
Physica Scripta
            

PAPER

Four-port dual-band textile MIMO antenna for
biomedical health monitoring systems: on-body
mutual coupling reduction characterization
To cite this article: Hamza A Mashagba et al 2024 Phys. Scr. 99 095026

 

View the article online for updates and enhancements.

You may also like
Low specific absorption rate quad-port
multiple-input-multiple-output limber
antenna integrated with flexible frequency
selective surface for WBAN applications
Thennarasi Govindan, Sandeep Kumar
Palaniswamy, Malathi Kanagasabai et al.

-

Mutual Coupling Suppression in Wearable
MIMO Antenna for On/Off-Body WBAN
Applications
Ismahayati Adam, Hasliza A Rahim, Mohd
Najib Mohd Yasin et al.

-

Flexible antenna design for wireless
medical body area networks in healthcare
Ahmed Abbas AL Rimi, Asmaa Zugari and
Souhaila Ben Haddi

-

This content was downloaded from IP address 103.86.131.140 on 11/05/2026 at 05:38

https://doi.org/10.1088/1402-4896/ad6fdc
/article/10.1088/2058-8585/acc25c
/article/10.1088/2058-8585/acc25c
/article/10.1088/2058-8585/acc25c
/article/10.1088/2058-8585/acc25c
/article/10.1088/1742-6596/1755/1/012011
/article/10.1088/1742-6596/1755/1/012011
/article/10.1088/1742-6596/1755/1/012011
/article/10.1088/2631-8695/ae037d
/article/10.1088/2631-8695/ae037d


Phys. Scr. 99 (2024) 095026 https://doi.org/10.1088/1402-4896/ad6fdc

PAPER

Four-port dual-band textile MIMO antenna for biomedical health
monitoring systems: on-bodymutual coupling reduction
characterization

HamzaAMashagba1,2 , HaslizaARahim1,2,∗ ,MohdNajibMohdYasin1,2,MohdHaizal Jamaluddin3,
MohammadTariqul Islam4 ,WazieMAbdulkawi5 , ArifMawardi Ismail1,2,Md.Moniruzzaman6 and
Samir SalemAl-Bawri7,∗

1 Faculty of Electronic Engineering&Technology, UniversitiMalaysia Perlis (UniMAP), 02600, Arau, Perlis,Malaysia
2 Centre of Excellence for Advanced Communication Engineering (ACE), Universiti Malaysia Perlis (UniMAP), 01000, Kangar, Perlis,
Malaysia

3 Wireless CommunicationCentre, Faculty of Electrical Engineering, Universiti TeknologiMalaysia, Johor Bahru, 81310,Malaysia
4 Department of Electrical, Electronic and Systems Engineering, Faculty of Engineering and Built Environment, Universiti Kebangsaan
Malaysia, Bangi, 43600,Malaysia

5 Electrical EngineeringDept., College of Engineering, Prince SattamBinAbdulazizUniversity,Wadi Addwasir, 11991, Saudi Arabia
6 Dept. of Electrical and Electronics Engineering, College of Engineering and Technology, International University of Business Agriculture
andTechnology, Uttara, Dhaka, 1230, Bangladesh

7 Space Science Center, Institute of Climate Change, Universiti KebangsaanMalaysia (UKM), Bangi, 43600, Selangor,Malaysia
∗ Authors towhomany correspondence should be addressed.

E-mail: haslizarahim@unimap.edu.my and s.albawri@gmail.com

Keywords: antenna and propagation, array antennas, bioelectromagnetics,MIMOantenna,mutual coupling reduction, wearable antenna

Abstract
The paper outlines amethodology to diminishmutual coupling in 4-port dual-bandMIMO textile
antenna for biomedical applications. This antenna leveragesMIMO technology andWireless Body
AreaNetwork (WBAN) for operation in two distinct frequency bands at (3.5& 2.45GHz). The
antenna ismade up of four octagonal patch antennas, each having a bar and a split-ring (SR) slot with
47.2× 31mm2dimensions for each patch. A hybridmutual coupling (MC) approachwas investigated
with closely spaced patches (up to 0.05λ). Various bending setups have been selected alongwithflat
case to examine the antennas’ resilience which demonstrate such agreement betweenmeasured and
simulated findings. Furthermore, theMC is only−20 dB, the envelope correlation coefficient (ECC) is
0.001, andmaximumpeakmeasured gain of 5.2 dBi is achievedwith lowest peak specific absorption
rate (SAR) value. Evenwhen bent at a 60° angle alongwith y-axis and x-axis, the antenna retains a
decent gain of 1.861 dBi in the low frequency region and 5.479 dBi at high frequency band.
Surprisingly, the antenna outperforms the attenuation produced by the lossy effects of the human
body, indicating a favorable alignment between themodelled and observed findings.

