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Abstract
The connectivity andmobility of aminiaturizedmulti-band four-port textile leakywavemultiple-
inputmultiple-output (MIMO) antenna designed on a layer of denim (εr= 1.6, tanδ= 0.006) is
enhanced by integrating it with two detachable spiral buttons designed on circular PTFE substrate
(εr= 2.1, tanδ= 0.001). The connectivity andmobility enhancement of the proposed antenna is
evaluated in terms of radiation and diversity parameters. Nested hexagonal split rings behind the
buttons, U-shaped slots on textiles, a comb-shaped neutralization network, and an aperture-coupled
feed technique are utilized. The unique structure of the buttons on a rigid substrate and the leakywave
antenna on the textile and their integration, the periodic nested elliptical and circular split ring
resonators (CSRRs) slots on the aperture coupled to ground, are to expand the connectivity and
mobility of the proposedMIMOantenna by offeringmultiple bands, higher isolation, broadside
radiation, and low specific absorption rate (SAR). The leakywave and button antennas have
dimensions of 40× 30× 1mm3 and a diameter of only 13mm, respectively. The operational bands
are 0.86–2.75 GHz, 2.9–4.85 GHz, 5.75–6.15 GHz, and 8–9.85 GHz, covering the L, C, S, andX bands.
Additionally, diversity performance is evaluated by defining the envelope correlation coefficient
(ECC), diversity gain (DG), Channel Capacity Loss (CCL), andmean effective gain (MEG). The
simulation andmeasurement findings are in good agreement. Following that, it offers amaximum
gain of 8.25 dBi, low SAR (<0.05), an ECCbelow 0.05,DG above 9.85 dB, CCL< 0.25 bits/s/Hz,
MEG<−3 dB, Circular polarization (CP), and strong isolation (>22 dB) between every two ports.
These featuresmake the proposed antenna an ideal option forMIMOcommunications and suitable
forwireless local area network (WLAN) andfifth-generation (5G) communications.

1. Introduction

Wireless communications leveragemultiple-inputmultiple-output (MIMO) technology for speed and
reliability, usingmultiple antennas at both ends. They should have polarization diversity, which reduces spatial
constraints andmitigatesmultipath fading. Therefore, techniques like defected ground structure (DGS), split
ring resonators (SRRs), and electromagnetic band gaps (EBG)maintain performance inMIMO systems.
Wireless BodyAreaNetworks (WBANs), crucial for tracking, identity systems, and healthcare, demand flexible
materials. However, they face signal disruptions due tomovement, necessitating diverse setups such as
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combining the abovementioned techniques. Hence, compact wearableMIMOsystems that benefit from vertical
polarization can offer promising outcomes but pose setup challenges.Moreover,multi-band antennas are
essential for accommodating various communication standards. This aids in on-body propagation inWBANs
because themovementmight cancel or shift some parts of theworking bands.Hence, wearable systems require
physical elasticity, robustness, and connectivity duringmotion [1–3]. To face the above challenges inwearable
antennas, researchers have investigated various types ofmaterials and antennas, such as conductive textile
antennas [4], elastic substrate-based antennas [5], and button-like antennas [6].Most of the on-body antennas
are solelymade on textile substrates. However, the body’s textiles can bend and stretch, thereby altering the
resonance frequency, bandwidth, and radiation efficiency of textile antennas. To overcome this issue, garment
components such as buttons were incorporated instead of fully textile substrates [7–9]. Button antennas are
resilient to folding and flexing, are rarely susceptible to deformation, temperaturefluctuations, andmoisture,
and can be easily connected to textiles using conventional sewing techniques. Furthermore, the spacing between
button antennas and human tissues reduces the low specific absorption rate (SAR). Several button antennas have
been studied forwearables applications [10]. Unfortunately, polarization diversity has not been achieved in these
antennas.

Apart from the challenges thatwearable antennas face andmentioned before, having high data rate
transition, circular/ dual polarization,multipath fading, and path loss should also be considered. Therefore, a
MIMOantenna designed on a textile utilizing garment components such as zippers and buttons will be
promising to fulfillmost requirements for a highly diverse wearableMIMOantenna. A four-port high-
performance leakywavewearableMIMOantenna can enhance connectivity andmobility with its advanced
MIMOcapabilities and dynamic beam steering. These features ensure higher data rates, improved signal quality,
and reliable performance inmobile applications. Itmaintains robust connections withmultiple base stations,
ensuring seamless handover and uninterrupted connectivity as the usermoves. This is crucial for sports,
healthcare,military, and everyday applications. Additionally,MIMO systemsfilter out interference, focusing on
the desired signal. Integrating a four-portMIMO textile antenna and a detachable button allows seamless
antenna integration into the fabric, easy connection and disconnection, and resistance to degradation caused by
folding. Antennasmust support various communication standardswhile providing dual-polarization, pattern
diversity, andminiaturization. These features enhance internet connections, eliminate polarization
inconsistencies, and improve robustness and receptivity.Moreover, by establishing direct contact between the
receiver and transmitter, a higher signal-to-noise ratio (SNR) can be achieved, alongwith improved power
balancing between vertical and horizontal polarization. Circular polarization (CP) enabled this possibility by
authors in [11]. Affordable and viable alternatives, such as low-cost, high RF efficiency, and circularly polarized
antennas, were proposed.However, they could only operate in a single frequency range, limiting their
applications, and pattern diversity was not achieved [12, 13]. According to the authors, achieving all these
requirements simultaneously in awearable button antenna has not been accomplished. Even those presented in
[11–13] overlookedmost of these requirements. Hence, a circularly polarized or polarization-diverse (dual or
triple polarization)multi-band textileMIMOantenna incorporating a button can be employed to facemost of
these issues.

SeveralMIMOantennaswith three and four ports designed onwearable and rigid substrates are investigated
to present state-of-the-artMIMOantennas. Later in the paper, their performance will be comparedwith our
proposed antenna.

A disk-shaped compact three-port planarMIMOantennawas proposed and fabricated for the 2.4 GHz
WLANbandwith a radius of 16 mm.The antennawas compact and showed a high isolation of 24 dB.However,
it only covered a single band and offered a deficient gain of 2.3 dBi. Besides, this button-like antennawas
designed on a rigid substrate such as FR4, and no diversity investigation of theMIMOantennawas carried out
[14]. Another 3-portMIMOwith a dimension of 260× 200 m2was designed on a FR4 for LTE,WLAN, and 5G
C-band. The antenna could only obtain amaximumgain of 5 dBi and an ECCof less than 0.1, having a large
dimension [15]. [16] designed a 3 portMIMOonly on a rigid substrate operating atmultimodes with
dimensions of 28.6 mm2,maximumgain of 7 dBi, ECCof less than 0.08, andmaximumefficiency of less than
70%.However, notmost of the diversity parameters of theMIMOantennawere investigated. Another three-
portMIMOantenna used FR4 to design a circulary polarized (CP) antenna at 5.2 GHzwith high isolation of
more than 20 dB. Furthermore, the antenna could offer CCL of less than 0.1, acceptable total active reflection
coefficient, and amaximumgain of 4.2 dBi with a dimension of 65× 45 mm2. But, still, it was bulkywith low
gain on only a rigid substrate [17]. Last but not least, a three-terminal ultra-wideband (UWB)MIMOwas
designed on a textile substrate. The antenna covered the frequency range from2.74 to 12.33 GHz (about
127.27%)with a port isolation of>26 dB over the entire UWB frequency range. The ECCwas<0.025with a
high-diversity gain (DG>9.9 dB) throughout the operating band. The channel capacity loss for the proposed
MIMOantennawas<0.13 bit/s/Hz. The imprinted optimizedUWBMIMOantenna captured a 55× 35 mm2
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area. It also offered amaximumgain of 6.9 dBi. The antenna used only a layer of jeans, which can be susceptible
to bending. Besides, the antenna’s performancewas not examinedwith different degrees of bending [18].

