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ABSTRACT: In this work, a low-profile and flexible antenna operating in the ISM (2.4-2.4835) GHz band for bio-telemetry applications
is presented. This antenna is designed on two flexible substrate materials: Roger RO3003 with a thickness of 0.254 mm and jeans fabric
material with a thickness of 0.7 mm, of an overall foot print of 20 x 30 mm?. The deformation bending of the designed antenna in two
different cases is studied. The designed antenna is backed by a 3 x 3 artificial magnetic conductor (AMC) array structure, which resulted
in the final design configuration. The antenna is backed by an AMC array structure to achieve a lower specific absorption rate (SAR) as
well as high gain when it is mounted on biological tissue. For validation, the antenna is fabricated on two flexible substrate materials and
then measured in free space as well as on four different parts of the realistic human (chest, back, arm, and leg) body with and without
AMC structure. Furthermore, the SAR is measured on ¢cSAR3D flat. Finally, for reliable communication, the link margin is calculated.

1. INTRODUCTION

ecently, wearable devices have attracted a lot of interest due

to their ability to be worn on different parts of the patient’s
body, e.g., the abdomen, arm, back, and chest, for bio-telemetry
applications [1-3]. These devices assist in tracking and mon-
itoring the real-time physiological information, such as glu-
cose level [4] and interacranial pressure [5], of the wearer con-
tinuously and then transmitting this information to the remote
station [6]. Experts and physicians analyze this information,
which helps in detecting abnormal situations at an early stage
and saving the wearer’s life [7]. There are two ways to transfer
the wearer’s physiological information to remote devices. One
sends the data at a close distance, which is called on-body com-
munication. The other sends data to external station, which is
called off-body communication [8]. Thus, the crucial compo-
nent of the wearable devices is the wearable antenna [9-12].
In contrast to antennas working in free space, the performance
of the wearable antenna, such as radiation characteristics, gain,
and reflection coefficients, is influenced by the presence of hu-
man biological tissue as a result of its high permittivity nature.
Thus, several factors should be considered when wearable an-
tennas are designed. First, a wearable antenna with a low pro-
file, conformal to the biological tissue, and designed with flex-
ible materials is highly recommended to be comfortable and
easy to wear. The textile [12], late [13], polyster film [14],
and papers [15, 16] are used as flexible materials for instant.
A textile material is preferred in designing wearable antennas
because it is a soft, comfortable material and can be integrated
with the wearer’s clothes. In [17], a triangular patch antenna
operating at 5.8 GHz was printed on textile substrate material.
Although three shorting pins were added between the patch
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and ground plane for increasing the efficiency of an on-body
case and broadband response, the design complexity increased,
hardening the antenna manufacturing and usability for wearable
applications occurred. Besides, the antenna radiation efficiency
in free space was only 75%. A wearable antenna fabricated on
felt substrate material with dimensions of (60 x 60 x2) mm? op-
erating in the ISM band was introduced in [10]. This antenna
was designed with a narrow impedance bandwidth (BW) fea-
ture. In [18], a flexible polyethylene terephthalate (PET) film
was used as a substrate of the antenna with a large footprint of
45 x 40 mm?. However, the antenna was not suitable for inte-
grating with clothes for human comfort. Second, the coupling
with the lossy biological tissue causes radiation degradation and
frequency detuning [19]. Moreover, the absorption of the elec-
tromagnetic (EM) wave by human tissue in the form of energy
and heat due to the antenna’s backward radiation results in long-
term health problems [20]. Hence, the SAR value needs to be
within the safety limits [21, 22].

One of the methods used to isolate the biological tissue from
the wearable antenna and minimize the SAR value is AMC.
The wearable antenna backed by Shieldit Super with a large
size operating at 5.5 GHz is proposed in [23]. However, the
low gain and low radiation efficiency of 79.9% and 75.7% for
off-body and on-body cases, respectively, were achieved. A
semi-flexible AMC-integrated wearable antenna with a large
size was introduced in [12]. In [14] and [24], the antenna was
backed by an AMC. However, a performance of narrow BW is
noticed. In [25], Although the proposed antenna was mounted
on an electromagnetic band gap (EBG) array, the low gain and
narrow BW were exhibited. In [26], the radiation efficiency of
the proposed antenna with a metamaterial structure in an on-
body case is only 61.3% at 2.45 GHz. Table 1 demonstrates
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TABLE 1. Comparison of a presented antenna with recent literature
wearable antennas.