1. Introduction

Nowadays, the trend in antenna development ismoving towardsmore flexible formats, which is particularly
attractive inwearable purposes, as wellnessmonitoring and tracking [1]. The requirement for these antennas to
bewideband is further amplified by the need for users tomove freely while wearing themwithout affecting their
morphology. In addition, creatingwearable antennas that allow for real-time data transfer with little loss is vital
formonitoring critical diseases and operations. In the open literature, a lot ofMIMOantennas for single port
[2–5] and two portsMIMO [6–9] structures have been proposed ranging from2GHz to 38GHz.However, the
lack ofMIMOantennas addresses another challenge for 5G sinceMIMO technology requiresmultiple array
elements andmultiple ports for its realization. The challenge stems from the need to accommodate a larger
number of antenna components, leading to increased coupling effects, as a result, loss of antenna efficiency
features [10]. The significance of four-port textileMIMOantennas in enhancing the capacity, coverage, and data
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rates of 5Gnetworks, particularly in dense urban environments where on-body communication is critical [11].
Moreover, the unique characteristics of textile-based antennasmake themwell-suited for on-body applications,
offering flexibility, comfort, and conformal integrationwith clothing.However, the lack of four-port textile
MIMOantennas tailored specifically for textile substrates poses a challenge in realizing the full potential of on-
body communication systems.

The degree ofmutual interaction between the array antennaswas controlled by the surface current
distribution. To achieve compactness inMIMOantenna designwhile keeping high overall performance, the
array parts of the antennamust be arranged as closely as feasible in practical design. The fundamental problem,
nevertheless, is that the tightly spaced array of elements would result in higher radiation interactions [12].Many
researchers have lately researchedMIMOantennas to draw attention to this challenge and have offered several
solutions, such as faulty ground structures,metamaterial, and feeding network structures.

Up to themillimeter-wave spectrum, numerous low-frequency four-portMIMOantennas have been
suggested [12, 13], Some designs, however, exclude the lower frequency bands for 5G. In [14], a basic planar
tightly linkedmicrostrip patch in a four-portMIMOconfiguration is shown, fed by a constructed right-lefthand
integrated FMantenna; the suggested antenna had a bandwidth of (2.54GHz) (1.36–3.9GHz). Althoughwider
bandwidthswere achieved in these designs, the antennas were targeted solely for circularly polarized
characteristics and provided higherMC (>−20 dB). Similarly, in [15], four symmetricmonopole-radiating
elements and four-portMIMOantennawith superwidebandwere proposed. The reportedMC is quite high (>
−25 dB). Numerousmethods for reducingmutual coupling have been proposed in the literature. works. These
approaches encompass alterations to the antenna configuration, such as integrating electromagnetic bandgap
(EBG) structures [16, 17], incorporating slots [17], employing neutralization lines [18, 19] utilizingmetamaterial
arrangements [20] employing parasitic elements [12, 21] employing hybridmethodologies thatmerge defected
ground plane structures (DGS) and stubs [22, 23], adopting split ring resonators (SRR) [24, 25], employing
diagonal positioning of array elements [26, 27], andmodifying the patch structure through truncation[28]. A
comprehensive study onmutual coupling suppression techniques has been reported in [29, 30]

Figure 1. (a) Single element square slotted textile antennaAntenna dimensions with the gap added between L2 and L3, (b) 3D sigth the
height of each layer

Table 1.Dimensions of the single patch for single-element dual-band antenna. Value (mm).

