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ABSTRACT: The purpose of this study is to present a lightweight wearable (jeans) monopole
antenna configuration for body area network (BAN) communication, breast and head tumors
detections with back lobe reduction (i.e., low SAR), and it does so without introducing any
special methodologies like as, AMC, EBG, HIS. The planned antenna has dual symmetrical
slots as well as a ring-shaped slot (DSSRS) at the top, and it is in the form of a radiating
rectangular patch with a ground plane. The design procedure has been finished with the help
of CST MWS, and the next step will be to fine-tune the parameters of the antenna structure
to achieve resonance at the ISM band (5.79 GHz). Testing for BAN, breast, and brain tumor
detection was done using this prototype. With the proper impedance matching, the antenna
achieves an operational bandwidth of 5.798 GHz (5.739-5.865 GHz), 5.77 GHz (5.715-5.838
GHz), 5.77 GHz (5.718-5.843 GHz) and 5.78 GHz (5.725-5.834 GHz), with an overall peak
gain of 8.18 dBi, 7.69 dBi, 5.73 dBi, and 4.59 dBi; when proposed antenna placed on the free
space, on the body, on the breast, and the head respectively. The suggested antenna meets the
specific absorption rate (SAR) standards given by the FCC (1 gm) and the ICNIRP (10 gm).

ABSTRAK: Kajian ini bertujuan untuk membentangkan konfigurasi antena monopole ringan
boleh pakai (jenis jeans) untuk komunikasi rangkaian kawasan badan (BAN), pengesanan
tumor payudara dan kepala dengan pengurangan lobus belakang (iaitu, SAR rendah), tanpa
menggunakan metodologi khas seperti AMC, EBG, atau HIS. Antena yang dicadangkan
mempunyai dua slot simetri (dual symmetrical slots) serta slot berbentuk cincin (DSSRS) di
bahagian atas, dan berbentuk patch segi empat tepat yang memancar dengan satah tanah.
Prosedur reka bentuk telah diselesaikan dengan bantuan perisian CST MWS, dan langkah
seterusnya adalah untuk menyesuaikan parameter struktur antena bagi mencapai resonans
pada jalur ISM (5.79 GHz). Ujian untuk BAN, pengesanan tumor payudara, dan tumor otak
telah dijalankan menggunakan prototaip ini. Dengan padanan impedans yang betul, antena ini
mencapai lebar jalur operasi sebanyak 5.798 GHz (5.739-5.865 GHz), 5.77 GHz (5.715—
5.838 GHz), 5.77 GHz (5.718-5.843 GHz), dan 5.78 GHz (5.725-5.834 GHz), dengan
pencapaian keuntungan puncak keseluruhan sebanyak 8.18 dBi, 7.69 dBi, 5.73 dBi, dan 4.59
dBi; apabila antena yang dicadangkan diletakkan di ruang bebas, pada badan, pada payudara,
dan pada kepala masing-masing. Antena yang dicadangkan memenuhi piawaian kadar
penyerapan spesifik (SAR) yang ditetapkan oleh FCC (1 gm) dan ICNIRP (10 gm).
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1. INTRODUCTION

In order to collect data about the user's personal health or, more broadly, to interface with
the user, wearable technology includes gadgets that consumers can easily wear and use for
lengthy periods of time inconspicuously, such as clothing or accessories [1]. At present, smart
accessories like smartwatches, wristbands, smart glasses, and other garments clip-on account
for the vast majority of the market share held by wearable devices [2]. Wearable gadgets like
these often incorporate preexisting small sensors and electronics into compact packages [3].
As a result of their inflexible and nonflexible construction, they are not well suited to the
creation of increasingly sophisticated wearable devices, which call for increased skin-to-device
contact and an enhanced user interface. Micro and nano-electronics integrated into textile
substrates are useful in creating smart materials with improved ergonomics or "smart textiles"
[4]. Smart textile technology has the potential to enable the development of a broad range of
capabilities on a textile substrate, previously only possible in rigid and nonflexible electronic
goods [3], [5]. Many people became curious about electronic textiles because of this promising
prospect [6], [7]. Rapid advances in technology, small gadgets, and mobile computing are
fueling a market for wearable technologies that are predicted to continue growing at a
compound annual growth rate of 15.5%. Recent market forecasts predict that the wearable
devices industry will grow to more than USD 155 billion by 2027, in large part due to the
participation of many large companies that are increasing their research efforts to switch from
uncomfortable wearable electronics hardware to more comfortable smart textile [8].

