension estimation, bypassing traditional
electromagnetic  simulation.  Nevertheless, the
chosen -6 dB bandwidth might lead to significant
circuit-side reflection. Its isolation, peaking at -
12.5dB, falls short of the -15dB benchmark. The
omission of SAR analysis hinders evaluating its
suitability for smartphone use. Similarly, [13]
presents an 8-element array operating between 3.6-
4.7 GHz, characterized by an open L-slot on the
ground plane and a coaxial feed L-shaped radiating
element. This structure yields a favorable ECC of
0.08 and TE ranging from 87-96%. However, the
same -6dB bandwidth may induce port reflections,
and the port-to-port isolation is suboptimal, barely
reaching -11dB.

In [14], a 10-element array is proposed. The
array utilizes the slotted GP technique to achieve the
desired resonance and the isolation between the
ports for sub-6 GHz bands. 10 different antennas are
placed side by side in parallel to produce the MIMO
configuration for the smart phones. The array has
achieved a good peak SAR value of 1.28 W/Kg for
1-g tissue with 25mW input power. The array also
has a good ECC of 0.07. However, the port-to-port
results show that it has a mere -11dB isolation
which is low in terms of the standard in MIMO
technique. Also, the TE drops to 65% with this
technique.

Reaching for higher element in [15, 16], the
authors have proposed 12-element MIMO array both
for 5G smart phones at 3.5GHz. Both proposals use
side edge positioning technique to gain advantage
on MIMO performances. In [15] the authors use
open loop single element antenna with remarkably
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Table 1. Comparison between existing works with
proposed work

Technique Isolation SAR, | TE
Ref Used @) | ECC | wikg | (%)
[4 | Metamaterial | 51 o05 | Na | 50
unit cells
[6) | Sideedse | 475 | 005 | Na | 60
positioning
[7 | Paresiic |\ 455 | 001 | Na | 70
rectangle strip
Space and
[8] pattern -15 0.005 | 1.7 51
diversity
Parasitic
9] patch and -12 0.002 | Na 88
slotted GP
[10] Slotted GP -12 0.03 Na 70
Edge corner
[11] orobe.feed -12 | 0.004| 18 | 70
[12] DL -12.5 0.1 Na | Na
[13] | L-slotted GP -11 0.08 Na 87
[14] | Slotted GP -11 0.07 [ 1.28 [ 65
[s) | Sideedge 5 o4 | Na | 39
positioning
[e] | Sl9eedge | 45 | 04 | Na | 36
positioning
This PGP and 90°
sequentially -20 0.004 | 0.78 71
work .
rotation

Na = Not available

small dimension of 5.85x4.9 mm? to make it a very
compact size. However, to do so, the array suffered
a low isolation on only -12dB and the TE also
decreased to as low as 39%. Also, the ECC is high
about 0.42 and the peak gain is as low as 3.2dBi
only. Similarly, it can be seen from the results in
[16] that the array has only -10dB of lowest
isolation, the ECC is higher than 0.4 at 3.5GHz and
the TE drops to 36% only. Furthermore, in both of
these 12-element MIMO designs no SAR analysis is
presented. Table 1 summaries the performances
parameter along with used techniques.

It is evident from these available previous
proposals (in Table 1) that some of the work
performs well in certain performance parameters,
while others do not. Some designs exhibit good
isolation but show limitations in ECC or efficiency
parameters and so on. Additionally, many proposals
are intended for implementation in smartphones, yet
no adequate SAR analysis is presented. Addressing
these issues within the context of this article, we
propose the design and development of a 6 x 6
element MIMO array featuring a modified
rectangular monopole antenna configuration with
three half-circular slots. The PGP technique is

DOI: 10.22266/ijies2024.0229.51




Received: October 18, 2023.

(©)

Revised: November 21, 2023.

