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Abstract

Biomedical antennas have evolved from early RF heating applications to modern wearable,
implantable, and 5G-enabled healthcare technologies. Significant advancements in Specific
Absorption Rate (SAR) reduction, bandwidth expansion, and wireless power transfer continue
to enhance medical diagnostics and treatment methods. In recent years, wearable and flexible
antennas have gained popularity due to their lightweight, compact, and cost-effective designs.
These antennas are well-suited for biomedical applications, as they conform to the human body,
enabling comfortable and efficient wireless communication for health monitoring. When design-
ing biomedical antennas, it is crucial to consider their interaction with the human body. The
body not only influences the antenna’s performance but can also be affected by electromag-
netic exposure. Addressing these factors early helps prevent performance issues and potential
risks, ensuring reliable functionality in medical applications. This systematic review provides
a comprehensive overview of biomedical antenna applications in healthcare while highlighting
the latest advancements in medical technology.
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1 Introduction

The fifth-generation (5G) technology not only fulfills the demand for high data rates in smartphones
and other devices but also enables integration with high-value services [1]. Body-Centric Wireless
Communication (BCWC) connects devices worn on, inside, or between individuals who are in prox-
imity. This communication is categorized into three types—off-body, in-body, and on-body—based
on the average level of interaction [2], [3], [4].

The impact of body tissue loading on antenna performance is minimal, even when the antenna
is positioned close to the human body [5]. Advanced communication through wearable technology
is expected to provide cost-effective and efficient biomedical treatments in the future. Telemedicine
and smart healthcare systems are key applications for health monitoring. In wearable antennas
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operating within the ISM band, rectangular and circular patches with various slot configurations
are recommended as they improve impedance matching and surface wave regulation [6], [7], [8], [9]-

Early detection of illnesses enhances medical treatment and increases the likelihood of a cure.
The high contrast between healthy tissues and malignancies makes cost-effective microwave-based
breast cancer imaging systems feasible. These systems facilitate rapid tumor detection, ensuring
deep penetration and high-resolution scanning [10]. Their non-ionizing properties minimize safety
risks, making regular, safe breast screenings accessible, particularly for younger women. Microwave
imaging reconstructs scanned images using waves reflected from breast tissue [11], [12].

The article highlights the development of textile-based wearable antennas, which integrate elec-
tronic components while delivering high-performance functionality [13]. Textile-based sensors are
utilized across multiple industries, including sports, medicine, fashion, and the military, owing to
their ability to detect environmental changes [14].

With the integration of antenna frequency, flexible electronic devices can be adapted for diverse
applications [15]. Wearable and implantable technologies have the potential to revolutionize global
healthcare, enabling real-time health monitoring, personalized treatment, and enhanced patient
outcomes through remote management and data-driven insights [16].

2 Material

Traditional antenna designs often incorporate materials that may not be suitable for body-worn
applications due to their rigidity and discomfort. To address this issue, textile-based materials can
be integrated into antenna designs, offering flexibility, comfort, and wearability. Textile materials
exhibit anisotropic electrical conductivity and imperfections, which distinguish their conduction
properties from conventional metallic conductors.

One challenge for antenna engineers is that certain electrical and dielectric characteristics of
textile materials may not be readily available in material libraries [17], [18]. This can complicate
accurate modeling and optimization.

Two critical elements affecting the performance of body-worn antennas are conductive (patch)
and nonconductive (substrate) materials. Conductive materials are selected based on electrical con-
ductivity, while substrates are chosen for their dielectric properties, deformation tolerance (bending,
twisting, stretching), miniaturization sensitivity, and environmental durability. By utilizing spe-
cially designed textile materials, wearable antennas can achieve optimal performance while ensuring
comfort and reducing radiation exposure risks for consumers. These innovations enhance safety and
practicality in biomedical, IoT, and health-monitoring applications [19], [20].

2.1 Flexible Conductive Material

Flexible materials are used as antenna substrates to enhance thermal conductivity, minimize dielec-
tric loss, and maintain low relative permittivity while ensuring a lower coefficient of thermal
expansion. For healthmonitoring applications, biocompatibility is essential. The substrate’s flexibil-
ity depends on the fabric’s thickness and density, with compressible and elastic properties playing
a key role. Lower dielectric loss fabrics exhibit reduced surface resistance, improving antenna
performance by enhancing gain and impedance bandwidth.

