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ABSTRACT Wearable antennas have grown in popularity in recent years as a result of their appealing
features and prospects to actualize lightweight, compact, low-cost and adaptable wireless communications
and surroundings. These antennas have to be conformal and made of lightweight materials in a low-profile
arrangement when attached to various parts of the human body. Near-body operation of these antennas should
be possible without degradation. When these characteristics are taken into account, the layout of wearable
antennas become challenging, especially when textile substrates are investigated, high conductivity materials
are used during manufacturing procedures and body binding scenarios have an impact on the design’s
performance. Several of these issues arise in the context of body-worn deployment, despite modest changes
in magnitude between implementations. This paper examines the multiple issues and obstacles encountered
in the construction of wearable antennas as well as the range of materials used, and the Specific Absorption
Rate (SAR) effects employed as well as the bending scheme. An overview of the innovative features and
their separate approaches to addressing the difficulties lately raised by work in this field conducted by the
scientific community is provided as an appendix.

INDEX TERMS Wearable textile antenna, WBAN, SAR, 5G, ISM, WLAN, UWB, C-band, X/Ku-band,
microwave imaging, human body, bending effect and flexibility, crumpling, wrinkling, laundering, mimics
effect, CP, EBG, metamaterial, AMC, HIS.

I. INTRODUCTION
The meaning of ‘‘wearable antenna’’ is the flexible and
efficient system connected with the human body for wire-
less communication. In addition to safety, health and living
standards, the design and creation of these systems is of
utmost importance [1]. People are now much more interested
in antenna used for body-centric communication since they
see it as an increasingly popular kind of communication [2]
which used in body part-based physically implemented ele-
ments for capture and data communication. In wearable
technology the most dominating research issue is textiles
or fabric-based antennas [3]. Since clothing is an everyday
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necessity for most people it makes sense to incorporate
electrical devices in their clothes and turn them into smart
clothing. With the wearable antenna people can live their
lives more comfortably and without difficulty [4], [5]. While
individuals tend to be concerned about their personal secu-
rity and the health effects of technology body worn anten-
nas have become popular for everyday uses [6]. A smart
textile has applications in a number of diverse disciplines
including the sports, fashion, military, medical and healthcare
sectors [7]–[9]. The criteria of most applications are light
weight, low cost, nearly maintenance free and easy to install,
which is why the wearable antenna fulfils these needs [10].
It is essential to have an antenna that is smaller in size
and more durable to achieve the aforementioned require-
ments [11]. The antenna described here are appropriate for
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everyone from the elderly to athletes and they are used to
monitor various activities [12]. Textile-based antennas are
especially reliant on fabric while in development. To pro-
duce a high-performance antenna system the fabric must be
lightweight and pourable [13], [14]. At the time of design it
was ensured that the radiator would not cause injury to the
body tissue [15]. A great deal of progress has been made in
the field with the extra demands.

One of the major issue in wearable antenna is the
consistency of characteristics across varied environment.
It addresses such aspects as temperature, humidity and the
proximity of people and other garments as well as wash
cycles, etc [9], [16]. There aremultiple directions a usermight
follow therefore motion causes scattering. Wave polarization
is influenced by movement of various bodily parts such as
arms, legs, and eyes, causing polarization discrepancy [17].
Many researchers have a keen interest in fixing all these
difficulties right now. The textile antenna design requires
an investigation into electromagnetic properties of textile
materials linked to permittivity and loss tangent [18]. Textiles
may be classified as conductive or non-conductive or, even as
both [19], [20]. The radiating element uses conductive fabric
while the substrate is made from nonconductive fabric [21].
Conductive textiles such as Zelt and Flectron as well as
nonconductive textiles such as silk, felt and fleece fabric are
examples of this type of material [22]. There are various
techniques of determining the dielectric characteristics of
textiles that are included in [23]. Furthermore, microstrip
patch antennas provide numerous advantages for on-body
wearable electronics in addition to their directivity advan-
tages [24]–[26]. The three most important advantages are:
simplicity of design, low cost and the decrease in the amount
of energy used by the skin all of which are attributed to the
ground plane, which is between the radiating component and
the surface and offers separation [27]. The patch antennas are
limited in bandwidth and may need to be large to eliminate
interference with the body [28]–[30]. This article is laid,
out as follows: Section has been offered a general introduc-
tion to wearable antenna designs, their capabilities and their
applications. Section II introduces the reader to the various
types of wearable antennas, their performance characteristics
and potential uses. A textile wearable antenna was tested for
its performance in terms of its size substrate and frequency
range. Section III as well how different bending conditions
and crumpling affect the antennas performances. Section IV
detailed the SAR values and techniques for lowering them.
Section V concludes the entire article by providing a sum-
mary of the main challenges and future directions of research.