615

=
i E
-1
ig
i
i

(d)

Figure. 1 SEA design and layout: (a) SEA front layout, (b) SEA back layout, (c) SEA front (fabricated), and (d) SEA
back (fabricated)

employed to achieve resonance and ultra-wideband
performance. Moreover, the sequential rotation of
90 degrees between the ports is utilized to attain
high isolation within the BW. By leveraging these
techniques, we have produced a MIMO array with
improved isolation, very low ECC and SAR, and
high efficiency. The subsequent sections of this
article (section 2) delve into the design and synthesis
of both the single element antenna (SEA) and the 6-
element (6x6) MIMO. Section 3 provides an in-
depth exploration of the performance characteristics
of these antenna configurations, accompanied by
relevant graphical representations. The article
concludes in section 4 with a summary of the
proposed work.

2. Design of single antenna (SEA) and
MIMO array

Fig. 1 illustrates the proposed single element
antenna (SEA) layout along with its dimensions.
The design and simulation of the antenna were
performed using CST MWS 2022. Figs. 1(a) and
1(b) show the front and back views of the SEA in
the simulation, respectively. Similarly, Figs. 1(c)
and 1(d) reveal the fabricated front and back views
of the design. The substrate used here is Rogers RT
Duroid 5880 with the dielectric constant (e, = 2.2)
and the dissipation factor (tand) of 0.0009 and it
has been fabricated by etching technique. The SEA
consists of a rectangular patch, a transmission line
connected to the feed, and three half-circular slots of
equal size inserted into the top, right, and left sides
of the patch. The center of each half-circular slot
aligns with the midpoint of its respective side. The
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dimensions of the rectangular patch (length and
width) and the radii of the slots are estimated by Egs.
(1), (2), and (3), respectively and later optimized in
CST MWS [17]. Where, Co is the speed of light, &,
& &, are the relative and effective dielectric constant

of the substrate, h is the height of the substrate, fc is

8.791 x10°
the resonant frequency, and F = ————. Hence
quency ol

the final length (L), width (W) and the rzldius (r) of
the half-circular slot are obtained as 17 mm, 16 mm,
and 6 mm respectively for the patch.

Co

w=—% (1)
2f, (£r2+1)
w
c (£¢40.3)(=£+0.264)
L= °— —0.824h h 2
2fe\fee (ee—o.zss)(%w.s) 2)
F
r = 1 (3)
{1+n2€:lp[ln(1;—:)+1.7726]}2

Also, the microstrip feedline length is kept the
same as the width of the antenna. Again, the final
dimension of the antenna is obtained as 27 x
38.25 mm? after optimizing in CST MWS.

Fig. 2 illustrates the progressive stages of the
antenna's design. The process began with a
fundamental rectangular microstrip patch antenna,
complete with a full ground plane (GP).
Subsequently, in the second phase, three half-
circular slots were integrated while preserving the
full GP. The design culminated in the third stage
with the introduction of a partial ground plane

DOI: 10.22266/ijies2024.0229.51



Received: October 18, 2023.

Stage1 Stage2 Stage3

Dielectric

Antenna
Patch
with
slots

Antenna
Patch

Full GP Full GP

Figure. 2 Layout for different stages of single element
antenna design

(PGP), fine-tuned to secure the target operational
frequency within the sub-6 GHz spectrum. A
comprehensive explanation with s-parameter results
of this process is provided in the results and
discussion section (section 3).

Fig. 3 provides a comprehensive view of our
6x6 MIMO antenna design. Figs. 3(a) and 3(b) offer
detailed front and back views of this design. Notably,
the dimensions of the design are carefully tailored,
with a length of 150 mm and a width of 75 mm,
closely mirroring the size of a standard 6.6-inch
smartphone. Each of the six antennas, denoted as
Al1-A6 respectively, is sequentially positioned to
optimize performance. To achieve minimal
interference and crosstalk between ports, we've
employed a sequential rotation technique, ensuring
that adjacent ports are precisely 90 degrees apart in
polarization [17]. Linear polarization can be either
horizontal or vertical. For optimal transmission and
reception, the transmitting (Tx) and receiving (Rx)
antennas must have matching polarization.
Mismatches in polarization can result in loss at the
Rx side. Specifically, if a vertically polarized
antenna is at the Rx side and a horizontally
polarized antenna is at the Tx side (or vice versa),
there theoretically will be no communication
between them. In MIMO systems, a 90-degree
polarization mismatch between adjacent ports
produces a similar effect by guaranteeing a
(theoretical) zero crosstalk between the ports,
enhancing the overall efficiency and reliability of
the MIMO system [18].