Parameter Value Parameter Value Parameter Value Parameter Value

Lp 31 Ht 0.17 WL 0.73 Edge 9

Wp 47.2 WB 21 LL 60 LB 17

Ls 70 L1 15 LB 20

Ws 70 L2 15 L1 15

H 3 L3 10 L2 15
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In [31], To improve the isolation properties of a four-portMIMOantenna,meander line structures are
inserted between the antenna parts. The antenna has awideband frequency range of 2.74–4.41GHzwith anMC
greater than−30 dB for all ports. In [13], integration ofmultiple antennaswas realizedwith 2× 2MIMO
configurationwith operating frequency of 3.3–5GHz. The antenna offered awide bandwidth of 1.7GHz, but
the gain is low, 4.7 dB, with an unknownMCvalue.However, to the best of authors’ knowledge, none has
reported four-portMIMO textile antennawith dual-band frequency (2.45 and 3.5GHz) that provides wide
bandwidth and lowMC (<−20 dB). In this article, a uniqueMIMOantenna structure has been offered
providing a novel approach tomitigatingmutual interference between twoMIMOantennas. The primary goal is

Figure 2.Perspective viewwith all port’s locations.

Table 2.Dimensions of the four-port dual-bandMIMOantenna.

h Value Parameter Value Parameter Value Parameter Value

Lp 31 Ht 0.17 WL 0.73 Edge 9

Wp 47.2 WB 21 LL 60 LB 17

Ls 127.6 L1 15 LB 20

Ws 132.8 L2 15 L1 15

H 3 L3 10 L2 15

Table 3. S11 and S21 summary for different antenna variations.

Rotation Design Freq (GHz) S11 (dB) S21 (dB) S34 (dB)

Stage 1 2.45 −12.37 −26.35 −27.8

3.5 −25.88 −27.5 −22.8

Stage 2 2.45 −16.35 −27.8 −29.71

3.5 −39.1 −22.8 −22.81

Stage 3 2.45 −13.5 −33.1 −35.3

3.5 −26.6 −35.7 −40.7

Stage 4 2.45 −14.2 −33.8 −33.8

3.5 −30.5 −34.7 −36.7

3

Phys. Scr. 99 (2024) 095026 HAMashagba et al



to achieve an S21 of less than−20 dB by positioning the antenna elements as close together as feasible, with a
0.05λ edge-to-edge spacing. A thorough study is performed to estimate the bending deformation resistance of
the suggestedMIMOantenna

The following is the structure of this paper: The proposedMIMOantenna’s design and operation
mechanism is followed by a three-part investigation of theMCeffects on the antenna: The analysis includes
evaluating the distance analysis, reducingmutual coupling, determining the realized gain, and assessing the
cover correlationmeasurement. Thefindings of themodel were documented and reported. in section 4, and the
workfinishes with section 5, which contains the conclusions.

2. Antenna configuration

2.1. Antenna element design
The proposed antenna is dual band in operationwith a lower band at 2.45GHz forWBANand higher band at
3.5GHz for 5G applications. Felt textile is chosen as the substrate for the antenna design due to its advantageous
electrical,mechanical, andmorphological properties, which are critical for ensuring high performance in
wearable applications. Felt typically exhibits a lowdielectric constant and loss tangent, which reduces dielectric
losses and enhances antenna efficiency and bandwidth. This property is essential inwearable technologywhere
minimizing energy loss is crucial formaintaining performance.

The Felt fabric as a substrate, is inserted by between an upper radiator and a full ground plane. The dielectric
properties of Felt textile have a relative permittivity (r) of 1.44 and a loss tangent (tan) of 0.044 [32]. The direct
experimental evidence of dielectric properties of Felt has been carried out in [33]. ShieldIt Super electro-textile
fromLessEMF Inc. is used for the conductive components, and it has an anticipated conduction,σ of 1.18× 105

Figure 3. Simulation for the suggestedMIMOwith the hybrid technique andwithout. (a) S11 and (b) S21.

4
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Sm-1. As indicated infigure 1, the total dimensions of the antenna are 132.8× 127.6mm2, while the top radiator
is 47.2× 31mm2. CSTMicrowave Studio software is used for all simulations and improvements. The design
parameter of single-element split-ring (SR) slotted textile antenna is tabulated in table 1.

In this design, the patch radiator is particularly designed to create resonance at 2.45GHz, which serves as the
lower band frequency. Then, the antennawas designed to generate an alternative echoing frequency at 3.5GHz.

Figure 4.TheMIMOantenna includes A-line patch.