II. SUBSTRATE AND DESIGN OF ANTENNAS
A smart fabric is any cloth whose hardware gives the wearer
a digital device. Smart clothes, e-textiles, smart materials and
garments tracking are all examples of smart fabrics. It all
started in the mid-20th century when [31], in 1977 created
a conductive polymer and earned the Nobel Prize thirty-three
years later. Apparel with textiles are notable for employing

FIGURE 1. An E-shaped fabricated antenna (a) top view, (b) bottom view
and (c) return loss [34].

antennas with which wireless properties can be discovered,
identified, analyzed, controlled, etc. without causing the
user discomfort [32]. Smart wearable antennas are gaining
in popularity because of the recent developments in fash-
ion technology. As a result of their vast range of potential
applications which include health control, sports, navigation
and military, wireless systems have received more atten-
tion in recent years [33]. Therefore, the design and demon-
stration of a miniaturized textile antenna (denim substrate)
shows in Fig. 1 for ISM band application at 2.4 GHz are
presented [34]. An E-shaped antenna is formed by plac-
ing a strip line between two rectangular slots. This basic,
small and fabric-only construction is ideal for manufacturing.
When compared to a normal antenna this antenna is 75%
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FIGURE 2. Fabricated jeans textile antenna (a) top & (b) bottom view [35].

smaller [34]. Bending the antenna reveals it can retain its
overall performance, while being deformed. An improvement
in size downsizing of 30 mm×20 mm×0.7 mm is demon-
strated by the antenna, which has an impedance bandwidth
of 15% and an efficiency of 79%, indicating that it is a
suitable candidate for insertion into wearable devices. A lab-
oratory experiment studied the effect of bending on antenna
performance the results demonstrate negligible effect. A full
circuit design was developed for the proposed design and
the findings showed a good correspondence with the sim-
ulation results. In total, because of its low manufacturing
costs, small size and acceptable radiation and, bandwidth
performance, the antenna presented is an appropriate choice
for ISM (2.4 GHz) application.

In the same way, it is proposed to use a textile
antenna (jeans) for the WLAN, C band and X/Ku band
frequencies [35]. This textile antenna is constructed on the
inside of jeans denim fabric to help limit the effects of sur-
face waves. This antenna design has a patch, which is then
grounded through a diffracted ground structure illustrated in
Fig. 2. Microstrip feed line technique has been used to design
of the wearable textile antenna. In the three frequency bands
shows in Fig. 3, the achieved impedance bandwidths are as
follows: 3.4–4.3 GHz (23.37%), 4.7–8.4 GHz (56.48%) and
10.3–14.1GHz (31.14%). Themax gain has beenmeasured at
4.1 GHz, is 4.85 dBi. The SAR value was determined in order
to observe the radiation effect, and it was discovered that its
maximumSAR value at 5.2 GHz and 5.5 GHz is 1.8418W/kg
and 1.919 W/kg respectively, which is less than 2 W/kg
of 10 gm tissue. When comparing findings obtained from
simulations andmeasurements, the measurement results were
quite similar to simulation results. As a result, a sound expla-
nation was established. This textile antenna is suitable for use
in the circularly polarized triple band with good radiation per-
formance, gain, and SAR values, that are within acceptable
limits.

In [36], a multilayered polyester fabric with an E-shaped
microstrip patch antenna was proposed forWi-MAX applica-
tion. Themost difficult issues in the design of a textile antenna
were ensuring that the textile substrate had an appropriate
thickness, surface homogeneity, and water wettability char-
acteristics. The polyester fabric has a high-tech, polyvinyl
alcohol (PVB) coating and shows hydrophobic behavior with
an angle of 91◦. Uncoated polyester fabric had an RMS
roughness of 341 nm. PVB-coated polyester fabric had an

FIGURE 3. Jeans textile antenna’s simulated and measured (a) S11 &
(b) gain [35].

FIGURE 4. Physical layout of the E-shaped antenna (a, b) and uncoated,
coated polyester fabric’s cross section respectively (c, d) [36].

RMS roughness of 15 nm and the proposed antenna’s layout
illustrated in Fig. 4. As a result of its advantageous char-
acteristics, such as their flexibility, light weight, and low
cost, the suggested antenna can be easily integrated into
clothing such as polyester jackets. In order to demonstrate
the utility of the fabricated antenna’s prototype, simulation
and measurement results were displayed in terms of return
loss and gain shown in Fig. 5. The tested antenna successfully
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FIGURE 5. E-shaped antenna’s simulated and measured results (a) S11 &
(b) gain [36].

operated at 3.37 GHz with a return loss of −21 dB and a
maximum achieved gain of 3.6 dBi. By virtue of its thin,
flexible, and water-resistant design, the produced antenna
may be integrated into new generation apparel like jackets,
which not only sense and convey data but also provide others
with useful information.

In [37], future wireless systems will benefit from the use of
a revolutionary wearable textile antenna that will function at
2.45 GHz and 5.8 GHz in ISM band and the industrial, scien-
tific wireless communication purpose. This proposed wear-
able antenna created a negligible impact on the human body
and can be easily manufactured on jeans fabrics. Because of
its exceptional operation bandwidth, compactness, and inte-
gration into clothing qualities, the proposed antenna is suit-
able to be used to create wearable antennas that are integrated
with the human body in the near future. Fig. 6 illustrated the
fabricated antenna’s prototype with tested return loss. A small
textile antenna (jeans fabric) that is suitable for UWB appli-
cation has been developed in [38]. This proposed antenna
achieved (2.96–11.6) GHz bandwidth for UWB application
and maximum gain 5.47 dBi at 7.3 GHz. In order to complete
the mathematical analysis, the cavity model of antenna was
used in conjunction with circuit theory, which proved to be a
proposed design. In order to provide a partial ground plane,
various slots and notches were deleted from the radiating
patch which is shown in Fig. 7, and the impedance-matching
performance of the system was demonstrated by current dis-
tribution. A study was carried out to determine the antenna’s
SAR value in order to demonstrate the radiation’s effect on
the human body. It was found that the antenna’s SAR value
is 1.6018 W/Kg, which is less than 2 W/Kg of 10 gm tissue.
This point shows what results the antenna produced, making
it clear that it is different from other antennas. Based on
these findings, it has been believed this clothing-embedded
medical device may be used in telemedicine and mobile
health systems. The simulated and measured return loss and
gain illustrated in Fig. 8.