In addition to managing isolation using
polarization technique between adjacent ports, we
have taken measures to prevent isolation issues
between other antenna pairs. Specifically, antennas
A3 and A4, as well as A5 and A6, operate at the
same polarization. To mitigate any potential
isolation problems, we have maintained 90 mm
between these antenna pairs.

Fig. 3(d) showcases the fabricated prototype,
offering a representation of our design's front and
back views. Finally, Fig. 3(e) reveals the setup
employed to calculate the SAR of the design—a
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Figure. 3 (a) - (d) MIMO design layouts and (e) SAR
setup with hand-head phantom: (a) 6x6 MIMO front
view, (b) 6x6 MIMO back view, (c) 6x6 MIMO front
view (fabricated), and (d) 6x6 MIMO back view
(fabricated), and (e) SAR simulation setup with hand-
head phantom in CST

critical consideration for smartphone applications.
SAR assessment ensures that the antenna design
meets safety standards and does not expose users to
excessive radiofrequency. The input power is
considered as 50mW (17dBm) for this calculation.
Next section (111) reveals the detailed results with an
in-depth discussion for both SEA and 6x6 MIMO
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Figure. 4 S11 response of different stages of SEA design
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design.

3. Results and discussions

Fig. 4 displays the S11 responses at various
stages of the SEA design depicted in Fig. 2. At stage
1, featuring a basic rectangular patch and a full GP,
the S11 result does not cross the -10dB threshold,
indicating an absence of resonance. In stage 2, the
introduction of three half-circular slots (retaining the
full GP) initiates a descent in the S11 value,
approaching -10dB, yet not surpassing this mark. At
stage 3, the modification to a PGP result in
resonance at 3 GHz, extending beyond 6.5GHz, with
the deepest dip of -37dB observed at 3.55 GHz
making it an ultra-wide band response proving the
usefulness of the PGP in this design.

Next, Fig. 5 illustrates different impedances, s-
parameter, VSWR and the 3-D & 2-D radiation
pattern responses. From Fig. 5 (a) it is seen that the
reference impedance is accurately at 50 Q. It means
the feed of the antenna is matched perfectly for 50 Q
SMA connectors in simulation. Similarly, it is seen
from Fig. 5(b) is at 3.5GHz the antenna has a zero
imaginary impedance along with a 50 Q real value
(Zant = 50 + jO Q). This also indicates the low loss
nature of the design. Figs. 5 (c) and 5 (d) reveal the
measured and the simulated Si; and VSWR
characteristics of the SEA design respectively, and
these measurements were conducted using a vector
network analyzer (VNA) with the model number
Agilent N5242A. In Fig. 5(c), it is evident that the
measured and simulated results of Si; exhibit a
commendable level of agreement. However, a slight
shift has been observed, attributable to variations in
fabrication quality and SMA soldering. Analyzing
the simulated Si; results, it is apparent that the
operational bandwidth initiates at 3.00 GHz and
extends up to 6.5 GHz, yielding a bandwidth of 3.5
GHz. However, the measured results indicate a
slightly reduced bandwidth, spanning from 2.8 GHz
to 5.9 GHz, equivalent to a bandwidth of 3.1 GHz.
Nevertheless, it is noteworthy that the bandwidth
reduction amounts to merely 400 MHz, preserving
most of the band.
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Furthermore, a check of the VSWR responses,
both measured and simulated, reveals a shift of
approximately 370 MHz. Consequently, it can be
concluded that the effective operational bandwidth
of this SEA spans from 2.82 GHz to 5.95 GHz,
totaling 3.13 GHz. These results underscore the
antenna's robust performance within this frequency
range. Moreover, Figs. 5(e)-5(f) illustrates the
radiation characteristic of the SEA. Fig. 4(e) reveals
the 3-D radiation pattern response at 3.5GHz and it
is seen that the radiation plane is mostly on x-y
plane which proves the omni-direction pattern of the
antenna. Fig. 5(f) reveals the 2-D phi = 0 and phi =
90 radiation patterns which also supports the omni-
directional nature of the SEA design.