Manufacturers are being encouraged by the rising consumer demand to create and
commercialize billions of wearable electronics devices in a variety of market segments, such
as health and wellness, military and defense, space exploration, fashion, and entertainment [9],
[10]. Healthcare is one of the most promising markets, propelled by customers' growing desire
to continuously monitor their health or be monitored by healthcare professionals who need to
have more health data available to them so they may more thoroughly analyze a wider cohort
of patients [11]. Smart biomedical clothing's comfort and accessibility could be crucial
components of ongoing, long-term clinical monitoring. These cutting-edge devices can be
integrated into Internet of Things (IoT) networks, utilizing straightforward but effective
wireless solutions to create smart systems for remote health monitoring, allowing patients to
continue living at home instead of spending money on expensive healthcare facilities. Having
continuous, noninvasive, and seamless surveillance of health and physical well-being allows
people to live independently and actively in their own houses, which is one of the key functions
of wearable health monitoring devices [12]. This is a huge benefit, especially for people dealing
with long-term medical conditions or having trouble moving around. The use of wearable
monitoring systems highlights two additional benefits for users: first, it lessens the influence
and stress that the clinical environment exerts on patient performance, and second, the massive
amount of data gathered with this system can be processed by Al algorithms to detect a possible
worsening of a patient's clinical situation [13]Smart wearable biomedical systems have the
potential to offer advanced services to patients from the perspective of the public health system
by combining frequently worn material with the most technologically advanced sensing,
processing, and communicating capabilities. They can also support health cost reduction
through the facilitation of early hospital discharges.

The essential criteria for comfortable wearing materials are compact size, flexibility,
resilience, low SAR, and low power requirements [14], [15]. The SAR measures how much
energy is transmitted through human tissue. The absorption of electromagnetic energy could
potentially be harmful to human health. So, it's crucial to consider SAR when designing
wearable antennas. The SAR must be significantly lower than the minimum allowed level. To
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safeguard the public from excessive exposure to EM fields, many organizations, such as the
IEEE, ICNIRP, and the FCC, have proposed limitations on the radiation released by these
devices. The FCC and ICNIRP require a SAR of less than 2 W/kg averaged over 10 gm and
less than 1.6 W/kg averaged over 1 gm of human tissue [1], [16-17]. However, the battery life
of ISM (Industrial, Scientific, and Medical) equipment is increased, and it does not require a
lot of energy to send a signal to the receiver. Fabrics intended for use as clothing are a
particularly promising option for developing flexible antennas. This is because fabric antennas
can be readily sewn into the fabric. A highly effective, highly gain-flexible antenna can be
conceived and fabricated by fusing ISM (2.4 & 5.8 GHz) and textile technologies. For BAN
applications, the bending performance of the wearable textile antenna is typically a significant
consideration. However, the bending effects are less significant for tumor detection in areas
such as the breast or head. This is because the garments used in these applications, such as a
female bra or a head cap, are more stable and consistent in shape compared to regular clothing
worn on other parts of the body [18], [19]. The stretchy antenna might be concealed within the
fabric of jeans. This approach has been followed in microwave scattered technology for tumor
detection. When the tumors are present inside the human body (breast, head) model, the Sii
response of the antenna system is successfully altered.

1.1. Specific Absorption Rate (SAR)

SAR measures the rate at which energy is absorbed by the human body when exposed to
a radio frequency (RF) electromagnetic field. It's commonly used to quantify the exposure
levels from devices. SAR is expressed in watts per kilogram (W/kg) and indicates how much
RF energy is absorbed per unit mass of tissue. There are some key points for SAR:

e Measurement: SAR values are determined through laboratory testing using standardized
procedures. These tests simulate the human body's exposure to RF energy.

e Regulatory Limits: In the United States, the Federal Communications Commission (FCC)
limits SAR to 1.6 W/kg, averaging over 1 gm of tissue. In Europe, the limit is 2.0 W/kg,
averaging over 10 gm of tissue, as per the International Commission on Non-Ionizing
Radiation Protection (ICNIRP) guidelines.

e Health and Safety: Regulatory agencies set SAR limits to ensure that exposure stays
within safe levels, minimizing potential health risks. Ongoing research investigates the
long-term effects of RF exposure to ensure that the guidelines remain current with scientific
findings. SAR can be calculated using the following formula:

2
SAR = % (1)

where o is the electrical conductivity of the tissue (measured in Siemens per meter, S/m),
E is the root mean square (RMS) electric field strength (measured in volts per meter, V/m),
and p is the mass density of the tissue (measured in kilograms per cubic meter, kg/m?).