WBAN applications have a wide range of potential uses,
including the remote monitoring of patient health and the
transmission of data wirelessly. Wearable antennas make
patients more comfortable while monitoring, as well as the

FIGURE 6. Novel wearable textile antenna wearable textile antenna
(a) top, (b) bottom view and (c) S11 [37].

continuation of their health care. As a result, they must be
convenient, flexible, and capable of operating without caus-
ing severe degradation near the human body. To provide a
large bandwidth while maintaining SAR within acceptable
limits for both 1 gm and 10 gm tissue standard, a full-
ground UWB antenna is developed and used in this research
paper [39]. Denim textile substrate has been used to sim-
ulated and fabricated purpose Fig. 9 illustrated the fabri-
cated proposed antenna and return loss. Apart from that, it is
anticipated that the proposed antenna has a large bandwidth
from 7 to 28 GHz, maximum directional gain of 10.5 dBi, and
a maximum radiation efficiency of 96%. A SIW transition
and GCPW were used to feed the antenna. Following the
investigation of the antenna’s performance in free space, its
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FIGURE 7. Jeans textile UWB fabricated antenna [38]. (a) Top View
(b) Bottom View.

FIGURE 8. Simulated and measured (a) S11 & (b) gain [38].

radiation properties are investigated in a new medium, the
breast tumor in order to detect in various scenarios, including
central tumors with and without skin, and numerous tumors
(two and three) within the breast. Because of its strong per-
formance on a soft medium such as a breast, the reconstructed
images demonstrated that the antenna could be an acceptable
option for use as part of a wearable WBAN system for breast
cancer surveillance and imaging.

In [40], proposed the construction of a dual-band,
miniature-structured wearable antenna. This antenna is cre-
ated for the ISM band, which includes frequencies between
2.45 GHz and 5.8 GHz. Choose denim as the material for
the base, and copper tape as the radiating element. Sim-
ulated and measured results showed that the antenna has

FIGURE 9. Denim textile substrate fabricated antenna (a) and return loss
(b) [39].

FIGURE 10. Miniature-structured wearable antenna (a) & return loss
(b) [40].

excellent performance on ISM band. The proposed fabricated
antenna and its measured return loss illustrated in Fig. 10.
The measured results discovered that, when the antenna was
positioned near the human body, the antenna’s performance
was only minimally influenced. To make matters even better,
the antenna has the excellent properties to be suitable for both
portable and wearable electronics.

In [41], illustrates the impacts of curvature on the oper-
ation of a rectangular textile patch antenna, which is used
in industries, research, and medicine at 2.4 GHz frequency
(ISM). The antenna’s base was denim fabric, while the con-
ducting layers were copper and nickel-plated polyester fabric
and Fig. 11 illustrated the fabricated antenna. To study the
influence that textile antenna has on WBAN performance,
researchers evaluated the bending of the WBAN signal at
three general locations: the chest, arm, and wrist. This study
reveals that the curvature of the bending plays a critical role in
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FIGURE 11. Fabricated rectangular textile wearable antenna [41].

FIGURE 12. Rectangular textile patch antenna’s measured S11 [41].

the magnitude of gain and radiation pattern. When compared
to a flat antenna enclosure, the wrist comparable curvature
reduces the overall gain by around 2 to 4 dBi. All cases
measured show that bandwidth stays nearly the same and
Fig. 12 shows the measured return loss.

An antenna with adjustable (reconfigurable) microstrip
patch antenna has been described in detail in [42]. At the
ground, this antenna is comprised of a rectangular patch with
truncated edges, which is integrated with a slot structure at the
bottom shows in Fig. 13. The ground plane has three BAR
PIN diodes switches installed on it. This antenna is able to
function at different frequencies to the ability to adjust the
condition of the switches. Frequencies has been controlled by
using diodes from (1.41–3) GHz and the measured return loss
illustrated in Fig. 14. In addition, the antenna has found anAR
of less than 3 dB with GPS operating frequencies from T2 to
T7 with different configurations. It is likely to be beneficial
to antenna use in situations where there is a possibility of
wireless device end front-end connectivity.

A compact dual-band textile printed slot antenna with a
partial ground plane is shown in this research [43]. To cre-
ate the designed antenna’s substrate, the fabric from jeans
substrate is utilized. In addition, the patch and ground plane
are produced using copper tape and physical prototype illus-
trated in Fig. 15. Measured impedance bandwidth: From
3.01 GHz to 5.30 GHz, 8.12 GHz to 12.35 GHz shown in
Fig. 16. According to the results of the reflection coefficient,

FIGURE 13. Prototypes of adjustable (reconfigurable) microstrip
antenna [42].

FIGURE 14. Adjustable microstrip patch antenna’s measured return
loss [42].

FIGURE 15. Fabricated printed slot antenna (a) front & (b) back view [43].

jeans fabric has good potential as a textile wearable. The
results demonstrated that the antenna design proposed in this
study had high gain, high efficiency, and continuous radiation
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FIGURE 16. Printed slot antenna’s simulated and measured S11 [43].