Figure 5.Antenna simulation results for various patch distances inλ (a) Sii and (b) Sij.

5
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The presence of a SR slot in the rectangular patch antenna’s center allows for enhanced bandwidth in the upper
3.5GHz band.

The lower band, on the other hand,may be adjusted by varying the length of the SR (L1, L2 and L3), which
works as a separate resonating slot for the lower frequency. The design process encompassed four distinct
procedures, described in the following:

• The patch’s dimensionswere first determinedwithout the SR -shaped slot andwere based on the upper band
resonance. After that, the probe feeding arrangementwas fine-tuned for proper resistancematching in the
top band.

• Following that, SR and bar slots were introduced to increase bandwidth and enable operation in the
appropriate bands. Finally, the size of the SR slots was carefully adjusted to exhibit circular coupling behavior
in the bottomband.

2.2. A four-portMIMOantenna
The proposal occurred to expand to include a 4-element flexibleMIMOdesign configuration, namely a 2× 2
MIMOantennawith 4 ports which ismore difficult than designing a single or two-portMIMOantenna, owing
toMCbetween antenna parts [15]. As illustrated infigure 2, the array consists of four-SR slot antennaswith bar
slots spaced at a spaceD2 from antenna edge A to B. Themain antenna is designed in away that controlsMC
between antenna elements using a hybridmethod. Amixture approach, including a line patch and antenna
element variation is used present infigure 2. The patches need tomatch, and the unadjusted patches need to be
segregated in order to implement this solution. It is clear that there is no issuewith theMCbetween neighboring

Figure 6.The results of the simulation for the patch antenna using the hybrid approachwith a 0.05λ gap (a)Reflection coefficient Sii
and (b)MCSij.
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elements when using this technique. As a result, without experiencing any resonant frequencymismatches
among S11, S22, S33, and S44, this technique efficientlymitigatesMC.

Table 2 shows the important characteristics of the split-ring (SR) slottedMIMOantenna. The suggested
textileMIMOantenna has overall dimensions of 132.8× 127.6mm2 (132.8× 127.6), with calculations based on
a lower operating frequency of 2.45GHz.

3. Antennaworking principle

In order to comprehend the antenna’s activity and how it functions as a result, several subsectionswill be
discussed below, including the analysis of the current distributionmovement along the conducted.

3.1.Design process
Upon the completion of the SR bar slotted two-portMIMOantenna design, the design is extended to a four-
element structure to form a 1× 2MIMOantenna to a 2× 2MIMOantennawith four ports. Comparedwith
single and two-portMIMOantennas, a four-portMIMOantenna design ismore critical due to theMCof
antenna elements [15]. The basic antenna is designed in such away that it controlsMCbetween antenna
elements using the hybrid technique ofMC. Ahybrid technique involving a line patch and rotation of antenna
elements is applied in this proposedMIMOantenna to achieveMC<−20 dB, as shown infigure 3 (a),(b). To

Figure 8.Patch antenna for bending curvature.

Figure 7. Surface current distribution for various configurations fromports 1–4 at 2.45GHz (a), (b), (c), and (d) and 3.5GHz (e), (f),
(g), and (h).
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implement this solution, the patchesmust bematched, and unadjusted patchesmust be isolated.When using
this solution, there is no problemwith theMCbetween adjacent elements. Thus, this solutionwill suppressMC
without any resonant frequencymismatch between S11, S22, S33, and S44 [34].

A detailed design procedure is present which can be summarized in four steps, as follows:

• First, the dimensions of the patchwithout an SR-shaped slot are calculated based on the upper band
resonance.

• Second, the probe feed structure is optimized to obtain a suitablematching in the upper band.

• Third, the SR shape and the bar slot are added to broaden the bandwidth and provide operation in the
respective bands.

• Fourth, the dimensions of the SR-shaped slot are tuned to provide operation in the respective lower band

• The overall dimension is of 132.8× 127.6mm2, whereas the top radiator is dimensioned at 47.2× 31mm2,

The placement of four elements antenna array orthogonally (vertical and horizontal direction) to reduce the
MC is carried out and illustrated as the following:

• Place the bottomorthogonal two adjacent element arrays, as in table 3, with the line patch in vertical (between
adjacent elements) and horizontal (between parallel elements at top and bottom) directions to separate each
element array, as shown in table 3 (Stage 3), andwithout the line patch (Stage 4).