Freq. antenna Reflector size BW

Ref. . 5 5 Gain
(GHz) size (mm~) /Array (mm~) %
(dBi)
[17] 5.8 50 x 50 - 3.6 4.1
[14] 2.4 135 x 135 35.6 x 35.6 1.38 793
/3 x3
[12] 2.45 32x57 31x31 16 6
/4x4
[23] 55 100x 100 11.8 35
[24] 2.45 50% 50 21x 21 24 436
/3%x3
[25] 2.45 20 x35 40 x 40 - -
5.8 2x2 - -
2.45 20%30 28x%28 12 8.12
This work /33
20 x 30 28 x 28 53 537
/3 x3

the difference between the designed wearable antenna and the
previous literature. As observed, the main merits of our design
are a smaller antenna, AMC-backed structure, high gain, and
wide BW.

In this work, a flexible wearable antenna integrated with
Rogers material as well as jeans fabric material working at
2.45 GHz is introduced for bio-telemetry applications. These
substrates are chosen due to their flexibility and conformability
in worn scenarios. The compactness of the designed wearable
antenna with a coplanar waveguide (CPW) is carried out by
using six rectangular slits at the right and left edges and etch-
ing central slits from the upper edge of the radiator. Besides,
two triangles are cut from the ground plane. Meanwhile, the
impedance matching of the designed antenna is enhanced by
adjusting two triangle slots on the ground plane. For operating
the antenna at the desired frequency, four L-shaped elements
are added at the corners of the rectangular patch. As the an-
tenna is designed for wearable applications, it is also analyzed
on a cubic model consisting of four layers mimicking human
tissue. Then, this antenna is backed by a flexible as well as
semi-flexible AMC periodic structure for enhancing the gain,
reducing the SAR value, and increasing the impedance BW in
off-body and on-body cases. Besides, for verification, the wear-
able antenna is fabricated on the two flexible substrates and
then evaluated when being mounted in four different places on
a male body.

2. DESIGN OF ANTENNA METHODOLOGY

2.1. Antenna Design

The front of the designed wearable antenna, which consists
of a ground plane, a radiating element, and a 50 2-CPW, and
side view geometries are presented in Figs. 1(a) and 1(b), re-
spectively. The fabrication process is performed on a single-
layer as a result of using CPW to feed the designed wearable

antenna. The gap and line widths of the CPW are chosen to
achieve a 50 Q2 characteristic impedance [27]. For the minia-
turization purposes, the rectangular slits are cut on the edges as
well as the center of the designed radiating element of the wear-
able antenna. Two triangles are etched on the ground plane for
enhancing the impedance matching, improving the bandwidth,
and increasing the path of the current. The overall size of the
designated wearable antenna is 20 x 30 (0.16\g x 0.24\g) mm?.
Both flexible materials, Roger RO3003 with a loss tangent
(tan(d)) = 0.0009, a dielectric constant (¢,,) = 3, and a thick-
ness (hs) of 0.254 mm, and jeans fabric material with a thick-
ness (h;) of 0.7mm and a dielectric constant (e,;) = 1.7 are
used as a substrate for the designated wearable antenna in two
different scenarios. These materials are used because of their
robustness and flexibility, which are required for patient com-
fort in biomedical applications, while a copper fabric material
with a thickness of 0.17 mm is utilized as a conductive layer
in the jeans substrate case. The optimized dimensions of the
designated wearable antenna are obtained by the assist of Com-
puter Simulation Technology (CST).
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FIGURE 1. (a) Configuration and dimensions of the designed wearable
antenna with a dimensions (mm) of Wy, = 20, L, = 30, W, =
20, Wy =1, Wy = 3.7, Wo = 7.9, L = 2, and (b) side view of
designated wearable antenna.