The planar structure, simple design, flexibility, and lightweight nature of textile-based substrates
make them an ideal choice for body-worn antenna applications. Their flexibility and safety allow
them to be effectively used in both on-body and off-body communication systems [21]. However,
while flexible substrates help regulate antenna radiation, their proximity to the human body may
reduce efficiency and gain [22]. For applications requiring mechanical and thermal resistance, such as
in military and firefighting, polyamide laminate is recommended. Additionally, the introduction of
fractal geometry has enabled downsizing, increased electrical length, and achieved lower resonance
frequency [23], [24].
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Fig. 1: Bending’s effect on X and Y orientation.

Fig. 2: Effect of bending on (a) Z-axis and (b) Y- axis [25].

Cotton jeans have been employed as a fabric substrate for wireless and health-monitoring appli-
cations due to their deformation resistance, flexibility, and seamless integration into clothing [7], [8].
Researchers have recommended denim for its affordability and adaptability to wearable ISM band
antennas [26], [27]. Furthermore, etching ground plane slots and radiating zones has improved
impedance matching, decreased bandwidth, and enhanced return loss, achieving a value of -40
dB [28]. The round patch antenna, designed using denim, prioritizes wearer comfort while also
supporting multiband frequency operation [29].

A directional antenna bent either x- or y-wise is used in the simulation on a model that looks
like a cylinder with a radius of 27 mm, which is suitable for an individual’s arm. The bending has
no effect on the antenna’s capacity to function throughout the whole UWB frequency range (Fig.
1) [30]. When the antenna is bent on a phantom, its radiation pattern changes somewhat at the XY
plane and decreases at the YZ plane. This is because the antenna physically distorted to fit onto
the curved surface of the phantom, as seen in Fig. 2 [25].

2.2 Non-Conductive Materials

Wearable antenna design may be greatly enhanced using smart fabrics or non-conductive (substrate)
materials. To achieve greater efficiency and sufficient bandwidth, these materials need to have low
relative permittivity, low dielectric loss, and a low thermal expansion coefficient [31]. The total
performance of body-worn antennas is affected by the non-conductive material used in the design.
In addition to supporting the radiating element, these materials have an impact on the antenna’s
performance measures, including efficiency, bandwidth, and return loss (S11) [32], [33], [34]. Because
the properties of the substrate materials change depending on the frequencies and materials selected,
it is essential to characterize them before constructing the antennas [35], [36].
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Fig. 3: The proposed antenna, (A) the dual band-notch UWB’s geometry, and (B) the
manufactured antenna [37].
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Fig. 4: The manufactured antennas on (I) non-woven, (II) cotton, and (III) FR4 substrates [38].

3 Bandwidth for Biomedical Applications

Although microstrip antennas have traditionally offered limited bandwidth, recent technological
advancements have significantly expanded their operational range. Wearable antennas are now
playing a crucial role in telemedicine, sports, and biomedical applications. To support single, dual,
or multiband operation, innovative methods for bandwidth enhancement should be employed. The
ISM and 5G frequency bands are among the most widely utilized for wearable biomedical and IoT
applications [39], [40].

To achieve dual polarization in TM11 and TMO02 modes at resonant frequencies of 2.45 GHz and
5.8 GHz, an eight-slot circular patch design has been implemented. Additionally, ground-plane slots
enhance current distribution, further increasing bandwidth [41]. To extend the bandwidth range
from 4.8 to 9 GHz, modifications to the defected ground structure (DGS) were made, resulting in
an impedance bandwidth of 60.86% [42].

