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Abstract: This paper demonstrates the compact flexible wearable loop antennas structures for Wireless Body Area Network (WBAN)
applications for various frequency bands. Also, examining the performance of loop antenna, loop monopole antenna and loop monopole
antenna with smaller ground structure. All these antennas are designed by FR4 epoxy material with 0.2 mm thin flexible substrate
thickness and 0.035mm copper strip as radiating element using microstrip feed techniques. The deformed geometries are reanalyzed
using High frequency structure simulator (HFSS v18) software. Initially, proposed two antennas design as per the dimensions as 60x20x
0.2 mm?. Proposed two antennas (loop and loop monopole) are operating from 2.1723 GHz to 3.6200 GHz without change in
dimensions, which provides resultant bandwidths are 56.36 % and 59.30 % respectively. Finally, compact loop monopole antenna with
smaller ground structure dimension reduced as 50.5 x 20 x 0.2 mm3which operating from 1.1135 GHz to 3.72 GHz, improves bandwidth
as 106.38 % under the industrial, scientific and medical (ISM) band. Also facilitating multi-band functionally at 1.13, 2.45 and 3.53 GHz.
Finally, comparison and improvement in various antenna performance parameters such as bandwidth, return loss, VSWR, gain and

antenna efficiency under ISM band for various WBAN applications using paper based (thin substrate) flexible wearable antenna.
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1. Introduction

The development and utilization of wearable antenna has
been increased due to the recent reduction of wireless
devices. An antenna that is worn inside clothes that is used
for the transmission and reception of wireless signals for a
variety of uses, such as public safety, tracking, navigation,
and mobile computing. WBAN has many health
surveillance applications in real-time. Designing wearable
antenna for WBAN applications provides the facilities
such as sense, communicate, transfer and exchange the
data through loT.

Various human physiological indicators, including as body
temperature, blood pressure, respiration rate, ECG, and
EMG/EEG, are measured by a WBAN sensor [1].
Numerous sensors are positioned on the patient's body to
gather medical data, allowing for quick service for older
citizens [2]. Flexible conductive materials for the radiating
patch, ground plane, and substrate material can be used to
design the wearable microstrip patch antenna [3-
4].Additionally, utilizing the Ultra-Wideband (UWB),
Medical Impact Communication System (MICS), and
Industrial Scientific Medical (ISM) bands, many antennas
have been modelled for WBAN applications.

Among the research issues in antennas for body-centric
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(infon/off body) communications is wearable, textile or
fabric-based antennas. All contemporary applications
demand wearable antennas, which must be lightweight and
inexpensive. There are a wide range of uses for wearables
in our daily lives. They apply

for body-centric communication systems in a variety of
specialized industry segments, including entertainment,
medical, and military.

2. Literature Review

Flexible wireless sensor node operating at 2.4 GHz with a
single-layer monopole polyimide substrate antenna for
wearable applications on-body capabilities using patch and
meandering line [5-6]. Highly efficient wireless power
system with a compact design reach > 80% efficiency with
60 mm range for wearable applications [7-8]. Low-profile
segment with a small form factor that is a result of a
seamless combination of a bandpass filter and a patch
radiator in a compact circularly polarized co-designed
filtering antenna which integration into diverse wireless
systems for wearable off-body communications [9-10].
Utilizing a metamaterial structure, a wearable antenna with
bidirectional patterns allows for configurable resonance in
both modes. Antenna exhibits the unique absorption rate
associated with European standard thresholds [11].
Represents with antenna wearable antenna challenges,
requirement for conformity, flexibility, and low-profile
structures integration with the human body in 5G. Provide
information related to materials and fabricating methods,
highlighting how difficult it is to achieve ideal
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performance while preserving compact size and
minimizing the impacts of body coupling and structural
deformation [12]. Hybrid structure of triangular patch
antenna with defective ground structure and Koch fractal
geometry on a flexible substrate made of inexpensive vinyl
polymer which provides specific form factor, impedance
bandwidth, peak gain and maximum radiated efficiency
while operating in the 2.45 GHz ISM band [13-14]. Dual-
band antenna in the 2.45 and 5.8 GHz ISM bands uses in
off-body and on-body communications with circular patch
uses silver fabric is integrated into a flexible
polydimethylsiloxane ~ (PDMS)  substrate  [15-16].
Electromagnetic band-gap (EBG) structure of a wearable
circular ring slot antenna design for wireless body area
networks (WBAN). Antenna exhibits dual band monopole
antenna for improvement in various wearable antenna
parameters [17-18]. For WBAN at the 2.4 GHz ISM band,
compact and flexible circularly polarized (CP) wearable
antenna is made by utilizing a low-loss composite made of
silver nanowires (AgNWs) and polydimethylsiloxane
(PDMS) [19-20].

