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Abstract: This study proposed the dimensions of 55 mm × 34 mm × 1 mm for wearable antenna; the
copper Y-slot patch and copper partial ground are attached to a felt substrate. The partial ground
has the higher impact in antenna gain enhancement compared with the full ground, making it the
most suitable candidate for wearable applications and suitable for embedding in fabrics for use in
medical applications. In addition, the proposed antenna design combined a fabric–metal barrier
operated at 2.4 GHz 65.4% with a low specific absorption rate (SAR) of 0.01 watts per kilogramme
(W/kg) and 0.006 W/kg per 10 g and a gain of 6.48 dBi. The proposed antenna has an omnidirectional
radiation pattern. The two-layer barrier is designed to achieve high electromagnetic (EM) absorption
and reduce the antenna’s absorption coefficient (SAR) for safe use in applications involving human
activities. Simulation and measurement results on the arm and the head of the human body indicated
that the antenna has excellent performance. In addition, the measurement results agreed well with the
simulation results, making the proposed wearable antenna reliable for medical and 5G applications.

Keywords: bandwidth; EM; fabric substrate; reflection coefficient; SAR; medical application; wearable
antennas; 5G

1. Introduction

The efficiency of wearable antennas is one of the most important components that are
improving due to their role as an essential component in devices associated with human
activities, the most important of which are health applications. These devices can monitor
blood sugar, blood pressure, heart rate, and other vital signs and transmit this data to
the appropriate health authority in accordance with patients in order for them to take
appropriate action when necessary [1–6]. Devices like these have been made wearable and
are sometimes even built into clothes because they are so useful for people.

When wearing wearable antennas, it is possible to observe that the human body
has a detrimental effect on antenna performance. The human body’s layers—skin, fat,
muscle, and bone—absorb the signal, leading to an unintended consequence. The antenna’s
reflection coefficient (S11), bandwidth (BW), gain (dBi), and radiation properties are all
affected by these tissues’ high dielectric constants [7,8].

The use of EBG structures is just one of many methods that have been created to
lessen the impact of the human body on antenna efficiency. Most contemporary antenna
designs employ the well-known electromagnetic band gap (EBG) construction. One of its
advantages is its separation from the human body [9].

It is essential to keep in mind that the transmission of electromagnetic waves by
wearable antennas has a negative effect on human health when discussing devices that
come into close proximity with the body.
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Electric and magnetic fields change over time, but electromagnetic and radio waves
(radiation) travel through space at the speed of light and in a path perpendicular to those
fields. The thermal effects can be evaluated using the specific absorption rate (SAR), which
is defined as the quantity of energy deposited per kilogram of body weight. Because of the
potential for damaging biological effects, assessing the SAR value in a human body is not
without its caveats; instead, numerical models should be used to determine the SAR [10].

SAR is a unit to determine the rate of how much energy from an electromagnetic
source is absorbed per mass unit by human tissues, as show in Equation (1) [11]:

SAR = σ
E2

i
ρ

(W/kg) (1)

where:
σ—is the conductivity of tissue in unit (S/m).
E—is the electric field intensity in unit (V/m).
ρ—is the mass density of tissue in unit (kg/m3).
Either the entire body or a tiny volume is averaged in the SAR (typically, 1 g or 10 g

of tissue). SAR is expressed in terms of watts per kilogram. Limits for specific absorption
rate (SAR) are set at 2 W/kg over 10 g by the International Commission on Non-Ionizing
Radiation Protection (ICNIRP) and the IEEE C95.1-2019 guidelines, and at 1.6 W/kg over
1 g by the Federal Communications Commission (FCC) [12].

There are numerous sources that address the pros and cons of using SAR and PD
parameters. Some of these citations favor SAR, while others favor PD. In this work, the
FCC-approved SAR is used, with the (PD) unit applied to distances greater than or equal
to 5 cm.

Recent research suggests that continuous wireless radiation has biological effects, and
this is particularly true when millimeter waves, a higher frequency, more transmitters, and
more connections are taken into account, as they are in 5G.

Genotoxicity (DNA damage), cell proliferation, gene expression, cellular signaling,
electrical activity, and membrane impacts are all influenced by mmW frequency.

