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ABSTRACT: The advancement of wireless communication technology demands antennas that can achieve significant gain while func-
tioning across diverse frequency ranges. Numerous studies have aimed to enhance the gain and radiation properties of such antennas.
However, when these antennas operate near the human body, their performance regarding return loss, gain, radiation pattern, and specific
absorption rate (SAR) are influenced by the interaction and absorption of human tissue. To enhance overall antenna performance, artifi-
cial magnetic conductor (AMC) surfaces have been introduced. Numerous studies have been conducted to improve antenna performance
through the use of AMC surfaces. This paper proposes a coplanar waveguide (CPW)-fed wearable antenna integrated with an AMC array.
The integrated antenna is expected to operate at both 2.45 GHz and 5.5 GHz, making it suitable for applications in wireless local area
networks (WLAN) and wireless body area networks (WBAN). The study focuses on the benefits of the integrated antenna, highlighting
advantages such as improved gain and lowered SAR in comparison to the antenna alone. These improvements are validated through
both simulated and measured outcomes. This antenna, featuring a simple feed structure, low cost, and ease of fabrication, is a promising

option for wearable medical applications.

1. INTRODUCTION

n recent years, significant interest has been growing in the

design of wireless body area networks (WBAN) due to nu-
merous applications, such as military, health monitoring, and
medicine [1]. The WBAN system collects and transmits neces-
sary data to a distant location, enabling daily remote monitoring
of the condition of the wearer so that decisions can be made to
safeguard their life. In wearable devices, an efficient wearable
antenna is crucial for maintaining a reliable communication link
with the external unit [2]. Since wireless technology has ad-
vanced, many systems can now function in various frequency
bands. However, the effectiveness of antennas within these sys-
tems largely determines their ability to operate across diverse
frequency ranges, with each antenna covering one or multiple
frequency bands. Thus, it is preferable to have a single antenna
to support the different operational frequency ranges of several
wireless communication systems.

In the literature, several techniques have been proposed to
create a multi-band resonance of the antenna. One of the most
popular approaches is to include slots within the patch radi-
ators [3]. However, the radiation patterns of these antennas
have been impacted to some extent. Furthermore, a novel con-
centric circular patch antenna employing shorting vias and a
mu-negative transmission line (MNG-TL) has been presented
in [4]. However, excessive utilization of vias raises the com-
plexity of the design and introduces electrical losses. Another
widely used approach is to gap-couple primary patch radiators
to parasitic patches or strips. In [5], a T-shaped patch antenna
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including several parasitic patches and shorting vias has been
introduced to create additional resonances. It has been noticed
that the antenna does not provide a significant gain at the upper
resonating frequency.

Recently, there has been a growing interest among re-
searchers in utilizing metamaterials (MTMs) to design
multi-resonance antennas [6,7]. In [6], a dual-band zeroth-
order resonating (ZOR) antenna has been proposed. The
proposed metamaterial antenna has been observed to exhibit
dual-band behaviour, featuring impedance bandwidths of
5% and 59.9% at the frequencies centered around 1.22 GHz
and 3.97 GHz, respectively. A metamaterial structure based
dual-band antenna for WLAN applications has been suggested
in [7]. However, the antenna has exhibited reduced gain. To
optimize the electrical length and minimize back radiation, a
dual-band folded-cavity antenna incorporating lumped com-
ponents has been created [8]. However, its use for wearable
applications might be limited due to the inclusion of lumped
elements and a multilayer design. In addition to multi-band
characteristics, for an antenna to be considered in the wearable
industry, it must exhibit acceptable gain and a low SAR based
on its intended application.