2.2. Antenna Design Stages

The desired results are obtained by optimizing the flexible
wearable antenna through three successive steps. The design
stages along with their reflection coefficients are shown in
Figs. 2(a) and 2(b), respectively. As depicted in step 0, the
designed antenna is initially based on monopole geometry.
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FIGURE 2. (a) Designed wearable antenna evolution, (b) corresponding
S11 for each stage.
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c represents the light speed, fj the operating frequency, Ly
the effective length, L the length, AL the extended length of
the patch element, and W the width. For shifting the frequency
down, six pairs of horizontal rectangular slits and a vertical rect-
angular slit are etched on the right and left edges and the upper
edge of the rectangular radiating element, respectively, as de-
picted in step 1. As shown in Fig. 2(b), the resonant frequency is
shifted down from 3.7 to 2.59 GHz. Two triangles are cut from
the ground plane in order to enhance the impedance matching,
improve operating bandwidth, and increase the current path, as
demonstrated in step 2. Finally, four L-shaped elements are
added to the four corners of the radiating patch element for op-
erating frequency detuning in the ISM band (2.45 GHz), as de-
picted in step 3 (proposed antenna).

In order to better recognize each step, the current distribu-
tion of the proposed wearable antenna is plotted, as depicted
in Fig. 3. As shown, the current is concentrated near the CPW
feedline in the conventional monopole structure. Since the de-
sign of a wearable antenna operating in the ISM band is our
target without needing to increase its physical dimension, ex-
panding the current path for shifting the frequency down is re-
quired. From Fig. 3, step 1, most of the current is condensed
around the six pairs of horizontal slits, followed by the vertical
one at the center of the radiating patch. Besides, by adding four
L-shaped elements to the radiating patch and cutting two trian-
gular elements from the ground plane, as demonstrated in steps
2 and 3, the deflection of the current and lengthening of its path
occur. Hence, the designed wearable antenna operates at the
desired ISM frequency band with good impedance matching.
As the currents on the two sides of the 50 Q2-CPW flow in the
same directions, a CPW line operates in even mode.

Proposed
antenna

FIGURE 3. Current distribution of the designed wearable antenna for
each stage.

3. ANALYSIS OF THE WEARABLE ANTENNA IN FREE
SPACE AND ON BIOLOGICAL TISSUE

3.1. Performance of the Designed Antenna in Free Space

The comparison between the performance of the proposed
wearable antenna when it is simulated on different substrate
materials is depicted in Fig. 4. The proposed wearable antenna
is fabricated on Roger as well as jeans fabric substrate mate-
rials. In the second case, copper fabric is used as a conductor
layer. As shown, a slight shift in the operating frequency be-
tween the two different cases is observed. The impedance BWs

of the designed wearable antenna are 13.2% (2.32-2.65) GHz
and 17.9% (2.23-2.67) GHz for Roger and textile with copper
fabric material, respectively.

Figure 5 illustrates the radiation performance of the designed
antenna on Roger and jeans fabric substrates in free space in the
X7 and Y Z planes. As observed, the omnidirectional pattern
is evident. The simulated realized gain of the antenna on the
Roger substrate material is 1.8 dBi, while it is 0.95 dBi in the
case of the jeans fabric substrate at 2.45 GHz. The radiation
efficiency of the proposed wearable antenna is 97% and 80%
for two different substrates.
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FIGURE 4. Designed wearable antenna with different substrate materi-
als.

FIGURE 5. RP of wearable antennas in free space for Y Z plane (blue
line) and X Z plane (red line) on (a) Roger material, and (b) jeans
fabric material.

3.2. Bending Analysis of the Proposed Antenna

Deformation of the wearable antenna, such as bending, is ex-
pected to occur when the patient wears it or during patient
movements. Thus, studying the performance when it bends
along the y-axis and z-axis for different bending radii /2, and
R, 0f 20, 30, 50, and 70 mm is carried out. The impact of bend-
ing the designed wearable antenna along the y-axis and x-axis
on its performance in the case of Rogers and jeans fabric mate-
rials is demonstrated in Fig. 6.