Two different frequency bands, FR1 (below 6 GHz) and FR2 (above 6 GHz), make
up the 5G (5th generation cell network) (mmWave). FR1’s coverage is significantly larger
because it works at lower frequencies (410–7125 MHz) than FR2. Using millimeter-wave
frequencies (24,250 to 52,600 MHz), FR2 is capable of transmitting data at higher speeds
and with more storage space than its predecessor, FR1.

The H-bond in cellular macromolecules may be disrupted by weak fields because of
accelerated electron transport. The observed upregulation of transcription and protein
translation following RF-EMF exposure may have a biological basis [13]. The energy of
weak EM fields, on the other hand, is not enough to immediately break a chemical bond in
DNA. It is now clear that oxygen radicals (ROS) or disruption of DNA repair processes are
the end result of genotoxic effects caused by indirect mechanisms.

Exposure to RF-EMW has been linked to changes in plasma membrane potential and
calcium efflux, followed by a decrease in calcium and a drop in protein kinase C activity
(PKC). Apoptosis is induced, and a wide variety of enzymes, ion transporters, channels, and
proteins are altered as a result of this reduction. By disrupting mitochondrial membrane-
bound NADH oxidase, RF-EMW causes the generation of reactive oxygen species (ROS).
Apoptosis, DNA, and the chaperonins PKC and histone kinase are all affected by reactive
oxygen species [14]. Heat Shock Protein (HSP) increases in response to electromagnetic
radiation (EMR) and ROS [14,15].

Since there is not much known about how 5G affects the health of people, plants,
animals, insects, and microbes, it is best to be careful. Because of this, it is very important
for 5G applications, especially those that are close to the body, to have a low SAR.

The specific absorption rate (SAR) is also considerably lowered to conform with
regulations set forth by the Federal Communications Commission (FCC) and the Interna-
tional Commission for Non-Ionizing Radiation Protection (ICNIRP) [16]. However, these



Electronics 2023, 12, 2754 3 of 19

buildings have a few drawbacks, the most important of which is their typically thick
thickness when applied to Medical Body Area Networks (MBANs) [7,16]. Furthermore,
frequency shifts are the most significant drawback of EBG systems due to their limited
bandwidth [17]. When the transmitter is in close proximity to a person’s skin, this flaw
becomes especially noticeable. As the signal from the antenna moves through the body’s
tissues, it becomes weaker and its pattern becomes messed up. With a wide bandwidth,
frequency changes have less of an impact on the target band, which can stay within a 10-dB
tolerance range. In addition, high data rates and close-range indoor interactions demand a
lot of bandwidth [18].

In [19,20], the authors presented high-performance antennas for medical application.
In [21,22], many of the antennas presented in this field were discussed in terms of their
specifications and method of design, in addition to the real possibility of employing this
type of antenna in medical applications, so it is possible to refer to their use in medical
applications, the effectiveness of their performance, and applications involving wearable
technology.

In [23], a defected ground structure (DGS) antenna in the form of an E-shaped patch
was attached onto the rear of an EBG array to expand its frequency. While this research
did succeed in achieving a large bandwidth, the inclusion of a supported approach like
DGS is not a test of the EBG method. When attached solely to the antenna, this method
still has a limited capacity. In addition, the suggested design’s size and weight went up
after the addition of the (DGS) structure. In [24], the proposed antenna was designed
to be compacted with EBG 2 × 8 and 8 × 8 arrays to operate at 77.1–84.6 GHz (9.3%),
78.6–84.9 GHz (7.7%), 73.1–85.3 GHz (15.1%), and 76.8–84.4 GHz (9.4%). The designed
antenna in [25] was attached to an EBG array to achieve wide bandwidth at (3.04–4.70 GHz)
42.89%. In [26], the antenna of size 46 mm × 46 mm × 1.6 mm was designed for 5G new
radio (NR) sub-6 GHz n77/n78/n79 and 5 GHz WLAN with good impedance matching.
The designed antenna attached to the electromagnetic bandgap (EBG) structure—defected
ground structure (DGS)—to operate at a wide frequency range of 3.2–5.75 GHz.

In [27], a 2× 1 EBG array was printed on the designed antenna ground with a compact
size of 8 × 8 mm2, with a low SAR 0.695 W/Kg for 1 g; the antenna over the EBG structure
covered the frequency range from 3.1 to 10.6 GHz.