One of the most common approaches to enhancing antenna
gain is to use artificial magnetic conductors (AMCs) as a re-
flective backing for the wearable antenna. As a result, surface
waves are significantly decreased, and the antenna exhibits an
increase in its total gain and a reduction in SAR. A dual-band
textile antenna in combination with an AMC plane for WLAN
applications has been proposed in [9]. However, the antenna
has exhibited a low gain at the desired frequencies. In [10], a

Published by THE ELECTROMAGNETIC ACADEMY


https://doi.org/10.2528/PIERC24051902

PIER C

Reddy, Koteswara Rao, and Rama Krishna

TABLE 1. Optimized dimensions of the required antenna.

Parameters a b c d e m n P q u v L | W| S
Dimensions (mm) | 18.2 | 47 | 5 | 55 | 12.2 | 13.0 | 85 | 12.0 | 239 | 1.5 | 1.5 | 26 | 35 | 55
dual-band monopole antenna incorporating an AMC structure are 26 x 35 x 0.2mm?. The optimised dimensions of the re-
was introduced to enhance radiation characteristics and achieve quired antenna are presented in Table 1.
higher gain. However, the antenna has exhibited less gain. To
en.hance the ba.n.dWldth Wth ﬂ.le requlred. gain, a dipole antenna 2.2. Equivalent Circuit Model Corresponding to the Proposed
with slots utilising an artificial magnetic conductor has been Antenna
proposed in [11]. Although the gain in [12] is greater than
10 dB, these antennas have complex structures and occupy a Inductors, capacitors, and resistors serve as essential compo-
considerable physical footprint, thereby limiting their utiliza- nents in microwave circuits and antennas. Inductors can take
tion. As aresult, designing a multi-band antenna with improved various shapes, such as elliptical, semi-elliptical, rectangular,
gain, low SAR, low cost, and light weight remains a challenge. circular, or meandering ones, each affecting their performance.
In this study, a dual-band wearable antenna is proposed The ability of an inductor to carry current is influenced by fac-
to operate at 2.45GHz and 5.5GHz for applications in tors like conductor width and thickness. Similarly, capacitors
WLAN/WBAN. The antenna is integrated with a 3 x 3 AMC can be realized by introducing gaps between conductors [13].
array to minimize backward radiation by enhancing its per- An equivalent circuit model of the proposed structure is exhib-
formance when being used on the human body. Furthermore, ited in Figure 2, in which series inductance L i shows the induc-
by integrating the AMC array, the specific absorption rate tance associated with a signal patch composed of an elliptical
(SAR) is significantly reduced by over 90% compared to patch, a megnder llng, a feed line, and a seml-elhptlgal patch,
an isolated co-planar waveguide (CPW)-fed antenna. The whereas series capacitance C, represents the capacitance at-
fabricated CPW-antenna prototype, along with the AMC array, tributed to the patches and parasitic capacitance provided by the
was tested on various human body models, demonstrating meandered line inductor. Further, in order to create a multiband
its effectiveness for WLAN/WBAN communication systems resonance, the shunt inductance (L) is realized by a conductor
by offering multiband performance, gain enhancement, and strip connected to CPW ground, and the shunt capacitance (Cr)
compliance with SAR requirements. can be realized by the gap between the signal patch and the con-
ductor strip. In addition, the shunt capacitance (Cy) can be re-
alized by the gap between the elliptical patch and the conductor
2. A COMPREHENSIVE APPROACH TO ANTENNA strip. Furthermore, resistance R and conductance G describe
DEVELOPMENT the losses in the conductor and substrate, and for a loss-less
transmission line, R = 0 and G = 0. Therefore, the equiv-
. alent circuit model of the antenna illustrated in Figure 1 rep-
2.1. Antenna Configuration and Geometry resents a lossless composite right hand/left hand-transmission
Figure 1 illustrates the schematic layout of the antenna along line (CRLH-TL) [14], as shown in Figure 2.
with the essential parameters for antenna development. The
antenna element is fabricated using an economical FR-4 sub- L
strate with a relative permittivity (¢,) of 4.4 and a loss tangent N% CL
(tan §) 0f 0.02, with a substrate height (k) of 0.2 mm. The over-
all dimensions of the coplanar waveguide (CPW)-fed antenna C
Cr g
Elliptical L
ﬂ[ Patch
7 Meander-line «<—P—
k ]
€——————e Conductor
L s } q p strip FIGURE 2. Approximate equivalent circuit model of the intended an-
- ,//5/ ;;";;l”llipﬁml tenna.
<€ T Feed-line o
n N P Conseguently, the characterlst{c 1mpedance Z. and Bloch-
Plane propagation constant 3 of the periodic structure are defined by
S
w
FIGURE 1. A schematic representation of the antenna with marked di- g Zsleries 1)
mensions. N Y
shunt
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FIGURE 3. (a) Comparison of return loss across various stages of antenna development. (b) The schematic representation of the proposed antenna at