Wearable button antenna consists of a button with a small
diameter with patch on top of a dielectric textile substrate
for 2.4 GHz and 5 GHz band. Also, Substate-Integrated
Waveguide (SIW) technology used significantly higher
efficiency [21-22]. Antenna is performed effectively at
UWB with a larger frequency range of 3 GHz - 10.5 GHz
for early breast cancer detection and WLAN and LTE-A
applications with thin flexible cotton material substrate
was used in the design wearable textile antenna. By
bending the structure to various degrees, the antenna's
performance is examined in terms of emission patterns,
gain, and reflection coefficients improvement using line
slot is employed at the ground level [23-24]. A
novel wearable textile antenna is designed to operate in the
2.45 GHz and 5.8 GHz Industrial, Scientific, and Medical
(ISM) bands using Jeans textile material. It is designed to
be wused in future wireless systems that require
omnidirectional radiation patterns. Antenna performance
parameters are investigated on human bodies and in open
space [25-26]. Researching wearable technology with
antenna applications and digital health care systems. The
use of antennas in healthcare is covered in this thorough
systematic review. In addition, it offers a cutting-edge
summary of recent advancements in healthcare,
emphasizing design, monitoring tools, diagnostic implants,
early detection processes, control and future aspects [27-
28]. Inverted E-shaped antenna is made by effectively
loading a rectangular slot with a strip line inserted in a
miniature textile antenna. The antenna is smaller than a
typical antenna in size. As a wearable antenna, the antenna
demonstrates an improvement in size reduction
with impedance bandwidth of more than 15%, and an
efficiency of more than 78% in the ISM band [29].

Antenna is a dual-band, flexible, self-grounding semi-
circular gap antenna made of polyimide. The antenna
construction with slit structure provides higher gain and
efficiency. Offers two frequency bands that include typical
communication frequency bands as WLAN, 4G, 5G,
Bluetooth, ISM etc. [30]. Different flexible textile-based
materials were used to design of proximity-fed antennas,
which increased bandwidth and decreased footprint
[31].Designed  smart bandage with  battery-free,
inexpensive, durable and easy to use electrochemical
wound monitoring and sensing. The low-cost textile
embroidery onto fabric substrate manufacturing process
was used to create the electronics and biotelemetry
linkages. A bedsheet featuring an innovative Elektrisola-7
corrugated crossed-dipole stitched onto gauze fabric textile
served as the transmitter's representation in large area for
RF power harvesting system [32-33].

Designed compact single-layer textile MIMO antenna with
good isolation for wearable applications. The wearable
antenna fabricated on a flexible felt for bending condition
[34]. Designed MIMO antenna with horizontal and vertical
mode of the ground plane and the phase difference
between them controlled by utilizing an inductor-loaded
metal strip in the ground plane [35]. Design fully textile
integrated antenna with slotted short circuited microstrip
line for automobile sector. The antenna fabricated using an
industrial loom with laser prototyping machine which
working at 5.9 GHz and a 9.3% bandwidth [36].

Wearable textile patch antenna with a varactor-loaded with
highly flexible and conductive nickel-copper-silver plated
polyamide fabric for dual band for ISM band [37].
Fabrication of wearable circular ring slot antenna with
EBG structure for WBAN application at 2.4 GHz under
ISM band for bandwidth improvement. Antenna meets the
specific absorption value which less than the limitations
[38]. Provides effects of bending conditions for cylindrical
surfaces for wearable patch antennas [39].Dual-mode
wearable textile antenna compared with textile patch
antenna with different scenarios on human body [40]. A
compact flexible circularly polarized (CP) wearable
antenna is designed for WBAN by using a lowloss
composite of polydimethylsiloxane and silver nano wires
[41]. A miniaturized textile antenna designed by denim
fabric under different bending condition [42].Designed
single band wearable antenna with on-body and off body
that two integrated antennas are fed separately but share a
common ground for felt substate [43]. Demonstrates
serviceable effects of the multilayered low dielectric
constant substrate for radiating elements [44]. Performance
analysis of a flexible and stretchable wearable antenna on a
3D printed substrate for details 3-D printing of the
substrate, brush painting of the antenna, results and
antenna limitations for wireless on body application for
ISM band [45-46].Wearable antenna with truncated patch
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integrated into a military beret circular ring patch with four
conductive threads for the higher-order resonance mode of
indoor positioning systems, both for outdoor and indoor
applications. The antenna has been incorporated into a
military beret and is made of felt substrate materials [47].
Designed planer monopole antenna with EGB 2 by array
structure at ISM band. Antenna designed with semi-
flexible RT/duroid 5880 substrates provides low SAR,
compact size, high gain etc. [48]. EBG structure used to
antenna for improves FBR, gain, SAR reduction to
wearable technology [49].Design wearable antenna for a
GPS with anti-theft tracking system [50].Under the right
working conditions, polyester fabric prints various designs
on active materials using a nickel electroless bath. Textile
antenna designed having a conductive nickel fabric and
tested at different angles[51]. Comparative analysis of
multilayer stacked substrates microstrip patch for antenna
performance improvement [52]. Fabric demin gens used as
dielectric material which gives very good result for
wearable antenna simulated within 1 GHz to 10 GHz
frequency range resultant antenna useful for various
applications [53].Lower resonating frequency with
increasing tension strain with increasing dielectric constant
for leveraging laser-induced graphene printed flexible
microstrip antenna [54].

