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ABSTRACT This study focused on the design and analysis of an artificial magnetic conductor (AMC)-
based fabric antenna for body-centric communication. The antenna was made of felt and had a loss tangent
of 0.044 and relative permittivity of 1.3. The proposed antenna was built to function in the frequency band
centered at 2.45 GHz, widely used in wireless communication devices. The antenna’s performance was
evaluated using the electromagnetic simulation software CST MWS. A 50 2 SubMiniature version connector
was used to excite the proposed antenna. A 2 x 2 AMC array was integrated into the antenna below it to
improve its performance in terms of radiation efficiency, gain, and backward radiation reduction. The antenna
and AMC array were fabricated on flexible fabric substrates. The total volume of the AMC-integrated
antenna is 0.554, x 0.55, x 0.016A,. It was demonstrated that adding an AMC array enhanced the radiation
properties of the antenna and significantly decreased its back lobes. The on- and off-body maximum gains
of the AMC-integrated antenna are (> 4.11 dBi) and 5.23 dBi, respectively. Furthermore, employing the
AMC array, a significant reduction in the specific absorption rate value, which is (< 0.43 W/kg) for human
body tissue chest/back and (< 0.75 W/kg) for human body tissue arm, was obtained, ensuring safety for
human use. The simulated and measured results were in agreement. The tested on- and off-body radiation
efficiencies in the frequency band centered at 2.45 GHz is (>67%) and (>83%), respectively. The proposed
antenna can potentially be used in various applications such as healthcare monitoring, wearable electronics,
and Internet of Things (IoT) systems, where reliable and efficient communication is required in a body-

centric environment.

INDEX TERMS Artificial magnetic conductor (AMC), body-centric communication, felt, CST MWS,

specific absorption rate (SAR), healthcare, IoT.

I. INTRODUCTION
The field of wireless communication has experienced sig-
nificant growth in recent times, largely driven by the need
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for more efficient and faster communication systems. Wire-
less communication has become an essential part of our
day-to-day lives, and wearable devices are increasingly pop-
ular for various applications such as healthcare, consumer
electronics, fitness tracking, military, and entertainment,
as they enable wireless communication between wearable
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FIGURE 1. Wearable devices and their applications [1], [2].

devices and the surrounding environment, as illustrated in
Fig. 1 [1], [2]. In certain specific applications, wearable
antennas are the key elements capable of wireless inter-
connection with adjacent devices, known as body-centric
networks, which are related to biological applications [3], [4].
Wearable antenna design is challenging because of its small
size, limited bandwidth, high radiation efficiency, and close
contact with the human body. Moreover, wearable antennas
must be designed with durability, functionality, safety, usabil-
ity, and convenience in mind [5], [6]. The high conductivity,
permittivity, and lossy nature of human body tissue pose
significant difficulties in creating an antenna that is effi-
cient, robust, and low-profile when placed close to the body.
In addition, electromagnetic radiation can penetrate body tis-
sue, having detrimental effects on one’s health. The specific
absorption rate (SAR), which quantifies the energy absorbed
by tissues when exposed to electromagnetic radiation gener-
ated by antennas, is used to compute this effect. Regulatory
organizations in numerous countries have determined safe
limits for SAR levels. International organizations such as
the Institute of Electrical and Electronics Engineers (IEEE)
and the International Commission on Non-Ionizing Radiation
Protection (ICNIRP) issue recommendations that serve as
the foundation for establishing restrictions on the SAR for
acceptable human exposure to electromagnetic radiation.
The SAR limits set by regulatory bodies in different coun-
tries, such as the United States and the European Union, are
based on these recommendations. For instance, the European
Union imposed SAR restrictions of 2 W/kg averaged over
10 g of tissue, and the Federal Communications Commission
(FCC) set SAR limitations of 1.6 W/kg averaged over 1 g of
tissue for cell phones and other similar electronic devices [7],

(8], [9], [10].

VOLUME 11, 2023

The following relationship was used to compute the
electromagnetic energy absorbed per unit of tissue in the
body [11]:

E2
sar =2 /£

[W/Kg] ey

where, E, o, and p stand for the electric field strength in V/m,
the tissue’s conductivity in S/m, and tissue density in kg/m?,
respectively.

It is necessary to design antennas integrated into cloth-
ing or the human body using flexible textile materials to
account for the impact of human movement and posture on
their performance. The materials commonly used for this
purpose include polydimethylsiloxane, polytetrafluoroethy-
lene, liquid crystal polymers, paper-based substrates, and
capton [12]. In addition, textile-based materials such as felt,
denim, nylon, wash cotton, fleece, polyester, silk, cordura,
jeans, panama, tween, and velcro are growing in popularity
because of their flexibility, adaptability, and ease of incor-
poration into clothing [6]. The radiating element and ground
plane of the proposed designs are made of highly conductive
textile materials known as e-textiles, such as Shieldit, Zelt,
Taffeta, and Flectron, with electrical conductivities of 1.18 x
10° S/m, 1 x 10%S/m, 2.5 x 10°S/m, and 5.88 x 107S/m,
respectively [6].

Body-worn antennas are a rapidly growing research area,
particularly in the medical field. Initially, engineers designed
wearable antennas to function near the human body; however,
the antenna’s performance deteriorated in terms of radiation
efficiency, gain, and front-to-back ratio. This was because
the reflection coefficient (S1;) shifted to one side of the
resonant frequency depending on the antenna’s geometry.
Moreover, these antennas were found to emit radiation toward
the human body, increasing the SAR threshold values, which
could harm the wearer’s tissues, as regulated by the governing
bodies [13]. Therefore, considering these issues, it is criti-
cal to construct wearable antennas with minimal size [14].
Researchers and antenna engineers are actively exploring and
developing solutions to these problems.