various stages of its structural development.
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Here the left-hand (LH)-inductive branch of the standard
CRLH metamaterial [14] is transformed into the impedance
Zre,c, = jwlp — j/(wCy). Due to the very large value
of the C; compared to the inductor, the resultant impedance
Z Lc+Cy ~ L L-

: @

5 — 1 COS_l |:1 + Zs/eriesl/sﬁlunt:|
p

where ‘p’ represents the physical length of the unit cell, and two
resonant frequencies are associated with shunt and series reso-
nant circuits, denoted as wy, and wge, respectively. It is widely
acknowledged that in an unbalanced unit cell, where w;p, does
not equal wy,, the resonant condition of CRLH is determined
by the type of open or short-circuited termination and supports
the relationship listed below

nTtp _ nm

l N

Bup = (n=0,+1,42,43.....+ (N —1)) (3)
Here n, [, and N are the mode number, overall length of the
resonator, and number of unit cells, respectively. Addition-
ally, in the case of an open-ended lossless CRLH-TL, the input

impedance can be expressed as

7 B0 7 1 1
in,open — (O Ty —
jﬁl }/s;mnt(Np)

“)

As a result of the introduction of the capacitance C|, the open-
ended resonance w(y " is determined by the shunt resonating
tank circuit [14].

open
Wsp

®)

(w2, + “’3)
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_ 1 _ 1 _ 1
where wg;, = T.Cn’ Wy = I.0, and Wse = TaCL’
open __ Cr+Cy ’
wep = (7&( oncy ) Consequently, the shunt resonance’s

quality factor can be obtained by assuming that the electrical
and magnetic energy stored in Cy and Cr(W,) and L1 (W,,)
are equal [15]. Therefore

2 open - 1
0= Wa, Win _ opénG _ 1 (CRCQ) (6)
Hoss Weh LL G LL (CR—FOQ)

The relationship between the impedance bandwidth of an an-
tenna and its quality factor (Q)) is demonstrated by Equation (6),
indicating that a wider bandwidth can be achieved by either
increasing the shunt inductance, reducing the shunt capaci-
tance, or both. This adjustment results in a broader frequency
range over which the antenna can efficiently operate. However,
in accordance with the Chu limits [16, 17] governing electri-
cally small antennas, there exists a limitation on the maximum
achievable bandwidth, which is determined by the following

relationship:
s—1/( 1 1\ "
R - + R
/s \k3a®  ka

where “a” denotes the sphere’s radius surrounding the antenna’s
maximum dimension, “k” the wave number of the air, and “s”
the voltage standing wave ratio (VSWR).

FBW ax = 7

2.3. The Procedural Steps for Implementing the Desired An-
tenna Configuration

The structural evolution of antenna-3, or the final antenna, is
displayed in Figure 3(b), and Figure 3(a) displays the equiva-
lent return loss (S11). A fundamental resonance mode is gener-
ated at 4.75 GHz by antenna-1, i.e., a basic symmetrical CPW-
fed elliptical patch, as shown in Figure 3(b). The symmetrical
patch has been transformed into an antenna inspired by meta-
materials (MTMs) with a meandering line connecting the ellip-
tical and semi-elliptical patches; this combination is referred to

WWwWw.jpier.org



Reddy, Koteswara Rao, and Rama Krishna

u=1.5mm

Return Loss(dB)

1=--=u=2.5mm

-354=-=- u=3.5mm - .