A dual-resonance patch antenna operating at 2.45 GHz and 918 MHz was developed using a
semi-flexible FR-4 substrate with a thickness of 0.8 mm [43]. A metamaterial-based partial ground
with a hexagonal radiator was synthesized to achieve ultra-wideband operation with low SAR [44].
Additionally, a hexagonal monopole antenna employing felt substrate and partial ground attained
ultrawideband performance. Introducing a square-shaped metamaterial further reduced SAR by
98.3% [45]. To support UWB resonance, designs incorporating tapered patches, folded ground,
and CPW-extended ground were explored. 3D structural folding techniques have been utilized to
broaden bandwidth and improve impedance matching [46].
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The cross-polarization effect, achieved through a complementary split-ring resonator, enables
dual-band operation with moderate gain and bandwidth [47]. Furthermore, MNG metamaterial unit
cells, designed by capacitively loading slots into a loop’s horizontal arms, generate mu-zero reso-
nance. A strip patch positioned near the loop increases resonance and extends bandwidth at lower
frequencies. The antenna achieves a maximum FBR of 12 dB and a gain of 3.2 dBi, with an over-
all bandwidth expansion of 52% (0.64-1.1 GHz). Additionally, it is 80% smaller than conventional
mu-negative metamaterial-loaded loops [48].

To cover 4G-LTE and Wi-Fi bands, antennas incorporating long and short strips have been
developed, with denim fabric serving as a flexible conductive substrate [49]. These advancements
contribute to the growing field of wearable and textile-based antennas, ensuring comfort, efficiency,
and adaptability for biomedical applications.

4 On body Antenna Configuration

Since wearable antennas are designed for on-body communication, Wireless Body Area Network
(WBAN) devices require an omnidirectional horizontal radiation pattern with a longitudinal orien-
tation for effective operation. A vertical monopole with a large radiation field is a suitable choice for
these designs. However, to remain viable, bandwidth must be increased, and antenna height must be
significantly reduced to meet practical constraints [50]. The antenna’s performance effectively sup-
ports both operational frequency bands for on-body communication. The on-body response remains
stable at 2.45 GHz, showing minimal impact. Observations at 5.8 GHz revealed a slight bandwidth
reduction while maintaining a coefficient below 10 dB. The bending arrangement of the antenna
mimics the flexibility of a polyvinyl chloride-wrapped wearable antenna, ensuring lightweight con-
struction and simple dimensions. With excellent on-body performance, this design is well-suited
for biosensors, medical monitoring, and body-worn applications [51]. A study analyzing antenna
behavior in free space over the human body examined the return loss of a wrist-mounted antenna.
Minor variations were observed at 2.4 GHz and 5.8 GHz, indicating that bottom ground effects
influence antenna efficiency. Experimental results confirm that simulated and verified measurements
of multilayer human tissue models, composed of bone, fat, muscle, and skin, closely align. Addi-
tional textile-based antenna experiments further support these findings [52], [53]. A lightweight
MIMO-based ultra-wideband (UWB) antenna with dual bandnotched characteristics for wearable
applications was introduced by Liu et al. [37]. The proposed antenna features compact dimensions
of 50 x 50 mm? and is built on a Rogers 5880 substrate, with relative permittivity (r) of 2.2, loss
tangent of 0.0009, and thickness (h) of 0.787 mm.

Varkiani et al. [38] presented a small and UWB CPW-fed square slotted antenna for body worn
applications. Cotton cloth serves as the substrate material for the 23.5 x 22 mm2 antenna, which is
powered by a semi-polygon feed line encircled by grounded aircraft. It has a fractional bandwidth
(FBW) of 135% and a bandwidth of 13.1 GHz from 3.2 16.3 GHz.

5 Specific Absorption Rate

Because of international legal limitations and general concerns about the negative health effects
of dangerous radiation, researchers have long been concerned about radiation received by human
tissue. Therefore, protecting the human body from harmful radiation must be considered in addition
to wearable antenna compatibility. The SAR is required to measure the amount of electromagnetic
power absorbed by bodily tissue. It is generally believed to be the rate at which radiation is absorbed
by an electromagnetic field per mass of human tissues [55], [56].

o x E?

p

SAR =

(1)
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@ 5.8 GHz

(e) (d)
Fig. 5: The SAR distribution for 1 g of tissue in (a) and (b) and 10 g of tissue in (c) and (d) [54].

Where, 0 = Conductivity of the material
E =Electric field (V/m)
p =Mass-density (Kg/m?)