• Place the bottom two adjacent element arrays in an orthogonal structure, the third antenna element in a
horizontal direction (Port 3), and the fourth antenna element is rotated 90° (Port 4)with line patches, as
shown in table 3 (Stage 1), andwithout the line patch (Stage 2).

3.2.Distance analysis
The results show that the Sii and bandwidth for all ports are consistent in both lower and upper bands, according
tofigure 3. Still, asfigure 3(b) illustrates, when the distance between the patches reduces, the Sij values increase,
indicating tighter coupling between the patches. The gap between patch components has a significant impact on
antenna efficiency, particularly regarding reflection coefficient andMC. Figure 4 depicts the effect of varying the

Figure 9.The suggested bending angles forMIMOare as follows: (a) bent at 45 degrees x-axis, (b) bent at 60 degrees x-axis, (c) bent at
45 degrees y-axis, and (d) bent at 60 degrees y-axis.
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distance between the antennas of 0.05λ and 0.1λ. At (2.45& 3.5GHz), theMC rates increase from<−30 dB
(0.1λ) to<−20 dB (0.05λ) as shown infigure 5. Thus, the closely spaced elements of 0.05λ are chosen and
offered lowMCof less than−20 dB for allMIMOconfigurations as shown infigure 6. Based on the analysis
mentioned earlier, a four-port flexibleMIMO textile structure has been designed.

It consists of an SR and bar-slottedMC reduction enhancement structure, with four-line patches positioned
in opposite orthogonal arrangements for the upper and lower elements.

3.3. Surface current distribution (SCD)
Infigure 7, the SCD is depictedwhen a single port is active. The illustration highlights the antenna components
and demonstrates how introducing a line-patch between themor rotational the patch element can effectively
minimize the undesired dealings with the nearby patch. But, in all scenarios, nevertheless, some electric current
yet overflows to the adjoining patch.Using together strategies reducesMCbetween patch parts evenmore, as
seen by a considerable drop in current overflow to the next patch. Techniques reduced the coupling between
antenna parts significantly. To investigate the two resonantmodes excited for the (2.45& 3.5GHz) bands, On
the other hand,figure 7 illustrates the surface current distributionwhen one of the ports is excited. As seen in this
figure, a hybrid technique of adding the line patch in between the antenna elements and rotating the patch
element reduced the current interactionwith the other patch element. However, a very low currentmight be
overflowed to the adjacent patch. The combination of both techniques significantly reduced the coupling
between the antenna elements.

Figure 10.The intendedMIMOantenna’s functionwhere the bending at θ= 60° occurs at the x& y axes, respectively.
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4. Results and discussions

4.1. Bending analysis
This section looks into how bending affects the suggestedMIMOantenna. Achieving various bending angles for
MIMO textile antennas on the human body involves innovative design and fabrication techniques tailored to the
flexibility and conformability requirements of wearable applications. Researchers have employed advanced
materials such as elastomers and conductive textiles with stretchable properties to enable the antenna to bend
and conform to the contours of the bodywithout compromising performance. Additionally, techniques like

Figure 11.The ECCof theMIMOantennawhen the bending θ= 60° (a) at the x-axis and (b) at the y-axis.
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origami-inspired folding patterns and 3Dprinting offlexible substrates have been utilized to create antennas
capable of adapting to different bending angles whilemaintaining structural integrity and electrical
performance. These approaches enable the practical implementation ofMIMO textile antennas on the human
body, providing reliable communication in diverse wearable scenarios.

Figure 12.DG for the proposedMIMOantenna (a) Flat (b) bending θ= 60° x-axis and (c) bending θ= 60° y-axis.
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The antenna is expected to befitted into a suit in a realistic on-body application, where it will be susceptible
to bending. To evaluate the effects of bending, simulations are conducted at different angles (θ) ranging from0°
to 60°, corresponding to radii of 0, 507.2, 253.6, 169.1, and 126.8mm, respectively, based on the given
expression as seen infigure 8.

q= ( )S r 1

where θ is the central anglemeasured in radians, r is the circle’s radius, and S is the arc length. The
parameters of θ are intended to approximate the bend of the suggestedMIMOantenna as bound on the armof a
normal human body. Figure 9 shows the bending under two situations which curved at the y- axis and x-axis for
five distinct curving angles.When the antenna is bent at the y-axis with a radius of= 60°@126. 8 mm, themost
severe scenario occurs. Following that,measurements are carried out tomonitor the function of the anticipated
MIMOantenna in these circumstances. Figure 9 illustrates a comparison between the simulation results for the
flat condition and themeasurements obtained from the bent antennas.