Frequency(GHz)

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5

B i a=10.2mm

== 3=12.2mm
-351 ====-a=15.2mm
a=18.2mm
'40 T T T T T T T T T T T T
1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 50 55 6.0 6.5 7.0 7.5
Frequency(GHz)

FIGURE 4. (a) Plot showing return loss for different widths of conductor strip ‘u’ connected to CPW ground. (b) Plot showing return loss for different

major axis length ‘a’ of elliptical patch.
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FIGURE 5. Radiation pattern of antenna-3 (a) at 2.45 GHz, (b) at 5.5 GHz.

as a signal patch and is presented as antenna-2 in Figure 3(b).
As illustrated in Figure 3(a), this configuration exhibits multi-
band operation and will result in a degradation of the antenna
impedance bandwidth.

Furthermore, to get the required frequencies of 2.45 GHz and
5.5 GHz, the antenna resonances can be realized by manipu-
lating its shunt reactance, which comprises a shunt inductance
(L1) realized by using a conductor strip connected to CPW
ground, a capacitor (Cy) realized between the elliptical patch
and conductor strip, and a shunt capacitance (Cr) between the
signal patch and the conductor strip connected to CPW ground
and presented as antenna-3 as shown in Figure 3(b). The resul-
tant antenna, i.e., antenna-3, operates at 2.45 GHz and 5.5 GHz.
In addition, it exhibits an impedance bandwidth of 76.92%
(3.2-7.2 GHz) and 8.20% (2.3-2.5 GHz) for S|; < 10dB, as
shown in Figure 3(a). Furthermore, it also exhibits a 150 MHz
bandwidth between 3 and 3.15 GHz.

Here a wider bandwidth can be achieved by increasing shunt
inductance (L1,) and/or reducing shunt capacitance (Cr) of the
antenna, as the impedance bandwidth is inversely proportional
to ), as shown by Equation (6). The shunt inductance (L,) can
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be increased in proportion to the length of the conductor strip
connected to CPW ground. Furthermore, the shunt capacitance
(CRr) can be decreased in proportion to the increase in the gap
between the conductor strip and signal patch by decreasing the
width of the conductor strip ‘v’ connected to the CPW ground
plane. Figure 4(a) depicts a reduction in the impedance band-
width within the range of 3.2 to 7.2 GHz as the width of the
conductor strip ‘v’ connected to CPW ground increases. How-
ever, the change in ‘u’ does not significantly affect the lower
resonance frequency of 2.45 GHz.

Further, Figure 4(b) illustrates how the lower resonance fre-
quency increases as the major axis length ‘a’ of the elliptical
patch decreases. This increase occurs because reducing ‘a’
widens the gap between the elliptical patch and the conductor
strip, leading to a decrease in capacitance. Consequently, the
lower resonant frequency increases. However, the bandwidth
that is available between 3.2 and 7.2 GHz is not significantly
affected by the fluctuation of ‘a’. Figures 5(a) and (b) illustrate
the radiation pattern of the antenna in a normalized polar plot
representation at 2.45 GHz and 5.5 GHz, respectively. It has
been observed that the simulated gain at 2.45 GHz and 5.5 GHz
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FIGURE 6. (a) Schematic view of the proposed AMC unit cell. (b) Surface current distribution at 2.45 GHz. (c) Surface current distribution at
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FIGURE 7. (a) Simulated reflection phase characteristics of the AMC unit cells A, B, C. (b) Layout of different AMC unit cells.

is —2.5 dBi and 3.5 dBi, respectively. Moreover, there is a sig-
nificant front-to-back (F/B) ratio observed at both frequencies,
which results in an increase in the SAR. If an antenna has to be
used in wearable applications, this is undesirable. Therefore, to
improve both the gain and front-to-back (F/B) ratio, integrating
the antenna with an AMC array becomes necessary.