3. Design and Methodology

The suggested antenna's design and simulation study were
carried out utilizing High Frequency Structure Simulator
(HFSS v18) software. The proposed flexible wearable
antennas were designed by FR4 epoxy material with 0.2
mm thin flexible substrate thickness with dielectric
constant of 4.4 and loss tangent of 0.02. Also, 0.035 mm
copper loop as radiating element using microstrip feed
techniques. Standard copper cladding was used to create
the antenna's shape on the substrate's top side. A
rectangular patch was designed using two parts as LHS &
RHS. First design, loop antenna has been designed on both
sides i.e. LHS & RHS. The loop patch structure is exactly
same on LHS and RHS as shown in figure. Proposed loop
antenna design length (Lg) of antenna is 60 mm, width
(Wg) is 20 mm also antenna's flexibility and stability are
balanced by the FR4 substrate's 0.2 mm thickness. Figure 1
shows proposed flexible wearable antenna. Also, table 1
provides all the design parameters of flexible wearable
loop antenna.

Fig.1. Proposed Flexible Wearable Loop Antenna

Table. 1. Proposed Flexible Wearable Loop Antenna

Parameters
Parameter | Value (mm) | Parameter | Value (mm)

Wg 20 W1p=W2p 16

Lg 60 L1P=L2P 29.5
Woagg 18 W11=w21 12

T 2 W12=wW22 12
Lml 3.5 L1=L2 22
L12 1 Lm 2

Second design, monopole loop antenna has been designed
at only LHS side. The flexible monopole antenna has been
modified version of loop antenna with RHS loop side is
absence in structure. Monopole antenna parameters are
similar to loop antenna. Proposed loop monopole antenna
design length (Lg) of antenna is 60 mm, width (Wg) is 20
mm and FR4 substrate thickness is 0.2 mm as shown in
figure 2. Also, table 2 provides all the design parameters of
flexible wearable loop antenna.

Fig. 2. Proposed Flexible Wearable Loop Monopole
Antenna

Table 2. Proposed Flexible Wearable Loop Monopole
Antenna Parameters

Parameter | Value (mm) | Parameter | Value (mm)

Wg 20 Wip 16

Lg 60 L1P 29.5
Wgg 18 w1 12

t 2 W2 12
Lml 3.5 L1 22
L12 1 Lm 2

L2 29 LO 0.5

Finally, third design, loop monopole antenna with small
ground structure which is modified version of loop
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monopole antenna. The RHS side is acts as a ground plane
also reduction in antenna length. Proposed loop monopole
antenna with small ground design length (Lg) of antenna is
50.5 mm, width (Wg) is 20 mm and FR4 substrate
thickness is 0.2 mm as shown in figure 3. Also, table 3
provides all the design parameters of flexible wearable
loop antenna with small ground structure.

Wg | w1

-

Fig.3.Proposed Flexible Wearable Loop Monopole Antenna
with Smaller Ground

Table. 3. Proposed Flexible Wearable Loop Monopole
Antenna with Smaller Ground Parameters

Parameter | Value (mm) | Parameter | Value (mm)

Wg 20 W1lp 16

Lg 50.5 L1P 29.5
Wgg 18 w1 12

T 2 W2 12
Lml 3.5 L1 22
L12 1 Lm 2

L2 29

4. Result Discussion and Experimentation

Proposed flexiblewearable antennas were simulated on
HFSSv18 and obtain the antennas different parameters.
Reflection coefficient (S11) provides the antenna's
functioning bandwidth. i.e. minimum-maximum and
resonant frequency of antenna with reflection coefficient's
magnitude is less than -10 dB.. Figure 4 indicates loop
antenna is optimized for the targeted band spectrum of
2.44 GHz and 3.28 GHz with impedance bandwidth of
2.26-3.60 GHz. Loop monopole antenna is optimized for
the targeted band spectrum of 2.34 GHz and 3.26 GHz
with impedance bandwidth of 2.18-3.56 GHz. Loop
monopole antenna with smaller ground structure is
optimized for the targeted band spectrum of 1.44, 2.46 and
3.56 GHz with impedance bandwidth of 1.11-3.72 GHz.
Resultant flexiblewearable antenna structures provide
bandwidths as 1.26 GHz, 1.38 GHz and 2.46 GHz

respectively.