1.2. Motivation

Recent research has focused on using S;; for tumor detection, whereas AMC and UWB
antennas have been used for skin cancer detection [20]. The scattering parameter (S;1) was
used in this paper to evaluate the difference between cancerous and normal skin tissues. Those
research works in [19-23] have focused on antenna design for breast and skin cancer detection.
The work in [26] has also focused on the use of S;; for the detection of cancer cells. It uses a
flexible antenna design and microwave scattering parameters for tumor detection. Brain tumor
detection using an antenna was also studied in [27] and [28], utilizing changes in the S;;
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parameter as an indicator. The references in these above-cited works also present previous
studies on the use of changes in S;4 as an indicator for several types of cancer. The work in
this field is still in progress and has neither been finalized nor clinically approved or adopted
for detection, but it is a research area. Combining the S;; changes with other techniques may
help in more accurate diagnosis and detection procedures. Hence, the work in this manuscript
is motivated.

1.3. Novelty and Contribution

A new patch configuration comprising a circular slot with two parallel adjacent rectangular
slots was designed, and its performance details were evaluated using simulation models. The
contribution of this work is as follows:

e A motivation for using a flexible patch antenna for jeans fabrication and the change in
S11 to detect the presence of breast cancer is presented.

e A novel patch design comprising a circular slot with two parallel rectangular slots
resonating at the ISM band is presented.

e A sweep parametric study was conducted to achieve optimal results at resonance.

e The parameters like S;;, VSWR, gain, and radiation pattern were evaluated and
presented.

The following is the research article's structure. The first part of this article provided a
high-level overview of potential uses for wearable antennas. In Section 2, the various types of
recent wearable antennas, together with their performance characteristics and prospective
applications, are presented to the reader. Section 3 illustrated the DSSRS antenna's design,
simulated results, and bending effect on different radii. Section 4 shows the DSSRS antenna's
performance on the different parts of the human body, such as the body, breast, and head. This
section also discussed the SAR values during breast and head tumor detection. Finally, section
5 shows the conclusion part of this research article.

2. RECENT RELATED WORKS

Recently published articles related to the suggested work are mentioned here. Wearable
applications of coplanar keyhole antenna, including the design of novel antenna on fabric
substrates for interfacing with internal and external sensors, are described [29]. The process of
designing the fabrication method of screen printing on fabric substrates is explained using
conductive inks available for purchase on the market. Antenna resonance at 5.8 GHz is
discussed, as well as the impacts of wash durability and the inks' resistance to deterioration
over time when used as interface layers between conductive elements and fabric substrates of
coplanar keyhole fabric antenna. This research [30] introduces a compact AMC wearable
textile antenna optimized for 5.8 GHz band Wireless Body Area Network (WBAN)
applications in the ISM band. For these reasons, better antenna performance and shielding from
harmful back radiation Artificial Magnetic Conductor (AMC) structure was implemented. The
antenna with the built-in AMC has a measured gain of 8.92 dBi, efficiency of 80%, impedance
bandwidth of 1.4 GHz (24.1%), and SAR values of 0.00103 W/Kg for 10 gm and 0.00034
W/Kg for 1 gm tissues. Wearable on-body scenarios using the suggested antenna were
investigated with a multi-layer computational model of the human body. Each human tissue
layer's thickness and its potential impact were studied. Antenna performance was maintained,
consistent gain was achieved, and SAR values were below IEEE recommendations for wearer
safety.
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To boost the antenna's impedance bandwidth, this study proposes a rectangular eight-
shaped Electromagnetic Band Gap (EBG) structure operating in the 5.8 GHz ISM band for
wearable applications [31]. Ansys HFSS High-Frequency Structure Simulator's Eigenmode
solution simulates the eight-shaped EBG unit cell. An inverted E-shape monopole antenna
operating at 5.8 GHz is also used to show the successful use of the proposed EBG. As a result
of the band stop property of EBG construction, surface waves are reduced, and a wearable
antenna's back lobe also experiences a reduction. The Internet of Things (IoT) gives a boost to
the latest generation of wearable devices. Textile antennas are developed, and they can be
completely integrated into garments. An on-body single patch and multiple-input multiple-
output (MIMO) textile (Taffeta fabric) antenna was presented in this study [32]. The findings
confirmed the constructed antenna’s viability at the specified frequency (5.8 GHz). Frequency
shifts and other performance issues, such as those caused by the pressure used during the eyelet
attachment procedure, are possible consequences of making textile antennas by hand. For use
in medical telemetry, the suggested antenna [33] has been optimized for design and
construction. A rising area of study, biocompatible antenna design is essential in pollution-
controlled environments for telemetry systems used in patient monitoring, elderly health
monitoring, children’s safety, and firefighter’s safety. Denim is offered as the substrate for a
unique E-shaped textile antenna to be used in patient telemetry. Biocompatibility,
miniaturization, and operation in the ISM band at 2.45 GHz.