3. ANTENNA INTEGRATION WITH THE AMC ARRAY

3.1. Structural Layout of the AMC Unit Cell

The unit cell of the AMC structure is exhibited in Figure 6(a),
and it is fabricated on an FR4 substrate with a thickness of 1 mm
and sized at 14.8 x 14.8mm?. The optimized parameters of
the unit cell as exhibited in Figure 6(a) are detailed as follows:
l1 = 14.8mm, w; = 14.8mm, p; = 9.8mm, ¢g; = 9.8 mm,
up = 1.0mm, v; = 1.0mm, e; 0.5mm, d; = 0.5mm,
g = 0.2mm. The structural evolution of the unit cell is exhib-
ited in Figure 7(b). The initial layout is based on the funda-
mental rectangular patch unit cell ‘A’, as shown in Figure 7(b).
The unit cell has exhibited a reflection phase of zero degrees
at 3.85 GHz. In order to enable dual-band behavior by adding
additional inductance or capacitance [18], the square patch is
replaced with a square patch encircled by a square ring, such
as unit cell ‘B’. Even though the unit cell has exhibited dual-
frequency phenomena, the working frequencies of the antenna
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are not in sync with these frequencies, as shown in Figure 7(a).
In order to get the desired frequencies, the capacitance associ-
ated with the centre square patch and the overall capacitances of
the unit cell have been modified and represented as unit cell ‘C’.
At the lowest frequency, the whole unit cell contributes to the
overall capacitance. However, at higher frequencies, distinct
segments of the unit cell exert a significant influence on the ca-
pacitance of the structure [19]. Figure 7(a) illustrates the simu-
lated reflection phase characteristics of several unit cell layouts
when a plane wave is incident normally upon them. It has been
noted that the reflection phase value of the necessary unit cell
‘C’ attains a value of 0° at 2.45 GHz and 5.5 GHz. Figures 6(b)
and (c) present the distribution of surface current on the AMC
unit cell at 2.45 GHz and 5.5 GHz, respectively.

It has been noticed that at 5.5 GHz, a significant current is
distributed only in certain portions of the unit cell; however,
at 2.45 GHz, the current is distributed around the sides of the
square patch and even extends into the square slit ring. This
indicates that the metamaterial effective resonant length has
been increased compared to 5.5 GHz, providing further vali-
dation for the dual-band characteristics of the AMC unit cell.
Moreover, the zero-phase reflection frequencies of the AMC
structure align with the operating bands of the antenna, mak-
ing it appropriate for integration with the dual-band CPW-fed
antenna.
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FIGURE 8. (a) Top view of the integrated antenna layout. (b) Side view of the integrated antenna layout.
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FIGURE 10. Radiation pattern of antenna with/without AMC array (a) at 2.45 GHz, (b) at 5.5 GHz.

3.2. Results and Discussions of the Integrated Antenna in a
Free-Space Environment

The objective of this work is to develop a gain-enhanced dual-
band antenna to support WLAN/WBAN applications. There-
fore, a 3 x 3 AMC array was selected as the back reflector
and integrated with the antenna. Its overall physical dimen-
sions were 49 mm X 49 mm (0.4)g x 0.4)9). The AMC array
and CPW-antenna were fabricated on an FR4 substrate with a
thickness of 1 mm and 0.2 mm, respectively. The top view of
the integrated antenna is shown in Figure 8(a). Figure 8(b) il-
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lustrates the antenna system supported by an AMC array, where
the multi-band antenna is positioned above the center of the
suggested AMC plane to serve as a reflector, with a distance de-
noted as ‘h’, which indicates the separation between the AMC
plane and the radiating patch. A foam piece with a permittivity
nearly identical to air is placed between the antenna and AMC
plane to bridge the gap between them. Figure 9(b) presents the
return loss for the proposed AMC-backed antenna with vari-
ous ‘h’ values. It is evident that the impedance bandwidths of
the AMC-backed antenna are significantly influenced by the
value of ‘h’. In order to balance the AMC-backed antenna sys-
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FIGURE 12. Comparison of measured and simulated radiation patterns (a) at 2.45 GHz, (b) at 5.5 GHz.