-20

Loop Antenna

Reflection Coefficient (dB)

Loop Monopole Antenna

w
o

1 5 c
- = 3 er'& Monopole Anterina

Frequency (GHz)  with Small Ground

Fig. 4. Reflection Coefficient Vs Frequency
Also, the efficiency with which radio frequency is
transferred from a power source over a transmission line
and into a load is measured by the voltage standing wave
ratio. The usual acceptable range of VSWR is 1 to 2.
Figure 5 indicates all flexiblewearable antenna structures
resonates in acceptable range.

Frequency Vs gain plot provides information about how
antenna provides gain for resonating frequency. Figure 6
indicates all the flexible wearable antenna structure obtains
more than 2.5dB gain in operating band. It’s observed that
for flexible wearable loop, loop monopole and loop
monopole with small ground antenna structure provides
2.30 dB, 2.47 dB and 1.90 dB gain respectively for ISM
band.
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Fig. 6. Gain Vs Frequency

Antenna efficiency Vs frequency plot provides information
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about antenna efficiency at particular resonant frequency.
Figure 7 indicates flexible wearable loop and loop
monopole and loop monopole with small ground antenna
structure achieves total efficiency up t090%, 88%, 88 % at
1.26 GHz.

Also, up to 98 %at 2.46 GHz for all antenna structure. But,
for 3.56 GHz achieves up to 102% for loop antenna and
99% for loop monopole and loop monopole with small
ground antenna structure.

110.00%

100.00% g
90.00% '\ / Loop Antenna

|
80.00% |
70.00% v

60.00% Small Ground
1 2.5 4 5.5 7 8.5 10

Loop Monopole Antenna

Efficiency (%)

Loop Monopole Antenna with

Frequency (GHz)

Fig.7. Antenna Efficiency Vs Frequency

Antenna radiation pattern is a graphical depiction of the
antenna's radiation characteristics which describes how
symmetrical it radiates or adsorbs electromagnetic
radiation in E & H plane. Figure8, for both Phi 0 and 90
degrees, the normalized radiation patterns are displayed.
For both planes, the antenna exhibits a bidirectional
radiation pattern.

H Field Loop Antenna

E Field Loop Monopole

Antenna

H Field Loop Mor

na with Sm

Fig.8. Radiation Pattern (E & H Field)

Table 4 and 5 provides comparative analysis of proposed
antenna structure with physical size, substrate material,
operating band, number of bands and antenna design
techniques.

Table. 4. Comparison of Proposed Flexible Wearable
Antenna w.r.t. Material and Operating Band

Paper
[56] | 120x120x35 Jeans 241025
[57] | 38x38x3 FRA 24010 2.48
This | ¢ 5x00%0.2 FR4 111103.72
work

Table. 5. Comparison of Proposed Flexible Wearable
Antennaw.r.t.  No. of bands and Design Techniques

Ref. . . No. of Design
No. Physical size (mm3) Bands Technique
[58] 122.5x122.5%1.8 Single AMC
[59] | 64.36x76.96x4.06 | Dual Aperature
coupled

. Two Layered
[60] 60x60x4.52 Triple Substrate
This . -
work 50.5%20%0.2 Tripple | Strip line feed

Ref. | Physical size Wearable Operating Band
No. (mm?d) Antenna Material (GHz)
[55] | 60%x60x5.14 | Resin-coated 08tol.1

Proposed antenna structure with 0.2 mm FR4 substrate
thickness useful for many application underl.11-3.72 GHz
operating band. It is also useful for Wireless Body Area
Network (BAN) due to its material properties like
lightweight, flexibility, printed electronics, low cost etc.

5. Conclusion

This paper presents an investigation of the performance
and unique design structures of a FR4 epoxy substrate
flexible wearable loop antenna with 0.2 mm thickness.
Analysis of all loop antennas under ISM band. The
different antenna performance parameters are found to be
satisfactory for WBAN a application which resonates in
tri-band as 2.23-3.60 GHz, 2.18-3.56 GHz and 1.11-3.72
GHz frequency band. Simulated antenna results provide
maximum resultant bandwidth as 2.46 GHz for loop
monopole antenna with small ground structure. Also
provides maximum gain as 2.47 dB for loop monopole
antenna. As tri-band resonating frequency band, loop
monopole antenna with small ground structure provides
102 % radiating efficiency for 1.11-3.72 GHz. All flexible
wearable antennas show VSWR and input impedance in
acceptable range. Reflection coefficient, VSWR,
bandwidth, gain and radiation efficiency etc. are useful for
effective health monitoring for Wireless Body Area
Network (WBAN) applications for various frequency
bands. Measured parameters in HFSS shows good
agreement with the modeling and conform that such
antennas can be successful used for flexible wearable
applications. Simulation results shows the proposed
flexible wearable compact monopole antenna with small
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ground structure can be useful for applications such as
ISM, mid-band spectrum, Wi-Max, WLAN, Wi-Fi etc.
Future work is underway to develop the fabricated antenna
with multiple substrate material layers for human phantom
for specific absorption rate for flexible wearable antenna.