Many antenna configurations have been designed and
described for their suitability as textile antennas, such as
planar and vertical monopoles [15], planar waveguides or
cavity-backed antennas [16], [17], inverted-F antennas [18],
and microstrip patch antennas [19]. However, these antenna
designs are large and high profile, offer a narrow bandwidth,
have low gain, and produce a high amount of back-lobe
radiation, which increases the SAR value. These antennas are
unsuitable for body-worn applications for the aforementioned
reasons.

Various methods have been proposed to address the
challenges faced by wearable antennas [20], [21], [22].
However, these methods have certain limitations. Meta-
materials (MMT) have emerged as a potential method to
improve the performance of body-worn antennas in body-
centric communication. They offer benefits such as stable
reflection coefficients, improved functionality, and enhanced
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performance, making them ideal for antennas near the human
body to transmit and receive signals. MMT is an artificial
material with unique electromagnetic properties that can be
used to create antennas with superior performance com-
pared with conventional designs [23]. Other alternative MMT
designs include the AMC, which imitates the properties of
the perfect magnetic conductor (PMC) [24], and the electro-
magnetic bandgap (EBG), which is used to suppress surface
waves [25]. The design of MMT-based wearable antennas
involves selecting a suitable metamaterial structure and opti-
mizing it to meet the design requirements such as gain,
bandwidth, and efficiency. The MMT structures suggested
for wearable antennas include fractal, patch, and planar spiral
antennas [26].

Different frequency bands have been reported in the lit-
erature, and various studies have been conducted. These
bands include the industrial, scientific, and medical (ISM)
band, which is centered at 2.45/5.80 GHz [27], [28]; the
millimeter wave (mmWave), ranging from 57 to 64 GHz [29],
[30], [31], and the ultra-wideband, ranging from 3.1 to
10.6 GHz [32], [33]. However, owing to the availability
of a wide range of medical applications, the 2.45 GHz
ISM band is suitable and extensively used for body-centric
communication.

This study proposed a wearable antenna operating in the
ISM frequency range (2.4-2.5 GHz). The substrate for the
antenna was made of felt, and it had a loss tangent of
0.044 and a relative permittivity of 1.3. The feasibility of
the antenna was initially tested under off-body conditions
via simulations and testing. However, a single-band MMT
structure was introduced to address the issue of backward
radiation toward the human body, which can impact per-
formance and increase the SAR. This structure functioned
as an AMC at 2.45 GHz and was integrated into the same
fabric-based substrate as the antenna. The proposed designs
were then simulated and analyzed on two types of human
body tissue models: a flat body model that mimicked the
human chest/back and comprised single-, three-, and four-
layer models, and a four-layer cylindrical model that mim-
icked the human arm tissue. CST software was used for the
numerical analysis. Finally, the performance of the fabricated
prototype was assessed by testing the antenna alone and the
AMC integrated into the chest, back, and arms of a volunteer.

The rest of the paper is organized as follows. Section II
covers the proposed antenna design and focuses on the design
and evaluation of the metamaterial structure. In Section III,
the performance of the fabricated prototype is evaluated in
both on- and off-body states using both the antenna alone
and the AMC-integrated antenna for body-centric communi-
cation. Section IV discusses SAR analyses of both designs.
Finally, Section V concludes the paper and summarizes the
future directions of this study.

Il. ANTENNA AND METAMATERIAL DESIGN
The design process for the proposed wearable antenna and

the MMT is presented in this section. First, the proposed
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FIGURE 2. Layout of proposed antenna: (a) front view, (b) back view, and
(c) side view. (d) Distribution of surface currents.

wearable antenna is designed using a conventional method-
ology, followed by the design and characterization of the
proposed MMT structure in the desired frequency band
(2.45 GHz). In the next section, the integration of the MMT
structure with the proposed antenna is discussed, and on- and
off-body analysis results are presented.

A. ANTENNA DESIGN METHODOLOGY

The design layout of the proposed wearable antenna, which
operates at 2.45 GHz, is shown in Fig. 2. CST Microwave
Studio was used to perform the numerical analysis. The
substrate used in the proposed design was a felt fabric with
a thickness of 2 mm, a relative permittivity of 1.3, and a
loss tangent of 0.044. Shieldit, a superconductive material
with a thickness of 0.17 mm and an estimated conductivity
of 1.85 10° S/m, served as the ground plane and radiating
components. The total volume of the antenna is Lyx WX
hy = 20 x 40 x 2 mm?, which is equivalent to 0.16,x
0.3240x 0.016A,, where A, is the wavelength of the free
space at 2.45 GHz. The felt fabric was selected based on its
availability, low cost, and size range. Table 1 provides a sum-
mary of the optimized dimensions of the proposed antenna.
An embroidery machine was used to fabricate the antenna,
which was then excited using a 50 €2 standard SubMiniature
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TABLE 1. Summary of dimensions of proposed wearable antenna.

Parameter Value (mm) Parameter Value (mm)
L, 40.0 W, 6.20

Wy 20.0 wy 1.25

L, 30.5 Win 2.30

w, 7.00 hy 2.00

I 1.50 I 3.00

Wy 4.90 wy 1.60

Wy 1.00

version A connector. To investigate the antenna performance
and current distribution, surface currents were captured at
2.45 GHz, as illustrated in Fig. 2 (d). The currents were
largely concentrated along the vertical side, indicating that
any adjustment to the radiating element length would affect
the antenna’s resonance frequency and overall performance.
This implies that the length of the radiating element is a
significant factor contributing to the antenna’s performance.