tem’s performance with its multiband capability for the desired
frequencies, the optimized value of ‘A’ is 22 mm. With this
configuration, the integrated antenna exhibits an impedance
bandwidth of 8.20% between 2.3 and 2.5 GHz, a bandwidth
of 65.90% between 3.2 and 6.35 GHz, and resonates at the re-
quired frequencies of 2.45 GHz and 5.5 GHz, as shown in Fig-
ure 9(b).

The simulated return loss of the proposed integrated antenna
and the antenna alone in free space is illustrated in Figure 9(a).
It has been noted that the upper frequency spectrum of a com-
bined structure experiences a slight reduction in bandwidth
compared to an isolated antenna. This decline is attributed
to mutual coupling effects affecting impedance matching and
radiation characteristics, along with inherent losses associated
with the AMC array integrating with the antenna [14].

It is well known that gain improvement has been considered
an essential feature of any antenna supported by an AMC ar-
ray. As shown in Figure 9(¢c), it is evident that using the AMC
array results in a gain improvement of —2.5dBi to 7.56 dBi at
2.45GHz and 3.5dBi to 5.2dBi at 5.5 GHz. When the AMC
array is utilized to minimize the back radiation, the antenna ra-
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diation pattern has been transformed from omnidirectional to
unidirectional. This transition is clearly demonstrated in the
normalized polar plots of the radiation pattern for both the E-
plane and H -plane at 2.45 GHz and 5.5 GHz, as depicted in Fig-
ures 10(a) and (b), respectively. The integrated antenna in both
cases has shown a unidirectional radiation pattern (red line),
which significantly lowered the front-to-back ratio (FBR). On
the other hand, the antenna exhibits an omnidirectional radia-
tion pattern (black dotted line) in the absence of the AMC array.

3.2.1. Observations on Simulated and Measured Results

To confirm the effectiveness of the suggested antenna, a CPW
antenna including an AMC surface was fabricated and pre-
sented in Figure 11(a).

The prototype was measured for return loss using the Anritsu
S820E Site Master Handheld Cable & Antenna Analyzer. The
obtained results were then compared to the simulated data. The
comparison of simulated and measured return losses is shown in
Figure 11(c). According to the measured results, the integrated
antenna operated at 2.3-2.5 GHz and 3.2-6.35 GHz for S}, <
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TABLE 2. Proposed wearable antenna in comparison to other dual-band antennas.

F f Ant ith/without
References Size (mm?) reqflency N ftenna with/withou Gain (dBi)
operation (GHz) reflector
245 7.56
Proposed work 49 X 49 AMC Array
5.50 5.50
2.45 2.50
[7] 200 x 200 AMC Array
5.20 3.50
2.45 4.88
[10] 44.4 X 44.4 AMC Array
5.80 4.73
[21] 50 x 50 2.40 AMC Array 0.12
2.45 —0.67
[22] 44.1 X 44.1 AMC Array
5.50 7.40
[23] 48 X 48 2.50 AMC Array 6.50
[24] 67.2 X 67.2 245 AMC Array 5.23
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FIGURE 13. Assessment of antenna SAR using a human hand model. (a) Three-dimensional SAR distribution of antenna at 5.5 GHz on hand position.
(b) Simulated and measured return loss of the integrated antenna when placed over the hand model.

—10dB. The two were found to be strongly in agreement with
the simulated outcomes, indicating the validity of the simulated
data.

