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Abstract—This study focuses on designing an enhanced
wearable antenna for medical and 5G applications,
addressing the dual challenges of high-performance
operation and Specific Absorption Rate (SAR) reduction to
ensure user safety. To achieve this, the proposed antenna
incorporates a compact 3 x 3 cross-slot Metamaterial (MTM)
structure and a fabric-metal barrier. The antenna, with
dimensions of 55 x 34 x 1 mm, features a copper square-slot
patch and partial ground on a felt substrate. Furthermore, its
performance was evaluated through simulations and
laboratory measurements, considering free-space and
human-body models, using a Vector Network Analyzer and
liquid phantoms to mimic human tissues. As a result, the
proposed design operates at 2.4 GHz with a wide bandwidth
0f 91.6% and a gain of 8.3 dBi. SAR values were significantly
reduced from 0.25 W/kg for 1 g and 0.112 W/kg for 10 g to
0.0122 W/kg and 0.035 W/kg, respectively, on head liquid
phantoms. Moreover, the fabric-metal barrier further
enhanced SAR reduction, achieving values close to zero.
Measurement results aligned closely with simulations,
confirming the antenna’s reliability and safety for wearable
use. In conclusion, the integration of a 3 x 3 MTM structure
and fabric-metal barrier not only enhances antenna
performance but also ensures user safety through significant
SAR reduction, demonstrating the potential for widespread
adoption in medical and 5G wearable applications and
offering a robust and practical solution for real-world
challenges.

Keywords—{felt substrate, reflection coefficient, specific
absorption rate, medical application, wearable antennas

Manuscript received March 17, 2025; revised June 3, 2025; accepted June
20, 2025; published October 13, 2025.

doi:10.12720/jem.20.5.596-606

I. INTRODUCTION

Wearable antennas have emerged as a critical
innovation in medical and communication technologies,
especially with the rise of 5G applications [1]. These
antennas are integral to wearable devices, enabling
seamless signal transmission while maintaining close
contact with the human body [2, 3]. Moreover, their
applications in health monitoring are particularly
noteworthy, as they facilitate real-time tracking of vital
signs and medical diagnostics [4—6]. However, as
wearable devices become ubiquitous, concerns regarding
electromagnetic radiation and its effects on human tissues
have grown significantly. Studies highlight the risks
associated with Specific Absorption Rate (SAR), which
measures the energy absorbed by biological tissues when
exposed to non-ionizing radiation [7-9]. Prolonged
exposure can lead to tissue heating and other physiological
effects, underscoring the importance of designing antennas
that ensure both efficiency and user safety [10, 11].
Despite these advancements, significant challenges remain
in balancing performance with safety. Conventional
designs often struggle to mitigate SAR values effectively
while maintaining desirable attributes such as high gain
[12], wide bandwidth, and compact size [13, 14].
Furthermore, the close proximity of antennas to the human
body complicates their performance due to the lossy nature
of biological tissues, which can distort signal transmission
and elevate SAR levels beyond safety thresholds [15, 16].
Addressing these challenges is critical to ensuring the safe
and reliable use of wearable antennas in diverse
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applications,  particularly in  sensitive = medical
environments [17, 18]. As indicated by the WHO [19],
Table I details some biological criticality related to
absorbed radiation.

TABLE 1. THRESHOLD TEMPERATURE FOR THE INDUCED THERMAL
EFFECTS ON THE HUMAN BODY [19]

Target Effect Threshold (°C)
Whole Various physiological effects 1.0
Eye Cataract 3-5
Skin Warmth sgnsation Pain 0.02-1
sensation/Burns 10-20
Brain Neuron damage 4.5

In recent years, advances in materials and antenna
design techniques have opened new avenues for
overcoming these limitations. The integration of
Metamaterials (MTMs) has been particularly impactful,
offering unique electromagnetic properties that enhance
antenna performance [20—22]. For instance, MTMs can
improve gain, expand bandwidth, and most importantly,
reduce SAR by reflecting or absorbing electromagnetic
waves [23, 24]. Additionally, innovations such as fabric-
metal barriers further enhance SAR mitigation by creating
an additional layer of protection, making wearable
antennas safer for direct contact with human tissues
[25—27]. These developments have set the stage for the
creation of advanced antenna designs tailored to meet both
performance and safety requirements.