In [28], a modified meandered slot, a slotted Y-shaped monopole, and a trident-shaped
feed strip with a FR-4 substrate with a total size of 30 × 20 × 1.6 mm3 was presented
to achieve a wide bandwidth 41.8% at 2.6 GHz and gain 3 dBi with attaching a metallic
reflector of size 60 × 60 mm2 for 5G, Wi-Fi, and WiMAX applications.

In [29], a study into a Y-shaped patch antenna for use at 4, 19, and 13 GHz is conducted.
Gains were found to be 5.01, 5.42, and 7.46 dBi at the three resonant frequencies, with
bandwidths of 9.99%, 4.55%, and 7.62%. The suggested antenna can be used in a variety of
radio, satellite, and airborne radio navigation systems.

In this study, we proposed a wearable antenna Y-slot patch with a fabric–metal barrier
designed for SAR reduction to provide the highest levels of safety for human health when
the proposed antenna is used in medical and 5G applications.

2. Antenna Design and Parametric Study

The proposed antenna has a light weight and dimensions of 55 by 34 by 1 mm. The
fabric substrate was 0.7 mm thick, and a 0.17 mm thick copper Y-slot patch was fixed
to it. The antenna’s gain was increased by including a partial ground on the antenna’s
cloth substrate, which was 0.17 mm thick. Figure 1 depicts the proposed antenna patch
evaluation starting from the classical square-shaped antenna. Figure 2 illustrates S11 for the
antenna in different patch shapes: (a) classical square slot presented as a red dashed line,
(b) T-slot patch presented as a dashed black line, and (c) Y-slot patch presented as a solid
black line. In both the classical patch square slot antenna and T-slot antenna the operating
frequency was at lower frequencies 0.5 GHz–1.8 GHz and 1.4 GHz–1.6 GHz, respectively.
However, the Y-shaped slot patch shows a fixed operating frequency at center frequency at
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2.4 GHz with wide bandwidth 67.5% and gain 6.8 dBi. Figure 3 shows the simulated gain
in dBi. The simulated results show that the designed antenna has gain 6.8 dBi at 2.4 GHz
and an omnidirectional radiation. Figures 3 and 4 illustrate antenna simulation gain and
radiation pattern in H-field and E-field, respectively.
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Felt, blue jeans, and polyester were among the fabrics used in the antenna tests.
Figure 5 displays the S11 for the various fabric substrates in size (55 × 34 × 0.7) mm3,
with the best outcomes achieved by the felt substrate in terms of both operating frequency
(2.4 GHz) and wide bandwidth, which is presented as a black solid line. Therefore, the
purpose of this research was to identify a frequency in the ISM band with a particularly
broad bandwidth for use in commercial, scientific, and medical applications. In Figure 5,
the dashed black line presents the S11 for the Jeans substrate (εr = 1.7 tan δ = 0.025)
which shows that the antenna with jeans substrate has a narrower band width at 2.4 GHz
compared with the felt substrate. The dashed red line presents the antenna S11 with
polyester substrate parameters (εr = 1.9 tan δ = 0.0045) which shows the antenna operating
from 0.1 GHz–2.3 GHz. The input impedance is very sensitive to the breadth of the strip
feeder. The resonance frequency drops as the feeder breadth grows larger because of
changes in antenna length (L) and effective dielectric constant εe.
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The input impedance at resonance decreases from 125 Ω to 50 Ω because the radiation
from the radiating edge increases, which decreases the radiation resistance. The following
impacts are seen as the strip line height (h) increases. The strength of the edge surrounding
the fields grows as h rises [29], lengthening the extension, and the useful length makes the
resonance frequency smaller. On the other hand, as h grows longer, the W/h ratio falls,
lowering the effective dielectric constant εe and raising the operating frequency. However,
the effect of the increase in ∆L is dominant over the decrease in εe. Therefore, the net effect
is to decrease the resonance frequency.
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A rectangular Y-slot patch microstrip antenna was analyzed as a parallel combination
of resistance (R), inductance L, and capacitance CP. The most important thing that controlled
S11 was the number of Y-slots on the emitting element that could be opened and closed.
The existing distribution was changed by them. So, the radiating element has two currents:
one straight current like that found in any conventional radiating patch, and another, more
circuitous current that follows the Y-slots. This caused a decrease in the harmonic frequency.
Figure 6 illustrates the fabricated antenna (a) back view and (b) front view. According to
the modal expansion cavity model, the values of R, L, and C [30] were calculated using the
Formulas (2)–(5):