After presenting the state of the art forMIMOantennawith 3 ports, themost recentMIMOantennaswith 4
ports are considered to be comparedwith the proposed antenna later on. [19] introduced a versatile,flat, slim,
ultra-wideband textile antenna featuring four tree-shaped elements. The antenna’s frequency range extended
from3.18 to 4.60 GHz and 8.89 to 12 GHz, exhibiting notch characteristics across the entireWLAN spectrum
(2.4–2.485 GHz, 5.15–5.85 GHz), C-band uplink (5.925–6.425 GHz), GEOSATLNB (7.25–7.75 GHz), and ITU
(7.75–8.5 GHz) application bands. Furthermore, it demonstrated satisfactory isolation of approximately 20.5 dB
between ports. Additionally, it achieved amaximumgain of less than 6 dBi, a Channel Capacity Loss (CCL) of
less than 0.7 bits/s/Hz, and an ECCof less than 0.2, all within a size of 40 mm2.Despite its commendable
performance acrossmultiple bands, it was only designed on a textile substrate prone tomovement and not a full-
body voxel used for SAR investigation. AnotherMIMOantennawith four ports had overall dimensions of
54 mm× 54 mm× 0.13 mm.This antenna obtained a peak gain of 5 dB, featuring semi-omnidirectional and
bidirectional patterns in both planes. TheDG remained at or above 9.9 dB throughout its operational frequency
band. The ECCwasmaintained below 0.03 from3.5 GHz to 4 GHz and below 0.01 from4 GHz to 11 GHz. The
CCLwas also kept at or below 0.5 bit s−1Hz−1 [20]. However, it had relatively large dimensions, was fabricated
only on a layer offlexible, rigid substrate thatwas notwearable, and no SAR evaluationwas performed. Aflexible
MIMOantennawas proposed for applications in Sub-6 GHz 5G andX-band frequencies, featuring four ports
and four interconnected elements. The compact structure occupied a low profile of 54.97 mm2.Demonstrating
impressive performance, theflexible antenna achieved aminimumefficiency of 70%and amaximumgain of
4 dBi. It also delivered a bandwidth spanning from3.34 GHz to 5.01 GHz (40%) and 8.9 GHz to 9.2 GHz
(3.31%). ItmetMIMOdiversity requirements with an ECCbelow 0.17.Nevertheless,most of theMIMO
diversity factors were not investigated, and the antenna obtained lower efficiency and gainwith a larger size [21].
A compact wearable antenna system employingmultiple-inputmultiple-output (MIMO) technologywas
proposed for applications in the new radio band 79 (4.4–5 GHz). This system comprised four coplanar
waveguide-fed antennas, each designed as an identical hexagonal-shapedmonopole radiator printed on a
polyimide substratemeasuring 88.7× 68.7 mm2.With an emphasis on enhanced isolation, the antenna
achieved isolation levels exceeding 17 dBwhile exhibiting a peak gain ranging from approximately 3.8 to 4 dBi
across the operating frequency range.Moreover, the antenna demonstrated a radiation efficiency ranging from
88% to 90%.Aflexible substrate enabled the antenna to conform to different shapes, a feature validated through
bending analysis. Apart from all those evaluations, the antenna gainwas too small with large dimensions [22].
The antennawas designed to operate in theUWB spectrum (3.1–12 GHz)with an impedance bandwidth of
8.9 GHz. The size of the unit cell andMIMOantenna are 0.25λ0× 0.2λ0× 0.015λ0 and 0.52λ0× 0.52λ0×
0.015λ0, respectively. The antenna had amaximum efficiency of 93% and a peak gain of 4.62 dBi. The
investigation of diversitymetrics was performed, and the results obtainedwere ECC< 0.08 andDG< 9.99 dB.
The computedCCL andTARCvalues were<0.13 bits/s/Hz and<−12 dB, respectively. However, the antenna
was designed on only the textile layer, and the gainwas lowwith those large dimensions [23]. Using jeans textile
material, a compactMIMOantennawith dual or quad elements was proposed forWiMAX and 5G applications.
Thewideband characteristics of a single-element antenna covering a frequency range from2.74 to 4.41 GHz
(47%)were analyzed. Excellent isolation exceeding 19 dB andmaximumgain below 5 dBiwere achieved across
the entire application bandwith dimensions of 58× 55 mm2.Diversity parameters such as ECC (< 0.2),
DG (> 9.6 dB), andmean effective gain (MEG=± 0.3 dB)were observed to fall within satisfactory ranges; but
the gainwas low and only a layer of textile was used [24]. All the presentedMIMOantennas in [14–27]were
designed on either only rigid or textile substrates. Therewere also low gains and efficiency, with relatively larger
sizes than their operating frequency and covering only a single or two bands. Therefore, a polarization-diverse
(dual or triple polarization) textileMIMOantenna incorporating a button can be employed to facemost of these
limitations.

Contribution of study:
Following the challenges and limitations that recent previous research presented in the previous paragraphs,

this study proposes a uniquewearableMIMOantenna structure that integrates twomulti-band detachable spiral
button antennawith a four-port wearableMIMO leakywave antenna (LWA) that enables lower 5Gband and
sub-6GHz communications (also covering L, C, S, andX bands) to enhance the connectivity,mobility, and
compatibility ofMIMOcommunications. The LWAwas selected for this work due to its ability to performbeam
steering and frequency scanning, which is suitable for body-centric andWBANapplications on the battlefield.
Multi-band capability, compactness, and user comfort are enhanced by includingmetal and two detachable
spiral buttons as a standard part of a garment. Unlike commonly used cloth parts such as zippers, these buttons
are not significantly sensitive to bending and harsh environments. This approach aims to bemore practical and
replicate the same scenario aswhen genuine buttons available in themarket are used. The antenna consists of a
novel leaky-wave textile antenna (LWTA)with periodic coupled aperture slots on the ground and a comb-like
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neutralization network (Later in the parametric study, the effects of the novel structure of the slots and their
combination onminiaturization are presented). The aperture-coupled feed technique and the periodic slots on
the groundminiaturize the overall dimensions of the antenna and facilitate the integration of the antennawith
any possible electronic component in the future. Additionally, the particular structure of the LWTAand the
nestedU-shaped slots on the patch significantly assist in theminiaturization of the antenna based on its design
frequency. The transversal and longitudinal tilt combination shifts the radiation pattern froma bi-directional
pattern to a broadside pattern, suppressing the side and back lobes. Therefore, high gain, radiation efficiency,
and high isolation are achieved after adding the comb-like network. The antenna can transmit a circular
broadside radiation pattern and offer amonopole-like resonantmode. Thismonopole-like radiation pattern is
utilized in theWiMAXand lower 5G spectrums for on-body data transfer. It alsomaintains an acceptable SAR
level in all working bands, below the European standard’s cut-off values.

After an informative introduction in section 1, section 2 focuses on evaluating and establishing the
conceptual framework of the proposedmulti-band buttonMIMOantenna, designed forWBANapplications
and 5G communications. Section 3 thoroughly investigates the antenna’smodeling and presents experimental
results. Finally, section 4 concludes by summarizing the essential findings and providing recommendations.

2.Design process of the antenna

This sectionoutlines the antenna configuration anddesignprocedures. TheMIMOLWTA is initially constructed
for specific frequency bands before integrating the buttons. The radiation characteristics of the two-port
configuration are examined and extended to a four-port setup. Incorporating the buttons enhances the
performance. The comb-like neutralizationnetwork is employed to enhance isolation, impedancebandwidth,
radiation efficiency, bandwidth, and gainwhile suppressing surfacewaves. The antennamitigates backside radiation
by combining transversal and longitudinal slots inU shapes, achieving a broadside radiationpattern. Integrationof
zippers and anLWTAyields constructive highbroadside radiation characteristics.Current and electric-field
concentrationswere analyzed at various frequencies to elucidate antennaoperation.Afterward, connectivity and
mobility studies are conductedusingnonuniformandmeasurement phantoms and actual human subjects,
focusing on chest, arm, and shoulder regions for authentic conditions simulation.Critical parameters are optimized
basedon actual values obtained fromprinciple equations before detailing the designprocess.