3.3. Biological Tissue

As the wearable antenna is worn on the patient’s skin/cloth for
the real-time monitoring of physiological data in biomedical ap-
plications, the antenna’s performance should be examined in
the presence of the human body, which is considered as an an-
tenna loading. Therefore, a four-layer phantom consisting of
skin, fat, muscle, and bone is constructed with a thickness of
2mm, 5mm, 20 mm, and 13 mm for each layer, respectively.
Furthermore, For simplicity and reducing the computational
time, the cubic phantom has dimensions of 150 x 150 x 40 mm?3.
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FIGURE 6. Performance of the bending-designed antenna with different
radii in an off-body case with (a) Roger material along the y-axis, (b)
Roger material along the z-axis, (c) jeans fabric material along the
y-axis, and (d) jeans fabric material along the z-axis.

This cubic model is widely used for assisting the analysis of
wearable antennas [28]. As the biological tissue is frequency-
dependent, the Cole-Cole dispersive model is chosen for esti-
mating the complex permittivity £(w) [ of each layer, which is
given by [29-31]

Ae, o;
r =& . - 1
erw) =e +; 1+ (jwr)1 — ay) +jw50 M

where €., represents the permittivity of the upper frequency,
7 the relaxation time, Ae,, the dispersion magnitude, «,, the
exponent, and o; the conductivity.

3.4. Antenna on Human Tissue

As mentioned, the designed wearable antenna is mounted on
the cubic model with a separation distance d from the skin layer
for examining its performance. To evaluate the influence of the
gap distance on the performance of the designed antenna, the re-
flection coefficient Sy; is simulated when gap distance varies
from 1 to 4 mm, as demonstrated in Figs. 7(a) and 7(b). As
shown, the operating frequency of the designed wearable an-
tenna is shifted up, and impedance matching is enhanced with
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FIGURE 7. (a) performance of the designed antenna with a Roger ma-
terial on the tissue, and (b) performance of the designed antenna with
a fabric material on the tissue.

the increase of the separation distance. This demonstrates that
the antenna’s performance is improved when the separation be-
tween the designed antenna and the skin increases [32].
Furthermore, the simulated realized gain of the designed
wearable antenna on the human tissue in the X Z and Y Z planes
at 2.45 GHz for the different two cases is introduced in Fig. 8.
As shown, the realized gain at the separation distance of 3 mm
is —0.469 dBi and —1.02 dBi for the two planes with a broad-
side direction, respectively. Besides, a worsening of the simu-
lated gain value of the proposed wearable antenna is observed
as the gap distance decreases. Thus, to overcome these draw-
backs mentioned above as a result of loading the antenna on
biological tissue, the AMC is introduced as a ground plane.

0 0 0
+180° +180°

FIGURE 8. RP of wearable antennas on biological tissue for Y Z plane
(blue line) and X Z plane (red line) on (a) Roger material, and (b) jeans
fabric material.

3.5. AMC Design

As the wearable antenna is mounted on the human body in this
application, reducing the back radiation, which is harmful to
the human body, and enhancing the proposed antenna gain are
essential requirements [33]. Thus, the AMC is introduced as a
ground plane at a distance much less than Ao /4, which assists
in the size reduction without impacting the antenna’s perfor-
mance [34, 35] for isolating it from the biological tissue.[ 1 This
is a result of the fact that the AMC acts as a perfect magnetic
conductor (PMC), which does not exist in nature. The PMC has
zero phase reflection for the incident plane wave, which leads
to constructive interference. Therefore, the original antenna’s
current and its image will be in the same direction as the exis-
tence of the AMC.