This study aims to develop a novel wearable antenna
incorporating a 3 X 3 cross-slot MTM structure and a
fabric-metal barrier for SAR reduction. The proposed
antenna is compact, operating at 2.4 GHz with enhanced
gain and bandwidth, and is designed to minimize SAR
levels while maintaining optimal performance in direct
contact with the human body. By integrating advanced
materials and design techniques, this study seeks to
address the critical challenges of wearable antenna safety
and efficiency. Ultimately, the significance of this study
lies in its potential to bridge the gap between high-
performance wearable antennas and stringent safety
standards. By achieving significant reductions in SAR
levels and improving antenna performance, the proposed
design offers a robust solution for medical and 5G
applications. Moreover, its adaptability for various
wearable use cases highlights its promise for widespread
adoption in both clinical and consumer domains. Thus, this
research contributes to the ongoing efforts to make
wearable technologies safer and more reliable, paving the
way for their broader acceptance and integration.

The structure of the paper is as follows: Section I
discusses the challenges and advancements in wearable
antennas for medical and 5G applications. Section II
details the proposed antenna design and methodology,
including the use of a 3 X 3 MTM structure and fabric-
metal barrier. Section III presents the results, focusing on
performance metrics and SAR reduction. Section IV
concludes with key findings and future work.

II. ANTENNA AND MTM DESIGNED AND PARAMETRIC
STUDY
A. Antenna Structure

The proposed wearable antenna has been designed
initially depending on the antenna design theory [4—9], and
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optimized by the CST simulation tool, the final designed
wearable antenna consists of a square copper patch (34 x
34 x 0.17) mm, attached to the (55 x 34 x 0.7) mm felt
substrate (g, = 1.22,and tand = 0.016), and a partial
ground (34 x 11 x 0.17) mm attached to the back of the felt
substrate. Fig. 1 depicts the front, back, and side views of
the proposed antenna.
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Fig. 1. Designed antenna structure: (a) Simulated square slot antenna,
(b) Fabricated square antenna.

Fig. 2(a) illustrates S11 of the designed antenna in
different patch slots. However, the square slot patch
antenna shows a fixed operating frequency at 2.4 GHz and
with a wide bandwidth of 62.5% (1.6-3.1) GHz, and 6.06
dB gain. Moreover, Fig. 2(b) illustrates gain enhancement
by adding partial ground instead of full ground.
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Fig. 2. Antenna parameters: (a) S11 evaluation in different patch slots,
(b) The gain in full ground and partial ground.

As radiation from the radiating edge rises, the input
impedance at resonance reduces from 125Q to 509,
resulting in lower radiation resistance. The following
effects are observed as the strip line height (h) increases.
As h increases, so does the strength of the edge
surrounding fields [28], resulting in a longer extension and
a lower resonance frequency. As h grows longer, the W/h
ratio decreases, lowering the effective dielectric constant
&, and increasing the working frequency. However, the
effect of increasing antenna length dominates the drop in
.. As aresult, the resonance frequency decreases.
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B. Metamaterial Unit Cell

Metamaterials have unique physical properties that
cannot be found in nature, making them ideal for usage in
a variety of applications such as invisible submarines,
microwave invisibility cloaks, compact effective antennas,
and negative refractive-index lenses. One of the most

important applications for metamaterials is antenna design.

Metamaterials’ unique properties allow for the creation of
innovative antennas that would not be conceivable with
natural materials. The metamaterial inserted into antennas,
which comprise of a single layer or double layers, can
either serve as substrates or be added to the geometry of
the antenna to increase its overall performance.

To investigate the MTM properties, the proposed cross-
slot MTM unit cell is initially simulated in a rectangular
waveguide. The design depicts the structure of the
proposed cross-slot MTM unit cell. Using the aid of CST
Microwave Studio, a cross-slot unit cell attached to the felt
substrate has been designed and simulated as an MTM.
The perfect boundary conditions have been applied to a
unit cell containing only one cross-slot, with two sides of
the unit cell (along the y-axis) having a Perfect Electric
Conductor (PEC) as a boundary condition and the other
two sides (along the z-axis) having a Perfect Magnetic
Conductor (PMC). The remaining two sides (along the x-
axis) of the unit cell serve as wave apertures for excitation
and radiation. Further details on boundary conditions and
excitations assignment to a unit cell are shown in Fig. 3.
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Fig. 3. MTM unites cell structure.
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Fig. 4. MTM unites cell S11 and S21 plot.