FIGURE 17. Configurable wearable textile antenna’s porotype (a) & return
loss (b) [44].

patterns over its whole frequency range. This research [44]
develops an antenna that can be configured to adjust its
frequency range by both wearable textile. A coplanar recon-
figuration module is added to a planar inverted-F antenna
(PIFA) built in textile technology to allow for frequency
agility. In order to reconfigure the device, a small flex-
ible printed circuit board (PCB) is used, which contains
a tuning circuitry as well as commercial Snap-On but-
tons that function as electronic-to-textile interfaces. In this
module, a varactor diode is utilized to study and optimize
the frequency re-configurability of the PIFA, then a smooth
transition from a quarter-wave to a half-wave resonant mode
is utilized to maximize tuning range shows in Fig. 17. The
fundamental objective of recent antenna development is to
achieve smaller, and simpler designs [45]. Smaller, less bulky
antenna is incredibly useful in medical fields. This work

FIGURE 18. Snapshot of fabricated jeans textile antenna’s top, bottom
view (a) & measured return loss (b) [45].

presents a monopole antenna (Fig. 18a) that uses textile sub-
strate (jeans) to construct a basic structure that is lightweight
and operates in 2.45 GHz ISM band. The denim jeans sub-
strate, due to its inadequate characterization of dielectric
characteristics, results in an undesirable performance reduc-
tion. As well, there is a possibility of errors in the fabrication
process. When the simulated results and the observed results
match, then the return loss (Fig.18b) is considered to be valid.
Simulated and measured S11 result of the ISM band opera-
tion band are completely covered. Those articles [46], [47]
describes a new type of flexible wideband dipole antenna for
upcoming medical and human body applications, using inkjet
printing.

In [11] research work, proposed an alternative design for a
UWB textile antenna that can be used in wearable microwave
medical imaging devices. The antenna has a monopole struc-
ture that includes two triangles and a few parallel slots to
obtain an optimal UWB with smaller size. The antenna is
constructed, from polyester textiles and conductive copper
taffeta, which are readily accessible on the market and pro-
posed antenna illustrated in Fig. 19a. Wearable applications
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FIGURE 19. Fabricated UWB textile antenna’s prototype (a) & return loss
(b) [11].

FIGURE 20. Fabricated dual port antenna textile antenna’s porotype (a) &
measured return loss (b) [48].

demand flexible components which can flex with the cur-
vature of the human body. Additionally, the antenna can
maintain its performance even if it is bent or while it is
working in close proximity to tissue-imitating phantoms. The
gain of 2.9 dBi, the antenna prototype was able to reach
a bandwidth 109% of (1.198–4.055) GHz that is shows in
Fig 19b. Antenna is used to observe the recovery phase of
a bone fracture that is imitated by a size-varying blood strip
that is used to emulate a phantom body with a fracture.

The goal of dual port antenna [48], is to allow 2.45 GHz
ISM-band full-duplex wearable devices to have a smaller,
lower profile design while satisfied ISM bandwidth. This tex-
tile antenna has a superior structural flexibility and excellent
production precision due to the use of an innovative screen-
printing process. In order to increase the bandwidth at the two
input ports, an innovative solution is provided for the first
time, in which two more strips are inserted into the antenna
design. To produce the second-order resonant qualities with
increased bandwidth, more straplines are positioned perpen-
dicular to the feed lines illustrated in Fig. 20a. To ensure
the connection between structure remain strong, structural
deformation of the antenna is assessed by bending it at 0◦

and 45◦. Experimental verification of the design concept was

FIGURE 21. Picture of fabricated embedded circuits textile antenna (a) &
return loss results (b) [49].

accomplished through measurement result (Fig. 20b) that
were reasonably consistent with simulations.

Because wearable electronics are becoming more com-
monplace, the urge to embed circuits and antennas inside
garments is proposed [49]. Electronic textiles (e-textile) could
be used to achieve this integration. Changing environmental
and wear circumstances can have an impact on the conduc-
tive data communication performance of an e-textile, includ-
ing the resistivity of the textile’s surface and the radiation
properties of its antenna. To investigate the resistance of
e-textiles to pilling, wrinkling, abrasion, and laundering, this
research was conducted. For RF performance in this study,
a microstrip patch antenna (Fig. 21a) was constructed for a
wearable e-textiles, and the results (Fig. 21b) were collected
under identical environmental and wear circumstances. This
manuscript presents a list of limitations of the examined e-
textile performance, as well as suggestions on how to enhance
e-textile manufacturing for increased sustainability through
wear and environmental impacts.

For wearable applications, the authors have presented [50]
an unique four-layered low-profile textile antenna (Fig. 22a)
that operates in ISM band (Fig. 22b). The suggested antenna
was entirely textile-based, with a cotton substrate and a
Zari embroidery pattern for its conducting components. The
antenna also demonstrates outstanding performance and is
below the IEC criterion for 1 gm and 10 gm tissue absorption.
Furthermore, real-time deployment using a Particle Photon
was employed to keep a constant check on the heart rate
and upload the data to the Particle app via the cloud. Under
bent, crumpled, moisture absorbed, and on-body conditions,
the fabricated antenna was tested, along with received signal
strength indicators (RSSI) and signal-to-noise ratio (SNR)
readings that were made for network connected devices and
round-trip times that the device required to respond to the
Constrained Application Protocol (CoAP) message sent by
the Particle Cloud. On examination, it was discovered that the
antenna’s performance remained unaltered by the deforma-
tions, making it the ideal choice for body-worn applications.