Reducing the curving degree from60° to 10° led to decrease in resonance for both frequency bands, although
the changewas further substantial in the higher band.However, bending the antenna at different degrees
alongside the (x& y-axes) produced different (MC) behaviors. Lower S21 was reported to have increasing
bending degrees when the antennawas bent by the x-axis at 2.45GHz. At 3.5GHz, however, the behavior was
the inverse.Modifying the degree of bending along the y-axis yielded the opposite, resulting influctuating S21
values in the low-frequency band but relatively stable values in the higher-frequency band.When the antenna
was bent at a 60° -degree angle, significant (MC)was observed in both frequency bands as shown infigure 10.
Consequently, it concludes that altering the curving of the antenna at several scales significantly affects its
functioning, particularly at 3.5 GHz.

4.2. Radiation efficiency gain and correlation analysis
The performance of the proposedMIMOantenna is evaluated using the EnvelopeCorrelationCoefficient
(ECC), Diversity Gain (DG), Channel Loss Capacity (CCL), andTotal Active ReflectionCoefficient (TARC). The
ECC (e) andDGare calculated as follows using (2), which specifies the connection between analysis and antenna
components in terms of channel correlation values:

 

 r
q f q f

q f q f
=

W

W∬ ∬
∣ ( ) ( ) ∣

∣ ( )∣ ∣ ( )∣
( )

E E d

E E d

, ,

, ,
2e

i j

i j

2

2 2

When the ECC value is low, it suggests that the antenna elements have little correlation. The spatial
correlationmeasurement amongst patch elements has a comparable effect on theDG. A little ECC value (0.5)
leads to a significant diversity benefit, as follows:

r= - ( )DG 10 1 3e
2

The simulated ECC throughout the significant frequency range is shown infigure 11. The ECC values are less
than 0.001 at all resonant frequencies for bothflat and bending situations,meeting theminimal diversity

Figure 13.MIMOantenna CCL forflat and bending= 60°, x-axis and y-axis.
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criterion (0.5) given in [21]. As seen infigure 11, a lowECC leads to a significant range gain. TheDG is
approximately 10 dBwhen the ECC value is less than 0.001. TheCCLAs seen infigure 12, in contrast, is the
maximumexpectedmessage broadcast rate that can happen in the communication channel without causing a
loss. Less than 0.4 bits/s/Hz is the permitted frequency. Figure 13 depicts the CCL calculation using (4)
through (6).

Itmakes clear that the proposedMIMOhas a suitable CCL for every functional frequency and bending
scenario.We looked at the antenna parameter known as the Total Active ReflectionCoefficient, or TARC for
short. It is expressed as the ratio of indicated power to occurrence power in aMIMOantenna system. TARC is
determined using (7) for a proposed four-portMIMOantenna and should be less than 0 dB. TARC values for the

Figure 14.Total active reflection coefficient (TARC) of theMIMOantenna for bending θ= 60° in the (a)flat, (b) x-, and (c) y-axes.
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proposedMIMOantennawere determined to be less than−5 dB at both running rates, as depicted infigure 14,
are presented.

å å
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= =
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4.3. Radiation pattern
The recommendedMIMOantenna’s radiation pattern is shown infigures 15 and 16. Regardless of the frequency
and port configurations (flat or bending), the primary section of the radiation pattern is provided in the forward
directionwith a slight inclination atj= 90°. Furthermore, when the bending degree is= 60° at the x- and y-axes
of the antenna in both the lower and higher working bands, the back lobe increases.

The antenna’s achieved gain varies between 2.0 dB and 5.7 dB in the horizontal x-axis and y-axis at both
frequencies of 2.45& 3.5GHz, as depicted infigures 17(a)–(c).