Fig. 4 depicts the S-Parameter response of the unit cell,
which demonstrates that the S11 and S21 parameters
intersect at 2 GHz and 3 GHz, respectively. This
demonstrates that the unit-cell structure has a bandgap
between 2 GHz to 3 GHz, where electromagnetic waves
are reflected, resulting in negative material properties [29].

In addition, the effective permeability (eff) and
permittivity (eff) of an equivalent MTM unit cell are
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calculated using the Nicolson-Ross-Weir (NRW) method.
Effective electromagnetic parameters (eff and eff) are
derived from scattering parameters (S11 and S21). The
Hefr and o5 have been calculated using Eqgs. (1-4) [30],
and their frequency response is depicted in Fig. 6. The
values V1 and V2 represent the sum and difference of S-
parameters, respectively. The V1 and V2 values are
determined using Eqgs. (1-4), respectively.

Vi=51+S51 (1)
Vo =821+ 511 )

e/ = Kjop 1+ V,
2 1-V, @)

eff T Kjon 1+ V,

The proposed antenna illustrated in Fig. 1 without a
cross-slot MTM structure, has a fixed resonance frequency
of 2.4 GHz and 62.5% (1.6-3.1) GHz. bandwidth. At first,
a one-by-three cross-slot MTM structure was etched on the
back of the antenna ground. This construction exhibits a
bandwidth (1.5-3.2) GHz. MTM structure etching was
done in front of the antenna in order to conduct a study of
the 2 x 3 and 3 x 3 MTM structure. This was done so that
the bandwidth may be increased even more.

Fig. 5 depicts the completed antenna design, which
includes a 3 x 3 cross-slot MTM structure etched in front
of the antenna patch. Altering the distance between the
cross-slot unit cells allows for the capacitance value of the
cells to be adjusted accordingly. The bandwidth can be
made to be better by raising the value of the capacitance.
Therefore, the bandwidth of the antenna has been
enhanced by increasing the number of cross-slot unit cells
that it contains.

o L ] ) J ‘ - structure

Elin mm mEL :

; { ] i ] Antenna
I —i— |§ i l patch/substrate/
o . B3 I partial ground
= 9%8mm

(b) ©

Fig. 5. The proposed (3 x 3) MTM full structure: (a) Simulated 3x3 MTM
full structure, (b) Fabricated 3 x 3 MTM full structure (c) Antenna with
3 x3MTM.
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Fig. 6. Antenna S11 with a different number of MTM unit cells.
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It was seen, based on the S-parameter response that is
displayed in Fig. 6, that the bandwidth is steadily
increasing as the number of MTM structure etchings that
are located in front of the antenna patch. The construction
in Fig. 6 presents the outcomes of the 1 X 3,2 x 3, and 3 x
3 MTM structures compacted with the designed antenna
without MTM structure, where the antenna with 3 x 3
MTM has a simulated bandwidth of 83.33% (1.4-3.4) GHz
and gain 8.3 dBi.