C =
ε0εrLW

2H
cos−2 Y0π

2H
(2)

L =
1

ω2C
(3)

εe =
(εr + 1)

1
+

(εr − 1)
1

(
1 +

10H
W

)− 1
2

(4)

F =
C

2πL
√

εe
(5)

where:
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F—is the resonance frequency of the antenna.
L—is the length of the patch.
W—is the width of the patch.
H—is the total high of the antenna.
Y0—is the length of the vertical portion of the feed point.
εr—is the relative permittivity of the substrate.
εe—is the effective dielectric constant.

3. Antenna Performance and SAR Evaluation (in Free Space/on Human Body)

To accommodate today’s gadgets, the antenna’s size must be taken into account. When
applied to the human body, antennas must be small in size and have a broad bandwidth to
combat the body’s natural susceptibility to resonant frequencies. That is why the authors
of this research advocated for a felt substrate and a partial ground for a wearable antenna.

Figure 7 shows that the antenna’s free space simulation findings agree with the
measured S-parameter test results. Using a Vector Network Analyzer ZV 24 VNA
(10 MHz–24 GHz), we were able to determine that the proposed Y-slot cloth antenna
has a gain of 6.78 dBi at its center frequency of 2.45 GHz and is omnidirectional over a
frequency range of 1.757 GHz to 3.328 GHz. This broad operating frequency range is
due to the antenna’s low permittivity substrate, the fact that the properties of the felt
dielectric permittivity (εr = 1.22, loss tangent of 0.016) match the resonant frequency
range (2.3 GHz–2.8 GHz) [31], and the novel design of a Y-slot patch on cloth. It may
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also be explained by a reduction in the stimulation of surface waves. In order to increase
bandwidth, it is necessary to reduce the quality factor (Q factor) of the strip feeder
and the stored energy [26,32]. With some possible exceptions related to the making
or soldering process, the measured results match the simulated results. This wider
bandwidth is helpful for wearable antennas because it makes sure that the desired
frequency band is covered, even if the frequency changes, because of how the body
moves. Small differences between what was measured and what was simulated are
likely caused by mistakes made by humans when making or soldering the device.
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The proposed antenna felt substrate was measured on the arm of a female, who
weighed 74 kg and stood 167 cm tall. Figure 8 shows that the S11 results of the antenna
when placed on a human arm and head were compared with measured S11 in free space
to prove the effectiveness of the designed antenna in real life. The proposed antenna
demonstrated a sufficiently wide bandwidth from 1.65 GHz to 3.132 GHz to cover the
operating frequency at 2.4 GHz without shifting. While using the intended antenna on
a human arm, the bandwidth was reduced from 65% to 59.28% due to absorption, the
aforementioned blockage effect, and an increase in front-to-back ratio (FBR), which is
caused by the body’s higher permittivity than the substrate antenna material.
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As a result, radiation directed at the surface of the human body is significantly re-
duced, and the antenna’s overall gain and front-to-back ratio also show improvements
(FBR) [7,33–36]. This antenna also produces omnidirectional radiation, which has been
linked to an increase in dangerous human applications [37,38]. Nevertheless, Section 4
discusses the proposed solution and the laboratory experiment.

Artificial magnetic conductors (AMCs), also called electromagnetic band gap struc-
tures (EBG), and high impedance surfaces are two examples of modern techniques that
help reduce SAR and are being developed to make antennas safer [39,40].

For the SAR evaluation in this study, we use wave-absorbing materials. Wave-
absorbing materials can efficiently absorb EM radiation, decrease EM pollution, safeguard
all forms of electrical and electronic equipment from EM interference, maintain the normal
operation of equipment, avoid equipment failure or deterioration, and effectively protect
the human body. In order to stop EM radiation from damaging the human body in a
high-radiation environment, it is one of the most crucial strategies to regulate EM wave
transmission and stop EM wave pollution [41].