Moving on to the responses for the 6 x 6 MIMO
design, Fig. 6 reveals both the measured (M) and the
simulated (S) responses of the S-parameters between
the ports. In any MIMO design, the S-parameters
between the ports are considered indicative of the
isolation between them. For example, the Sx
response, chosen due to the symmetry of the design,
implies the isolation between port 1 and port 2, and
S0 on.

This figure comprises the measurement setup
(Figs. 6 (a) and 6 (b)) and the s-parameter responses
(Figs. 6 (c) and 6 (d)) to analyze the isolation
performance of the designed MIMO array. Fig. 6(c)
comprises the responses of Sz1, Sai1, Sa1, Ss1, and Sy,
indicating the isolation of port 1 with the other 5
ports. It is evident that the measured and simulated
responses are in excellent agreement.

Most of the responses are below the -20 dB level.
However, we observe that for Sy (M), within the
narrow band of 2.76 — 3.2 GHz, the value reaches as
high as -16.4 dB, but it falls below -20 dB from 3.2
GHz until the end of the BW. Considering that the
standard minimum isolation is < -15 dB between
any ports of the MIMO design [19], we can
conclude that the response still complies well with
the standard. Fig. 6(d) shows the isolation between
port 2 and the other ports, also revealing the
isolation between port 3 and port 4 (Ss3). Notably,
only Se, falls within the -20 dB to -30 dB range,
while the rest exhibit isolation levels below -30 dB.
This demonstrates the high quality of the design.

A similar scenario can be observed in Fig. 6(e),
which comprises the isolation responses between
port 4 & port 5 (Sss), port 5 & port 3 (Ss3), port 6 &
port 3 (Se3), and port 6 & port 5 (Ses), where all the
isolation values between ports remain below -26.4
dB. In summary, we can confidently state that the
isolation performance of this design is highly
satisfactory. Two additional parameters, ECC and
DG of the MIMO, have been calculated using CST
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MWS with the help of Egs. (4) and (5) [19].

Here,x=1,andy =2, 3, 4, 5, and 6. In theory, a
lower ECC indicates better MIMO performance
(MIMO standard in 0.4) [19]. From Fig. 7 (a), it is
evident that the ECC value goes very low, around
0.0001, for most of the working BW of the design.
At the beginning of the BW (2.82 GHz), the ECC is
around 0.0025, and for the whole BW, the value
never exceeds 0.004. In Fig. 7 (b), DG consistently
stays around 10 throughout the bandwidth, never
dropping below 9.98.

E — |S;XSXY+S;XSY}’|2 ( )
Xy (1_(|Sxx|2+|Sxy|2))(1_(|Sxx|2+|syx|2))

DGyy = 10 1 — |ECC, | ©)
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In Fig. 7 (c) and 7 (d), we observe MIMO
antenna measurements in an anechoic chamber. Fig.
7(c) shows a 21% difference between measured and
simulated peak TE, with the simulated reaching 92%
and the measured value at 71%. This discrepancy
may be due to fabrication or soldering. Similarly,
the peak realized gain is 7 dBi (simulated) and 5.3
dBi (measured), possibly attributed to the same
aforementioned factors.