III. RESULTS AND DISCUSSION

A. Antenna Performance in Free Space

The information given in Fig. 7 illustrates the measured
and realized return loss (S11) of the proposed antenna in
two configurations: (1) without the MTM structure and (2)
with a 3 x 3 cross-slot MTM etched on the front of the
antenna patch. The measurements were obtained using a
Vector Network Analyzer ZV 24 VNA, operating within
the frequency range of 10 MHz to 24 GHz. The antenna
proposed in this study performed better in terms of
bandwidth and return loss in free space after the MTM
structure was added to the designed antenna. Fig. 7(a)—(b)
demonstrate that the antenna with and without MTM is
resonating at 2.4 GHz and exhibiting a measured return-
loss of =32 dB and —37.5 dB, respectively. This can be
seen by comparing the two figures. The MTM structure
compacted with the antenna has a measured bandwidth
91.6% (1.4-3.6) GHz and simulated bandwidth 83.33%
(1.4-3.4) GHz and gain 8.3 dBi, while the antenna without
MTM structure has a measured bandwidth 52.9% (1.6—
2.87) GHz and simulated bandwidth 62.5% (1.6-3.1) GHz
and gain 6.06 dBi. This slight difference between
simulation results and measurement results is due to
manufacturing defects and solder defects. The reason for
increasing the bandwidth by combining the 3 x 3 MTM
structure into the antenna is due to the ability to modify the
spacing between the cross-slot unit cells, which enables
adjustment of the capacitance value of these cells.
Increasing the capacitance value has the potential to
enhance the bandwidth. Furthermore, the process
underlying the enhancement of gain is rooted in Snell’s
law of refraction. However, these materials are designed to
possess either near-zero permittivity or permeability,
resulting in an impedance that does not match that of air.
The lack of alignment between components results in a
notable decrease in the efficiency of the antenna.
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Fig. 7. Antenna S11 with and without 3 x 3 MTM structure in free space:
(a) Antenna S11 plot without 3 X 3 MTM structure, (b) Antenna S11 with
3 x 3 MTM structure.

B. Antenna Performance on the Human Body

In this section, the antenna performance on the human
body will be evaluated by applying it to different parts of
the human body. A model was developed to simulate the
human arm with its layers—skin, fat, muscles, and finally,
bone and another model was developed to simulate the
human head with its layers of skin, fat, skull, and finally
brain. These models were designed in accordance with the
parameters described in Ref. [31]. Moreover, the
performance of the antenna was also evaluated by testing
it on a real person's arm and head in order to compare the
results of the simulation with the actual results obtained in
the laboratory. Fig. 8 presents the vertical section of the
head and arm model.
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Fig. 8. Vertical sections of simulated arm and head model.

Fig. 9 depicts the antenna S11 on a human arm model
and a real human arm. Fig. 9(a) depicts a comparison
between the simulation and measurement results of the
antenna S11 without a 3 x 3 MTM structure on the human
arm, and Fig. 9(b) illustrates the simulation and
measurement results of the S11 antenna with 3 x 3 MTM
structure on the human arm.

From Fig. 9 (a)—(b) can conclude that there is good
agreement between measurement and simulation results.
The red line in Fig. 9(a) presented simulation results of
antenna S11 without 3 x 3 MTM structure 18.75% (2.3—
2.75) GHz with —48.5 dB return loss and the measured
results were presented in green line and it shows that the
antenna has operating frequency in the range 12.5 % (2.3
—2.6) GHz with return loss —50.11 dB. However, it is
noticed that the proposed antenna without 3 x 3 MTM has
a narrower bandwidth compared with the bandwidth in
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free space that is because the human body is a lossy tissue,
and the human body affects antenna performance.

In Fig. 9(b) the black line presents the simulation result
of S11 which shows that the antenna with 3 x 3 MTM on
the human arm operates in the range 81.25% (1.5-3.45)
GHz with return loss —32.24dB, and the red line presents
the measured S11 of the antenna with 3 x 3 MTM structure
on the real human arm and it shows that the antenna
operates in the range 75% (1.6-3.4) GHz with return loss
—44.5 dB. The addition of the 3 x 3 MTM structure to the
designed antenna had a clear role in maintaining the wide
frequency range when applying the antenna to the arm
model and the real human arm.
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Fig. 9. Antenna S11 on the human body: (a) Antenna S11 without 3 x 3
MTM structure (on arm), (b) Antenna S11 with 3 x 3 MTM structure (on
arm), (¢) Antenna with MTM on human arm.