In order to maximize the use of absorbing materials in the design of wave-absorbing
materials, the metal substrate is typically added to the bottom of the material in order
to achieve strong reflection. As shown in Figure 9, when transmitted waves strike the
surface of a metal substrate, they are reflected back onto the wave-absorbing material for
absorption loss [41].
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The complex dielectric constant, complex permeability, and loss angle tangent of
a material are the main things that affect how well it absorbs. Wave-absorbing fabrics
work because they absorb electromagnetic waves, which causes the fabric to lose some
of its shape. The electromagnetic parameters of wave-absorbing materials are crucial
in computing the absorption rate. In addition, transmission line theory can be used to
calculate the fabric’s absorptivity (6)–(12) [42]:

(dB) = 20 log
∣∣∣∣Zin − Z0

Zin + Z0

∣∣∣∣ (6)

Zin = Z0

√
µg

ε0
tanh[j

(
2π f d

c

)
√

µgεg] (7)

Z0 =

√
µ0

ε0
(8)

ε = ε′ − jε
′′

(9)

µ = µ′ − jµ
′′

(10)

tanδε = ε
′′
/ε′ (11)
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tanδµ = µ
′′
/µ′ (12)

where:
R: reflection coefficient.
Zin: input impedance.
Z0: free space impedance.
f : frequency.
c: the propagation speed of EM waves in a vacuum.
d: material thickness.
µg and εg: complex permeability and permittivity of absorbing material, respectively.
µ0 and ε0: complex permeability and permittivity in free space.
ε′ and ε

′′
: the real and imaginary parts of complex permittivity.

µ′ and µ
′′
: the real and imaginary parts of complex permeability.

tan δε and tan δµ: the tangent of dielectric loss angle and magnetic loss angle.
In this study, we aim to make the design and manufacturing process simple and

inexpensive while preserving the small compressed antenna’s size. The absorbing barrier
that absorbs the EM waves emitted by the antenna is composed of two layers as shown in
Figure 10; the first of which is a one-millimeter-thick cotton layer and the second of which
is a one-millimeter-thick copper layer, as cotton represents the absorbing layer and copper
represents the reflective metal, in order to achieve a simple-to-manufacture installation
with properties similar to 3D woven absorbing materials.
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Figure 10. Side view of simulated absorbing barrier.

Figure 11 shows (a) the illustration of the equivalent circuit for the two-layer barrier,
(b) the absorption of EM percentage in the cotton layer, and (c) the electric fringing field on
the copper layer.

The arm and head models were simulated to represent the two areas of the human
body that are most at risk of harm when using mobile devices and equipment intended
to keep track of one’s health, such as some smart wristbands, watches, and cell phone
accessories.
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CST 2014 (computer simulation technology) software was used to simulate the arm
and head model to test the effectiveness of the suggested antenna. The human body’s
structure is represented by a four-layer diagram. The length of the limb was a cylindrical
150 × 80 mm2 in total. The four-layer limb model is summarized in Table 1. Moreover,
a sphere with 85 mm radius of four layers was designed to mimic the human head, as
these four layers consist of the brain covered by the skull (bone), then fat, and finally the
skin layer. The characteristics of these layers are shown in the Table 2 [43]. Additionally,
Figure 12 shows (a) the simulated arm and (b) the simulated head model.

Table 1. Prosperities of multilayer body tissues [12,44].

Fat Muscle Bone Skin

Density (kg/m3) 900 1006 1008 1001

Permittivity (εr) 5.27 52.67 18.49 37.95

Conductivity (s/m) 0.11 1.77 0.82 1.49

Thickness (mm) 5 20 13 2
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Figure 12. (a) An absorbing barrier compacted with the designed antenna applied to the simulated
arm model (side view). (b) An absorbing barrier compacted with the designed antenna applied to
the head model (side view).

Table 2. Head model characteristics [43].

Tissue Permittivity Conductivity Thickness (mm)