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

S. Bhattacharjee, S. Teja, S. R. B. Chaudhuri, and
M. Mitra, "Wearable triangular patch antenna for
ON/OFF body communication,"” IEEE Applied
Electromagnetics Conference (AEMC), pp. 1-2,
2017.

S. Hussain, S. Hafeez, S. A. Memon, N. Pirzada,
"Design of Wearable Patch Antenna for Wireless
Body Area Networks,” (IJACSA) International
Journal of Advanced Computer Science and
Applications, vol. 9, pp.146-151, 2018.

M. Abdullah and A. Khan, "Multiband Wearable
Textile  Antenna  for  ISMBody  Center
Communication Systems," 20" IEEE International
Seminar/Workshop on Direct and Inverse Problems
of Electromagnetic and Acoustic Wave Theory
(DIPED), Ukraine, pp.91-96, 2015.

Abi T Zerith M, Nesasudha M., “A Compact
Wearable 2.45 GHz Antenna for WBAN
Applications”, 5" International Conference on
Devices, Circuits and Systems (ICDCS), pp. 184-
187, 2020.

Mahmoud Wagih, Yang Wei, and Steve Beeby,
“Flexible 2.4 GHz Node for Body Area Networks
with a Compact High-Gain Planar Antenna” |IEEE
Antennas and Wireless Propagation Letters, vol.
18, issue: 1, pp. 49-53, 2019.

S.-E. Adami, P. Proynov, G. S. Hilton, G. Yang, C.
Zhang, D. Zhu, Y. Li, S. P. Beeby, I. J. Craddock
and B. H. Stark, “A Flexible 2.45-GHz Power
Harvesting Wristband with Net System Output from
-24.3dBm of RF Power,” |IEEE Transactions on
Microwave Theory and Techniques, vol. 66, issue.
1, pp. 380-395, 2018.

Kun Bao; Constantinos L. Zekios; Stavros V.
Georgakopoulos “A Wearable WPT System on
Flexible Substrates”, IEEE Antennas and Wireless
Propagation Letters, vol. 18, issue 5, pp. 931-935,
2019.

L. K. Lam and A. J. Szypula, "Wearable Emotion
Sensor on Flexible Substrate for Mobile Health
Applications,” IEEE  Sensors  Applications
Symposium (SAS), Seoul, 2018.

Zhi Hao Jiang; Douglas H. Werner, “A Compact,
Wideband  Circularly  Polarized Co-designed

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Filtering Antenna and its Application for Wearable
Devices with Low SAR”, IEEE Transactions on
Antennas and Propagation, vol. 63, issue 9, pp.
3808- 3818, 2015.

Z. H. Jiang, M. D. Gregory and D. H. Werner,
“Design and Experimental Investigation of a
Compact Circularly Polarized Integrated Filtering
Antenna for Wearable Biotelemetric Devices,”
IEEE Transaction on Biomedical Circuits Systems
in press.

Sen Yan; Guy A. E. Vandenbosch, ‘“Radiation
Pattern-Reconfigurable Wearable Antenna Based
on Metamaterial Structure”, |IEEE Antennas and
Wireless Propagation Letters, vol. 15, pp.2015-
2018, 2016.

K. N. Paracha, S. K. Abdul Rahim and P. J. Soh,
Mohsen Khalily, “Wearable Antennas: A Review of
Materials, Structures and Innovative Features for

Autonomous Communication and Sensing”, |IEEE
access, vol.7, pp. 56697-56712, 2019.

Ali  Arif, Muhammad Zubair, Mubasher Ali,
Muhammad Umar Khan and Muhammad Qasim
Mehmood, “A Compact, Low Low-Profile Fractal
Antenna  for Wearable On-Body WBAN
Applications”, |EEE Antennas and Wireless
Propagation Letters, 2019.

Z. H. Jiang, D. E. Brocker, P. E. Sieber and D. H.
Werner, "A Compact, Low-Profile Metasurface-
Enabled Antenna for Wearable Medical Body-Area
Network Devices”, IEEE Transactions on Antennas
and Propagation, vol. 62, issue 8, pp. 4021-4030,
Aug. 2014.

Roy B. V. B. Simorangkir, Yang Yang, Ladislau
Matekovits and Karu P. Esselle, “Dual-Band Dual-
Mode Textile Antenna on PDMS Substrate for
Body-Centric Communications”, |IEEE Antennas
and Wireless Propagation Letters, vol. 16, pp. 677-
680, 2016.