When the antenna was tested on a human head,
simulations, and measurements showed that it still
operated at 2.4 GHz, but the effect of the human body on
the antenna's performance in terms of its narrow
bandwidth was still clear. Fig. 10 illustrates antenna S11
with and without a 3 x 3 MTM structure on a human head.
In Fig. 10(a) blue line presents simulated antenna S11 on
a human head model without 3 x 3 MTM structure which
shows that the antenna operates in the range 41.66% (1.8
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—2.8) GHz with return loss -38.05 dB and the black line
presents measured antenna S11 on head mode which
shows that the antenna operates in the range 27.9% (1.95
—2.62) GHz with return loss —35.42 dB. However, when a
3x3 MTM structure was added to the proposed antenna
and it was tested on a human head model and a real human
head, the results were encouraging: the antenna
demonstrated a wide frequency range at a fixed frequency
at 2.4 GHz. In Fig. 10(b) the red line presents the antenna
simulated S11 with 3 x 3 MTM structure on a human head
model which shows that the antenna operates in the range
85% (1.56-3.6) GHz with return loss —44.2 dB and the
blue line illustrates measured antenna with 3 x 3 MTM
structure S11 on real human head which shows that the
antenna operates in the range 70% (1.7-3.4) GHz and
return loss —43 dB.
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Fig. 10. Antenna S11 on human body: (a) Antenna S11 without 3 x 3
MTM on human head, (b) Antenna S11 with 3 x 3 MTM on human head.

The human body is between dielectric (insulating) and
perfect conductors. When applying mathematical structure
with a wearable antenna on the human body should take
into account the properties of the radiation source, the
geometry of the body exposed, as well as its electrical
properties, which are conductivity, permittivity, and
permeability, which are equal to those of a vacuum for
biological tissues as they are considered non-magnetic.
The electrical conductivity and the electrical permittivity
are specific to each tissue and depend on many factors,
such as frequency and temperature. The Maxwell
equations can explain the behavior of an electromagnetic
field coming from an external source and spreading toward
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a biological medium using straightforward geometric
configurations.

Due to the inherent characteristics of the human body as
a lossy tissue, the application of an antenna with a 3 x 3
MTM structure on different parts of the human body shows
a noticeable negative effect on the antenna's performance,
specifically in terms of bandwidth reduction. Furthermore,
it is observed that the impact of the human head on antenna
bandwidth is more significant compared to the effect of the
human arm. This discrepancy can be explained by
variations in the thickness of the layers and the properties
of the tissues involved. The antenna installed with a 3 x 3
Metamaterial (MTM) structure placed on the head exhibits
a narrower bandwidth in comparison to the antenna with a
3x3 MTM structure placed on the arm.

IV. SAR EVALUATION

In this section of the research, the simulation results and
laboratory experiment results will be presented to improve
the reduction of the antenna's absorption coefficient for the
antenna to achieve the highest levels of safety and use in
medical applications and fifth-generation applications.
The Specific Absorption Rate (SAR) is the amount of
energy deposited per kilogram body weight. Because of
the possibility of harmful biological effects, determining
the SAR value in the human body is fraught with risk;
instead, numerical models should be utilized. SAR is a unit
that measures the rate at which energy from an
electromagnetic source is absorbed per mass unit by
human tissues, as indicated in Eq. (5).

2

SAR = 0% (W/Kg) (5)

The SAR averages either the entire body or a small
portion of tissue. SAR is measured in watts per kilogram.
The International Commission on Non-Ionizing Radiation
Protection (ICNIRP) and the IEEE (C95.1-2019
recommendations establish the limit for Specific
Absorption Rate (SAR) at 2 W/kg over 10 g, but the
Federal Communications Commission (FCC) sets it at 1.6
W/kg over 1 g. The antenna was tested on two models of
the arm and head, and the simulation program CST
determined the absorption coefficient for each kilogram
and every ten grams. When the proposed antenna without
a 3 x 3 MTM structure was applied directly to simulated
models of the human arm and head, the antenna's
absorption  coefficient  exceeded  internationally
recommended safety standards. Where the SAR values are
8.56 W/Kg for I grams and 6.17 W/Kg for 10 grams on the
arm model 15.6 W/Kg for 1 gram and 9.32 W/Kg for 10
grams on the head model. In Fig. 11, the result of the
absorption coefficient value of the antenna after adding the
3 x 3 MTM structure between the antenna, the arm model,
and the head model, as the addition of the MTM played the
primary role in reducing the absorption coefficient and
achieving values that meet global safety standards. The
reason for this decrease in SAR is that MTM behaves as a
Single Negative (SNG) material. It does not allow
electromagnetic waves to propagate. The obtained SAR
values on the arm model are 0.642 W/Kg, 0.198 W/10 Kg,

and 0.259 W/Kg,0.112 W/10 Kg on the head model as
shown in Fig. 11.
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Fig. 11. Simulated SAR result on human body models: (a) SAR in arm
model (1g), (b) SAR on arm (10g), (c) SAR on head (1g), (d) SAR on
head (10g).