Skin 40.7 0.65 1
Fat 10 0.17 0.14

Bone 20.9 0.33 0.41
Brain 41.1 0.86 81

The cotton side of the absorbing barrier was attached directly to the antenna ground
and the copper side was in contact with the skin layer of the arm and head model. The
antenna over a 2 mm absorbing barrier achieved a satisfactory result of 0.02 W/kg for
10 g and 0.03 W/kg for 1 g at 0 distance from the arm model and 0.097 W/kg for 10 g and
0.0295 W/kg with direct contact with the head mode. Figure 13a,b shows the simulation
results for the arm model with a 2-mm barrier and (c) and (d) illustrate the simulation
result for the head model with a 2-mm barrier.
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The benefit of this technique is that the antenna can be applied directly onto the
human skin layer without impacting it. The results of applying the absorption barrier are
also very satisfactory because they were significantly lower than both the international
limits and the values attained in some recently published studies, as shown in Table 2.
While studies have demonstrated that some copper bracelets relieve arthritic pain, others
have not supported this beneficial effect of copper. The copper layer in contact with the
skin layer does not hurt the wearer. Yet, there is no data or proof demonstrating the risk
of skin contact with copper.
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4. Sar Measurements in Flat Phantom

Actual SAR measurements heavily rely on power analysis. The antennas are not
exactly matched, and there are losses between the power given to and the power taken
from them. As a result, the approved power must be monitored and used as the standard
to ensure consistency across simulations and measurements. Its power is distributed as
0.25 W to the low band and 0.13 W to the high band [16].

Figure 14 depicts the setup for measurement: A signal generator produces the signal
that is amplified and transmitted through a directional coupler. A power monitor is used
to monitor the required feeding power for the SAR calculation. A robotic arm, electric
field probes, and a customized head tank are used to measure SAR. The tank contains a
unique fluid (head phantom) designed to mimic human tissue characteristics. The antenna
is positioned below the tanks to mimic its position close to the head during actual use.
Moreover, the liquid phantom (head phantom) recipe is in shown in Table 3.



Electronics 2023, 12, 2754 14 of 19

Electronics 2023, 12, x FOR PEER REVIEW 14 of 19 
 

 

positioned below the tanks to mimic its position close to the head during actual use. More-
over, the liquid phantom (head phantom) recipe is in shown in Table 3. 

 
Figure 14. SAR measurement setup. 

The electrical field probe moves through the liquid phantom to find the SAR peak’s 
approximate area. It is recommended that the phantom be placed further away from the 
probe than the radius of the probe. The zoom scan comes next. The aim of the zoom scan 
is to find the mean SAR over the cube. After that, zoom scans are done around one or more 
of these peak places to find the peak spatial average SAR value. 

Table 3. Liquid phantom recipe [45]. 

Target Properties Ingredients by Weight 𝜺′ σ S/m Water % Polysorbate (20%) Polysorbate (80%) NaCL % 
39.2 1.8 55.75 45.25 0 0.00 

The experiment was conducted in two ways: measuring the absorption coefficient of 
the antenna when it was directly applied to the phantom, and installing the barrier di-
rectly with the phantom and installing the antenna directly on the barrier. 

With the antenna attached directly to the phantom, the absorption coefficient was 
found to be 11.57 W/g per gram and 5.58 W/g per ten grams; this value of the absorption 
coefficient is not often approved for human use due to the many negative health impacts 
it has on humans. 

The second part of the experiment obtained the values 0.011 W/g per 1 g and 0.006 
W/g per 10 g after the implementation of the two-layer barrier; it shows a significant re-
duction. These values acquired for the absorption coefficient are the values that we aim to 
obtain in this work for the safe use of the substance in human applications, as the value of 
the absorption coefficient is essential to the safety of the substance. This improvement is 
attributable to the two-layer barrier, the first of which is the fabric, which absorbs the ma-
jority of the EM, and the second of which is the copper layer, which reflects the EM away 
from the human body. Figure 15 illustrates the experimental setup in the lab. 

Figure 14. SAR measurement setup.

Table 3. Liquid phantom recipe [45].

Target Properties Ingredients by Weight

ε
′

σ S/m Water % Polysorbate (20%) Polysorbate (80%) NaCL %

39.2 1.8 55.75 45.25 0 0.00

The electrical field probe moves through the liquid phantom to find the SAR peak’s
approximate area. It is recommended that the phantom be placed further away from the
probe than the radius of the probe. The zoom scan comes next. The aim of the zoom scan is
to find the mean SAR over the cube. After that, zoom scans are done around one or more
of these peak places to find the peak spatial average SAR value.

The experiment was conducted in two ways: measuring the absorption coefficient of
the antenna when it was directly applied to the phantom, and installing the barrier directly
with the phantom and installing the antenna directly on the barrier.