To validate the accuracy of the simulations, the radiation pat-
tern of the antenna was assessed within an anechoic chamber,
as shown in Figure 11(b). In Figure 12, the comparison be-
tween the simulated and measured normalized radiation pat-
terns in the E-plane and H-plane at 2.45 and 5.5 GHz are de-
picted, showing good agreement between the simulated and
measured results. The spatial radiation patterns in the E-plane
and H -plane exhibit slight asymmetry, which is attributed to the
current imbalance on the meander-line connecting the elliptical
patch and semi-elliptical patch [20]. In addition, any disparities
noted could be attributed to factors such as heightened dielec-
tric loss, imperfect soldering, and variations in measurement
tolerances [11]. Furthermore, the experimental results showed
that the suggested antenna has maximum peak gains of 7.56 dBi
and 5.5 dBi at 2.45 GHz and 5.5 GHz, respectively, and § = 0°
is the major lobe direction where the gain values are observed.
Table 2 presents a comparison between the newly proposed an-
tenna and the current state-of-the-art dual-band wearable an-
tenna found in existing literature.
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3.3. Observations on the Impact of Human Body Loading on
Integrated Antenna Performance

The secondary main purpose of the AMC reflector backing is
to provide protection for the antenna from the adverse impacts
of nearby highly dielectric and lossy human bodies, thus main-
taining antenna performance. The integrated antenna reflec-
tion coefficient was evaluated against human hand model, as
shown in Figure 13(a). The antenna whose performance has
to be tested is positioned 1 mm from the model. Figure 13(b)
illustrates the simulated and measured return losses of the com-
bined layout when it is placed over the hand model. It has been
observed that the return loss of the antenna is not affected by
human-hand model loading.

To ensure safety standards for wearable devices, the antenna
needs to adhere to Specific Absorption Rate (SAR) guidelines.
According to the IEEE standard [25, 26], SAR regulations man-
date that the average SAR over 1 gram of tissue must remain
under 1.6 W/kg, while over 10 grams of tissue it should be
below 2 W/kg. This study will primarily concentrate on SAR
measurements concerning 10 gram of tissue to remain simple.
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TABLE 3. Comparison between the simulated maximum SAR of the antenna in isolation and the integrated antenna loaded on the human hand model.

Antenna Configuration 1g/10g | Frequency (GHz) | Max. SAR (W/kg)
. 2.45 18.8716
Antenna without AMC lg
. 5.50 20.6723
array (1 mm separation
245 12.7710
from hand model) 10g
5.50 9.6345
. 2.45 1.8362
Antenna with AMC lg
. 5.50 2.1072
array (1 mm separation
2.45 1.2032
from hand model) 10g
5.50 0.8955

Figure 13(a) illustrates the SAR distribution of the antenna at
5.5 GHz in the on-hand position.

Furthermore, the SAR has been evaluated and compared us-
ing an input power of 1 W, as shown in Table 3. It has been
noticed that the incorporation of the AMC array behind the de-
sired antenna resulted in reductions of almost 90%. Here, in
order to satisfy the SAR requirements, the maximum allowable
input power can be varied based on the targeted applications.

4. CONCLUSION

This paper demonstrates an integrated antenna consisting of a
CPW-fed wearable antenna combined with a 3 x 3 AMC array
for WBAN/WLAN applications. The antenna under consider-
ation operates at 2.45 GHz and 5.5 GHz, with maximum gains
of 7.56 dBi and 5.5 dBi, respectively, while maintaining a gain
at least 5.2 dBi across its operational bandwidth. Furthermore,
it has been shown that the inclusion of the AMC array results in
a significant gain enhancement and a 90% reduction in SAR at
both resonant frequencies compared to an isolated CPW-fed an-
tenna. The fabricated CPW-antenna prototype, along with the
AMC array, was tested on various human body models. The
experimental results have been consistent with those obtained
from simulation. The suggested antenna offers benefits such as
broad bandwidth, minimal back radiation, and enhanced gain.
The results suggest that the integrated antenna presented in this
study has the potential for the use in wearable medical applica-
tions.
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