B. METAMATERIAL DESIGN PROCESS AND
CHARACTERIZATION

To ensure safety in body-worn applications, it is vital to stop
backward radiation toward the human body while simultane-
ously enhancing the total performance of the antenna in terms
of radiation efficiency, peak gain, and lowering the SAR
value. Using MMT to limit the propagation of electromag-
netic waves toward the human body is one way of addressing
this problem. In this study, an AMC structure was designed,
its in-phase reflection was assessed, and its on- and off-body
performance was examined when integrated into an antenna.
In contrast to the perfect electric conductor (PEC), which has
a reflection phase of 180°, the incident wave of the AMC
structure has a reflection phase characteristic of 0°. When the
antenna is installed on a metal ground plane at a distance of
(<A/4), the destructive interference of the reflection phase,
180° to the forward radiation, degrades the performance and
reduces the total efficiency. However, because of the AMC
structure’s 0° reflection phase, even at a distance significantly
smaller than A/4, the original and image currents construc-
tively interfere, resulting in better performance and radiation
efficiency. In addition, the AMC surface protects the antenna
from body deterioration, maintains stable performance, and
limits backward radiation from the human body. Furthermore,
the usage of PEC necessitates a substrate with a thickness of
(>A/4) which results in a large antenna size [25].

A simple square-loop AMC is designed, fabricated, and
tested. The proposed structure was derived from the conven-
tional Sievenpiper EBG to reduce the conventional dimen-
sions of the unit cell and array of AMC used for integration
with the antenna. In addition, a simple structure was chosen
because of its ease of customization, fabrication, and low
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FIGURE 3. Layout of proposed AMC unit cell (a) front view, (b) back view,
(c) equivalent circuit, and (d) surface currents distribution.

cost. The proposed wearable AMC structure was designed
on a2-mm thick fabric-based substrate, the same as that
used in the design of an antenna. A 0.17-mm thick, highly
conductive e-textile Shieldit material with a conductivity of
1.18 x 10° S/m was used for the top square loop and ground
plane of the proposed AMC structure. The equivalent circuit
model of the proposed structure was inspired by [34] and is
shown in Fig. 3(c). It is an LC series circuit in which the
loop metal conductor represents the inductance (L4), which
is calculated using the following relation [34]:

2
Lo 32h2 w2
Ly=1,—1 1 £ 1 L .2
A e n + % + + 8h_% 2)

Because of the gap between the two horizontal conductors of
the adjacent unit cells, a capacitance (C4) is produced and
determined by Equation 3 [34], [35].

w w
Cy= E0(1+e,) cosh™! ( + g) ) 3)
4 8

Inductance L; represents the load and can be determined
using the following relation [34] [35]:

Ly = MOhS . (4)

In Equations 2, 3, and 4, u, and &, denote the permeabil-
ity and the permittivity of free space, respectively. The gap
between neighboring unit cells is represented by g; ki is the
height of the substrate used, and the width of the conductive
material of the unit cell is represented by W. The letters / and
w represent the length and width of the strip, respectively. The
resonant frequency of the proposed AMC can be determined
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FIGURE 4. In-phase reflection characteristics simulation setup
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from the inductance and capacitance values using the rela-
tionship shown in the following equation:

1
Jr= 27IC

The total volume of the proposed AMC structure was 34 x
34 x 2 mm’, which was equal to 0.27 A, x 0.27 A, X
0.016 A,. The dimensions of the AMC unit cell and its
optimized arrangement are shown in Fig. 3. For the charac-
terization and numerical analysis of the proposed AMC unit
cell, CST MWS simulation software was used to excite the
surface with a TEj¢ (linearly polarized) plane wave along
the z-axis (from the top, i.e., the negative direction). Fig. 4
depicts the boundary condition and simulation setup for the
in-phase characterization of the proposed AMC structure for
an incident normal plane wave.

The simulated in-phase response of the proposed AMC
structure at 2.45 GHz for a typical incident plane wave is
shown in Fig. 5. The bandwidth of the unit cell is 327 MHz
(2.4269-2.4596 GHz) between phase values of +90° and
-90°, with 2.45 GHz serving as the exact location of the zero-
reflection phase. This makes the structure useful as a reflector
at resonant frequencies. The reflection phase fluctuates from

&)
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FIGURE 5. Simulated in-phase response of proposed AMC unit cell at
2.45 GHz for normal plane wave incidence.

+180° to +90° and from -90° to +180°, functioning as a
PEC. This helps increase the gain, minimize the back lobes
of the antenna, and reduce the effects of impedance mismatch
caused by lossy human body tissue.

Ill. RESULTS AND DISCUSSION

This section examines and discusses the on- and off-body
performances of the proposed antenna alone and the AMC-
integrated antenna.

A. OFF-BODY PERFORMANCE ANALYSIS

This section presents a performance analysis of the proposed
antenna alone and AMC-integrated antennas in an off-body
situation.

1) ANTENNA IN STAND-ALONE CONFIGURATION
Photographs of the fabricated antenna and measurement
setup used to examine the reflection coefficient and far-field
radiation patterns at the Applied Bioelectronics Lab at
Hanyang University are shown in Figs. 6 and 7, respectively.
An Anritsu MS46522A VNA was used to examine the reflec-
tion coefficients of the antenna alone and the AMC-integrated
antenna in off-body situations, as depicted in Fig. 6(b). Far-
field measurements were conducted by placing the antenna in
the far-field zone of a broadband horn antenna and mounting
it on a positioner.

In Fig. 8, the simulated and measured reflection coeffi-
cients of the proposed antenna are presented and compared.
The proposed antenna showed a VSWR < 1.2 and an ade-
quate -10 dB bandwidth of 482 MHz at 2.45 GHz in the
simulation with a matching of -18 dB. The experimental
results validate the effectiveness of the proposed antenna
at 2.45 GHz with better -23 dB impedance matching and
a -10 dB bandwidth of 610 MHz. Although certain dis-
crepancies may be related to the production and connection
processes, the results of the testing and simulations are gen-
erally in good agreement, and the ISM band is fully covered.