The Specific Absorption Rate (SAR) measures the amount of electromagnetic energy absorbed
by human body tissues. SAR can be averaged over a small portion of tissues or the entire
body [57], [58]. SAR exhibits a negative relationship with tissue density and a direct relationship
with tissue conductivity, as tissues with higher conductivity absorb more radiation. Global stan-
dardization bodies have established safety limits to regulate human exposure to electromagnetic
fields.

A study conducted by [54] analyzed the SAR of a dual-band antenna operating at 2.45 GHz and
5.8 GHz, assuming an input power of 0.5 W. Using a human model with 1 g and 10 g of tissues,
findings revealed that human body tissues at 2.45 GHz are exposed to higher electromagnetic
radiation than at 5.8 GHz, due to the greater conductivity at the lower frequency Research findings
indicate that the maximum SAR for 1 g of human tissues reaches 17.50 W/kg, exceeding the
permissible limits for 2.4 GHz and 5.8 GHz operations. These results highlight the necessity of
optimized antenna design to ensure compliance with SAR safety regulations.

The SAR analysis of wearable antennas and pressure sensors for elderly fall monitoring was
conducted by [59], [60]. A three-layer human body phantom, consisting of muscle, fat, and skin,
was created using the CST MWS simulation program for SAR evaluation (Fig. 5a). The dielectric
properties of human tissue at 2.45 GHz were obtained from [61].

The SAR analysis was performed on human body tissues weighing 1 g and 10 g using the
proposed antenna. When the antenna is positioned close to the human body phantom, greater
electromagnetic energy absorption occurs, leading to an increase in SAR. This effect is illustrated
in Fig. 5(b) for 1 g of body tissues and Fig.5(c) for 10 g. Additionally, extensive SAR evaluations
of single-band and multi-band antenna designs featuring varied layouts and feeding methods have
been well-documented in the literature.
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Fig. 6: A three-layer model, a hand, a head and a torso for the SAR distribution of different
human body tissues [61].

6 SAR Reduction Techniques

The IEEE standard defines the Specific Absorption Rate (SAR) for 1 g of human tissue, with stan-
dard values for 10 g of tissue being 1.6 W /kg and 2 W /kg. One effective method for reducing SAR is
the use of a fake magnetic conductor to shield the patch antenna from the human body [25], [62], [63].
This approach allows for monitoring electric field intensity and truncating additional electric field
positions [31]. When an antenna is present, the excited currents on the electromagnetic bandgap
(EBG) surface increase, leading to stronger coupling that enhances the S11 parameter in higher fre-
quency bands. The integration of an EBG with an antenna can effectively lower SAR by reducing
radiation exposure to human tissues.

Several strategies have been proposed to minimize SAR, with a key recommendation for
biomedical applications being the reduction of electromagnetic radiation exposure at lower frequen-
cies [64], [65]. These advancements contribute to safer wearable and implantable antenna designs,
ensuring compliance with radiation safety regulations.
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Table 1: A comparison of several SAR reduction methods for wearable antennas

Ref. No. Antenna Antenna Design Resonance Materials Gain (dB) SAR Efficiency
Size (mm3) Frequency
J Slotted | 71 x 68 x 14 : — 2.4,5.4 Denim Jean 2.76, 2.90 0.850, 1.830 -
EBG [39]
Square 86 x 86 x i 3.5 Rogers 4.13 0.022 99.5
Ring 1.52 ULTRA-
AMC unit LAM 3850
cell [58]
Circular 120 x 120 x ﬂ 2.45 Denim Jean 3.197 0.164 94.86
shaped 30
FSS unit
cell [66]
AR
Hexagonal T8 x T4 x1 2.45 FR-4 10.52 0.44 98.5
EBG
array [67]
AMC 54 x 54 x 3.9 i 2.4 Thin Fabric | 8.63 0.649 90.0
loaded C and Shieldit
shaped
antenna [64]
Jerusalem 75.7x 75.7x - 2.45 Rogers 4.13 0.022 99.5
EBG 0.17 ULTRA-
array [68] LAM 3850