Z. G. Liu and Y. X. Guo, “Compact Low-Profile
Dual Band Metamaterial Antenna for Body Centric
Communications”, |[EEE Antennas and Wireless
Propagation Letters, vol. 14, pp. 863-866, 2015.

Guo-Ping Gao, Bin Hu, Shao-Fei Wang and Chen
Yang, “Wearable Circular Ring Slot Antenna with
EBG Structure for Wireless Body Area Network”,
IEEE Antennas and Wireless Propagation Letters,
vol.17, issue 3, pp.434-437, March 2018.

S. Velan, E. F. Sundarsingh, M. Kanagasabai, A. K.
Sarma, C. Raviteja, R. Sivasamy and J. K
Pakkathillam, “Dual-band EBG Integrated
Monopole Antenna Deploying Fractal Geometry for

International Journal of Intelligent Systems and Applications in Engineering

IJISAE, 2024, 12(18s), 483 491 | 488



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Wearable Applications,” IEEE Antennas and
Wireless Propagation Letters, vol. 14, pp. 249-252,
2015.

Zhi Hao Jiang, Zheng Cui, Taiwei Yue, Yong Zhu
and Douglas H. Werner, “Compact, Highly
Efficient and Fully Flexible Circularly Polarized
Antenna Enabled by Silver Nanowires for Wireless
Body-Area Networks”, IEEE Transactions on
Biomedical Circuits and Systems, vol.11, issue 4,
pp.920- 932, 2017.

Z. Cui, F. R. Poblete, G. Cheng, S. Yao, X. Jiang
and Y. Zhu, “Design and Operation of Silver
Nanowire Based Flexible and Stretchable Touch
Sensors”, Journal of Materials Research, vol. 30,
issue. 1, pp. 79-85, 2015.

Hu Xiaomu, Sen Yan and Guy A. E. Vandenbosch,
“Wearable Button Antenna for Dual-Band WLAN
Applications with Combined on and off-Body
IEEE Transactions on
vol.65, issue 3,

Radiation Patterns”,
Antennas and Propagation,
pp.1384-387, March 2017.

10.1 S. Yan, P. J. Soh and G. A. E. Vandenbosch,
“Dual-Band Textile MIMO Antenna Based on
Substrate-Integrated Waveguide (SIw)
Technology,” IEEE Transaction on Antennas
Propagation, vol. 63, issue 11, pp. 4640-4647, Nov.
2015.

Nur Fatihah Amir, Muzammil Jusoh, Muammar
Mohamad Isa, Thennarasan Sabapathy, Samir
Salem Al-Bawri, Hasliza A Rahim, Mohamed
Nasrun Osman and Mohd Najib Yasin, “Flexible
UWB Antenna for Wearable Technologies
Application” 6" International Conference on Space
Science and Communication (lconSpace), Johor
Bahru, Malaysia, pp.121-124, July 2019.

S. S. Al-Bawri, M. F. Jamlos, P. J. Soh, S. A. A. S.
Junid, M. A. Jamlos, and A. Narbudowicz,
"Multiband Slot-Loaded Dipole Antenna for
WLAN and LTE-A  Applications,” IET
Microwaves, Antennas & Propagation, vol. 12, pp.
63-68, 2018.

Shao-He Li, Jiu-sheng Li, “Smart Patch Wearable
Antenna on Jeans Textile for Body Wireless
Communication” 12 International Symposium on
Antennas, Propagation and EM Theory (ISAPE),
December 2018.

N. Singh, V. Singh, R. Saini, J. P. Saini, A. Bhoi,
“Microstrip Textile Antenna with Jeans Substrate
with  Applications in S-band,” Advances in
Communication, Devices and Networking, pp. 369-
376, 2018.

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Akinola Segun, Arnesh Telukdarie,
“Revolutionizing Healthcare Delivery Through
Wireless Wearable Antenna Frameworks”, Current
Trends and Future Prospects, vol. 11, pp. 80327-
80347,2023.

S. K. Koul, R. Bharadwaj, S. K. Koul, and R.
Bharadwaj, ‘‘Emerging Technologies and Future
Aspects,”” in Wearable Antennas and Body Centric
Communication: Present and Future., pp. 287-312,
2021.

Adel Y. I. Ashyap, Zuhairiah Zainal Abidin, Samsul
Haimi Dahlan, Huda A. Majid, Waddah A. M. A,
Muhammad Ramlee Kamarudin, Raed A. Abd-
Alhameed and James M. Noras, “Inverted E-Shaped
Wearable  Textile  Antenna  for  Medical
Applications”, IEEE access, vol. 6, pp. 35214-
35222, 2018.