To reduce the absorption coefficient value to close to
zero the fabric-metal barrier was added to the MTM
structure and the proposed antenna. The fabric-metal
barrier mechanism is in Fig. 12(b). The absorbing barrier
that absorbs the EM emitted by the antenna is composed
of two layers as shown in Fig. 12(a), 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 [32].
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Fig. 12. Fabric /metal barrier: (a) Fabric/metal barrier (side view), (b) EM

waves reflection mechanism by Fabric/metal barrier, (c) Fabric /metal
barrier equivalent circuit.

When installing the fabric/metal barrier between the
human body model and 3 x 3 MTM as shown in Fig. 13,
satisfactory results were obtained in terms of decreasing
the absorption coefficient values of the antenna in
comparison to the results of the antenna with the MTM
without the barrier.
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I partial ground

Fig. 13. Fabric /metal barrier with 3 x 3 MTM and antenna on a human
arm model.
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Frequency: 2.4

(d

Fig. 14. Simulated SAR results: (a) SAR result for 1g on arm, (b) SAR
result for 10 g on arm, (c) SAR result for 1 g on head, (d) SAR result for
10 g on head.

The SAR values on the arm model are 0.0194 W/Kg,
0.14 W/10Kg, and 0.018 W/Kg, 0.0121 W/Kg on the head
model as shown in Fig. 14.

Fig. 15 shows the setup for measurement, where a signal
generator creates the signal, which is amplified and sent
via a directional coupler. A power monitor is used to track
the amount of power required for the SAR calculation.
SAR is measured using a robotic arm, electric field probes,
and a bespoke head tank. The tank contains a distinct fluid
(head phantom) that is intended to imitate human tissue
properties. The antenna is placed beneath the tanks to
simulate its position near to the head during use.
Furthermore, Table II shows the liquid phantom (head
phantom) recipe [33]. The electric field probe traverses the
liquid phantom in order to locate the approximate region
of the SAR peak. It is advisable to position the phantom at
a distance greater than the radius of the probe. The
subsequent step is the zoom scan. The objective of the
zoom scan is to determine the average SAR across the
entire cube. Subsequently, zoom scans are conducted in

the vicinity of one or more of these peak locations to
determine the peak spatial average SAR value.

Probe-.
Flat Phantom

Generator

Antenna

Server
Fig. 15. SAR experiment setup.
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Fig. 16. Measured SAR results on human head phantom (image from
measurement software): (a) SAR result for 1 g on head phantom, (b) SAR
result for 10 g on head phantom.
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The experiment shows that the antenna with 3 x 3 MTM
combined with fabric /metal barrier shows a low SAR
close to zero, 0.0122 W/Kg for one gram and 0.035W/Kg
for ten grams on head phantom as shown in Fig. 16. The
explanation behind the observed enhancement in reducing
the absorption coefficient when combining the
fabric/metal barrier with the antenna and MTM structure
can be attributed to the placement of the metamaterial
(MTM) between the Y-slot antenna and the fabric/metal
barrier.

In this setup, the Electromagnetic (EM) waves were
absorbed and subsequently reflected in the following
sequence:

1) Part of the EM waves were absorbed by their

collision with the fabric substrate of the MTM.

2) Unabsorbed EM waves crossed the felt substrate of
the MTM to the copper patch of the MTM to be
reflected. However, some EM waves will cross the
MTM patch through the gaps between the cells and
through the cross-slot of the MTM unit cell.

3) The unreflected EM from the MTM patch will be
absorbed by the cotton layer of the barrier.
4) The rest of the EM waves will finally reach the

copper layer of the barrier to be reflected away from
the human body model.