7 Gain Enhancement Methods

The antenna design utilizes felt as a substrate to enhance flexibility and reduce manufacturing
costs. To minimize SAR and improve gain, a shaped metamaterial (MTM) patch antenna was
proposed, leveraging the -very large (MVL) characteristic of the metamaterial. At 2.45 GHz, the
highest recorded SAR value was 0.405 W /kg, which falls within the standard SAR limit of 1.6
W /kg. Compared to an empty metamaterial, the filled metamaterial within the antenna resulted

in a higher peak gain of 7.79 dB [63].
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Table 2: A comparative study of wearable antenna gain improvement methods

Techniques | Antenna Antenna Design Operational| Substrate Gain with- Gain with
used Size (mms) Frequency Used out Tech- | Technique
for gain (GHz) nique (dB) | (dB)
Enhance-
ment
Patch 80 x 60 x 3 2.45 Felt 4.67 6.027
antenna
with
RIS [47]
Folded 60 x 60 x 2 2.45, 3.45 Shieldit’s - 5.1, 8.6
ring iconic TLY
antenna [54] conductive

component
Circular 120 x 120 x 2.45 Denim Jean 0.47 5.63
shaped 30
FSS unit
cell [64]

o

Hexagonal 78 x T4 x 1 2.45 FR-4 —-0.05 4.85
EBG
array [69]
Jerusalem 75.7x75.7x - 2.45 Rogers - 9.61 4.434
cross 0.17 ULTRA-
shaped LAM 3850
EBG
array [66]
Simple 96.4 x 113 x 2.4 Wash Cot- 6.54 7.61
patch 3 ton
antenna
with EBG
array [70]

Additionally, downsizing can be achieved by modifying the gap width between the capacitance
and frequency selective surface (FSS) unit. By adjusting capacitance, the resonant frequency shifts
lower, leading to bandwidth optimization. FSS contributes to an average gain improvement of 4-5
dBi, with research indicating that SAR can be reduced by up to 94.8% [64].

To further enhance gain, a square ring-shaped artificial magnetic conductor (AMC) ground
plane was proposed, using leather as a substrate to increase flexibility. P. Saha et al. examined
the AMC ground plane, demonstrating its ability to improve gain while reducing SAR [64]. Back
radiation can also be suppressed by controlling inductance and capacitance through a hexagonal

92



Table 3: A comparative study of wearable antenna Bandwidth improvement methods

antenna [73]

Ref. No. Antenna Configuration Antenna Operational Substrate Bandwidth Technique
Size (mm?) Frequency Used used
(GHz)
= = Y
. T |
L ———u
i LA
L
2
Ring slot 40 x 32 x 2 2.4 Wool Felt 2.28-2.68 Ring
antenna Resonator-
with EBG EBG
struc-
ture [71]
Truncated 85.5 x 85.5 x 1.575, 2.4 Kevlar 120 MHz, 136 Truncated
corner tech- 5.62 MHz corners and
nique [67] four slits on
patch
Loaded 90 x 127 x 2.3 RT5880 238 MHz Additional
slots and 0.254 (2.358-2.52 strip placed
CRR [70] GHz) across the
feed
Loaded slots 65.5 x 68.65 x 2.4 Polyester (1.4-1.6) Open the
with short- 2.85 GHz, shorting pin
ing pins [68] (1.8-4.5) GHz and stub slot
Embroidered Dipole: 20 x 2.4 Jean Cotton (2.19-3.44) Copper e-
dipole 60 GHz, thread was
and loop Loop: 75 x 80 (2.35-2.81) sewn onto
antenna [72] GHz denim
== - -1
T
=3
Ly -
== —
Tl
-
Inverse 46 x 46 x 2.4 2.4 Thick Denim (2.17-2.83) Few Slits at
E-shaped GHz the radia-
microstrip tor increases
monopole the electrical

current path
and square
loop with
four T-shape
stripline EBG
increases
inductance for
enhancing the
bandwidth

copper-shaped electromagnetic bandgap (EBG) structure and optimizing the distance between unit
cells. Comparisons reveal that an EBG-integrated antenna experiences a 98.5% reduction in SAR,
while also increasing gain by 4.85 dB, outperforming antennas without EBG loading [69].