A simple square loop AMC with full ground is designed, as
depicted in Fig. 9(a). The overall size of the AMC unit cell is

FIGURE 9. (a) Geometry of an AMC unit cell with dimensions of
Wsa = Lga = 28mm, Wpa = Wpa =27Tmm, Uxa = Uya =
14.4 mm, and (b) surface current of the AMC unit cell at the desired
frequency.
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28 x 28 (0.22X¢ x 0.22)p). 1.52 mm-thick semi-flexible Roger
RO5880 and 0.7 mm-thick jeans fabric material are employed
as substrates for the designed AMC. The operating frequency
of the designed AMC can be calculated using the equation [36]

2

where f,. presents the operating frequency, L a inductance, and
C the capacitance. As observed from Equation (2), the reso-
nance frequency is shifted up with decreasing the capacitance
or inductance of the AMC unit cell. This is recognized by
displaying the surface current at 2.45 GHz. As demonstrated
in Fig. 9(b), the current distribution is concentrated over the
square loop. Besides, by comparing the square patch AMC unit
cells with and without a square slot, the two cases introduced
in-phase reflection at the resonant frequencies of 3.07 GHz and
2.45 GHz, respectively, as shown in Fig. 10. Thus, a symmet-
ric square slot is cut for size reduction of the AMC unit cell by
increasing the effective capacitance, which helps in shifting the
reflection phase to the lower frequency. The dimensions Ux 4
and Uy 4 of the square slot are optimized to 20.8 mm in the case
of using jeans fabric as the antenna’s substrate for introducing
the zero phase at 2.454 GHz. As depicted, the reflection phase
changes from +180° to —180° versus the frequency. The AMC
geometry acts as a PMC at the operating frequency of 2.45 GHz
with +90° to —90° bandwidth. On the other hand, it acts as per-
fect electric conductor (PMC) from +180° to +90° and —90°
to —180° [37].
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FIGURE 10. Reflection phase of the AMC unit cell.

3.6. Antenna Performance When Integrated with AMC and PEC
in an Off-Body Case

The study is performed when the designed antenna is posi-
tioned over a 3 x 3 AMC periodic structure and then com-
pared when it is positioned on PEC with the same dimensions
of AMC unit cells for comparison purposes in an off-body case.
The designed wearable antenna is placed above the AMC peri-
odic structure and PEC at a separation distance less than Ao /6
for size reduction. The total dimensions of the AMC periodic
structure are 84 x 84 mm? (0.68)\¢ x 0.68\o mm?). As a result
of mutual impedance coupling between the designated antenna
and the AMC periodic structure, frequency detuning and poor
impedance matching occur. Thus, the dimensions of the hy-
potenuse of the two etched triangles on the ground plane are
optimized to be 1 mm and 0.5 mm instead of 2 mm in the ab-
sence of the AMC case for enhancing impedance matching and

assisting in operating the antenna at the desired frequency in the
case of both Rogers and jeans fabric substrates, respectively.
Furthermore, for analyzing a PEC-backed designated wear-
able antenna, a copper sheet with a conductivity of 5.8 x
107 S/m is placed below a designated antenna. The perfor-
mance of the designated antenna integrated at a close distance
with AMC and PEC reflectors is depicted in Fig. 11. As shown,
the reflection coefficient for the designed antenna placed on the
PEC is near 0 dB because of the destructive interference with
the incident wave [38]. In contrast, good impedance match-
ing is performed when the designated antenna is placed on the
AMC structure. The impedance BWs of the the integrated
antenna with AMC are 8.3%(2.3-2.5) GHz and 12.3% (2.2—
2.49) GHz for Roger and jeans fabric substrates, respectively.

=
A
28 20+t \ ! Rogers over AMC
\ I' = == = jeans over AMC
25 L WP L Rogers over PEC
""" %+ jeans over PEC
-30

2.2 2.4 2.6 2.8 3
Frequency (GHz)

FIGURE 11. Performance of the designed wearable antenna over AMC
and PEC in free space.

Besides, the AMC has an impact on enhancing the radiation
performance of the designed wearable antenna. By comparing
the radiation patterns of the designed antenna with and with-
out AMC array in XZ and Y Z planes, the realized gains of
the antenna placed on AMC are 7.72 dBi and 4.1 dBi, as shown
in Fig. 12, whereas the antenna without AMC, as mentioned
above, has 1.8 dBi and 0.95 dBi for Roger and jeans fabric sub-
strates, respectively.