A two-band circularly polarized textile antenna is detailed
in this presentation [51]. The antenna (Fig. 23a) comprises
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FIGURE 22. Fabricated porotype of four layer antenna (a) & measured
return loss (b) [50].

FIGURE 23. Fabricated circularly polarized antenna (a) & combination of
simulated and measured return loss (b) [51].

of a slotted split ring textile patch with a full ground plane.
The suggested square radiator is modified with the use of a
slotted split-ring in order to accommodate dual-band reso-
nance. In addition to covering the complete 1.8 and 2.6 GHz
bands for Fourth-Generation LTE, the antenna can also cover
the 2.45-GHz spectrum for WLAN applications, which is a
significant improvement over previous model. The results
of simulations and measurements (Fig. 23b) were in good
agreement, indicating that the technology would be suitable
for use in the 4G and WLAN bands.

A new dual-band, dual-polarized antenna [52], is described
that operates at 2.45 GHz for both the industrial scientific,
and medical bands and at 5.8 GHz for the vertical band.
The design of the proposed antenna (Fig. 24a) is made up

FIGURE 24. Manufactured dual-polarized textile antenna’s prototype (a),
combination of simulated and measured S11 (b) [52].

of a circular patch with eight slots, and it’s made from tex-
tile material. Free-space and in-body investigations are per-
formed to analyze the antenna’s performance. The different
bending antenna’s radius will be used to study (Fig. 24b) the
antenna’s influence on the performance. Additionally, both
bands are below the IEEE C95.3, 1.6 W/kg requirement.

AWBANantenna [53], proposes a symmetricmultilayered
embroidered wearable textile antenna as shown in Fig. 25a.
The suggested antenna was developed for use in industry, sci-
ence, and medicine, and operate at a frequency of 2.45 GHz.
It was constructed of Zari and cotton cloth. The introduction
of a slot at both ends of the line has helped to increase the
return loss and overall efficiency. The antenna is constructed
from four layers, each of which is made by normal stitch-
ing and then stitched together to make the final structure.
To determine the antenna’s properties in bent, crumpled,
and wet situations, its measurements are performed on the
produced antenna. The outcomes of the test, including gains,
bandwidth, and radiation pattern results, were shown to verify
the structure’s uses. Fig. 25b illustrated the combination of
simulated and measured results. It also worked as a wearable
system when the antenna was installed on the Arduino Uno
development board.

Due to the prominence of wireless communications, the
wearable devices are playing a significant part in this com-
munication network [54]. Using the screen-printing tech-
nology, a slotted full textile microstrip antenna (Fig. 26a)
was designed and produced to achieve miniaturization and
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FIGURE 25. Fabricated symmetric multilayered embroidered wearable
antenna’s porotype (a) & reflection coefficient characteristics of the
fabricated antenna (b) [53].

electromagnetic dependability. Antenna fabricated measured
S11 and 2-D polar pattern were tested, and the results
(Fig. 26b) were compared to those obtained through simula-
tion. In addition, the study of the adhesive bonding between
the silver paste coating and the textile substrate also employed
the use of adhesive tape and was confirmed with the use
of a microscope. To build the in-body antenna system, the
researchers designed, optimized, and produced an artificial
magnetic conductor (AMC). The test findings showed that
the presence of the AMC helped reduce body coupling and
backward radiation in the antenna.

A unique, flexible, wideband ink-printed dipole array
antenna was recently introduced for use in upcoming med-
ical electronics applications [55]. It transmits between 23 to
30 GHz, with frequencies of 24.5 and 28 GHz for 5G technol-
ogy. This antenna design (Fig. 27 a, b), which can be quickly
fabricated using screen printing, is a simple, layered screen-
printing-based design. The highest peak gain of 4.2 dBi
and 26.4% bandwidth were observed with both simulation
and measurement result. Fig. 27c illustrated the combination
S11of coper laser-cut and silver-ink print antennas. Further
research, is being carried out to determine the implications of
an imprecise fabrication technique on the performance of the
antenna.

The study by [56], focus on the reduce back radiation
due to wearable antenna. The main lobe has used for long

FIGURE 26. Textile slotted AMC structure antenna (a) & measured return
loss (b) [54].

distance wireless communication by which radiation power
of the wearable antenna must be increase for wireless com-
munication. It is very necessary to keep the SAR values under
human safety. This antenna operates at 2.45 GHz (ISM band)
for medical application. Dimension of the proposed antenna
72 × 78 mm2, with a rectangular shape radiating patch and
the SAR values shows this antenna is perfect on human body.
The study also introduces different types of substrate. Fig. 28
illustrated the proposed antenna physical dimension, return
loss and 2-D radiation pattern. The overall results obtained
by the analysis detailed in Section II, as detailed in Table 1,
were summarized.