2.1.Design of ProposedMIMOLWTAwithout the Button Integration
Figure 1 illustrates various views of the proposedMIMOLWTA. Each design stage starts from two ports and
progresses to four ports separately, and it is integratedwith the neutralization networks later. In the next section,

Figure 1.The design flowchart of the LWTA including each step of the design and the proposed prototype.
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two spiral buttons are utilized to account for real-world scenarios. The effects on the human bodywill be
discussed later in the results section of the article. The proposed LWTA incorporates a transmission line-fed
rectangular area, with one end of the antenna serving as an excitation point and the other end terminatedwith a
50-ohm load (refer tofigure 1, step 1). Initially, fundamental equations, as provided by [28], are employed to
determine the dimensions of the rectangular patch and transmission line, enabling the antenna’s design at
3.4 GHz (whereλ0/2< 44 mm). However, these equations, beingwell-established principles, are not reiterated
here. Subsequently, the design process for the proposed LWTAbegins, adhering to the following rules,
equations, and standards, which are essential for every LWA. It is worth noting that altering the length of an
antenna can significantly affect its resonant frequency. Typically, an antenna’s resonant frequency is inversely
proportional to its length; as the antenna’s length increases, its resonant frequency decreases, and vice versa. The
principles of electromagnetic waves and the specific construction of the antenna govern this relationship. The
design of the leakywave structure prioritizes high directivity and gain, low loss, and structural simplicity. LWAs
belong to a class of traveling-wave antennas characterized by awave propagating along a long structure
compared to thewavelength. They generate currents propagating along its longitudinal direction, resulting in
end-fire and back-fire radiation patterns due to the open-stopband (OSB) phenomenon, as described in [29].
These antennas can be effectivelymodeled using balancedComposite right-/left-handed (CRLH) transmission
lines, which combine the effects of capacitors and inductors. Enhancements are necessary to enable outward
radiation from the body in a broadside direction.

The proposed LWTA incorporates asymmetric elements, including longitudinal slots aimed at improving
theOSB and transverse slots designed to eliminateOSB issues, functioning like a series of left-handed
capacitances (CL). Consequently, these elementsmodify the radiation pattern,making itmore effective in the
broadside direction rather than end-fire or back-fire.Moreover, these slots enhance isolation between antennas
within the array andmitigate surface waves generated by LWAs. The characteristicmodemethod is employed to
analyze and design these slots and evaluate their impact on the radiation pattern from the initial to the final stage
of the design process, considering the principles of asymmetry radiation as depicted infigure 2 [30].

The periodic slots do not cover the entire substrate width (Ws1) and are positioned at an offset fromone side
(refer tofigures 1 and 2). Additionally, thewaveguide portmust be excitedwith the TE10 mode, rather than the
TE sub 01mode, as in the dielectric inset. Following the proposed shape of the antenna and the improvement of
theOSB issue through asymmetrical structure, the radiationmechanismof the new antenna is based on the
asymmetry principle shown infigure 2.When the periodic slots are symmetrically located concerning the side
walls, the vertically polarized TE10 mode does not induce any horizontalfield in the antenna aperture, as
depicted infigure 2(a). The transverse parts of theU-shaped slots in the proposed design utilize this principle. It
implies that the electromagnetic waves emitted from the port exhibit polarizations perpendicular to the
longitudinal planes of both the antenna and the transmission line. Considering the stub-loaded LWA, the
parallel plates (the patch and ground layers) function as afilteringmechanism, allowing only the horizontalfield
to reach thewaveguide aperture at the height ofm from the dielectric interface in the space. Therefore, the
symmetrical periodic structure renders the TE10 mode nonradiative whenm is sufficiently high. The slotsmust
be asymmetrically positioned to induce a potential difference in the parallel plates. This difference of potential
generates a horizontally polarized TEMwave, which can propagate to the aperture and radiate into the free space
region, as depicted infigure 2(b). The longitudinal parts of theU-shaped slots and the long slot next to them in
the proposed design operate based on this principle. Thus, by adjusting the level of slot asymmetry, one can
control the excitation level of this radiating horizontal wave, thereby altering the leakage rate of the TE10 leaky
mode. In contrast, the dielectric inset operates based on the excitation of the TE10 mode, which is horizontally
polarized itself. The TE10 mode is solely responsible for the antenna’s radiation; therefore, there is no need to
introduce any asymmetry to induce radiation in the structure, as illustrated infigure 2(c).Moreover, altering the

Figure 2.Asymmetry radiation principle: (a) TE10 mode in even structure, (b) leaky TE10 mode in uneven structure, and (c) leaky
TE01 mode in even structure (q is the approximatedmaximumangle of the radiation).
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slot aperture is the only way to control the inset’s leakage rate. However, in this novel design and combination of
slots, the leakage rate can be controlled by adjusting the slot asymmetry (the spacing between the long and nested
U-shaped slots)whilemaintaining the inset space value unchanged.

Acquiring a basic understanding of the difficulties associatedwith constructing the LWAand the solutions
proposed and implemented in this article would be beneficial before embarking on the procedure for developing
awearable,flexible LWA (designed on a layer of denimwith permittivity (εr)= 1.6 and permeability (μr)= 1)).
The proposed LWA includes a transmission line-fed rectangular patch.One end of the antenna is used to excite
the other end, which is amatched 50-ohm load (figure 1, Stage 1). The fundamental equations that can be used to
determine the quadrangular patch’s standard and original sizes and the proposed LWA’s feed line are given in
[29] (since these calculations are fundamental and firm, they are not provided here). Due to the open-stopband
(OSB) phenomenon, the LWAcan be scanned by utilizing balancedCRLH (Composite Right/Left-Handed)
transmission lines, which combine the effects of capacitors and inductors. As a result, the LWAmainly exhibits
end-fire or back-fire radiation. It should bementioned that the open-stopband (OSB) phenomenon is a unique
feature of leakywave antennas that occurs when the signal frequency falls within a specific range, which is called
the stopband. In this frequency range, the leakywave antenna behaves as ‘open’ or disconnected, leading to little
or no radiation. This behavior is in contrast to the regular operation of the antenna, where it radiates
electromagnetic waves along its length. The stopband is typically determined by the geometry and characteristics
of the antenna structure, such as its dimensions and thematerial properties.When the signal frequency falls
within the stopband, the electromagnetic waves that the antennawould normally radiate are absorbed or
reflectedwithin the structure, resulting inminimal radiation [31].

Therefore, improvements should bemade to enable outward radiation from the body and in a broadside
direction. Several approaches have been proposed to reduceOSB in LWAs, such as uneven elements, impedance
matching, and reflection elimination. This problem isfixed by combining longitudinal and nestedU-shaped
transverse slots on the patch powered by the transmission line (figure 1, stages 2 and 3). Inmost cases, the
electromagnetic waves emitted by these LWAs have polarizations perpendicular to the antenna’s and
transmission line’s longitudinal planes. The goal is to regulate theOSB through reflection canceling. The
longitudinal slots strengthen the canceling ofOBS, while the transverse slots form a series of left-handed
capacitances (CL). Hence, a longitudinal slot is cut from the patch (figure 1, stage 4). The amount of energy
released via the slots is determined by the interference of waves that are only partially communicated through the
partly reflected surface. These slotsmodify thefields and currents surrounding the patches. These slots and the
fundamentals of a standard LHTL alter the radiation pattern to bemore effective on the broadside rather than
end-fire or back-fire. At this stage of the design the BW is narrow atworking bands of the antennawith two
ports. Therefore, it is expanded to four portMIMOantenna (figure 1, stage 5). The four-port leakywave
wearableMIMOantenna can enhance connectivity andmobility with its beam steering capabilities. These
features widen BW, ensure higher data rates, improve signal quality, and provide reliable performance inmobile
applications. These are crucial for sports, healthcare,military, and everyday applications. Additionally,MIMO
systemsfilter out interference, focusing on the desired signal.