The far-field gain pattern of the proposed antenna was
examined and tested using the measurement setup depicted
in Fig. 7. Fig. 9 illustrates a comparison of the simulated

VOLUME 11, 2023
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FIGURE 6. (a) Photograph of fabricated prototype of proposed antenna
(b) and of measurement setup with antenna under test.
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FIGURE 8. Off-body simulated and measured reflection coefficient
comparison of proposed antenna alone.

and measured far-field gain patterns. The proposed antenna
achieved a maximum gain of 1.26 dBi at 2.45 GHz and
displayed a well-known ““figure of eight” shape pattern in
the E-plane (¢ = 90°) while displaying an omnidirectional
pattern in the H-plane (¢ = 0°) pattern. The measured gain
was slightly lower than the simulated value; however, the
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FIGURE 9. Far-field gain comparison of proposed antenna (a) E-plane (b)
H-plane (c) 3D pattern.

TABLE 2. Performance comparison of antenna alone.

Parameters Value @ 2.45 GHz
Simulated Measured
Gain (dBi) 1.26 1.24
VSWR 1.2 1.21
-10 dB Bandwidth (MHz) 418 610
Radiation efficiency (%) 76.20 75.12

difference was negligible, and the antenna maintained its
omnidirectional radiation characteristics. This indicates that
the fabricated prototype performed similarly to the simulated
design, and both the simulated and measured plots exhib-
ited monopole-like radiation, as shown in Fig. 9(a) and (b),
respectively. A summary of the simulated and measured per-
formances of the antenna is presented in Table 2. In addition,
the 3D gain pattern is shown, confirming that the proposed
antenna radiates omnidirectionally (Fig. 9(c)).

2) AMC INTEGRATED ANTENNA

Figs. 10 (a) and (b) depict the arrangements of the integrated
design and fabricated prototype, respectively, on the same
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FIGURE 10. Geometry of integrated design of 2 x 2 AMC array (a) CST
model, (b) fabricated prototype, and (c) flexibility of material.
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FIGURE 11. Simulated reflection coefficient: comparison for various
separations between antenna and AMC plane.

substrate as the antenna. A 2 x 2 MMT structure, which
served as the AMC, was placed below the proposed antenna.
The configuration comprises three layers: a 2 x 2 AMC
array, a Styrofoam material, and the proposed antenna. Com-
mercially available flexible Styrofoam is placed between the
antenna and the AMC surface to reduce interaction and avoid
short circuits. A 7-mm (0.05A,) thick Styrofoam separation
was used in the proposed wearable antenna and 2 x 2 AMC
designs to create an integrated structure. A parametric study
was conducted by analyzing the antenna’s performance at
separation distances of 3, 5, 7, and 9 mm to determine the
optimal separation distance between the AMC array and
the antenna. This study considered the reflection coefficient,
gain, and radiation efficiency in free space.

A comparison of the reflection coefficient at various sepa-
ration distances is shown in Fig. 11. The resonance frequency

73900

TABLE 3. Parametric study with respect to separation between antenna
and AMC plane.

Separation (x) Gain (dBi) Rad. Efficiency (%)
3 mm 2.03 48.11
5 mm 4.01 66.49
7 mm 5.19 85.73
9 mm 6.23 86.88

-10 dB Line

-----

-20
——Simulated

a5 === Measured

Reflection Coefficient (dB)

-30

-35 ’

-40

Frequency /GHz

FIGURE 12. Off-body reflection coefficients comparison of AMC
integrated antenna at x = 0.05/,.

of the proposed antenna stayed around 2.45 GHz at all sep-
aration distances; however, the matching improved as the
separation distance increased. The study further observed
that the antenna’s performance improved with an increase
in the separation distance. However, a separation distance
higher than 7 mm (0.054,) increases the total height of the
AMC-integrated design. Therefore, a compromise was made
between the overall size of the AMC integrated design and
the antenna’s performance parameters. Hence, a separation
distance of 7 mm (0.05A,) was chosen as the optimal distance.
A comparison of the peak gain and radiation efficiency for
different separation distances is presented in Table 3.

The reflection coefficients comparison of the AMC inte-
grated antenna in the off-body state is presented in Fig. 12,
where it is placed above the AMC array at x = 0.05A,.
The simulated reflection coefficient reveals a matching of
(<-17 dB) at the design frequency (2.45 GHz) with a -10 dB
bandwidth ranging from 2.16 to 2.59 GHz. In comparison,
the measured reflection coefficient displays a matching of
less than -31 dB with a wider -10 dB bandwidth of 8§10 MHz
from 2.05 to 2.86 GHz. Howeyver, the simulated and measured
results deviated slightly from each other, which could be
attributed to factors such as manual fabrication, source errors,
or human error. Nevertheless, the proposed AMC-integrated
design is appropriate for body-worn applications because it
covers the entire ISM band.

The setup shown in Fig. 7 was used to analyze and
measure the far-field gain pattern of the AMC-integrated
antenna in both principal planes. The antenna alone possesses
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U. Ali et al.: Design and SAR Analysis of AMC-Based Fabric Antenna

IEEE Access

210° ~7150
'y 180

o Simulated = = Measured

(@ (®)

e Simiulated = == Measured

©

FIGURE 13. Simulated and measured far-field gain comparison of
AMC-integrated antenna (a) E-plane, (b) H-plane, and (c) 3D gain pattern.

dipole-like radiation properties in the E-plane (¢ = 90°) and
Omni-directional radiation in the H-plane (¢ = 0°), which
makes it inappropriate for body-worn applications because it
emits unwanted back-lobe radiation toward the body tissue,
which is harmful. The simulated and measured gain com-
parisons of the AMC-integrated antenna in both planes are
shown in Fig. 13(a) and (b), respectively. When the antenna
is placed above the AMC plane, it converts omnidirectional
radiation into directional radiation, enhancing the gain and
decreasing the backward radiation, making it suitable for
wearable applications. At the design frequency (2.45 GHz),
the peak gain of the antenna rises from 1.26 dBi to 5.19 dBi
in a direction parallel to the plane of the AMC, demonstrat-
ing the advantage of using the AMC as a ground plane.
For clarity, Fig. 13 (c) shows the 3D gain pattern of the
AMC-integrated antenna at the desired frequency. Owing
to the measurement environment, such as connection faults,
manufacturing defects, or cable losses, the measured and
simulated results were slightly different. A performance com-
parison between the antenna alone and the AMC-integrated
antenna in the off-body state is presented in Table 4.