The section substrate of antennas has presented 25 anten-
nas and summarized Table 1. Antenna impedance bandwidth
is improved by lowering surface wave losses due to, textiles
which are typically with low dielectric constants. Textiles
are used for portable antennas because of their high perfor-
mance and adaptability. Because it raises the spatial waves,
the antenna impedance spectrum becomes more favorable,
allowing antennas to grow at a fair rate and with high gain.
Dielectric thickness can often be employed to enhance the
ibandwidth of a planar antenna, even though this approach
can’t maximize the antenna’s overall performance. There-
fore, the thickness of the dielectric material is a trade-off
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TABLE 1. A summary of various substrates and designs used by textile wearable antennas.
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FIGURE 27. Fabricated wideband ink-printed dipole array antenna
(a) copper laser-cut, (b) silver-ink printed & (c) return loss [55].

between the antenna’s gain and bandwidth. The antenna’s
structural size is frequently affected by the substrate thick-
ness. When designing an integrated wearable antennas, the
trade-off between efficiency, size and difficulty in develop-
ing different (ISM band, Wi-MAX, 5G lower band, WLAN,
X/K-band, Bluetooth etc.) applications must be carefully
considered. This section demonstrates that, Polyester fabric,
Jeans and Denim fabric has excellent impact on antenna
design. In addition, those substrates are available on the
market as well as cost efficient. Moreover, from this study
jeans and denim substrate with C-shape etching slot on the
radiating patch and ground coplanar waveguide antenna have
excellent performance on bandwidth, gain as well as compact
in size.

III. BENDING EFFECTS IN TEXTILE ANTENNAS
Clothing, as has been revolutionized with the creation of
wearable intelligent textile systems, which features like vital
sign and environmental parameter monitoring [41], [59].
Textile-based patch antennas are ideal for use in systems

FIGURE 28. Fabricated of ISM band antenna, (a) return loss (b) and
radiation pattern (c) [56].

that are paired with a base station, enabling a short-range
wireless communication [60], [61]. To provide ample band-
width wireless communications, the textile patch antenna
was devised [35], [38], [62]–[64]. A low-loss, lightweight,
and flexible antenna was manufactured by first selecting the
antenna’s design and then using only lightweight and flex-
ible textile materials [65]–[67]. The prototype can reliably
transmit information due to its high-performance communi-
cations bandwidth and gain. If it is embedded into clothing
however, antenna performance can be altered by the body and
bending [68]–[70].

The performance of wearable antennas must be consistent
with respect to different deformations. This feature explores

VOLUME 10, 2022 38417



M. M. H. Mahfuz et al.: Wearable Textile Patch Antenna: Challenges and Future Directions

FIGURE 29. Effects of bending for various radii in E & H-plane [71].

FIGURE 30. Effect bending with different radii on S11 (a) E-plane &
(b) H-plane [71].

the antennas bendability as their major plane radii vary
and the simulated return loss is included. A research work
presents the bending effect on different radii such as 0 (flat
condition), 15, 25 and 35mm is presented (Fig. 29) with E and
H-iplanes [71]. The suggested antenna demonstrates a better
impedance match with a return loss of less than −10 dB,
regardless of the E-plane (Fig. 30a) bending radius. This
antenna offers improved impedance matching with a return
loss of less than −10 dB when bent across a 45 mm radius
in the H-plane (Fig. 30b), compared to other circumstances
(r= 35, 25, and 15 mm). The resonance frequency of the
antenna is displaced a bit to the left (in comparison to the
flat version), which occurs for both E and H-plane bending

FIGURE 31. Flexible textile antenna’s fabricated layout (a, b) and S11 of
different bending radii (c) [70].

FIGURE 32. Layout of antenna in crumpling condition with crumpling
depth of case I (0 mm), II (5 mm), III (24 mm), IV (25 mm) [72].

for radii are 45, 35, 25, and 15 mm. Despite this, the bent
antenna’s fractional bandwidth remains the same under all
conditions.

In article [70], shows the bending effect on basis of 39,
45 and 55 mm radius. When the antenna is attached to a
human arm, the resonant frequency changes to the right,
which is outside of the required frequency band. The sug-
gested antenna shows in Fig. 31 (a, b). Fig. 31c illustrated
the return loss of bending radii. Many different kinds of
crumpling (Fig. 32) may occur on a garment in this practical
situation [72]. Fig. 33 illustrates the measured return loss of
PIFA antenna matching capabilities under crumpling situa-
tions. There is a 40 MHz shift in resonant frequency higher,
and a halving of the −10 dB bandwidth, while the reflection
coefficient of Case 2 reaches a maximum of roughly−5 dB to
indicate a reduction in performance. Using crumpling Case 3,
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FIGURE 33. Measured crumpling antenna’s return loss in various
crumpling depths [72].

FIGURE 34. Measured S11 of bending dual-band antenna’s H-plane [74].

the antenna is bent nearly 90 degrees, however the return loss
of the antenna is only marginally affected, with the resonance
frequency increasing by only 10 MHz. Bending and crum-
pling effect discussed in [64], this research work. As shown in
Fig. 34, the S11 of the antenna wasmeasured in H-plane bend-
ing (radii 20, 40 and 70 mm) states. As the bending radius
decreases, the resonance frequency drops from 2200 MHz
to 2050 MHz. In practical uses for clothe embedded with a
textile antenna, it may be situated in many location, such as
on the torso or a leg or arm.When the person change position,
the clothing and, in particular the antennas are likely to be
wrinkled, due to it being crushed joints. This Fig. 34 demon-
strates the kind of folding depicted. Two crushed examples
with standard 2D crumpling and bending patterns occur as a
result of the arm being bent at the elbow. Fig. 35 depicts a plot
of the measured return loss. In comparison to the antenna’s
flat-ground performance, both resonant bands had to endure
some level of deterioration. When crumpled, the reflection
coefficient decreases from −25 dB for the flat antenna to
−14 dB for the worst crumpled example and the bandwidth
decreases by 200 MHz When the antenna is crumpled in the
upper band by 5 mm, the resonant frequency changes by just
100 MHz, while the 10 mm crumple in the upper band yields

FIGURE 35. Prototype of flat and crumpling antenna [74].