Zhen Yu, Ruirong Niu, Guodong Zhang, Runzhi
Sun, Ziheng Lin, Yao Li and Xiaoying Ran, “A
Wearable Self-Grounding Slit  Antenna  for
ISM/4G/5G/Bluetooth/ WLAN Applications™, IEEE
access, vol.1, pp. 87930-87937, 2023.

Idellyse Martinez, Chun-Xu Mao, Dieff Vital,
Hasan Shahariar, Douglas H. Werner and
Shubhendu Bhardwaj, “Compact, Low-Profile and
Robust Textile Antennas with Improved Bandwidth
for Easy Garment Integration”, IEEE access, vol.8,
pp. 77490-77500, 2020.

Dieff Vital, Pulak Bhushan, Pawan Gaire, Md
Khadimul Islam, Shashikant Lahade, Vladimir
Pozdin, John L. Volakis, “A Wirelessly Powered
Smart Dressing Solution for Continuous Wound-
Tracking  Using  Textile-Based  Frequency
Modulation”, IEEE Transactions on Biomedical
Circuits and Systems, vol. 17, issue 5, pp. 985-998,
2023.

D. Vital, S. Bhardwaj, and J. L. Volakis, “Textile-
Based Large Area RF Power Harvesting System for
Wearable Applications,” IEEE Transaction on
Antennas Propagation, vol. 68, issue 3, pp. 2323-
2331, 2020.

H.Li, S. Sun, B. Wang, and F. Wu, "Design of
Compact Single-Layer Textile MIMO Antenna for
Wearable Applications,"” IEEE Transactions on
Antennas and Propagation, vol. 66, issue 6, pp.
3136-3141, June 2018.

Longyue Qu, Haiyan Piao, Yunhao Qu and Hyung-
Hoon Kim, "Circularly Polarised MIMO Ground
Radiation Antennas for Wearable Devices”,
Electronics Letters, vol. 54, issue 4, pp. 189-190,
2018.

International Journal of Intelligent Systems and Applications in Engineering

IJISAE, 2024, 12(18s), 483 491 | 489



[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Leticia Alonso-Gonz alez, Samuel Ver-Hoeye,
Miguel Fern’andez-Garc'1a, Yuri A" lvarez-Lo pez,
CarlosVa'zquez-Antun™a, Fernando  Las-Heras
Andre’s, “Fully Textile-Integrated Microstrip-Fed
Slot Antenna for Dedicated Short-Range
Communications” IEEE Transactions on Antennas
and Propagation, vol. 66, issue 5, pp. 2262-2270,
May 2018.

ShengjianJammy Chen, "A Robust Snap-On Button
Solution for Reconfigurable Wearable Textile
Antennas," |IEEE Transactions on Antennas and
Propagation, vol. 66, issue 9, pp.4541-4551,
September 2018.

Guo-Ping Gao, Bin Hu, Shao-Fei Wang, and Chen
Yang, "The conductive Wearable Circular Ring Slot
Antenna with EBG Structure for Wireless Body
Area Network,” |IEEE Antennas and Wireless
Propagation Letters, vol.17, issue 3, pp. 434-437,
March 2018.

Lingnan Song,Yahya Rahmat-Samii "A Systematic
Investigation of Rectangular Patch Antenna
Bending Effects for Wearable Applications,” IEEE
Transactions on Antennas and Propagation, vol.
66, issue 5, pp. 2219 - 2228, May 2018.

Carlos Mendes and Custodio Peixeiro, "On-Body
Transmission Performance of a Novel Dual-Mode
Wearable Microstrip Antenna,” IEEE Transactions
on Antennas and Propagation, pp. 1-7, 2018.

ZhiHao Jiang, Zheng Cui, TaiweiYue, Yong Zhu,
and Douglas H. Werner, “Compact, Highly
Efficient, and Fully Flexible Circularly Polarized
Antenna Enabled by Silver Nanowires for Wireless
Body-Area Networks”, |IEEE Transactions on
Biomedical Circuits and Systems, vol. 11, issue 4,
pp.920-932, August 2017.

Adel Y.l. Ashyap and Z. Z. Abidin, "Inverted E-
Shaped Wearable Textile Antenna for Medical
Applications,” IEEE Transactions on Antennas and
Propagation, vol.6, pp. 35214-35222, June 2018.

Carlos Mendes and Cust’odioPeixeiro, “A Dual-
Mode Single-Band Wearable Microstrip Antenna
for Body Area Networks”, |IEEE Antennas and
Wireless Propagation Letters, vol. 16, pp.3055-
3058, 2017.

Jayendra Kumar, BananiBasu, Fazal Ahmed
Talukdar and Arnab Nandi, “X-band antenna
printed on a multilayered Substrate” [IET
Microwaves, Antennas & Propagation, vol. 11 issue
11, pp. 1504-1509, 2017.