With the antenna attached directly to the phantom, the absorption coefficient was
found to be 11.57 W/g per gram and 5.58 W/g per ten grams; this value of the absorption
coefficient is not often approved for human use due to the many negative health impacts it
has on humans.

The second part of the experiment obtained the values 0.011 W/g per 1 g and
0.006 W/g per 10 g after the implementation of the two-layer barrier; it shows a signifi-
cant reduction. These values acquired for the absorption coefficient are the values that
we aim to obtain in this work for the safe use of the substance in human applications,
as the value of the absorption coefficient is essential to the safety of the substance. This
improvement is attributable to the two-layer barrier, the first of which is the fabric,
which absorbs the majority of the EM, and the second of which is the copper layer, which
reflects the EM away from the human body. Figure 15 illustrates the experimental setup
in the lab.

The results of laboratory measurements are fully compatible with the simulation
results for the adoption of the two-layer barrier technology in reducing the absorption
coefficient to nearly zero, nominating this technology for adoption in fifth-generation
technologies to ensure the safe use of antennas in applications involving human activities.
Table 4 presents the obtained SAR simulation and measured results with recently published
research, and newly released studies are compared to this work in Table 5.
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Table 4. SAR comparison with recent research.

Ref. Year SAR (W/kg) (1 g) SAR (W/kg) (10 g)

[46] 2020 (sim) 0.35 0.28

[47] 2020 (sim) 1.22 -

[48] 2021 (sim) 0.29/0.2/0.22 0.13/0.09/0.09

[49] 2021 (sim) 0.9 -

[50] 2022 (sim) 0.37 0.26

[51] 2020 (sim) 5.95 -

[52] 2021 (sim) 0.25 0.58

[53] 2021 (sim) 36.3 44.5

[54] 2019 (sim) 0.3 -

[55] 2019 (sim) 0.6 -

[56] 2020 (sim) 0.84 -

[57] 2019 (sim) - 1.5

[58] 2021 (sim) 0.9 -

This work Measured (head) 0.01 0.006

This work Simulated (Arm) 0.03 0.02

This work Simulated (Head) 0.02 0.09
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Table 5. Comparison with recent research.

Work B.W % Substrate Gain SAR (W/Kg) Design
Method Size

[23,24] (9.3%) and
(7.7%) Metallic - - EBG structure -

[26] 51 FR-4 - - EBG structure 46 × 46 × 1.6

[59] 5.3 Rogers 4360G2 24 - EBG structure -

[60] 20 FR-4 9 - EBG and DGS 80.6× 25.6

[61] 32.8 FR-4 18.8 -
High

impedance
surface

3.2 × 2.8 × 0.09

[62] 6.6
full planar
dielectric
substrate

11.36 - EBG structure -

[23] 32.08 fabric 6.45 0.122 (W/1 g) EBG-DGS 60 × 60 × 2.4

[63] - flexible
polyimide 4.54/3.86 0.35/0.39

(W/1 g) AMC structure 61.4 × 61.4 × 1

[64] 40.8/7.1 - −4.37/1.04 - C + O Structure
Antenna 15 × 15× 1.6 mm3

[65] 29.6%/30.1%/
29.9%/29.1% FR-4 2.3 /2.0 /1.8 /1.5 - Plain ground

antenna -

This work 65.4 Felt 6.47 0.01 (W/1 g)
0.006 (W/10 g)

Fabric–Metal
barrier 55 × 34 × 1

5. Conclusions

For 2.4 GHz medical and 5G applications, a Y-slot patch antenna made of felt with
a partial ground was proposed. The antenna was tested on a live human being and in
free space. The effectiveness of the proposed design was demonstrated using free space
and human body measurements, both of which are common techniques for evaluating
antennas. In addition, both the free space and human body results were positive and
in excellent agreement with the simulation results. High performance was shown by
measuring a human arm and head, which showed a bandwidth of 65.4% and a gain of
6.48 dBi. The findings confirmed that the proposed antenna with a felt substrate could
reduce the detrimental frequency-shifting impact of the human body on antenna radiation.
The SAR values reduced after applying the new concept of the fabric–metal barrier from
11.57 W/g per 1 g and 5.58 W/g per 10 g to 0.01 W/kg for 1 g and 0.006 W/kg for 10 g. It
was therefore found to be safe for human activity applications, rendering the design as safe
for use and appropriate for wearable applications.
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