On the other hand, by simulating a common scenario for WBAN applications, this research
[34] measures the influence of mechanical curvature on a textile inset-fed microstrip patch
antenna placed above a human head phantom. Therefore, this study evaluates how operational
properties, including resonance frequency, bandwidth, and radiation pattern, are affected by
body proximity and antenna curvature. In addition, the SAR of the cranium was determined
and compared to global safeguarding requirements. Computational studies reveal that when the
antenna is applied to a human head, the curvature of the antenna produces a significant change
in the resonant frequency. Therefore, the antenna's bandwidth must be sufficiently high in the
first place to compensate for this negative effect. The developed antenna achieved a front-to-
back ratio of 19 dB to reduce brain radiation exposure. This research [35] suggested using an
AMC-backed leather antenna that operates in the ISM 5.8 GHz band. Leather substrate allows
the antenna and AMC to be worn with casual attire. The suggested antenna has good impedance
matching within the ISM band at 5.8 GHz, and its reflection coefficient was unaffected by
crumpling and bending. The suggested antenna has a 90% reduction in SAR value compared
to the antenna alone, making it acceptable for use by the general public. The design's return
loss and SAR performance also degrades very little when the human body is loaded. The
proposed AMC-supported wearable antenna is a viable option for use in the medical field. As
a wearable antenna for use in the ISM band at a central frequency of 2.45 GHz, this study [36]
introduces an antenna based on the Mercedes-Benz insignia, with a metal plate placed at an
optimized distance from the suggested antenna. To optimize the radiation performance of the
suggested design, decrease the back radiation, and lower the SAR when loaded on a human
body, a metal plate is integrated with the antenna to serve as an isolator and reflector. The
suggested antenna, coplanar waveguide-fed, was printed on a Rogers 4003C substrate and has
dimensions of 35 mm x 35 mm x 0.508 mm. Its impedance bandwidth is (2.20-2.56) GHz, and
its gain was 7.3 dB at 2.45 GHz. The SAR was lower than the criteria the FCC and the ICNIRP
set.

An easily transportable asymmetric coplanar strip-fed comb-shaped patch (CSP) antenna
made of textile was presented [37] and investigated for use in the Medical Body Area Network
and the ISM band. Denim has been implanted with a thin piece of highly conductive fabric to
create a flexible, conductive, wearable antenna. The CSP antenna has been tested in open areas
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and worn. The proposed CSP antenna has a free space resonance frequency of 2.49 GHz (2.27—
3.42) GHz and an operating frequency range of 1150 MHz. When worn on the body, the
antenna has a 900 MHz bandwidth and 2.44 GHz (1.9-2.8) GHz resonance frequency. In open
space, the gain is measured at 4.67 dBi, which drops to —4.82 dBi when used on a human body.
The CSP antenna has been crumpled and bent without affecting its performance. For use in the
ISM band, a unique, miniature implantable antenna has been proposed [38]. The suggested
antenna was a circular patch antenna with a shape; it was designed using information from
existing studies, and its smaller size was accomplished using various downsizing methods. The
radiating structure was patched with a circular shape and features square fillet edges. The
ground plane was extended to cover the entire plane, eliminating the back reflections. This
antenna structure operates at 2.45 GHz with the preferred omnidirectional pattern to maximize
compatibility with other in-body devices. Within the ISM band, modeling, designing, and
fabrication of a wearable pentagon microstrip patch antenna were carried out [39]. Its medical
uses include diagnosing diseases like brain cancer and examining images of the head. In order
to choose, simulate, and carry out the design most effectively, it is necessary to compute the
patch's physical dimensions, including the matching circuits. The simulation tool utilizes a
human head model to calculate SAR. This study will provide preliminary results that can be
used for future development of technologies involving wearable antennas, and it will also make
it easier to design additional innovative detecting methods.

3. DESIGN, SIMULATION, AND PARAMETRIC ANALYSIS OF DSSRS
ANTENNA

Typically, microstrip patch antennas are the best option for wearable applications due to
their flexibility and ease of incorporation [1]. The wearable antenna design must be simple and
use flexible, versatile building materials. A variety of material characteristics affect an
antenna's performance [40]. The rectangular patch antenna is often used due to its superior
layout compared to other patch antennas [41]. Due to their compact size and adaptability,
microstrip and patch antennas are widely used. Fabric construction means it is lightweight and
compact design is ideal for human use [42]. The developed antenna has significant utility for
investigating health-related parameters. The simulation processes are performed using the CST
MWS. The antenna substrate is a piece of denim fabric (jeans). Jeans fabric is an attractive
substrate for textile antennas due to its durability, stiffness, low density, and low cost [43]. On
a jeans substrate, dual symmetrical slots and a ring-shaped slot (DSSRS) top on the radiating
patch antenna were developed with a height of 1 mm, relative permittivity of 1.7, and loss
tangent of 0.025. Copper material is used for the conducting patch and the ground plane, and
each of these components has a thickness of 0.035 mm. Egs. (2) to (9) were utilized to design
initial circular slot rectangular slots. The optimized values of width (W, =45 mm), patch length
(Lp = 46.1 mm), feedline width (W = 3.6 mm), and ring-shape slot diameter (R = 12 mm) are
obtained through simulation. Figure 1 shows a representation of the simulated antenna.
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Figure 1. The proposed DSSRS antenna
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Figure 2. The simulated (a) return loss & (b) VSWR of the DSSRS antenna