An aperture-coupled slots layer is considered the ground layer to achieve dampenedOSB and SAR values
(figure 1, stage 6). Furthermore, the feed lines, coupled slots, and the subsequently added layer can function as an
aperture-coupled feed for themicrostrip antenna, offering advantages such aswider bandwidth, reduced
spurious radiations, gain enhancement, andmultiple working bands. These features become apparent when
observing the reflection coefficient results after cutting the ground by these slots.Moreover, having a growth
order between these slots and coupling themwith complementary circular SRR can act like a PBG structure,
decreasing spurious negative radiation from the patch layer and enhancing radiation efficiency. It is a fact that
changing the feeding technique to the aperture-coupled feeding technique can introduce bidirectional radiation.
However, it ismore for those designs that are conventionalmicrostrip resonators, not the antenna’s special
structure, which avoids that. Asmentioned before, this work’s initial aim is to produce a broadside radiation
antenna and reduce the side and back lobes. TheMIMOantenna is a four-terminal antenna consisting of two-
element leakywave arrays. The arrays were designed to produce a directivemajor lobe at the broadside, which is
both narrow in phi and broad in theta.When an offset phased is introduced into one of the conventional
patches, the beam can be tilted off towards the broadside. The radiation pattern of linear arrays can be described
and controlled by the relative spacing of the elements in the array. The slots can also alter the amplitude and
phase of each element’s radiation. However, there is a direct trade-off between the directivity of themajor lobe,
and the amount of power lost in sidelobe and back lobe radiation after cutting the ground.However, the design
intends to keep gain high and sidelobe levels low. The back lobe is tilted off and startsmoving towards the
broadside after cutting the nested slot on the patches. The periodic cutting of the ground is carried out (following
by the principles presented on LWA). The periodic cut of the ground acts like an integrated TMmode surface-
wave launcher feed system,which tilts off the possible bidirectional radiation and back lobes. In addition, the
patch’s nested transverse and longitudinal slots suppressed theOSB issues simultaneously. After integrating the
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slots on the patch and the periodic slots on the ground and utilizing ports with optimized spacing, a directive
beam can be observed in the far-field, which is scanned through the broadside as a function of frequency.
Furthermore, as shown infigure 1(b), the slot-coupled ground layer of the LWAconsists of three circular split-
ring slots (CSRSs) and three elliptical slots. TheCSR and elliptical slots utilize a growth factor based on the
desired frequencies. The surface current distribution around the largest slots ismore robust at a lower frequency
(3.4 GHz). Furthermore, itflowsmorefirmly around the smallest slots at higher frequencies (8 GHz).

Apart from the improvement on the BWand other featuresmentioned in the previous paragraph, extending
from two-port to four-port,MIMOalso increases the diversity factors such as diversity gain (DG), array gain
(AR), and envelope correlation coefficient (ECC). However, adding another two-port LWAenhances the
undesiredmutual coupling among the ports when the spacing between these dual-port LWAs is too small.
Therefore, the spacing should be increasedwithout significantly enhancing the overall dimensions of the
antenna. A coupling reduction technique using neutralization networks offers a better solution formaintaining
a low-profile antenna and reducingmutual coupling simultaneously. Hence, neutralization networks consisting
of comb-shaped stubs (connecting two large stubs next to the ports and the rectangular patches) are proposed to
improve themutual coupling effects (figure 1, stage 7). It is achieved by suppressing surface wave leakage
through the coupled slot ground layer and the patches while having no significant impact on the impedance
matching and radiation characteristics. Figure 3 depicts a better perspective of the entire antenna integratedwith
the spiral buttons. After adding the layer of coupled slot ground layer and cutting the circular split-ring
resonators (CSRRs) and elliptical slots from it based on the resonance frequency, another vital factor that should
be considered is reducing themutual coupling between every two ports and enhancing the isolation among them
(S21<−18 dB). Various techniques exist to improve the isolation level ofMIMOantennas, known as
decouplingmethods. These techniques include defected ground structures, decoupling networks,
electromagnetic band gap structures (EBG), neutralizing lines, parasitic or slot elements, and complementary
split-ring resonators (CSRR) [32]. Hence, a combination of thesemethods is used here. After considering the
slot-coupled ground layer as a defected ground structure (DGS) and a photonic band gap (PBG) structure, the
decoupling network technique is employed by designing combnetworks and stubs (due to the growth order
among the slots and theCSRRs). Additionally, two stubs are used to connect the patches to the combnetwork
and each other. The comb-shaped isolating structure is deployed close to the antenna elements, approximately
0.25 mm.The two stubs near the ports (W4, L4) are initially deployed and connectedwith the long stub. Then,
two stubs are connected at the beginningwith a length thatmaintains a space of 0.25 mmbetween them and the
antenna. Subsequently, the remaining parts of the comb are added. Finally, two stubs connect the two patches to
the combnetwork. The isolation level ismeasured at each step of creating the combnetwork. To investigate the
antenna’s characteristics at each of the above designing step, the surface current was checked at each resonance

Figure 3.The perspective view of the antenna a: four-portMIMOantenna and b: side view of the antenna.
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and pole in theworking bandwidth. It demonstrated how the combnetwork can redistribute the current and
shift its focus solely on the patches, thereby affecting themutual coupling level. For example, at 3.4 GHz, the
surface current distribution is observed toflow from the patch connecting ports one and two, extending to
another patch through the combneutralization network. This trend of current distribution is consistent with
otherworking frequency bands.

It is worthmentioning that, following the design of the combnetwork and the incorporation of the two large
stubs adjacent to the transmission lines, two additional stubs are utilized to connect the first patch to the other
one, thereby improving the isolation level. However, it is evident that both patches are strongly coupled, as the
currentflows through the nearby patch and generates an electromotive force (EMF) between them, thereby
increasing themutual coupling of the antennas and promoting the propagation of surfacewaves through the
substrate. The isolating structure effectively suppresses the propagation of surface waves through the ground
planewithout affecting impedancematching and radiation performance.

Understanding the surface current and electric field distribution around the antenna and resonators is
essential. Figure 4 illustrates the current distribution of the surface current of theMIMOLWAswith four
terminals. It can also demonstrate howwaves propagate fromPort 1 through the slots and to the other ports. For
instance, strong currents around the nestedU-shaped slots should exist at higher frequencies. Conversely,
stronger currents flow around the transmission lines at lower frequencies, showing they play an essential role,
especially at lower frequencies. This information provides insights into the antenna’s behavior and helps
understand its performance characteristics. Figure 4 also illustrates the surface current distribution of the LWA
antenna after adding the neutralization combnetwork at different resonances and poles within theworking
bandwidth. It also demonstrates how the combnetwork can redistribute the current and shift its focus solely on
the patches, thereby affecting themutual coupling level. However, this coupling level reaches a positive value
that is not acceptable. For example, at 3.4 GHz (figure 4(d)), the surface current distribution is observed toflow
from the patch connecting ports one and two, extending to another patch through the combneutralization
network. This trend of current distribution is consistent with other frequencies, such as 5.6 GHz and 8.5 GHz.
Red and orange are the heist levels of the surface current distribution, and blue and cyan are the lowest current
levels.

After explaining the surface current distribution of the LWTAwith andwithout a neutralization network,
the parametric study of the essential and practical parameters of the LWTAdesign should be elaborated
thoroughly. The parametric study of the proposed LWTA is indicated infigure 5. The length of the long slot (L1)
affects creatingmore resonances around 5.6 GHz, 7.25 GHz and awide BWat higher frequencies around
8.5 GHz. Besides, increasing its length shifts the band to the lower band, and reducing it shifts it to higher bands.
The same tendency is followed by Lf and Lp as their increment reduces the frequency and shifts them. Another
essential parameter that affects the impedance bandwidth of the antenna is the transversal length of theU-shape
slot (L2). This parameter also follows the trend of the other lengths, widening the BWaround 8.5 GHz and

Figure 4. Surface current distribution of the four portMIMOantennawithout (a: 3.4 GHz, b: 5.6 GHz, and c:8.5 GHz) andwith the
comb shape neutralization network (d: 3.4 GHz, e: 5.6 GHz, and f:8.5 GHz).
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higher bands.However, when it is too short, less than 2 mm, themiddle bands are suppressed entirely, and the
total band is shifted to the higher band.Wf unlikeWp affects widening the BWat the operating frequency and
shifts to higher band by reducing its values. After parametric study and optimization of each design parameter,
they are presented in table 1.