Fig. 8 comprises the 3-D and 2-D radiation
responses of the MIMO array. Here, only port 1 and
port 2 have been chosen for measurement, as the
other ports resemble them. Figs. 8 (a) and 8 (b)
reveal the 3-D radiation pattern of port 1 and port 2,
respectively. It is evident that at port 1, the 3-D
pattern radiates mostly on the x-y plane, with some
lower radiation strength points. To confirm the
radiation characteristics, a 2-D analysis has been
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Figure. 6 Responses for the isolation between ports of
MIMO design: (2) VNA measurement setup, (b)
Connection at ports, (c), (d), and (e) Isolation between
ports

done. Fig. 8 (c) reveals the 2-D radiation patterns
(for Phi = 00 and Phi = 900). It is evident that, for
both planes, the antenna radiates well and follows
the 3-D pattern with less radiation at 0 and 180
degrees of the antenna plane. Similarly, we observe
port 2’s 3-D and 2-D radiation patterns in Figs. 8 (b)
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realized gain of the MIMO antenna: (a) ECC, (b) DG, (c)
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Total antenna efficiency, and (f) Realized gain
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()
Figure. 9 The effect of hand-head phantom on radiation pattern: (a) port 1, (b) port 2, (c) port 3, (d) port 4, (e) port 5, and
(f) port 6

and 8 (d), respectively. It is clear from the 3-D
pattern that port 2 radiates the most on the y-z plane,
with two nulls at 0 and 180 degrees of the antenna
plane. The phi = 0° and phi = 90° 2-D radiation plots
also confirm the same situation. After analyzing
both port’s radiation patterns, it can be said that the
antenna can radiate in all directions, which is
necessary for mobile communication.

Next, the same antenna has been exported and
fitted inside a hand-head phantom model using CST
MWS to analyze human interaction and the effect on
the radiation pattern, as well as to calculate the SAR
leaked into the head and hand of the human body.
Figs. 9 and 10 reveal the responses of the 3-D
radiation pattern and the SAR values, respectively,
at 3.5 GHz for different ports. Figs. 9 (a) — 9 (f)

International Journal of Intelligent Engineering and Systems, Vol.17, No.1, 2024

represent the 3-D radiation pattern responses for
port 1 — port 6, respectively. It is observed that port
1, port 3, and port 6 radiate the beam in front of the
head-hand phantom, while port 1, port 4, and port 5
radiate at the backside of the phantom. For each
radiation pattern, it is clearly visible that the
radiation is outwards from the hand-head, indicating
low radiation power towards the body and less loss
during communication between the mobile device
and the nearest cell tower. Overall, it is also clear
that the MIMO can communicate in all directions of
the radiation.

Lastly, Figs. 10 (a) - 10 (f) represent the SAR
responses for port 1 — port 6, respectively. The
lowest SAR value is 0.13 W/Kg (port 1), and it goes
as high as 0.78 W/Kg at port 5. For port 2, port 4,
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Figure. 10 SAR calculation with hand-head phantom using CST MWS: (a) port 1, (b) port 2, (c) port 3, (d) port 4, (e)
port 5, and (f) port 6

W/Kg, 0.49 W/Kg, and 0.61 WI/Kg, respectively.
The standard for maximum SAR is 1.6 W/Kg and
2.0 W/Kg for 1g and 10g mass, respectively [5].
Based on this, it is evident that the SAR is well
within the accepted standard and safe for use in
smartphone communication for 5G.

4. Conclusions

This article presents a 6 x 6 MIMO array
designed for sub-6 GHz mobile and wireless
applications. The design's effectiveness is validated
through both simulation and experimentation.
Utilizing a partial ground plane (PGP), the array
achieves a wideband response with 6 single-element
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half-circle-slotted monopole antennas. The array's
antennas are spaced 90 degrees apart to enable
polarization diversity, and its dimensions of 75 X
150 mm2 make it suitable for integration into a 6.6-
inch smartphone. Operating in the frequency range
of 2.82 — 5.95 GHz, the array maintains a VSWR of
less than 2 and offers a -10 dB bandwidth spanning
approximately 3.13 GHz. It also achieves a
minimum port-to-port isolation of less than -20 dB
and a peak realized gain of 5.3 dBi, with an overall
antenna efficiency of 71%. In terms of MIMO
performance metrics, the ECC is consistently below
0.004, and the DG is at or above 9.98 across most of
the operating bandwidth. Additionally, SAR testing
confirms that the design meets safety and regulatory
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standards, with values between 0.13-0.78 W/kg for a
10g mass.
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