A CPW-fed antenna providing a broad bandwidth of 1.44-2.75 GHz was developed using a
cross-shaped EBG array. When operated at 2.4 GHz, the SAR value remains low at 0.022 W /kg,
ensuring compliance with safety standards. The short distance between the monopole antenna and
the larger CPW ground facilitates current coupling, where currents on the oval-shaped monopole
and CPW semi-circular ground plane flow in the same direction, effectively increasing gain by 1.5
dB. Using this technique, an average gain of 6.584 dB is achieved [74].
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8 Bandwidth Enhancement Methods

Using a square ring electromagnetic bandgap (EBG) resonator, a semi-circular patch antenna
achieved a 14.7% increase in bandwidth compared to a conventional antenna [71]. The truncation
technique enabled circular polarization without altering the antenna’s overall size. Additionally,
impedance matching can be further optimized using this approach. The antenna corners incorporate
four slits, which enhance the electrical current path and excite lower frequencies at 2.45 GHz and
1.575 GHz, respectively. By combining multiple resonances, bandwidth expansion is possible [67].

A microstrip patch antenna with multiple filled slots was proposed to extend the current path,
effectively improving bandwidth. A complementary rhombus resonator (CRR), providing up to 238
MHz of electromagnetic resonance, was integrated onto the antenna’s backside to further enhance
bandwidth [70]. Additionally, a study incorporated two conducting component layers separated by
0.3 mm-radius shorting pin holes between the patch and ground plane, increasing bandwidth. For
flexibility, polyester was selected as the substrate material. Slot-loading an open stub on the patch
extended the current path, resulting in an 85% bandwidth improvement [68].

A rectangular radiator with three elliptical holes was introduced to develop a pre-fractal antenna,
which reduced size by 26.85% while increasing bandwidth by 131 MHz. Extending the current
path across the ISM band (2.386-2.517 GHz) facilitated lower resonance [75]. Researchers proposed
sewing integrated copper e-threads onto dipole and loop antennas. By carefully considering copper
thread thickness, relative permittivity, and conductivity in substrate selection, they achieved broad
bandwidths of 2.19-3.44 GHz and 2.35-2.81 GHz [72]. Both the polyester substrate and copper
taffeta were woven using the plain weaving technique, ensuring resistance to external environmental
effects.

A lower-side patch improved bandwidth by up to 109%, while bottom-edge tapering and par-
allel slot integration extended the electrical current channel over the 1.198-4.055 GHz frequency
range [76]. Introducing varied-length slits in an inverted E-shaped antenna expanded bandwidth
by 15% (330 MHz), spanning 2.23-2.59 GHz. In the EBG structure, four T-shaped striplines posi-
tioned beneath the antenna introduced higher inductance, thereby reducing backward radiation and
increasing bandwidth by 27% (660 MHz), covering 2.17-2.83 GHz [73].

9 Conclusion

Advancements in technology are significantly enhancing healthcare delivery, with innovations such
as wearable technology, telemedicine, mobile health, remote patient monitoring, and electronic
health systems. Recent studies on wearables and implants underscore their transformative impact,
improving healthcare accessibility and efficiency through modern technology and digital integra-
tion. These developments highlight how the next generation of cutting-edge technology is offering
practical solutions to the challenges of digital healthcare.

Since wearable antennas require substrates, materials with high efficiency and broad bandwidth
should be selected for their construction. Research suggests that thicker, low-permittivity substrates
help minimize losses while expanding bandwidth.

Wearable antennas have been designed using various conductive and non-conductive materials.
However, to ensure optimal performance, testing near the human body is necessary to meet the
specifications of the wearable antenna.

Several techniques including fractal slot loading, PEC reflectors, truncated ground, and fer-
rite sheets have been previously employed to enhance antenna performance and improve isolation
between the antenna and human body. Despite their benefits, these methods often pose challenges
such as large size, structural complexity, high cost, and reduced comfort.

Over the past 20 years, metamaterials have played a crucial role in wearable antenna design,
significantly improving overall performance. Their advantages include:

® Lower SAR values, ensuring safer electromagnetic exposure,
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e Improved radiation efficiency and front-to-back ratio (FBR
e Expanded bandwidth, enhanced directivity, and higher gain.

These advancements continue to shape next-generation wearable antennas, making them more
efficient, comfortable, and adaptable for biomedical applications.
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