Figure 6 indicates the reflection coefficient results of theMIMOLWA for each port after adding the other
ports. It also shows that theMIMOLWAachieves resonance around 3.4 GHzwhen only ports 1 and 2 are active.
Upon activating the other ports and applying the loading on the LWA, it is essential to note that the LWAused
here does not include the neutralization network and the coupled slots ground layer. Instead, it features a
complete layer of ground. Consequently, additional resonances are observed at higher bands after activating the

Figure 5.Parametric study of the LWAantenna : a) L ,1 b) L ,f c) L ,p d) L ,2 e) W ,f and f) Wp.

Table 1.The design parameters of the proposed antenna (mm).

Parameters Values (mm) Parameters Values (mm) Parameters Values (mm) Parameters Values (mm)

Ls 40 Ws 30.00 g1 0.50 r1 0.50

Lp 31 Wp 10.75 g2 0.50 r2 6.50

Lf 4.50 Wf 2.00 g3 0.50 r3 4.25

L1 28.00 Wg 38.50 g4 0.60 r4 6.25

L2 6.40 W1 1.90 g5 0.25 r5 8.25

L3 6.00 W2 5.00 g6 0.50 b2 16.00

L4 15.30 W3 1.25 a1 9.25 b3 18.00

L5 5.40 W4 4.20 a2 11.25 t2 0.18

L6 3.75 W5 0.50 a3 13.25 t3 0.50

L7 3.5 b1 13.50 t1 0.07 t4 0.50

d1 0.50 s 8.75 L8 8.00 L9 6.60

L10 5.25 L11 4.25 L12 3.25 L13 3.75

L14 4.75 L15 5.70 W6 0.60 W7 0.40

W8 0.25
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other ports. However, the antenna’s radiation efficiency, gain, and other desiredMIMOcharacteristics have not
yetmet the requirements. Therefore,modifications to the loadings and other design aspects are necessary to
improve the antenna’s characteristics.

2.2.Detachable ButtonAntennaswith a Front Spiral Resonator andCHSRR
Planar spiral antennas have found extensive use in innovations involving bidirectional radiation, wideband
coverage, and circular polarization, primarily due to their design’s frequency independence [33]. However, it
becomes necessary to have an antenna that exhibits unidirectional radiation properties when it comes to
wearable antennas and applications inWireless BodyAreaNetworks (WBANs). The challengewith planar spiral
antennas is that they produce radiation in twodirections. Several viable options exist to convert the bidirectional
radiation of a planar spiral antenna into unidirectional radiation, including backing the antennawith an
absorbing cavity, utilizing reflecting synthetic electromagneticmaterial as a reflector or using a perfect electric
conductor (PEC) cavity [34, 35].

The spiral button antenna is constructed using a round PTFE (Polytetrafluoroethylene) substrate with
specific dimensions and properties. The substrate has a permittivity of 2.1, a loss tangent of 0.001, and a
thickness of 0.508 mm. Firstly, we considered the formulas stated in [36] to design anArchimedean spiral
radiator that operates in free space at the frequency of 3.4 GHz. Parameters such as r1, r2, g2, andw3 can be
obtained using those equations. The effects of these design choices on the antenna’s characteristics were
determined by performing parametric sweeps in the 3DCSTMicrowave Studio environment. Both the
expansion rate and the inner radius rin were included as variables in these sweeps. The comprehensive spiral
design process and the relevant parameters are also carried out. Therefore, wewill provide a brief overview of the
calculated parameters for this design and discuss the effects of adding theCHSRs. For instance, when the rin
parameter is set to 1.2 mm, the length of the feeding area is still significantly shorter than the length of the active
region’s 10 GHz ring.However, the deterioration becomesmore noticeable as the rin parameter increases
beyond 1.2 mm.Therefore, it is advisable to select the smallest available rin parameter. Before changing the
ground to theCHSRRs, a parametric study is presented to show the important design parameters of the spiral
antenna, as presented infigure 7(a). Figure 8(a) depicts the parametric study of the gap between each turn of the
spiral antenna. It shows that when it is less than 1, no dramatic changes occur except the slight shift of the
resonance to the lower band by the increase. The number of spirals follows the same trend for turns (n) as
enhancement in n increases the resonance and shifts the bands to the higher band as shown infigure 8(b). Last
but not least, the internal radius of the spiral (r1). An increase in the internal radius of the spiral enhances the BW
and slightly shifts it to the lower band as illustrated infigure 8(c). However, it will enhance the total diameter of
the spiral.

The ground plane has an impact on the far-field pattern of an equiangular spiral antenna, causing a limited
bandwidth that operates in only one direction. Therefore, the bottom layer of the substrate was loadedwith
CHSSRs to enhance the bandwidth of the spiral button antenna. The thickness of the substrate and its respective
constants affect the BW, efficiency, and gain. In addition, the fringing field at the edge of the circular substrate
and the surface waves around the spiral degrade the BWand efficiency and gainwhen the ground is in the
complete layer. Therefore, the bottom layer of the substrate was loadedwithCHSSRs to enhance the bandwidth
of the spiral button antenna. TheCHSRR, like any other SRR, is ametamaterial structure that creates negative
index characteristics ( n, ,m e ) and passbands and stopbands at the selected frequencies. These passbands

Figure 6.Reflection coefficient result for each part stage of the proposedMIMOantenna considering one to four ports.

10

Phys. Scr. 99 (2024) 075315 T Saeidi et al



enhance theworking BWand gain at the desired resonances. Optimizing their structure also helps; for instance,
a small gap in SRR can show better performance. Later, thesemetamaterials’negative index characteristics are
extracted from the S-parameters of the CHSRR structure using theNicolson-Ross-Weir (NRW) technique.

The spiral is initially driven to acquire the lowest resonance, approximately 3.4 GHz, and to achieve circular
and dual polarization properties for the antenna. The rear ground of the spiral button antenna is illustrated in
figure 7(b), whilefigure 7(a) showcases the antenna itself. Theworking principles of theCHSRR can be
understoodwith the help of comparable circuit designs that illustrate the concept of SRRs. Therefore, a brief
explanation of the equivalent circuit design is given below. The proposedCHSRR is a nested structure
comprised of a combination of SRR and complementary SRR, considering their equivalent circuit. Since the
CHSRRhas a shape like a circle with six edges, the equivalent circuit for complementary circular SRR (CSRR), an
inductor parallel to two series capacitors, is utilized, as shown infigure 9. It is also a nested structure having two
complementaryHSRRs. At the design’s initial stage, the space between the center of the circular substrate and
the hexagonal rings are the same for each side of theHSRR aswell as their thickness (w). Therefore, the internal
and external radius of the hexagonal shape is the same for each of the twoCHSRRs.

The Ls1 and Ls2 infigure 9 denote the self-inductance of the SRR structure,C0 defines the total capacitance
between the rings,C0= 2πr0Cpulwhere r0 (R2, R4) is the effective radius of the rings, andCpul is the per-unit-

Figure 7.The button antenna’s simulatedmodel (a: front view, b: the rear view).

Figure 8.The button antenna's parametric study: a) g ,2 b) the turns (n), and c)r1.
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length capacitance.Cs, the resultant capacitance is given byCs=C0/4. The resonance frequency of aCHSRR is
predicted from the formula f L C1 2 ,r s sp= the Ls andCs are obtained by the formula. C1/2 is obtained by
two parallel capacitors as C ||Cg1 andC ||Cg2. Applying general trigonometry tofigure 8 assuming the same gap
for all CHSRR called g,we also assume r as the effective radius as presented in [37], by equating to any side of the
hexagon it will give us g/6. Therefore, wewill have:

r r g 60 /= -

The self -inductance similarly as presented for circular SRR, Ls can be analytically expressed slightly different
as:

( )l
l

w
Ls 0.00508. log

4
2.636= -

Similar to the circular SRR, the resultant capacitance for theCHSRR can be extracted slightly different as follows:
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Where, l= 6× r0 is the effective length of the ring,w is thewidth of the ring, ε0 is the absolute permittivity,
C rC ,g pulb = Cg is the capacitance due to the gaps (g), and g is the gap between the split. Since the substrate has a

thickness of h, the parallel plate can be considered so that C wh gg r0e e= and theCpul, which has the effect of

length and the distance between the rings, can also be extracted as:Cpul= ( )( ( ) ( ))1 2 1 .r0
2/ /e e e s e s+ -