150¢ S -150¢
+180° +180°

FIGURE 12. RP of wearable antennas over AMC for Y Z plane (blue
line) and X Z plane (red line) on (a) Roger material, and (b) jeans
fabric material.

3.7. Antenna Performance When Integrated with AMC in an On-
Body Case

As the antenna is designed for wearing purposes, the designated
antenna with AMC is placed on a cubic phantom model, which
consists of four layers. This study is performed when the thick-
ness of the worn clothes is taken into consideration as 1 mm,
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2mm, and 3 mm, as well as when the antenna is in direct con-
tact with the cubic phantom mode. As illustrated in Figs. 13(a)
and 13(b), the designed wearable antenna placed on AMC in
an on-body case has stable performance at different separation
distances for the Roger and jeans fabric substrates, respectively.
The impedance BWs of the integrated antenna with AMC in an
on-body case are 12% (2.3-2.59) and 5.3% (2.3-2.48) GHz for
Roger and jeans fabric substrates, respectively.
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FIGURE 13. (a) performance of the designed antenna over AMC with

a Roger material on the tissue, and (b) performance of the designed

antenna over AMC with a fabric jeans material on the tissue.

Furthermore, the realized gain of the designed antenna
placed on the AMC structure in an on-body is illustrated in
Figs. 14(a) and 14(b). As reported, the realized gain is 8.12 dBi
and 5.37dBi for both substrate scenarios in two different
planes, respectively. The radiation efficiencies of the proposed
antenna with and without an AMC array in an on-body case
are 99.2% and 17.3%, respectively, for Rogers substrate, while
they are 66.8% and 13.8% for jeans fabric substrate.

0° 0 50¢
+180° +180°

FIGURE 14. RP of wearable antennas over AMC in an on-body case for
Y Z plane (blue line) and X Z plane (red line) on (a) Roger material,
and (b) jeans fabric material.

4. MEASUREMENT RESULTS AND DISCUSSIONS

4.1. Measurement of Jeans Material Dielectric Properties

The dielectric properties of the jeans substrate material used in
the fabrication of the wearable antenna is measured using the
SPEAGE dielectric assessment kit (DAK) with an open-ended
coaxial 3.5 probe, as depicted in Fig. 15(a). As shown, the
open-ended coaxial probe is connected to Rohde & Schwarz
ZVAG67 vector network analyzer (VNA) via flexible cables.
The dielectric constant of the material throughout the range
of the frequency from 0.5 GHz up to 7 GHz is demonstrated
in Fig. 15(b). As the designated antenna is designed to oper-
ate in the ISM band, the relative permittivity of the material at
2.45GHz is 1.2. Depending on this value, the electrical prop-

2 3 4 5 6 7
Frequency (GHz)

FIGURE 15. (a) The dielectric permittivity measurements setup, and
(b) the relative permittivity of the jeans fabric material.

erties of the jeans substrate material are specified in the simu-
lation.

4.2. Free-Space Results

Initially, the designated wearable antenna is etched on flexi-
ble substrate materials of Roger RO3003 and jeans fabric with
a thickness of 0.254 mm and 0.7 mm, respectively. The fabri-
cated antennas are depicted in Figs. 16(a) and 16(b). For mea-
suring the fabricated antenna’s performance, the SMA connec-
tor is soldered to the CPW feed line, and then connected to the
Rohde & Schwarz ZVA67 VNA, as illustrated in Fig. 17(a).
The simulated and measured results of the two fabricated anten-
nas are demonstrated in Fig. 17(b). As observed, the —10dB
impedance BWs of the fabricated wearable antennas on Roger
and jeans fabric substrates are 16.5% (2.26-2.67) GHz and
11.7% (2.31-2.6) GHz, respectively.

()

FIGURE 16. Fabricated wearable antenna on (a) Roger material, and
(b) jeans fabric material.