B. ON-BODY PERFORMANCE ANALYSIS

Antennas, meant to be worn by humans, are designed to func-
tion near the human body. However, the lossy and irregularly
shaped medium of the human body can negatively affect
the antenna’s performance, including its radiation pattern,

VOLUME 11, 2023

TABLE 4. Off-body performance comparison of proposed designs.

Parameters Antenna Alone AMC-Integrated
Simulated Measured Simulated Measured

Gain (dBi) 1.26 1.24 5.19 5.23

Efficiency (%) 76.20 75.12 85.73 83.23

-10 dB 418 610 430 810

Bandwidth

(MHz)

TABLE 5. Dielectric properties of tissues [6], [10].

Parameters/Tissue Bone Muscle Fat Skin

Permittivity (&,) 18.54 52.72 5.28 38.07
Conductivity (o) [S/m] 0.81 1.74 0.11 1.46
Loss tangent (tan &) 0.32 0.24 0.15 0.28
Density (p) (Kg/m®) 1008 1060 911 1109
Thickness (mm) 13.0 20.0 5.00 2.00

resonant frequency, bandwidth, and efficiency [35]. There-
fore, when designing antennas, it is important to consider
their interactions with the human body. To do this, theoretical
and voxel models (sometimes referred to as ‘“phantoms’’)
have been described in the literature [6]. It is vital to evaluate
the performance of the proposed antenna close to that of the
human body before incorporating it into a wearable system.
The proposed and AMC-integrated antennas were simulated
and tested on single-and multilayer human body tissues in
a wearable work environment. These tissues comprise bone,
muscle, fat, and skin layers, and their dielectric properties
at the design frequency (2.45 GHz) are listed in Table 5.
To simulate the human body tissue, single-layer (homoge-
nous) and multilayer (nonhomogeneous) tissues were created
in flat and cylindrical shapes that represent the chest/back
and arm regions of the human body, respectively. Analyzing
wearable antennas on different human body models is vital
for designing effective and efficient wearable communication
systems. The proposed antenna alone and AMC-integrated
antenna were analyzed and tested using various human body
parts in both flat and cylindrical scenarios.

1) FLAT SCENARIO (HUMAN BODY CHEST/BACK)

This section analyzes the performance of an antenna, both
alone and integrated with an AMC, using simplified single-,
two-, and three-layer square human tissue models. The sizes
of the models for the single and three layers were 180 x
180 x 27 mm® and 180 x 180 x 40 mm? for the four
layers, respectively, which was more than twice the surface
area of the intended integrated design. The simulation com-
plexity and associated processing costs were reduced using
the reduced model. The proposed antenna was positioned
during the simulation at a separation of 1 mm (0.01 A,)
from the human body tissue to account for the clothing.
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FIGURE 14. Antenna alone mounted on (a) single-layer, (b) three-layer,
and (c) four-layer human body models at x = 0.05%,.

Subsequently, a performance analysis of the proposed designs
for various layered models in terms of peak gain, reflection
coefficient, impedance bandwidth, and radiation efficiency
was performed.

a: ANTENNA ALONE

Various layered models have varying effects on antenna
performance. Single-layer models, for instance, have a less
significant impact than multilayer models. As shown in
Fig. 14 (a), the body tissue behaved more like a homogeneous
medium with a single set of dielectric properties when the
antenna was positioned on a single-layer model at x = 7 mm
(0.05A,). In this case, the signal only passes through a sin-
gle layer with generally consistent dielectric characteristics,
reducing the effect of human body tissue on the antenna’s per-
formance. However, the high dielectric constant of the skin
layer compared to that of air can lead to a shorter electrical
length for the antenna, which can cause the antenna to radiate
less efficiently and direct less energy in the desired direction.

Consequently, the antenna’s peak gain, radiation effi-
ciency, and impedance were affected. However, this effect
was less significant than that in the multilayer model. When
the antenna was placed on a three-layer model of human
tissues, such as muscle, fat, and skin, at x = 7 mm (0.054,)
(Fig. 14(b)), the signal passed through these three layers, each
with its specific electrical properties, including permittivity
and conductivity, which can cause signal attenuation and
distortion, resulting in a significant reduction in peak gain
and radiation efficiency. In addition, as the antenna’s elec-
trical length decreased owing to variations in the dielectric
constants of each layer, the resonance frequency detuned to
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FIGURE 15. On- and off-body simulated reflection coefficients
comparison of antenna alone when positioned on numerous layers of flat
body phantom (chest/back) at x = 0.05%¢.
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FIGURE 16. On- and off-body simulated gain comparison of proposed
antenna alone in (a) E-plane (b) H-plane at x = 0.05%,.

the right, as shown in Fig. 15. When the antenna is mounted
on a four-layer model at x = 7 mm (0.054,), as shown in
Fig. 14 (c), which includes an additional layer of bone, the
signal must pass through an additional layer of tissue with a
higher permittivity and conductivity.

In addition, bone has a high electrical impedance com-
pared with soft tissue. As a result, the signal passing through
the bone experiences significant attenuation and phase shift.
Consequently, the antenna’s radiation efficiency and peak
gain were severely affected. In addition, the resonance fre-
quency detunes to the right because of the change in the
dielectric constant (Fig. 15). This leads to the conclusion
that compared to a single- or three-layer model, a four-layer
model of human tissue has a higher impact on the antenna
peak gain and radiation efficiency.