Using the previous equations and the rest of the equation presented by [37], the resonant frequency of the
CHSRR can be obtained. It should be noted that these equations are for each section of the equivalent circuit
shown infigure 8. For example, Ls1 is for the two bigger rings, and Ls2 is for the smaller two rings circled by a
dashed red circle. A series capacitor should be considered since these CHSRRs are nested. These coplanar and
parasitic components exhibit their impact on totalmagnitude. The above-discussed effect has been studied by
simulating the circuit in AdvancedDesign Systems (ADS) software. The initial values ofmost circuit
components are obtained by using the presented above and the rest of the equation presented in [37]. The
equivalent circuit is drawn usingADS, considering these initial circuit component values. Then, the final
component values were determined by tuning the component values in ADS so that the S21 of this circuit could
bewell-matchedwith theCST output. Themagnitude of S21 can be adjusted by adequately tuning the series
resistances associatedwith each inductor. However, in drawing simplicity, these values are ignored in the
equivalent circuit. This is due to the fact that the proposed design is amodified formof a standard split ring
resonator inwhich various inductive and capacitive values are distributive in nature, and inter-ring distance is
not constant at every place. Thus, the actual values obtained from the formulas should be optimized. The
optimized values of these parameters are presented in table 1.

To simulate themetamaterial structure alongwith the spiral, an electromagnetic force (EMF) ismeasured at
theCHSRRswhen an externalmagnetic field is applied along theZ-axis. The current source of this EMF is the
connection between two annularmetal rings. The currentflows fromone ring to the next through the

Figure 9.The equivalent circuit of theCHSRRmetamaterial unit cell.
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capacitance formed between the interior gaps of the rings. Infigure 10, the S-parameter results are presented,
alongwith the retrieved permittivity (εr) and permeability (μr) values (both real and imaginary sections) of the
CHSSRunit cell.

The larger CHSRR and the three smaller ones have different resonance frequencies (fr), ranging from
5.6 GHz to 7.2 GHz and 8.7 GHz. TheCHSRRprocedure wasmodeled in a virtualmicrowave studio formore
assurance (CSTMWS). Initially, the CHSRR structure was positioned near the power line. The smaller CHSRRs
have resonances in 8.65–9.5 GHz and 5.55–5.65 GHz, while the largest CHSRRhas a resonance in the
3.35–3.45 GHz range. Furthermore, the−2 dB transmission coefficients indicate excellent signal-to-noise ratios
(see figure 10(a)). At these desirable frequencies, the refractive index approaches zero. Each unit was developed
with a specific frequency inmind, and the fourCHSRRswere introduced in a particular order based on their
frequencies. They function similarly to a photonic band gap, suppressing unintended resonances while
amplifying the desired ones. Additionally, when the space within the spiral is constrained, it prevents surface
waves and undesirable fringing fields from reaching the button antenna [38].

Figure 11 illustrates the surface current distribution of theCHSRRs in the presence of the spiral. The surface
current distribution assessment of the spiral button at each selected resonance frequency gives us a visualization
of the currentflow through the spiral andCHSRR and how their capacitive separation can affect it. It also
demonstrates the parasitic current sharing between the twoCHSRRs, with the larger one acting as the primary
conductor. Furthermore, it indicates the suppression of surface current after addingCHSRR cells behind the
spiral, resulting in improved radiation characteristics of the spiral button. The design of the fourCHSRR cells
involves utilizing periodic growth factors. Each ring functions as a capacitor in series with a resistor and an
inductor. A coupling capacitor is used to establish communication between the rings. It is worthmentioning
that the length of eachCHSRR is calculated based on its corresponding resonance frequency. The impedance
matching of this structure can be checked and optimized by observing the changes in the Smith chart whenever

Figure 10. (a) the S-parameters, and (b) the extracted permittivity and permeability results of theCHSRR.
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another ring is added. Permittivity and permeability are negative indices of themetamaterial (MTM) structure,
indicating howmuch it influences the button antenna and LWAat specific frequencies. Critical variables have
been optimized tomeet the required specifications after studying the spiral button antenna’s bandwidth, gain,
radiation pattern, and polarization state.

Figure 12 displays the reflection coefficient results of the button antennawhen combinedwith the spiral and
each ring. The resonances associatedwith each split ring are observed to be active when all fourCHSRRs are
present. Additionally, the incorporation ofMIMOLWAassists in eliminating an undesired resonance.
Combining the antennawith the LWAenhances the directional gain, beam scanning capability, and broadside
radiation in the outward direction.

3. Result andDiscussion

To facilitate understanding, the antenna’s performance for on-body and off-body scenarios is presented in
separate results subsections. Firstly, the evaluation is conductedwith the antenna in the air (off-body) to assess
the antenna’s performance in free space. Next, the antenna is assessed close to a person to evaluate its
effectiveness whenworn. Figure 13 displays the preliminary reflection coefficient data at various stages of the
antenna design process, both before and after integration (figure 1). The reflection coefficients are presented for
theMIMOLWAand button antenna in various configurations, includingwith andwithout the coupled slot
layer, thematching stubs (also called neutralization network), after incorporating the button antenna, and after
implementing layeredU-shaped slots. Adding four hexagonal rings behind the spiral button antenna allows for
four resonances (shown infigure 13).When a complementary hexagonal split-ring (CHSR) is added to the
button antenna, the inductive loading causes the resonances to shift towards lower frequency ranges.

Figure 11.The surface current distribution (SCD) of the CHSRRs (a: 3.4 GHz, b: 5.6 GHz, c: 7.2 GHz, d: 8.2 GHz). (a) depicts that the
current is stronger around the biggest ring at 3.4 GHz. Then, it becomes strong around the second two rings at 5.6 GHz infigure 10(b).
the current follows the same tendency after adding the other two rings at 7.2 GHz and 8.2 GHz.

Figure 12.The reflection coefficient results of theCHSRRs for each ring.
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Consequently, the button antenna is combinedwith theMIMO system. The pins of the button antenna are
connected to specific points on theMIMO system to prevent the operating bands fromdeviating from the
specified bands. It should bementioned that they are not connected to the naturalization network.

As a result, theMIMOand button antenna integration demonstrates improved performance compared to
the previous phases. This integration showcases stable radiation performance, and the article further discusses
beamwidth. The functioning bands are successfully achieved even after the integration.Moreover, when
combining the button antennawith theMIMOantenna, all the required frequencies of 0.86–2.75 GHz,
2.9–4.85 GHz, 5.75–6.15 GHz, and 8–9.85 GHz are attained.

3.1.Off-Body InvestigationResults
Models presented in figures 1 and 14were developed to validate the theoretical concepts. The antennamodel
was created using denim and ShieldIt conductive textiles. The two layers are adhered together using a plastics-to-
textiles glue. The S-parameters of the antennaweremeasured using a two-terminalHP 8510C vector network

Figure 13.The reflection coefficient results of the antenna at a different stage of the design.

Figure 14.Themeasurement setup of the proposed antenna in both air and on-body (a: antenna on chest; b:measurement in free
space; c: fabricated antenna before integrationwith buttons and last layer; d: fabrication of final design).
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analyzer (VNA) after calibrating the antenna. Themeasurement process was conducted in four stages,
connecting Ports 1 and 2 and progressing to Ports 3 and 4.

Two antennas were employed, with one connected to the first terminal of theVNA and the other connected
to its second terminal, to capture themeasurements. After calibrating the antenna and determining the
frequency band, the antenna’s S-parameters, including reflection and transmission efficiencies, weremeasured
(refer tofigures 15 and 16, respectively). Figure 15 illustrates a comparison between the simulated andmeasured
reflection coefficients. The predicted results closelymatch the actualmeasurements. However, some irregularity
is observed in the upper band due to its relocation.Nevertheless, the antenna still functions as intendedwhen
utilizedwithin the correct band and context. The resonances of each port are exhibited almostwithin the
required frequency bands of 0.86–2.75 GHz, 2.9–4.85 GHz, 5.75–6.15 GHz, and 8–9.85 GHz, which are
essential for the prementioned applications. The transmission coefficient results of theMIMOantenna prove
the acceptable range of less than−22 dB atmost of the BW, showing an acceptable isolation level. Besides, not
toomany disagreements exist between the ports.