24| = sim. Rogers
i [== = ~meas. Rogers
i [ sim. fabric
----- - meas, fabric
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=
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FIGURE 17. (a) Measurement setup of the |S11| of the fabricated an-
tenna on jeans fabric material, and (b) comparison between the simu-
lated and measured antenna performance.

Furthermore, in a real-world environment, wearable antenna
bending is predicted. Thus, the bending sensitivity of the fabri-

cated antenna is tested by bending it onto a curve-shaped build-
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FIGURE 18. (a) simulated and measured |S11| of the fabricated antenna
bent along y-axis, and (b) simulated and measured |.S11| of the fabri-
cated antenna bent along z-axis.
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FIGURE 19. (a) Measurement setup of the reflection coefficient of the
fabricated antenna on jeans fabric material with AMC, and (b) com-
parison between the simulated and measured antennas with AMC per-
formance.

ing with a styrofoam with a radius of 35 mm. The measured
impedance BWs of the antenna fabricated on Roger and jeans
fabric substrates along the y-axis and x-axis are depicted in
Figs. 18(a) and 18(b).

Comparison between measured and simulated radiation pat-
terns (RPs) of the antenna integrated on Roger and jeans fabric
substrate materials is demonstrated in Fig. 20.

These antennas are then integrated with AMC structures and
printed on semi-flexible substrate RO5880 with a thickness of
1.52mm and the same antenna’s jeans fabric substrate. The
measurement setup of the reflection coefficient of the fabri-
cated antennas placed on the AMC structures is depicted in
Fig. 19(a) for jeans fabric substrates. The measured impedance
BWs are 23% (2.06-2.61) GHz and 36.06% (2-2.88) GHz of
the antenna fabricated on Roger and jeans fabric substrates with
AMC structures, respectively.

4.3. On-Body Results

To verify the performance of the designated antenna in the on-
body case and study the effect of biological tissue on it, the
fabricated antenna performance is tested when it is mounted
on a male volunteer. The impedance BWs of the Roger sub-
strate case are 17.3% (2.1-2.5)GHz, 21.2% (2.1-2.6) GHz,
31.1% (<2-2.6) GHz, and 12.2% (2.3-2.6) GHz for placing it
on the chest, back, arm, and leg, respectively, as depicted in
Fig. 21(a), while the impedance BWs in the jeans fabric sub-
strate case are 26% (2-2.6) GHz, 20.4% (2.2-2.7) GHz, 21.2%

FIGURE 20. Comparison between measured (red line) and simu-
lated(blue line) RP of wearable antennas on (a) roger material in X Z
plane, (b) roger material in Y Z plane, (c) jeans fabric material in X Z
plane, and (d) jeans fabric material in Y Z plane.
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FIGURE 21. (a) The measured S1; of the integrated antenna on Roger
substrate on four human body parts, and (b) the measured S1: of the
integrated antenna on jeans fabric substrate on four human body parts.

(2.1-2.6) GHz, and 16.6%(2.2-2.6) GHz for the same four parts
of the human body, as illustrated in Fig. 21(Db).

The prototype wearable antenna integrated with 3 x 3 AMC
array is evaluated by mounting it on the same four male body
parts. The impedance BWs of the AMC array integrated
wearable antenna with Rogers substrate case are 21.2% (2.1—
2.6) GHz, 21.2% (2.1-2.6) GHz, 23.5% (2.06-2.61) GHz, and
26.8% (2-2.62) GHz for the chest, back, arm, and leg, re-
spectively, as reported in Fig. 22(a), while the integrated an-
tenna performance in jeans fabric substrate material case is
21.1% (2.2-2.72) GHz, 21.1% (2.1-2.72) GHz, 25.7% (2.1-
2.72) GHz, and 23.2% (2.05-2.59) GHz for the same four re-
alistic male body parts, as demonstrated in Fig. 22(b).