Muhammad Rizwan, Muhammad Wagas Ahmad
Khan, Lauri Sydanheimo Johanna Virkki, and

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

LeenaUkkonen, “Flexible and Stretchable Brush-
Painted Wearable Antenna on a Three-Dimensional
(3-D) Printed Substrate”, IEEE Antennas and
Wireless Propagation Letters, vol. 16, pp. 3108-
3112, 2017.

Majid Norooziarab, SenadBulja, Robert Cahill,
Rose Kopf and Al Tate, “Complex Dielectric
Permittivity Extraction Based on Multilayer Thin
Film Microstrip Lines”, IET Microwaves, Antennas
& Propagation, vol. 11, issue. 7, pp. 955-960, 2017.

Heejae Lee, JinpilTak, and Jaehoon Choi,
“Wearable Antenna Integrated into Military Berets
for Indoor/Outdoor Positioning System”, IEEE
Antennas and Wireless Propagation Letters, vol.
16, pp.1919-1922, 2017.

M. Ali Babar Abbasi, "Compact EBG-Backed
Planar Monopole for BAN Wearable Applications,”
IEEE Transactions on Antennas and Propagation,
vol. 65, issue 2, pp. 453-463, 2017.

A.Y.l.Ashyap, Z. Z. Abidin, S. H. Dahlan, , H. A.
Majid, , S.M. Shah, M. R. Kamarudin and A.
Alomainy, “Compact and Low-profile Textile
EBG-based Antenna for Wearable Medical
Applications” , |EEE Antennas and Wireless
Propagation Letters, vol.16, pp.2550-253, 2017.

Giuseppina Monti, Laura Corchia, Egidio De
Benedetto and Luciano Tarricone “Wearable logo-
antenna for GPS-GSM-based tracking systems”,
IET Microwave. Antennas Propagation, vol. 10,
issue 12, pp. 1332-1338, 2016.

Rezvan Karimi, Fatemeh Mohtaramand Mohammad
KhajehMehrizi, “Development of Wearable
Rectangular Textile Antenna and Investigation of
its Performance under Bent Condition at Different
Angles”, Journal of Industrial Textiles, October,
pp.1-16, 2016.

UmmeAfruz and Md. Ahasan Kabir, “Design of
Wearable Microstrip Patch Antenna for Wireless
Boy Area Network”, 24" International Conference
on Compact and Information Technology (ICCIT),
December 2021.

Satish Jain, Nilesh Baviskar, “Design of Wearable
Antenna for Various Application”, Antenna Test &
Measurement Society, February 2018.

Battina Sindhu, Parikshit Sahatiya, “Laser-Induced
Graphene Printed Wearable Flexible Antenna-based
Strain  Sensor for Wireless Human Motion
Monitoring”, IEEE Transactions on Electron
Devices, pp. 1-6,2021.

International Journal of Intelligent Systems and Applications in Engineering

IJISAE, 2024, 12(18s), 483 491 | 490



[58]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Genovesi, S., Costa, F; Fanciulli, F; Monorchio, A,
“Wearable Inject-Printed Wideband Antenna by
using  Miniaturized AMC  for  Sub-GHz
Applications”, Antennas Wireless Propagation
Letter, 2016, vol.15, pp. 1927-1930.

Purohit S., Raval F., “Wearable-Textile Patch
Antenna using Jeans as Substrate at 2.45 GHz”,
International Journal Engineering Research &
Technology, vol.3, pp. 2456-2460, 2014.

Chen, Y; Ku, T, A, “Low-Profile Wearable Antenna
Using a Miniature High Impedance Surface for
Smartwatch Applications”, IEEE Antennas Wireless
Propagation Letter, vol. 15, pp.1144-1147, 2015.

Ayd R., Saad, X. Hassan, W.M, Ibrahim, A.A., “A
Monopole Antenna with Cotton Fabric Material for
Wearable Applications”, Scientific Report, vol.13,
issue 1, pp. 7315, 2023.

Malar, K.A.; Ganesh, R.S., “Novel Aperture
Coupled Fractal Antenna for Internet of Wearable
Things (IoWT)”, Measurement Sensor, vol. 24,
100533, 2022.

Le, T.T., Kim, Y.D., Yun, T.Y., “A Triple-Band
Dual-Open-Ring High-Gain  High-Efficiency
Antenna for Wearable Applications”, |IEEE Access,
vol. 9, pp. 118435-118442, 2021.

C. A. Balanis, Antenna Theory: Analysis and
Design, New York, Wiley 1997.

Girish Kumar and K. P. Ray.. Broadband
Microstrip Antenna, Artech House, 2003.

International Journal of Intelligent Systems and Applications in Engineering

IJISAE, 2024, 12(18s), 483 491 | 491