Figure 15.The antenna’s reflection coefficient findings in the air (off-body) (‘s’ is a simulation, ‘m’ ismeasurement).

Figure 16.The antenna’s transmission coefficient results in the air (off-body) (‘s’ is a simulation, ‘m’ ismeasurement).

16

Phys. Scr. 99 (2024) 075315 T Saeidi et al



The antenna’s radiation patternwas also examined by utilizing a vector network analyzer (VNA), a personal
computer (PC), and an anechoic chamberwithin the operating bandwidth of 0.1–10 GHz. Subsequently, the
radiatedfield strength of the antennawas evaluated.We connected a reference horn antenna to a rotating rod
linked to a powermeter tomeasure the radiation pattern. Thewheels on the left vertical wall of the chamber, as
depicted infigure 17, were used to shift thewall to the right. Simultaneously, the spinning rodwas readjusted to
facilitatemeasurements on the right side of the chamber. Instead, the proposed antennawas securely attached to
a significant pole section. Amotion controller was employed to rotate the rod in increments of 3 degrees
simultaneously. After each rotation, a pausewas introduced to record the data, followed by resuming the cycle.
The power output from the computer was recorded, andMATLABwas used to generate the radiation pattern.
Additionally, the antennawas rotated in the elevation plane, and themeasurement process was continued.

Figure 17.The radiation patternmeasurement setup.

Figure 18.The radiation pattern of the antenna (simulated (sim) andmeasured (meas) cross and co-polarization) at a: 2.4 GHz, b:
3.4 GHz, c: 3.8 GHz, d: 5.6 GHz, e: 7 GHz, and f: 9 GHz.
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Figure 18 displays themeasured and simulated cross-polarized and co-polarized radiation patterns for the
antenna. The simulated and experimental results showed a slight, insignificant difference, which can be
attributed to tolerances in fabrication during themanufacturing process. The recommended antenna’s radiation
pattern is outward to the body, with themain lobe pointing nearly at 0°. This characteristicmakes it a promising
choice forwearable antenna systems and communication. Besides, the cross-polarized radiation pattern level is
less than the co-polarized, which is desired for any dual-polarized orCP antenna. In addition, the two port
arrangements (two ports arrangement become a four-portMIMO) of the proposed antenna also improved the
cross-polarization level tominus levels.

3.2.On-Body InvestigationResults
Throughout this subsection, we discuss the on-body performance of the suggested antenna in terms of
S-parameters, radiation pattern, gain, efficiency, axial ratio (AR), and SAR value. Figure 19 depicts the simulated
configuration for on-body conditions, specifically the voxel arm, chest, and shoulder, to examine the antenna’s
featuresmore naturally. Figures 20 and 21 display the simulated S-parameter results of the antenna for voxel
body scenarios. All the necessary frequencies and bandwidths are present and operational. However,
physiological characteristics and layers cause amore significant shift in the bandswithin the voxel compared to
the tissue. Additionally, the voxel results exhibitmore band notches than the results in free space. Despite that,
the required frequency bands function as expectedwithin the simulation. The transmission coefficient between
any two ports remains below−20 dB across the usable bandwidth, ensuring excellent port isolation.

Figure 19.The on-body simulation setup: (a)Human tissue, (b) the shoulder, (c) the chest, and (d) the arm.

Figure 20.The reflection coefficient results of the proposed antenna on voxel.
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The antenna’s radiation pattern on the human body is illustrated infigure 22, corresponding to different
locations such as the chest, arm, and shoulder. It is worth noting that, to streamline the evaluation process and
reduce the number ofmesh cells in theCST Studio, only half of the body voxel (from the neck to the hip) is
included in the simulations.When the antenna ismounted on the voxel body, it emits radiation in all directions
except inward. At lower frequencies, the radiation is predominantly focused outward in the user’s chest, while at

Figure 21.The transmission coefficient results of the proposed antenna on voxel.

Figure 22.The simulated radiation pattern of the antenna on the chest (at a: 3.4 GHz, b: 5.6 GHz, c: 8.2 GHz), on the arm (at d:
3.4 GHz, e: 5.6 GHz, f: 8.2 GHz); and on the shoulder (at g: 3.4 GHz, h: 5.6 GHz, i: 8.2 GHz). (the red elliptical shape is the location of
the antenna on the body).
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higher frequencies, it shifts within the range of 30 to 60 degrees (as depicted infigure 22). Similarly, the arm and
shoulder radiation exhibits an outward pattern. For the arm, the radiation is primarily concentrated in the
160–180 degree range, while for the shoulder, it is around 120 degrees. Furthermore, the radiation patterns
remain consistent for higher and lower frequency bands directed away from the body.

The SAR factor should be consideredwhen assessing the performance of awearable antenna and associated
telecommunications. According toAmerican and European guidelines, the SAR valuesmust be lower than 2 and
1W/kg^3. Figure 23 displays the impact of the suggested antenna’s SAR variation on voxelated human tissue
(arm, chest, shoulder). Even at an antenna separation of 5–8 mm, the readings did not deviate significantly from
the norm. Table 2 lists the precise values of the SAR factor. The SAR values are well within the safe zone.
Therefore, we can conclude that the human voxel body and tissue do not significantly affect the antenna. The
antenna and human tissue have a separation of 5 mm,while the separation between the antenna and voxel
is 8 mm.

Figure 23.The proposed antenna’s SAR evaluation on the arm (a: 3.4 GHz, 1g/10g; b: 5.6 GHz), on the chest (c: 3.4 GHz, 1g/10g; d:
5.6 GHz), and the shoulder (e: 3.4 GHz, 1g/10g; f: 5.6GHz).

Table 2.The comparison of the antenna’s performance in air, arm, chest, and shoulder.

fr (GHz) 3.4 5.6 7.2 8.2

Free space Gain (dBi) Sim/Meas 4.7/4.1 5.81/5.24 8.5/8.10 7.24/7.63

Eff (%) 85 90 92 89

On chest Gain (dBi) Sim/Meas 4.26/3.95 6.11/5.15 7.34/7.45 6.9/6.23

Eff (%) 85.81 88.99 90.12 90.14

SAR (1 g/10 g) 0.03/0.045 0.035/0.025 0.04/0.045 0.004/0.025

On arm Gain (dBi) Sim/Meas 4.35/- 6.82/6.51 7.44/- 6.95/-

Eff (%) 87 89 91.23 90.11

SAR (1 g/10 g) 0.031/0.021 0.36/0.191 0.031/0.021 0.36/0.191

On shoulder Gain (dBi) Sim/Meas 5.05/- 7.18/- 7.45/- 7.10/-

Eff (%) 86 91.5 91.33 90.45

SAR (1 g/10 g) 0.512/0.534 0.36/0.355 0.335/0.435 0.236/0.155
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Figure 24.The flexibility evaluation setup towards theX andY axis a: buttons tilted byX= 15°, b: both buttons tilted byX= 15° and
X=−15°, c: both buttons tilted by Y= 15° andY=−15°, d: LWA tilted by 15 0 , e: LWA tilted by 25°.

Figure 25.The antenna’s reflection coefficient results inflexibility evaluation.

Figure 26.The antenna’s transmission coefficient results inflexibility evaluation.
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Table 2 presents the antenna’s experimental and simulated radiation properties in both on-body (arm, chest,
and shoulder) and off-body configurations. A satisfactory correlation can be observed between the simulated
andmeasured evaluations of the antenna. Additionally, the antenna exhibits a radiation efficiency of over 85% in
both off-body and on-body versions across the entire bandwidth range. Regarding the on-bodymeasurement,
onlymeasurements on the chest were performed. Table 2 also indicates that the gain variation at 7.2 GHz is at its
maximum level on the chest, arm, and shoulder. Additionally, the simulatedmaximumgain is 8.5 dBi in air,
reducing by almost 1.3 dBi when the antenna is on the body. It is clear that the gain level is lower on the chest
compared to the gain on the arm and shoulder due to the thickermultiple-layer nature of the chest compared to
the arm and shoulder.

Figure 27.Gain, AR, and radiation efficiency results ofMIMOantenna in air and on the body.