The return loss can refer to the reflection coefficient, which can be represented by the
symbol S;;. Specifically, it is the ratio of incident power to reflected power. The reflection
coefficient must be high (or at least satisfactory). An antenna needs S;; of at least —10 dB and
preferably more than —15 dB [44]. As shown in Figure 2(a), the simulated antenna has a return
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loss of —19.068 dB at 5.798 GHz while maintaining a respectable level of bandwidth (5.739—
5.865 GHz). Another name for it is the voltage standing wave ratio (written as VSWR). It is
put to use in the process of determining matches. The magnitude of the mismatch increases

proportionately with the VSWR value. The suggested antenna has a VSWR ratio of 1.251 at
5.798 GHz, as illustrated in Figure 2(b).
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Figure 3. The parametric studies of (a, b) ring-shaped slots with dual symmetrical
rectangular slots S;;, VSWR and S;4 of (c) altering the radius of the ring-shaped slot,
(d) altering the X-axis values, (e) altering the Y-axis values & (f) surface current (58.7

A/m) at 5.798 GHz
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Figures 3(a) and (b) show the S;; and VSWR of the ring-shaped slots with dual
symmetrical rectangular slots parametric studies. This study clearly shows that the DSSRS
proposed antenna operates at 5.79 GHz. Figure 3(c)(d)(e) is sufficient proof that X=0, Y=10.5
mm, and R=12 mm have an excellent performance of the proposed antenna. However, Figure
3(c) shows the S;; study while the X, Y-axis constant just altering R values. Figure 3(d)(e)
illustrates the changing of X, Y-axis values. The remaining parameters (Y, X-axis, R) values
are constant. The surface current accumulating of 58.7 A/m at 5.798 GHz, as shown in Figure
3(f), which supports that the DSSRS, the antenna resonates at 5.798 GHz and it exhibits high
magnitude at the edges and maximum current distribution at the center of the patch at the
resonant frequency. This distribution strongly depends on the height of the substrate, which is
crucial for determining the antenna size. However, due to the DSSRS, the antenna resonates at
a frequency f, =5.798 GHz. From the surface current, as shown in Figure 3(f), it is clear that
the DSSRS significantly impacts the entire bandwidth.
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Figure 4. The simulated (a) 3-D radiation pattern and (b) Gain

Figure 4(a)(b) shows the simulated 3D radiation pattern and gain (8.19 dBi at 5.798 GHz),
respectively. An important performance metric is the antenna gain, calculated by adding the
directivity to the antenna's radiation efficiency. The amount of input power an antenna can
successfully convert into radio frequency that travels in a certain direction is called its gain. It
has been determined that the proposed antenna has a gain of 8.18 dBi at resonant frequency =
5.798 GHz. To determine the radiated power level, it is necessary to observe the radiation
pattern. For wearable antennas to be useful, they must be able to resist performance degradation
when bent or stretched.
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Figure 5. Comparisons of return loss for the antenna at varying bending radii

Figure 5 shows the simulated return loss of the proposed antenna in the E and H planes,
respectively, for three alternative radii (15, 30 & 50 mm). The suggested antenna has improved
impedance matching, as seen in Figure 5(a), with a return loss of less than —10 dB for all E-
plane bending radii. With a return loss for the H-plane below —10 dB, Figure 5(b) illustrates
that the suggested antenna exhibits a superior impedance-matching response. It is important to
note that both the antenna's E and H-plane resonant frequencies are slightly delayed left and
right (compared to the flat counterpart). Despite this, the fractional bandwidths of the bent
antenna vary from 128 MHz to 130 MHz, which can be considered almost the same regardless
of all bending (15, 30 & 50 mm) circumstances. The slot combination was chosen to exploit
complementary effects on electromagnetic properties, resulting in a compact design suitable
for various body configurations. It minimized the bending effects, as shown in Figure 5.