4.4. A specific absorption rate (SAR)Analysis
CSTMWSwas used to calculate the recommended antenna’s SAR values. The location of the antenna on the
upper arm in relation to a scaled-downHugo human bodymodel is shown infigure 18, with a 1mm space
between them. SAR spreadingwas averaged over 10 g of tissue at 2.4GHz and 3.5GHzwhile taking 1Wof input
power into account. The antenna’s highest specific absorption rates (SARs) of 10 gwere recordedwhen the
antennawas positioned on the left shoulder. The SAR values weremeasured at 0.0113Wkg−1 for a frequency of
2.45GHz and 0.0963Wkg−1 for a frequency of 3.5GHz, as depicted infigure 18. The generated SARdatawas
compared to a cited study. The study in [35] employed the same full ground plane and textilematerials and like
the suggestedMIMOantenna. The SAR values were reported in [35]. The power densities at the frequencies of
3.5& 2.45GHzwere determined to be 0.5& 0.1Wkg−1, respectively, which verifies the findings obtained by
simulation. The implementation of a complete ground plane efficiently restricted the SAR values of this antenna
to levels below 0.1Wkg−1 in both frequency ranges.

Figure 15.Radiation patterns of the proposedMIMOantenna forflat and bending θ= 60° along the x-axis. (a) Frequency= 2.45GHz
x-axis bend E-Plane (XZ,j= 0°). (b) Frequency= 3.5GHz x-axis bend E-Plane (XZ,j= 0°). (c) Frequency= 2.45GHz x-axis bend
E-Plane (XZ,j= 90°). (d) Frequency= 3.5GHz x-axis bend E-Plane (XZ,j= 90°).
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4.5.On-body evaluation
When set on the shoulder or chest as displayed infigure 18, the simulated bandwidth of the antenna in the lower
band exhibits a rate of 12.4%,while the higher band demonstrates a rate of 14.2%. Simulated Sij consistently
decreases to below−20 dB once the antenna is positioned on the chest or shoulder both frequency bands as
shown infigure 19. Due to its lowMC, The recommended antenna is appropriate for 5G andWBANon-and off-
bodyMIMOapplications.

4.6. Fabrication andmeasurement results
The S-parameter of the fabricated prototypewas determined by employing aVectorNetworkAnalyzer (VNA)
with themodelN5227A as demonstrated infigure 20. The frequency range that this specific analyzer can operate
in is 10MHz to 67GHz. Satimo-Starlab is utilized to evaluate the prototype’s radiation pattern, ameasurement
system consisting of 16 reference antennas. Figures 20 and 21 depict thefindings of Sii and Sij, with solid lines
indicating the simulated performance of the selected port (S11) and dotted lines reflectingmeasured
performance. The four identical antenna components exhibit a constant impedance bandwidth of 12.2%
(2.36–2.65GHz), as shown in figure 20. This almostmatches the single-element flexible antenna’s impedance
bandwidth, demonstrating the design’s viability for aMIMOconfiguration. The impedance bandwidth of other
antennas cannot be negatively impacted by individual antenna components, demonstrating the design’s
applicability for real-world implementation. The proposedMIMOantenna’smeasured Sii shows a little
variation in the flat state resonant peak.Nonetheless, when comparing the simulated andmeasured findings, the
impedance bandwidth remains almost constant. Themeasured Sii for θ= 60° bending configurations along the
x- and y-axes agree with the flat condition.When curved at themost severe situation (θ= 60° at the y-axis), the
suggestedMIMOantenna provided aminor downward shift in the lower and higher bands (S33 and S44). The
simulated (S21) andmeasured (S12, S13, S14, S23, S24, S34)MCare illustrated infigures 21(a)–(c), respectively.
The testing antenna is placed at the central point inside this setup.With a bending angle of θ= 60°,figure 22
shows themeasurement of the suggestedMIMOantenna bothflat and bent. TheMC level of all port
configurations is well below 20 dBunderflat conditions for simulated andmeasured results. Once the antenna is
curved along the x- and y-axes (θ= 60°)within the lower and upper frequency ranges, themeasured values of
S13, S14, S23, S24, and S34 are consistently less than−20 dB. This implies that theMC is greatly lowered, even