To calculate the SAR reduction after adding a
fabric/metal barrier to the antenna and MTM structure in a
more quantitative manner, a new parameter, the Specific
Reduction Factor (SRF), is defined as follows:

SAng - SARIg(after)
SAR

X 100% (6)

SRF;, =
SARiOg - SARlOg(after)

SRF10g = SAR o,

X 100% (7)

The SAR reduction factor for 1 g SAR (SRF1 g) is
defined as the ratio of the 1g peak specific absorption rate
before modification (SAR1 g) to the 1 g specific absorption
rate after modification (SFR1 g). Similarly, the SAR
reduction factor for 10g SAR (SRF10 g) is the ratio of the
10 g peak specific absorption rate before modification
(SAR10 g) to the 10 g specific absorption rate after
modification (SFR10g).

0.25-0.018

SRF1g = —5=—— X 100% ®)
0.11 - 0.012
SRFlOg = T X 100% (9)

The SAR Reduction Factor demonstrates that adding a
fabric/metal barrier to the antenna and MTM structure
results in an improvement in SAR values by 92.8% for one
gram and 89.08% for ten grams. Moreover, SAR
evaluation with and without fabric/metal barrier is
presented in Fig. 17 and achieved results are compared
with the recently published studies in Table III.
Furthermore, we analyzed the mean of antenna return loss

(S11) and Specific Absorption Rate (SAR) values from
simulations and measurements. Results showed that
antenna S11 values varied based on the presence of a 3 x
3 MTM and body part location, indicating differing
antenna performances. For SAR, simulations suggested
higher means than measurements, with a standard
deviation indicating variability across models for
simulations and more consistency for measurements,
especially with a fabric/metal barrier. The effectiveness of
the 3 x 3 MTM structure and fabric/metal barrier in
improving antenna performance and reducing SAR values
was confirmed by both simulations and measurements. An
ANOVA test on SAR values yielded an F-statistic of 0.257
and a p-value of about 0.639, suggesting no significant
difference between simulation and measurement SAR
values, indicating that the simulation results match closely
with the actual measurement results, indicating that the
simulations are reliable for these specific tests.

0.25

0.2

0.15 i '
on head 10g(with barrier)measured

et on head 1g (with barrier) measured

on head 10g (with barrier) simulated

on head 1g(with barrier) simulated

on head 10 g( without barrier) simulated

on head 1g (antenna without barrier)

simulated

0.1

Fig. 17. SAR evaluation chart.

TABLE III. COMPARISON WITH RECENT RESEARCH

B.W Gain SAR 1 SAR 10
Ref.  Method %) @B (WKg  (WKe)
[34] AMC array = 7.94 0.04 0.5
[35] __ AMC array 25.6% 6 0.22 -
[36] AMC array — 7.63 0.22 0.1
[37] __ AMC array 45MHz __ 0.12 0.714 -
[38] __ AMC array 40% 5.6 0.45 -
4.5% 9.3 2.48 0.7
[39] MTM 22% 5.37 3.33 0.71
374 MHz 1.97
[40] MTM 52.45% 739 1.18
[41] MTM 170 MHz 1.29 0.21 0.15
[42] MTM 900 MHz __ — 0.351 1.96
MTM +
Pro Fabric/Metal 91.6% 8.3 0.0122 0.035
barrier
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V. CONCLUSION

The 3 x 3 MTM structure is attached in front of the
square-slot antenna patch in total size (98 x 98 x 1.89) mm.
Adding metamaterial to the proposed antenna improves the
antenna performance in terms of widening the bandwidth
and enhancing the antenna gain and SAR reduction. The
MTM structure compacted with the antenna has a
measured bandwidth of 91.6% (1.4-3.6) GHz and
simulated bandwidth 83.33% (1.4-3.4) GHz and gain 8.3
dBi, while the antenna without MTM structure has a
measured bandwidth 52.9% (1.6 -2 .87) GHz and
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simulated bandwidth 62.5% (1.6-3.1) GHz and gain 6.06
dBi. Moreover, combining the fabric/metal barrier with the
3 x 3 MTM has a role impact on reducing SAR from 0.25
W/kg for 1 gand 0.112 W/kg for 10 g to 0.0122 W/Kg and
0.035 W/10 Kg on head liquid phantom. The proposed
antenna is a good candidate for medical and wearable
applications in 5G applications. Future work could
combine the proposed antenna with coded MTM for wide
band and enhance SAR reduction.
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