4. PERFORMANCE EVALUATION OF DSSRS ANTENNA FOR BODY
APPLICATIONS

4.1. On Body

Since the human body has lossy properties, the antenna's performance changes as it gets
closer to a person's body. A human phantom with four layers evaluates the antenna's
performance. Figure 6 shows that the four layers of the human phantom are composed of dry
skin, fat, muscles, and cortical bone, with corresponding thicknesses of 2 mm, 3.5 mm, and 10
mm [45]. As can be seen in Figure 6, the proposed antenna’s performance simulation on the
human body.

Muscle

(b)
Figure 6. Prototype (a, b) of the proposed antenna mounted on the human body

Figure 7(a)(b) displays the simulated return loss and VSWR obtained by fastening the
antenna to a human body, and the resonant frequency lightly shifted from 5.798 GHz to 5.77
GHz. An excellent impedance match is achieved with minimal frequency shift when the
antenna is placed on a human body, as seen by the fractional bandwidth of 2.146%. Figure 7(c)
illustrates the 3-D radiation pattern performed at 5.77 GHz (5.715-5.838 GHz) on the human
body. Because of the pattern's form, the antenna exhibits Z-plane directional radiation and a
maximum gain of 7.69 dBi (Figure 7d), making it suitable for on-body communications. When
the antenna was placed for realistic on-body applications, it was supposed to be incorporated
into a suit, and then it would be subject to bending.
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Figure 7. The simulated results of the DSSRS antenna

Thus, the consequences of bending on the human body have been studied for the E and H-
plane in different radii (15, 30, 50 mm) and illustrated in Figure 8. As can be seen in Figure 8§,
when the antenna is bent, the detuning of the resonant frequency is accentuated. The fractional
bandwidths of the bent antenna vary from 128 MHz to 130 MHz for all bending (15, 30 & 50
mm) circumstances, which are similar, as shown in Figure 5, without a body.

o & & N o
. &

10—
12 e

T fe— ’ ;
7 4

7

’

Return Loss, dB

Return Loss, dB
=
=

)

14
16 = Flat surface
- L
18 = = =15 mm \

ST
2 4 : _ ' i - o ot
y O b N RS S — Y
; | ‘\i —— Flat surface | \) 'y’ > o_
e -16 . + ! A G i
= i % ==r=15mm | \ f x ’I _\;‘.‘
g =30mm | .\3: ol 18]+ =30 mm : “_‘,.' : :
=+ r=50mm |: i i i N :

=+ =50 mm

¥} . i i i + =20
5.6 5.65 517 5.75 58 5.85 5.9 5.95 6 5.6 5.65 5.7 575 58 5.85 5.9 5.95 6
Frequency / GHz Frequency / GHz
(a) E-plane (b) H-plane

Figure 8. Comparisons of S;4 for the antenna on the body at varying bending radii

Figure 9 depicts a simulation of the SAR at 5.77 GHz, performed following the FCC (1
gm) and ICNIRP (10 gm) regulations. Maximum SAR values were 0.00000662 W/kg for 1 gm
of tissue and 0.0000027 W/kg for 10 gm. As a result, the completed design was compatible
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with both the United States and the European Union's SAR criteria, and it can be suggested as
a wearable antenna for ISM band applications.

(a) 1 gm (0.00000662 W/kg) (b) 10 gm (0.0000027 W/kg) tissue
Figure 9. The SAR evaluation at 5.77 GHz

4.2. On Breast

Female breast cancer is increasingly common, making early detection crucial for prompt
treatment. Conventional methods of tumor detection are both costly and time-consuming [46].
Because of the dispersed S;; values, it has been determined that tumors alter the relative
permittivity and conductivity of the tissues in the vicinity of tumors. The identification of breast
tumors was the primary objective of the antenna. Specific dielectric and thermal properties
(e=5.08, 0=0.13 [S/m], thermal conductivity, 6=0.33 [W/(m*K)], specific heat,
0=[2550J/(kg*K)], density, d=1041[kg/m’] were associate with the breast phantom [47]. This
study aimed to examine the relationship between return loss and the condition of a breast
phantom. A simulation was run using CST MWS with the textile (jeans) antenna placed on the
normal breast phantom, as illustrated in Figure 10.

Skin
Breast Fat

Gland

Figure 10. The 3-D model of a healthy breast phantom
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There was a —19.128 dB attenuation for a healthy breast’s reflection coefficient at 5.77
GHz, as shown in Figure 11(a), and the VSWR in Figure 11(b). The VSWR<2 means the
proposed antenna has excellent impedance matching on the breast phantom environment.
Figure 11(c)(d) illustrates the 3-D radiation pattern and gain. Gain has been achieved at 5.73
dBi in breast phantom at 5.77 GHz, with a z-axis directional.