Figs. 15 and 16 show the on- and off-body simulated
reflection coefficients and gain comparison, respectively,
of the antenna mounted on the single-layer, two-layer, and
three-layer models at x = 7 mm (0.05A,). For clarity, snap-
shots of the 3D gain patterns for various layers are shown in
Fig. 17.

b: AMC-INTEGRATED ANTENNA

As previously discussed, phantoms that approximated sin-
gle, three, and four layers of human body tissue were used
to analyze the performance of the AMC-integrated antenna
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FIGURE 17. Simulated on-body 3D gain pattern of antenna alone for
given frequency on (a) single-layer, (b) three-layer, and (c) four-layer flat
body phantom (chest/back) at x = 0.05%¢.

Antennd Aptenn®

©

FIGURE 18. AMC-integrated antenna mounted on (a) single-layer,
(b) three-layer, and (c) four-layer human body models.

(Fig. 18). The AMC was positioned 1 mm (0.01 A,) above the
human-body tissue model. This separation represents cloth
thickness in real-world situations. The antenna was main-
tained at a distance of x = 7 mm (0.05A,) from the AMC
plane.

The primary goal of integrating the AMC surface into the
antenna design is to protect it from harmful impacts on the
body, which can impair the antenna’s performance. In addi-
tion, employing the AMC as a reflector with an antenna on a
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FIGURE 19. Simulated on- and off-body reflection coefficient comparison
of AMC-integrated antenna on flat body phantom (chest/back) at
X = 0.05%.
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FIGURE 20. Simulated on- and off-body gain comparison of
AMC-integrated antenna in (a) E-plane and (b) H-plane at x = 0.052,.

human body phantom can enhance the antenna’s performance
by minimizing the phantom’s influence on the antenna.
The AMC ground plane reduces the amount of energy
absorbed by the phantom, thereby reducing the coupling
between the antenna and phantom, increasing the efficiency
and impedance bandwidth of the antenna, and boosting
impedance matching. Fig. 19 illustrates the simulated reflec-
tion coefficient, which indicates that the AMC-integrated
antenna exhibited a stable response regardless of the tissue
layer and provided a peak gain of more than 4 dBi in both
principal planes (Fig. 20). For further clarity, a perspective
view of the 3D simulated gain pattern is included (Fig. 21).
Table 6 compares the simulated performances of the pro-
posed antenna designs on different tissue layers in terms
of peak gain, radiation efficiency, resonance frequency, and
impedance bandwidth.

The performances of the fabricated prototype designs of
both the antenna alone and AMC-integrated antenna were
tested in a real-world scenario by employing them on the
chest and back of a male volunteer, as shown in Fig. 22.
As previously explained, the four-layer human body tis-
sue significantly impacts the antenna’s overall performance.
Consequently, the on-body performance analysis of the pro-
totype design and simulation results obtained by mounting
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TABLE 6. Summary of simulated performance comparison on various tissue layers.

Tissue Model Antenna Alone AMC-Integrated
Frequency Gain Rad. Eff. BW Frequency Gain Rad. BW
(GHz) (dBi) (%) (MHz) (GHz) (dBi) Eff. (%) (MHz)
Single-Layer 245 0.36 22.65 400 243 4.13 72.89 410
Three-Layer 2.55 -2.94 15.11 556 2.44 4.05 71.06 405
Four-Layer 2.56 -4.20 13.42 578 2.44 421 73.82 405

FIGURE 21. Simulated on-body 3D gain pattern of AMC-integrated
antenna at 2.45 GHz on (a) single-layer, (b) three-layer, and (c) four-layer
flat body phantom (chest/back).

the antenna on a four-layer human body tissue model were
compared.

The on-body reflection coefficients of both the antenna
alone and the AMC-integrated antenna were tested. The
results were compared with those obtained by simulating the
antenna placed on four-layer human body tissue (Fig. 23).
The resonance frequency shifts to the right when the antenna
is positioned on the back or chest of the human body,
as indicated by the dotted blue line in Fig. 23. Conversely,
the AMC-integrated antenna exhibited improved impedance
matching (S1; < -35 dB) when placed on the back or chest
of the human body, and the desired resonance frequency at
2.45 GHz was also maintained. In addition, in both cases
(antenna alone and AMC-integrated), a broader -10 dB band-
width of 850 MHz (1.96-2.81 GHz) was obtained, which
is attributed to the additional losses caused by the human
body proximity [34]. The simulated and test results were in
good agreement, demonstrating the potential of the proposed
AMC-integrated antenna for body-worn applications.

The gain patterns of the proposed antenna alone and
AMC-integrated antenna were measured at 2.45 GHz using
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FIGURE 22. Proposed antenna alone and AMC-integrated antenna
mounted on body of volunteer (a) chest (b) back.
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FIGURE 23. On-body simulated and measured reflection coefficient
comparison of antenna alone and AMC-integrated antenna at x = 0.05/¢
on flat body section (chest/back) of volunteer.

the measurement setup depicted in Fig. 7. The designs were
tested at two different locations on the volunteer’s chest and
back, and the gain was measured in both principal planes.
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FIGURE 24. On-body simulated and measured radiation pattern gain
comparison of antenna alone and AMC-integrated antenna in (a) E-plane
(b) H-plane.

TABLE 7. On-body performance comparison of proposed designs
mounted on human chest/back.