FIGURE 36. Measured return loss of crumpling antenna [74].

the best reflection coefficient at 3.8 GHz but at 5.8 GHz
the reflection coefficient drops to −7 dB. Even though the
antenna’s performance would be good enough for a lot of
applications.

The majority of prior studies [73], on RFID tags have
focused on their performance in a flat configuration. How-
ever, the effects of bending on antenna performance should
be examined if a flexible substrate is employed, for example
such as a wearable on-body system. Various different-sized
cylinders ranging from 35 mm to 50 mm in radius were
employed in order to accomplish it. Additionally, three pri-
mary radii were evaluated 30, 35, and 50 mm-diameter
cylinders. As shown in Fig. 37, the RFID tag was cre-
ated after 30 mm radius concave and convex bending. Such
outcomes demonstrate that CPW monopoles situated above
AMC sheet experience minor bending performance degra-
dation. Fig. 40 shows an experiment [34], in which bend
in both the vertical and horizontal directions was explored.
The antenna’s measurements are performed on polystyrene
cylinders with 70, 80, 100, and 140 mm diameters. The
varying diameters help test the frequency to see if it can be
maintained while bent, as required for a wearable antenna
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FIGURE 37. Antenna’s bending and it’s S11 result [73].

FIGURE 38. Textile CPW fabricated monopole antennas are combined
with AMC sheet under bending conditions (a) large, (b) small [69].

that’s both reliable and effective. Fig. 41 shows the return loss
characteristics that were measured while the object was bent
both vertically and horizontally. As the diameter is reduced,
there is always a tiny upward tilt. For the horizontal instance,
Fig. 41(b) indicates a 5 MHz shift to higher frequency at
50 mm which is insignificant. In general, the antenna func-
tions within the target band without considerable frequency
detuning, even when bent. The overall results obtained by the
analysis detailed in Section III, as detailed in Table 2, were
summarized.

FIGURE 39. The textile CPW monopoles measured above the AMC under
a bending situation were found to have an S11 and S21 value [69].

FIGURE 40. Pictures showing how the antenna is bent under various
curvatures (a) y- axis and (b) x- axis [34].

Two cylinders made of polystyrene are used to study the
bending of the human body using a set-up that mimics effect
of the human body on the polystyrene. In this [60], pro-
posed antenna and waveguide sheet testing with standard
measured, the suggested antenna and waveguide sheet are
tested with other wearable and body-centric measurements,
such as bending and wetting studies. To simulate the dimen-
sions of small and large torsos, polystyrene cylinders with
250 mm and 310 mm diameters, respectively, are employed
in the measurement of bending resistance. Because the AMC
sheet is very large, these cylinders that represent the size of a
human torso are employed, and they are intended to be worn
around the torso area. The small and large cylinders illustrate
the CPW monopoles in Fig. 38 when AMC sheet is under
bending condition. The CPWmonopole S-parameters results
depicted in Fig. 39 is obtain for the AMC sheet below bending
and flat situations. For both small and big bending scenarios,
as well as for the flat condition S11 and S21 graphs are shown.
It is possible to establish a combination match between the
bending and flat examples based on the S-parameter result.
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TABLE 2. A summary of bending effects on the performances of wearable antennas.

The S21 peak for big bending cases at 2.56 GHz is−11.4 dB,
and the small bending case at 2.62GHz at a peak of−13.1 dB.
The bent cases had a decrease in S21 peaks of about−8.5 dB
compared to the baseline case. Even though the S21 peaks had
shifted, a good transmission performance was still obtained,
at the frequency of interest (2.45 GHz) for all cases. This
meaning is to−13.3 dB,−13.5 dB, and−16 dB for flat, large
bending and minor bending cases respectively.

In this section focuses a summary of bending effects on
the performances of wearable antennas. Dielectric qualities
and aspects of radiation around human skin are some of the
other, issues with these antennas that need to be addressed
with bending effect. Textile antennas are intended to be bent
or conformed to a specific surface throughout the activity, and

hence diverse bending scenarios are needed to study changes
in bending-dependent structure. More than nineteen research
works that can be bent and attached to a person’s body has
been developed in this study, and polyester textile and denim
has excellent performance on bending condition. Hence, all
cases the resonant frequency shifted a bit compare to oper-
ating resonant frequency. Textiles and lightweight materials
can be used for mechanical deformation, such as folding,
because antennas worn by humans and other living creatures
are common. Wearable antennas should be designed to be as
symmetrical as feasible in order to minimize the impact on
them when bent in a variety of directions. A system has been
discovered in wearable important point to note is that AMC
devices to be less prone to mechanical deformation. It has
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FIGURE 41. Measured of bending S11 (a) y- axis, (b) x- axis [34].

also been demonstrated that by utilizing the meta-surface, the
effects of stretching as well as the presence of the human body
in its vicinity can be reduced. The radiation effectiveness
of CP antennas that are worn is also affected by bending.
Rather, the resonant frequency of linearly polarized antennas
is affected by bending because of differences in its effective
range.