0 2.2 -
, S \ ===
RN ,
6 \\ \\ /// 1.8 \ //
/
: /, z \ \ / /
-

Return Loss, dB

//

\ // | \\/
\V/

10 \ 1.6
-12 \ /
| \ // y \\

A
220 1
5.6 5.65 5.7 5.75 5.8 5.85 5.9 5.95 6 5.6 5.65 5.7 5.75 58 5.85 5.9 5.95 6
Frequency / GHz Frequency / GHz
(a) 514 (b) VSWR
dsi
E-Vector 7 9
e == Breast
= 8 e = Free space
. /’ “\
; p \\
z 6 / .
= N N
g —
5y / N

~.

5.6 5.65 5.7 575 5.8 5.85 5.9 5.95 6
e 2 Frequency / GHz

(c) 3D Radiation Pattern at 5.78 GHz (d) Gain

Figure 11. The textile antenna was placed on a phantom of a healthy breast

The SAR value was 0.651 W/Kg for 1 gm of tissue and 0.419 W/Kg for 10 gm of tissue,
as shown in Figure 12. This value was quite low compared to the necessary maximum level.
The characteristics of fictitious tumors in the breast are shown in Figure 13(a) (£=59.06,
0=3[S/m], 8=0.5[W/(m*K)]). The unhealthy breast tissue is augmented using those values.
Figure 13(b) displays the simulated Si1, which is attenuated by —18.283 dB, —17.967 dB & —
18.349 dB to 10, 20 and 30 mm radii tumor sizes. These simulations aim to test the antenna's
performance in the presence of tumors in a breast phantom. The return loss value is slightly
higher than in normal tissues, and the resonance frequencies are shifted towards the left as
tumor sizes increase in breast tumors, as shown in Figure 13(b).
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Figure 12. The simulated SAR value
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Figure 13. A 3-D view of breast phantom of different radii tumors

4.3. On Head

Computed tomography (CT), positron emission tomography (PET), magnetic resonance
imaging (MRI), ultrasound, and x-ray imaging are common medical diagnostic imaging
techniques used to detect cancer, stroke, tumors, and other malignant elements in the human
head. Negative aspects of computed tomography (CT) and X-ray imaging include exposure to
harmful radiation, a high rate of false negatives, decreased susceptibility, and an increased risk
of cancer due to both the duration and intensity of exposure [46], [47]. While the MRI method
aids doctors in investigating the human body for the presence of specific disorders, it is more
costly and less effective than alternative methods. Additionally, ultrasound is superior for some
disorders but cannot provide an accurate picture. Although PET scanning technology can
differentiate between malignant and noncancerous cells (i.e., tumors), its main drawback is that
it may create severe complications for pregnant women [48]. Numerous studies have been
conducted in recent years to develop imaging systems of the human body utilizing microwave
technology for the early detection and diagnosis of a wide range of disorders, such as cancer,
tumors, strokes, and internal bleeding in the brain [39-41]. There are six types of tissue in a
human head: skin, fat, muscle, bone, or skull, CSF (cerebrospinal spinal fluid), and dura. The
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suggested antenna was designed and run through the CST simulator. The phantom human head
was placed next to the antenna, modeled in free space, and illustrated in Figure 14.

Brain

Skin ——»
Fat
Muscle
Skull
Dura

Figure 14. A 3-D view of the human head phantom
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Figure 15. The simulated results of the human head phantom

A simulation performed on a human head phantom revealed respectable values of the
reflection coefficient and VSWR with satisfactory impedance matching from the antenna at
5.78 GHz, as shown in Figure 15(a)(b). The DSSRS antenna has achieved (5.725-5.834) GHz
bandwidth of resonant frequency 5.78 GHz on the human head phantom. Figure 15(c)(d)
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illustrates the 3-D radiation pattern and gain. It has been observed that the 3-D radiation pattern
is directed toward the Z-axis; on the other hand, the 4.59 dBi gain was achieved at 5.78 GHz
on the human head phantom. The SAR can gauge an antenna's suitability for biomedical
applications. It was found that from Figure 16, the suggested antenna had a maximum average
SAR of 0.0635 W/kg for 1 gm of tissue and 0.0344 W/kg for 10 gm of tissue. There will be no
harmful effects from having the values so close to the head. The identification of head tumors
is the primary objective of the proposed antenna.
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Figure 16. The SAR evaluation at 5.78 GHz
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Figure 17. A 3-D view of the head phantom of different radii tumors