Parameters Antenna Alone AMC-Integrated
Simulated Measured Simulated Measured

Frequency 2.56 2.53 2.44 2.46

(GHz)

Gain (dBi) -4.20 -3.92 421 4.62

Rad. Eff. (%) 13.42 14.55 73.82 75.717

BW (MHz) 578 620 405 850

The measured results were compared with the on-body sim-
ulation results obtained from the four-layer simplified tis-
sue model, as depicted in Fig. 24. The radiation pattern
of the antenna deteriorated when it was in close proximity
to the human body, which dramatically decreased its peak
gain and radiation efficiency. However, the on-body peak
gain and radiation efficiency increased significantly when
the AMC-integrated antenna was tested at the same two
positions, demonstrating the advantages of using the AMC
as a ground plane. The measured far-field on-body gain
was slightly lower than the simulated gain. Table 7 pro-
vides a summary of the on-body performance comparison
between the proposed antenna alone and AMC-integrated
antenna.

c: CYLINDRICAL SCENARIO (HUMAN BODY ARM)

In this section, a human tissue model comprising four layers
that resemble the human arm is used to examine the perfor-
mance of the proposed antenna alone and AMC-integrated
antenna. The arm model has a length and overall radius of
180 and 40 mm, respectively, which correspond to the arm
radius of a healthy man, as illustrated in Figs. 25 (b) and (c).
The four layers comprised bone, muscle, fat, and skin were
modeled in CST MWS using the intrinsic characteristics
of each layer using the data in Table 5. Subsequently, the
proposed designs were tested by employing them on a real
human arm, as shown in Figs. 25 (d) and (e). Fig. 26
shows a comparison of the simulated and measured reflection
coefficients of the proposed designs mounted on a four-layer
human arm. The results revealed that placing the antenna
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FIGURE 25. Layout of proposed antenna mounted on four-layer
cylindrical phantom (human body arm) of radius, r = 40 mm (a) top view
of layered structure (b) CST model of antenna alone (c) CST model of
AMC-integrated antenna (d) fabricated antenna alone (e) fabricated
AMC-integrated antenna mounted on human body arm at x = 0.05/,.
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FIGURE 26. Simulated and measured reflection coefficient comparisons
of antenna alone and AMC-integrated antenna mounted on human body
arm at x = 0.05/1,.

alone on a human body arm changed its center frequency,
which shifted to higher frequencies owing to the human
body’s lossy properties and the electrical length shortening.
In addition, the antenna resonated with a slightly wider band-
width than in the off-body condition. Moreover, this trend was
observed in the simulations.

Conversely, when the AMC-integrated antenna was kept
in the same position as the human arm, a stable reflection
coefficient (S1; < -36 dB) was observed compared with
the antenna alone. Moreover, the impedance bandwidth was
maintained similar to the off-body state, with a slight increase
in width. The widening of the bandwidth in both cases was
due to the degradation of the quality factor of the radiator
element caused by lossy human body tissue [34].

The gain patterns of the antenna alone and the
AMC-integrated antenna in both principal planes were mea-
sured by mounting both designs on the arms of the volunteers,
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FIGURE 27. On- and Off-body simulated and measured far-field gain
comparison of antenna alone and AMC-integrated antenna mounted on
human body arm in (a) E-plane, and (b) H-plane.
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FIGURE 28. Perspective view of simulated 3D-gain pattern of proposed
antenna mounted on arm tissue with radius of 40 mm (a) antenna alone
(b) AMC-Integrated antenna.

as shown in Figs. 25 (d) and (e), respectively. The on-body
measured results were compared with the simulated results
obtained from a four-layer simplified body tissue arm model
(Figs. 25 (b) and (¢)) in both principal planes. The measured
results revealed that the radiation pattern degraded when the
antenna was tested close to the human arm. This degradation
is due to the lossy properties of the arm tissues, reducing the
peak gain and efficiency. However, when the AMC-integrated
design was tested near the human arm, it exhibited stable
performance at the resonant frequency (2.45 GHz), with an
increase in peak gain and radiation efficiency. These results
demonstrated the benefits of using the AMC surface as a
ground plane.

For clarity, images of the simulated 3D gain patterns of the
proposed designs placed near the arm tissue are also included
(Fig. 28). Table 8 summarizes the simulated and measured
performance comparisons between the antenna alone and the
AMC-integrated antenna.

IV. SPECIFIC ABSORPTION RATE (SAR) ANALYSIS

The SAR of both the antenna alone and the AMC-integrated
antenna must be evaluated to ensure the protection of human
body tissue. The same flat body tissues (single, three, and
four layers) and a cylindrical model mimicking the human

73906

TABLE 8. On-body performance comparison of proposed designs
mounted on human arm.

Parameters Antenna Alone AMC-Integrated
Simulated Measured Simulated Measured
Frequency (GHz) 2.57 2.52 2.46 2.44
Gain (dBi) -3.45 -2.59 3.15 4.11
Rad. Eff. (%) 14.08 15.76 69.71 67.22
-10 dB BW (MHz) 590 760 570 620

chest/back and arm presented in Section III were used for the
analysis. An input power of 0.5 watts was used as a bench-
mark for evaluating the antenna alone and that integrated
into the AMC. The proposed designs were assessed based on
IEEE C95.1, using CST MWS to calculate the SAR value.
The SAR values were compared using the FCC and ICNIRP
standards, which set maximum values of 1.6 W/kg for every
1 g of tissue mass and 2 W/kg for every 10 g. The antenna
was placed at a minimum distance of 7 mm from a human
tissue phantom (chest/back and arm) to analyze the SAR. The
results showed that the maximum SAR values observed were
19.3, 17.2, and 17.7 W/kg for 1 g of mass tissue and 9.49,
9.31, and 9.32 W/kg for 10 g of mass tissue, when the antenna
was mounted on a single-, three-, and four-layer human body
tissue in a flat condition at 2.45 GHz (see Fig. 29). These
values are significantly higher than the safety thresholds and
do not meet the safety requirements. However, when the
AMC was incorporated, as shown in Fig. 27, a substantial
reduction in the SAR value was observed at an input power
of 0.5 W. The maximum value of the SAR was reduced from
19.3 to 0.434, 17.2 to 0.381, and 17.7 to 0.342 W/kg for
any 1 g of mass tissue for the single-layer, three-layer, and
four-layer models, respectively. Likewise, the SAR maximum
value was reduced from 9.49 to 0.239, 9.31 to 0.215, and
9.32 t0 0.196 W/kg for 10 g of mass tissue for single-, three-,
and four-layer models, respectively.