IV. SAR (SPECIFIC ABSORPTION RATE)
A. SAR VALUES
Along with making sure a wearable antenna is not too
noticeable, designers must also think about the antenna’s
safety [11], [22], [36], [42], [48]. There are a variety of
SAR values in Table 3 for various designs, with the max-
imum general exposure limiting to 1.6 W/kg (SAR 1 gm)
or SAR being calculated as an average across a sample vol-
ume. The FCC and the ICNIRP/International Electrotechni-
cal Commission (IEC) have set the limit at 2 W/kg (SAR
10 gm) [56]. The selection of phantoms and tissue models
varies by group. Antenna and phantom separation factors
influence the SAR results, as do various phantom sizes and
tissue compositions [50], [52], [54]. When comparing the

patch antennas described in Table 3, which have the same
size, operating frequency, and phantom arrangement, the
patch antennas have equal SAR, but feeding via aperture
coupling results in an enhanced SAR despite the antenna
being twice as far away from the phantom. As a result, SAR
values rely on factors such as the antenna type and shape in
addition to the operating environment, making it impossible
to draw general conclusions from a literature survey. Rather,
such findings must be tailored to the application at hand.
As can be seen, in Table 3 multiband antennas often have
greater SAR values at higher frequency bands, whereas patch
antennas operating at lower frequencies tend to have lower
SAR values.

B. REDUCING SAR LEVELS
Several strategies have been developed to keep SAR lev-
els as low as possible while maintaining higher efficiency.
Because SAR of on-body antennas is dependent in part
on near-field coupling to the body, the antenna with no
ground plane (i.e. dipole) will have greater SAR val-
ues [23], [61], [75]–[77]. As a result, many of the strategies
for reducing the SAR of off-body emitting antennas con-
centrate on changing the ground plane [78]. An example,
of such a technique is the usage of EBG structures, also
known as periodic conductive structures, which are used
to filter electromagnetic waves within specific frequency
bands [79]. Used the EBG to reflect radiation away from the
body that the planar antenna would typically direct toward
the body [76]. There were significant differences in SAR
by using EBG structure geometry at 2.4 GHz, with showing
the highest SAR at 0.0545 W/kg and without EBG shows
5.41 W/Kg [99], [100], [104], [106], [108]. Antennas can be
made bulkier by adding additional ground plane components,
and a truncated ground plane was created to prevent electric
field hot spots [80]. Implementing an inverted ground section
with a single-arm antenna meander near the feeding line
minimizes the amount of interference around the feed while
leaving the feed untouched [109]–[111]. For additional SAR
reduction techniques, ferrite sheets and metamaterials can be
integrated and Table 4 compares these methods.

This section discuss about SAR values and reductionmeth-
ods of SAR. Radiating structures in wearable antennas appli-
cations have been the focus of this investigation. SAR is
more closely examined in the context of wireless commu-
nications, where there are a plethora of radiating structures
and research on exposure to the human body is of particu-
lar interest. A thorough anatomical structure is required for
SAR analysis in implanted devices, since they are exposed
directly to tissues. Different parts of the body are examined
for their SAR levels. SAR computation approaches are well
compared. The maximum SAR level was recorded 46.9W/kg
without applying technique and the minimum SAR value was
0.016W/kg with applying technique (EBG). EBG, AMC and
metamaterial technique shows batter effective performance to
reduce the SAR level. Current approaches and estimating fac-
tors are evaluated for each scenario and discussed. The focus
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TABLE 3. Comparison among different types of wearable antennas SAR values in W/Kg.
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TABLE 4. A summary of comparison in the performance of SAR reduction method.

of this section is on the current SAR methods of reduction.
SAR has a significant impact on a wide range of applications,
and this survey article demonstrates this. Most of the case
EBG, AMC structure is highly recommended for reducing
SAR value.

V. CONCLUSION
Wearable antennas are an essential component of wearable
and portable equipment design. Because of their low weight,
high adaptability, low cost, and conformal design, they are
well suited for replacing outdated wireless networking and
sensor technologies. There are a few areas in which wear-
able technology is thought to be of the most benefit. Aside
from that, this article discusses the various materials and
cutting-edge technology used to create these structures. Spec-
ification, operational frequency bands, smallest-dimensional
precision, smooth fitting into wearing apparel, resilience to
the rough environment, and the impact of bending scenar-
ios, can all influence the type of material to use. Although

antennas require a low-loss dielectric material as well as
highly conductive materials for effective receipt and trans-
mission of electromagnetic radiation, extremely conductive
products such as aluminum, metallic inks, conductive poly-
mers, and PDMS integrated conductive fibers are modern
varieties that are used as wearable antenna conductive com-
ponents in a variety of applications. There were also other
substrate materials that might be used because of their light
weight and versatility. There can be no doubt that eliminating
body coupling and implementing additional antenna capabil-
ities are key parts of the specification. As a result, this feature
was aimed at ensuring that the antenna function on the body
would remain stable, as well as making it possible for antenna
topologies to work with optimal performance. Finally, this
article examined the performance of antennas design with
substrate (textile material) and bendable antennas in a variety
of radii, compared the results and SAR reduction technique.
Consequently, antenna resonance frequency, SAR strength,
and radiation pattern, are all affected by antenna bends.
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