Figure 28.DGandECCvalues ofMIMOantenna in air and on the body.
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The antenna’s resistance to folding is evaluated after analyzing the SARvalues to demonstrate its effectiveness
on the humanbodywithminimal SARand impacts.We folded the antenna’s button andLWAelements along the
X andY axes to assess their functionalitywhenworn. It is to simulate the effects of actualwearable conditions on
antenna performance. Asdepicted infigure 24, the antenna can be folded up to 30 degrees in both theX andY
directions at thebutton andup to 190 degrees at theLWAwhilemaintaining proper functionality.

The bending of the proposed antenna’s button component or LWApart is illustrated in figures 25 and 26
concerning the S-parameters. It demonstrates a slight shift in the antenna’s reflection and transmission
coefficients due to the folding. Consequently, several stopbandswere createdwithin the operational bandwidth
after bending.However, the band still encompasses the crucial resonances for the intended applications, and the
device continues to function successfully within those bands. These figures illustrate how the antenna’s
transmission and reflection coefficients shift after rotation. Figure 26 presents the transmission results in S21
and S31 for various angles (a-d), and the reflection coefficient results in S11 through S33 for similar angles (a-d).

Figure 29.Themeasured and simulatedMEGof the proposed antenna for both two and four ports.

Figure 30.Themeasured and simulatedCCLof the proposed antenna for both two and four ports.
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Table 3.Comparison of the proposed fabric antennawith previously reportedwork onMIMOantennas.

Ref Freq. (GHz)Off/On Polarization

Max

Eff (%)

Max

Gain

(dBi) Size (mm) L×W@ DG (dB)
Ports/

wearable ECC

CCL (bits/
s/Hz)

MEG

(dB) Isolation Techniques

Isolation

(dB)

[15] 2.3, 2.5, 2.4, 3.4–3.6 N/A 70 5 0.50λ0× 0.65λ0
@2.5GHz

N/A 3/no <0.1 N/A N/A Radiator as isolation

element

15

[18] 3.2–3.85, 5.15–5.35,

5.72–5.82

LP 93 N/A 0.26λ0× 0.23λ0 10 2/yes <0.06 <0.2 N/A Spacing >26

[19] 3.18–4.60, 8.89–12 N/A N/A <6 0.79 λ0×0.79 λ0
@3.8GHz

N/A 4/yes <0.2 <0.7 N/A left–right extended Slotted

ground stub

20.5

[20] 3.5–11 N/A N/A 6 0.63 λ0× 0.63λ0@

3.5GHz

>9.9 4/yes <0.01 <1.25 N/A Orthogonal >17

[21] 3.34–5.01, 8.9–9.2 N/A N/A N/A 0.61λ0×0.61λ0
@3.34GHz

N/A 4/yes <0.17 N/A N/A interconnection between

ground planes

>20

[22] 4.4–5 N/A 90 <4 1.33λ0×1.03λ0
@4.5GHz

N/A 4/yes N/A N/A N/A orthogonal arrangements >17

[23] 3.1–12 Double 93 4.62 0.52λ0×0.52λ0
@3.4GHz

<9.9 4/yes <0.08 <0.13 N/A orthogonal arrangements >17

[24] 2.74 to 4.41 N/A N/A <5 0.86λ0×0.86λ0
@3.5GHz

>9.6 4/yes <0.2 N/A ±0.3 meander line structure >19

[41] 2.40–2.48 CP N/A 2.36 0.67λg× 0.67λg
@3GHz

9.77 4/yes <0.23 <0.1 N/A orthogonal arrangements >25

[42] 5–6.6 N/A 80 9.5 0.88λ0× 0.83λ0
@5.5GHz

9.89 4/yes N/A N/A N/A EBG&MTS >34

[43] 2.45 N/A 40 0.5 0.23λ0× 0.20λ0
@2.5GHz

9.98 2/yes 0.025 <0.12 N/A decoupling stub <30

[44] 2.4–2.484, 3.2–3.85,

5.15–5.35, 5.72–5.825

N/A 93 N/A 0.44λ0 ×0.28λ0
@3.4GHz

<9.97 2/yes <0.06 N/A N/A back-to-back E-shaped stub N/A

[45] 2.2–3.5 4.8–6.2 7.8–9.8 N/A <97 <6 0.6λ0×0.6λ0@5GHz <10 4/yes 0.0001 <0.25 <−6 Spacing <30

[46] 3–5 CP >95 7.1 0.75λ0× 0.75λ0
@3.8GHz

>9.9 4/no <0.002 <11.23 N/A diagonal slots and stub <22

Thiswork 0.86–2.75, 2.9–4.85,

5.75–6.15, 8–9.85

LP/CP 92.7 8.25 40× 30 <10 4/Yes <0.05 <0.3 <3.5 Neuralization network <23
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The antenna’s diversity evaluation is demonstrated by exploring and analyzing factors in both on-body and
off-body settings, as shown infigures 27–30. The diversity gain (DG) of almost ten dB and the envelope
correlation coefficient (ECC) of less than 0.05 highlight the excellent diversity the suggestedMIMOantenna
provides.Moreover, the axial ratio (AR) remains below three at the resonances. It is important to note that the
values of these parameters are likely to be consistent in both on-body and off-body scenarios. Additionally, the
effects of these parameters wereminimizedwhen the antennawas close to the skin.

Two additional parameters should be evaluated for aMIMOantenna:MEGandCCL. Figures 29 and 30
present the variations ofMEGandCCL, respectively, for the proposedMIMOantenna.MEG andCCL fall
within acceptable ranges for theworking bandwidth of theMIMOantenna.MEG represents the performance
gain of anMIMOantennawhile accounting for environmental effects. Figure 29 depicts theMEGanalysis
conducted for both 2-port and 4-portMIMOantennas. To ensure awell-designed 2-portMIMOantennawith
the same input power level at ports, theMEGmust be less than−3 dB. The same trend applies to 4-portMIMO
antennas. CCL is themaximumacceptable value of channel loss that can be allowed for successful transmission
over a communication channel. For reliable communication, the CCL should be less than 0.4 bits/s/Hz.CCL
andMEGcan be calculated using Equations (2–6) [39, 40] for two and 4-portMIMOantennas, respectively.
Figure 30 shows theCCL value, significantly less than 0.25 bits/s/Hz at all working bands for the proposed
2-port and 4-port antennas. Lastly, table 3 compares the proposedworkwith recently developed three and four-
portMIMOantennas designed for 5G andWBANapplications.

4. Conclusions

An innovativemulti-band four-portMIMOantenna comprised two individual spiral button antennas and a leaky
wave antenna (LWA). The spiral button antenna coupledwith the complementary hexagonal split ring resonator
(CHSRR)behind it as a groundoffers a circular polarization.On the other hand, the LWAwas fedusing the
aperture coupled techniquewith its coupled slot ground cut by three periodic elliptical slots and threenested
circular SRR to broaden the bandwidth, enhance efficiency and gain, improve the circular polarization (CP), and
reduced thedimensions. TheLWA’s patcheswere particularly cut bynestedU-shape slots and then separated by a
comb-shape neutralizationnetwork to tilt off the radiation towards the broadside and enhance the isolation,
respectively. It also offers amaximumradiation efficiency and gainof less than 93%and8.3 dBi, respectively. It
also covers the frequency bands associatedwithWBANs application and 5G, sub-6 GHz, andX-band
communications. TheMIMOantenna exhibits an ECCof less than 0.05, amaximumDGof almost 10 dB, an axial
ratio (AR)of less than 3, anMEGof less than−3 dB, less than 0.25 bits/s/Hz, and amaximum isolation of 22 dB,
whichmakes itwell-suited forMIMOapplicationswith high diversity. The high-performance characteristics of the
proposed antenna are simulated and thenmeasured for both off-body andon-body applications on a voxel body.
Folding and tilting analyses are also conducted to assess the antenna’s adaptability. The antennademonstrates
strong agreement between the simulated andmeasured results. The proposed antennawill be a potential candidate
as a solution for various communication challenges in laptop communications, the extendedWLANfrequency
range, and enabling improved coordination among soldiers andnurses on the ground.
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