Figure 16.TheRadiation patterns for the suggestedMIMOantennawhen bending θ= 60° along the y-axis. (a) Frequency= 2.45 GHz
y-axis bend E-Plane (XZ,j= 0°). (b) Frequency= 3.5 GHz y-axis bend E-Plane (XZ,j= 0°). (c) Frequency= 2.45 GHz y-axis bend
E-Plane (XZ,j= 90°). (d) Frequency= 3.5 GHz y-axis bend E-Plane (XZ,j= 90°).
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Figure 17.The gainwasmeasured under various bending circumstances along the y-axis and x-axis. (a) 2.45GHz (b) 3.5GHz.
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Figure 18. SAR assessment of the left upper arm at 10 g on theHugo bodymodel. SAR assessment at 2.45GHz (a) and 3.5GHz (b) on
theHugo bodymodel at 10 g on the chest. 3.5GHz and 2.45GHz (c) (d).

Figure 19.On-body simulation results of the suggestedMIMO. (a) Sii antenna on shoulder, (b) Sii antenna on chest, (c) Sij antenna on
the shoulder and (d) Sij antenna on chest.
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Table 4.Compares theMIMOantenna to a few antennas state-of-the-art structures.

References Sub.Material AntennaCategories Dimensions (mm×mm) Operating Freq. (GHZ) Gain (dB) MC (dB) Edge to edge (mm) ECC

[8] FR4 Isolation 40× 40 3.4—3.6 2.4 −35 NA < 0.001

[14] Paper Bandwidth 40× 110 2.22–3.85 2 NA 5 < 0.2× 10−6

[20] Jeans denim Isolation 29× 55 2.9–4.1 9.65 −19 14 < 0.2

[21] Felt (εr= 1.2) Isolation 140× 70 2.33–2.51 4.7 −25 10.4 < 0.001

[36] Felt (εr= 1.44) Isolation 140× 70 2.45 4.7 <−26 10.4 < 0.5

[37] Felt (εr= 1.3) Bandwidth 44.1× 44.1 2.45& 5.5 0.67&7.4 25 NA NA

[38] FR4 Isolation 42× 42 3.09∼ 12 2∼ 5.1 <−16.4 NA < 0.01

[39] Jeans Isolation 40× 50 4.35–7 6.74 <−28.5 25 < 0.025

Thiswork Felt Isolation 132.8× 127.6 2.45,3.5 1.87& 5.48 (<−20) 5.2 < 0.002
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under the critical bending situation. The suggested antenna offers the novelty of dual-band frequency at 3.5GHz
and 2.45with four-port, smaller gaps between edge-to-edge antenna patch elements, higher gain and lowECC
comparedwith reported studies as listed in table 4.

Figure 20.Reflection coefficient of the four-port flexibleMIMOantenna: (a) simulated andmeasured siiflat, (b)measured sii x-axis
bend (c)measured sii y-axis bend.
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Figure 21.A comparison of the proposedMIMOantenna’smeasured and simulated S-parameters: Sij x-axis bend (b) and Sijflat (a)
(c)Bend in Sij y-axis.
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5. Conclusion

This paper presents the proposed unique structure of aflexible square and bar-slotted 4-portMIMO textile
antenna based on hybridMC technique to reduceMC for on-body use. Themodelling andfindings agree well,
and the revised structure is simple to construct as a textile antenna.When the antenna’s performance is
evaluated under various bending directions and bend intensities, it is revealed that the antenna’s radiation,MC,
and reflection coefficient characteristics vary only a little. Additionally, theMIMOconstraints evaluation of
features like TARC,DG,CCL, and ECC supports the idea that this antennamay be used in the upcoming 5G
wearable technology. Upcomingworkwill be foreseen by implanting, collecting, and analyzing data from a
certain phantomwith a tumor.

5.1. Futurework
MultibandMIMO textile antenna formmWave 5G applicationsWhile the study focused on the antenna’s
performance at 2.45GHz and 3.5GHz, it would be helpful to investigate its performance over awider variety of
mmWave frequency bands. This will provide a comprehensive understanding of the antenna’s capabilities and
limitations in various frequency ranges.

Compactness and optimization of antenna design Explore further optimization techniques to enhance the
performance of the proposed antenna. This could involvefine-tuning the dimensions, shapes, andmaterials
used in the antenna structure to achieve even better results.

Figure 22.Measurement setup (a)Antennameasurement usingVectorNetwork Analyzer (b) Field antennameasurement setup in an
Anechoic Chamber.
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