The characteristics of fictitious tumors in the head are shown in Figure 17(a) (&,=68, o
=0.13[S/m], 6=5.46]W/(m*K)]). Figure 17(b) shows the simulated Si; with attenuation of
fr=5.82GHz, -14.973 dB; f,=5.84GHz, —14.572 dB, and f,.=5.86 GHz, —14.237 dB for tumors
with 10, 20, and 30 mm radii, respectively. These simulations aim to test the antenna's
performance while a head phantom has a tumor. The value of return loss is slightly higher than
it would be in the case of normal tissues, and the resonance frequencies are shifted towards the
right as the sizes of the tumor increase, as shown in Figure 17(b). This is demonstrated by the
fact that it exhibits the presence of tumors. The distinct characteristics of breast and head
tumors result in changes in resonant frequencies, decreases in breast tumors, and increases in
head tumors, respectively. This different behavior may be caused by the dielectric and thermal
properties of tumors in the breast and head being different in nature. Hence, for accurate
detection of the tumors in different body parts, their dielectric and thermal properties and
impacts on resonance frequencies must be known earlier. Table 1 summarizes the results
achieved with previously developed jeans substrate antenna designs, respectively.
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Table 1. In-depth analysis of the proposed DSSRS antenna versus existing antenna
models with the operating frequency in ISM band (GHz)

Antenna h Max. SAR (W/kg)
Ref. L Substrate &, Gain
Design (mm) (dBi) Body Breast Head
1gm 10gm 1gm 10gm Igm 10gm
Coplanar Nylon
[27]  keyhole blend — 150 276
antenna
[28] AMC Polyester 4 5¢ 220 892 000103 0.000349
structure textile
8-shaped
[29] EBG Denim 0.8 1.70 - 0.6 0.056 - - - -
structure
Single
patch Taffeta
[30] MIMO fabric 098  1.30
antenna
[32] RPA Jeans fabric 1.34 1.78 - - - - - - 0.9555
AMC
[33] embedded Leather 2 2.75 7.47 3.0 - -—- - 6.28 -
antenna
Mercedes Rogers
[34] Benz logo 4003C 0.508 3.38 7.3 0.17 0.09 - --- --- -
Comb-
shape Denim
[35] patch textile 1.7 4.67 1.4
antenna
Slotted
circular ROGER
[36] patch 3010 1.6 10.2 - 1.8 0.3 - --- --- -
antenna
Pentagon .
[37] patch RT/Duroid 570 5y 671 069 026
5880
antenna
This — DSSRS Jeans 1 17 818  0.00000662  0.0000027  0.651 0.419 0.0635 0.0344
work antenna textile
Table 2. Comparison with recent jeans substrate antenna
Ref. Type of Simulated Si1  Measured Sn Simulated Meé‘;lill:ed SAR (W/kg)
*  Material (GHz) (GHz) Gain (dBi) (dBi) 1gm 10 gm
0.85-6.5, —
[41] Jeans 0.9-6,-25 2350 2.44 --- - -
[49] Jeans 2.2-2.53, =37 2.1-2.54, -36 - - -—- ---
2.42-2.484, 1.72-2.9,
[50] Jeans 5.5-6.3, 5.73-5.85,
—12.80 -12.50
[51] Denim  2.4-2.48, 40 2'42_;23'47’ 7.1
242249, — 244251, Chest:0.0257;
[52] Jeans 34 -23.30 747 Arm:0.0358
[53] Jeans 2.96-12, -50 2.96-11, -23 6.2 5.47 -—- Body: 1.6018
This Jeans 5.79-5.87, L 3.18 . Breast: 0.651; Breast:0.419;
work -19.07 : Head: 0.0635 Head: 0.0344
5. CONCLUSION

This work presents an illustration of the design of the DSSRS wearable textile monopole
antenna for BAN and tumors (breast & head) detection. The structure of the DSSRS antenna,
which enables it to operate at the ISM band, makes it appropriate for tumor detection. Tumor
detection in areas such as the breast and head operates on the same principle, where the
backscatter from the S parameter provides data for microwave imaging. This study utilized
the same antenna for observing tumors in both the breast and head, demonstrating that the
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proposed antenna performs very well in both applications, irrespective of gain variation. The
proposed antenna is compact in size and has good impedance matching, radiation pattern, and
gain while maintaining lower SAR values, making it suitable for use in applications involving
wearable devices and breast and brain tumors. In addition, the antenna is tested (by simulation)
in various bending scenarios. The antenna has almost the same agreement as the flat surface
antenna in bending mode. Findings suggest that the developed compact textile antenna
operating in the ISM band is a promising candidate for wearable applications. To validate this
work, we conducted a benchmarking study comparing our results with similar studies in the
literature. Tables 1 and 2 summarize comparisons based on material, gain, frequency band, and
SAR values. Most studies provided simulated SAR readings, while measurements focused on
VSWR, Si1, and gain. The results presented in this manuscript through simulation are
consistent with those in the tables.
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