Similarly, following the guidelines established by the FCC
and ICNIRP, the antenna alone and the antenna with AMC
integration were analyzed on a four-layer cylindrical arm
model to determine the SAR value, as shown in Fig. 30.
The maximum SAR values observed for the antenna alone
were 13.9 W/kg for any 1 g of tissue mass and 7.51 W/kg
for any 10 g. However, when the AMC was integrated into
the antenna, a considerable decrease in the SAR value was
observed. The SAR values decreased to 0.759 W/kg and
0.389 W/kg for 1 g and 10 g of tissue mass, respectively,
which are considerably lower than the defined thresholds
of 1.6 W/kg and 10 W/kg. Therefore, the AMC-integrated
antenna meets both safety standards and is suitable for body-
centric communications.

A performance comparison between the proposed
AMC-integrated fabric antenna and state-of-the-art MMT-
based antennas reported in the literature was conducted, and a
summary of the results is presented in Table 9. The proposed
AMC-integrated antenna exhibited superior performance in
terms of the peak gain and impedance bandwidth compared
with the antennas reported in [28], [37], [39], [40], and [42].
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FIGURE 29. Simulated SAR distribution of antenna alone and AMC-integrated antenna on various tissue, considering 1 g and 10 g of human

body tissue mass.

Despite using more lossy material, the proposed antenna
provides better radiation efficiency in both on- and off-body
conditions than the antennas in [28], [39], and [42]. The
antennas reported in [36] and [38] provided a relatively higher
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gain than the proposed antenna; however, no information was
provided regarding the on-body and off-body efficiencies.
Although the antenna in [41] provides higher free-space effi-
ciency owing to the less lossy material, the proposed design
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TABLE 9. Summary of performance comparison of proposed AMC-integrated antenna with existing work at 2.45 GHz.

Ant Gai Efficiency SAR (W/Kg) @
Ref. Freq. F:)lofn:i?lt ( d?;?) BW Reflector/ (o4 Distance from body Substrate/ Antenna
: (GHz) (e 3)" (FS) (%) Array () Flexibility Topology
FS OB 1g 10¢g
AMC/ 0.046@ Felt/
[28] 2.45 0.81x0.81x0.036 2.50 - axd <40 - - 0.081 Yes CPW
EBG/ 0.07@ Polyester Film/ Printed
[36] 2.40 1.08x1.08 x0.025 7.93 1.38 33 - - 0.024 Yes Yagi
EBG/ 0.02@ Jeans/
[37] 2.45 1.22 x1.22 x0.016 - 5.08 33 - - - 0.008 Yes Monopole
EBG/ 0.08@ 0.043@ Felt/ Microstrip
[38] 2.45 1.22 x1.22 x0.035 6.40 4.00 33 - - 0043 0,043 Yes Patch
AMC/ 0.072@ Felt/
[39] 2.45 0.81x0.81x0.048 2.42 9.85 %) >40 - - 0122 Yes Monopole
AMC/ 0.33@ 0.166@ Pellon & RO3003/ CPW
[40] 245 1.01x1.01x0.040 245 16.32 4x4 95 66 0.04 0.04 Flexible & Semi Flexible Monopole
Rogers ULTRALAM 3850
[41] 245  0.62x0.62x0.021 658 640 ??f/ ogs 8 88§§@ 88(2);2@ & Felt/ o
’ : Semi Flexible & Flexible onopote
EBG/ 0.55@ 0.23 Felt/
[42] 2.45 0.66x0.66x0.032 5.12 14.70 3x3 >60 - 0.048 0.048 Yes Monopole
0.341 0.196
This AMC/ & & Felt/
work 2.45 0.55%0.55x0.036 5.19 33.06 %) >83  >67 0.759 0389 Yes Monopole
@0.008  @0.008

Ao i the free space wavelength computed at resonant frequency; BW represents the fractional bandwidth, FS represents Free Space, and OB represents On-body

W/kg W/kg

@

(®)

FIGURE 30. Simulated SAR distribution on four-layer human body arm
with radius of 40 mm considering (a) antenna alone (b) AMC-Integrated
antenna.

provides more bandwidth and better on-body efficiency.
In contrast to most of the antennas shown in Table 9, the
proposed AMC-integrated design offers a smaller footprint

73908

and a lower SAR value when accounting for both 1 and 10 g
of tissue mass at a closer distance from human tissues. These
characteristics make the proposed AMC integrated design
suitable for body-centric communications.

V. CONCLUSION

In this study, a low-profile AMC-based fabric antenna for
body-centric communication in the 2.45-GHz-centered ISM
frequency range was designed, and its SAR analysis is pre-
sented. A 2 x 2 AMC array was incorporated into the
proposed antenna to enhance the performance and reduce
unwanted radiation when worn on the body. The antenna and
AMC array were printed using a 0.17-mm thick supercon-
ductive Shieldit material with an estimated conductivity of
1.8510° S/m on a 2-mm thick flexible felt substrate with a
relative permittivity of 1.3 and loss tangent of 0.044. The total
size of the AMC-integrated antenna was 0.554, x 0.554, x
0.016A,. The resonance frequency was preserved by integrat-
ing the AMC array, leading to considerable improvements in
the peak gain and overall performance of both on- and off-
bodies. To confirm the safety of the proposed antenna for
body-centric communication, its SAR value was examined,
and for the AMC integrated antenna, the value of SAR was
found to be within the safety limits set by regulatory bodies,
indicating its safety for human exposure. The simulated and
tested results were compared, and they agreed well. The
proposed design’s flexibility, wearability, and low-profile
characteristics make it suitable for wearable applications. The
use of AMC structure was an effective method for enhancing
the antenna’s performance and decreasing SAR values. This
study demonstrates the potential of AMC-based wearable
antennas for a range of wireless applications, such as fitness
monitoring, tracking, and healthcare.
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Further studies should be conducted to improve the design
of the antenna and examine its performance in real-world set-
tings. In addition, the impact of different human body shapes
and sizes on SAR can be investigated. Finally, to develop a
complete wearable system, the integration of the antenna with
other wearable technologies should be investigated.
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