4.4. Safety Consideration

The evaluation of SAR at the operating frequency is the main
parameter to ensure patient safety where the human tissue is
exposed to the EM wave from the antenna’s back radiation.
Thus, the SAR level is measured for 1 gm and 10 gm standards
when the fabricated wearable antenna is located directly on the
c¢SAR3D flat phantom, which is the worst-case study, as illus-
trated in Fig. 23(a). As a benchmark, the input power of the
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FIGURE 22. (a) The measured S1; of the integrated antenna on Roger

substrate on four human body parts, and (b) the measured Si; of the
integrated antenna on jeans fabric substrate on four human body parts.

()

(b)

FIGURE 23. (a) cSAR3D phantoms, (b) Measurements the SAR level
of the fabricated antenna integrated with fabric material, and (c) Mea-
surements the SAR level of the fabricated antenna integrated with fab-
ric material over the AMC.

fabricated antenna is set to 100 m Watt. The average SAR val-
ues corresponding to the 1999 IEEE standard are 2.38 W/kg
and 2.38 W/kg for Roger and jeans fabric substrates, respec-
tively. The SAR distribution of the antenna only is depicted
in Fig. 23(b). The simulated SAR values are 1.38 W/kg and
1.36 W/kg for Roger and jeans fabric substrates, respectively,
while the average SAR values corresponding to the 2005 IEEE
standard are 0.98 W/kg and 0.98 W/kg with an input power of
100 m Watt for the same substrate materials while the simulated
values are 1.97 W/kg and 1.77 W/kg. According to the SAR
values, when the antenna is placed on the phantoms without the
AMC structure, these values exceed the safety limits stated by
the International Commission on Non-Ionizing Radiation Pro-
tection (ICNIRP) and Federal Communications Commission
(FCC). Thus, reducing the SAR level to be within the safety
limits and ensuring safety considerations are necessary. The
SAR field distribution of the fabricated antenna over AMC on
a flat phantom is demonstrated in Fig. 23(c). The average SAR
values corresponding to the 1999 IEEE standard are 0.142 W/kg
and 0.142 W/kg for Roger and jeans fabric substrates, respec-
tively. The simulated SAR values are 0.74 W/kg and 1.2 W/kg
for the two substrate materials, while the average SAR values

corresponding to the 2005 IEEE standard are 0.064 W/kg and
0.071 W/kg with an input power of 100 m Watt for the same
substrate materials. The simulated SAR values are 0.67 W/kg
and 0.48 W/kg for the two substrate materials. As observed,
the average SAR values in the presence of the AMC structure
are much lower than the standard limits, which ensure the pa-
tient safety. Besides, by comparing the simulated and measured
SAR values, there are differences between them. This could be
attributed to the difference in conductivity and permittivity of
the ready phantom material, which are 1.95 S/m and 52.7, re-
spectively.

5. LINK BUDGET EVALUATION

The link budget is evaluated to examine the reliability of the
communication between the wearable antenna integrated with
the AMC structure on-body (TX) from Section 3.7 and when
it is off-body (RX) from Section 3.6. By using the equations
in [39], the link margin is evaluated. The required param-
eters needed for the calculations of the link margin (LM) at
100kb/s and 1 Mb/s bit rates are listed in the Table [46, Ta-
ble(IV)] and [40]. The modulation technique used in this work
is phase shift keying (PSK). Figs. 24(a) and 24(b) illustrate the
link margin versus distance. By considering that the minimum
link margin is 20 dB for reliable transferring of the physiologi-
cal data, the transmitting distance between two antennas can be
301.5m and 198.4 m for bit rates of 100 kbps in two substrate
cases, and the distance will be 95.7 m and 45.2 m for bit rates
of 1 Mbps in two substrate cases.

(@) sor (b)
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5] B fabric substrate % 60t Lttt fabric substrate
= p =
= 40 E50)
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FIGURE 24. Link margin of the wearable antenna placed on AMC for
different bit rates (a) 100 kbps, and (b) 1 Mbps.

6. CONCLUSION

In this work, a flexible wearable antenna with CPW-fed work
in the ISM band is designed on two different substrate materials
for bio-telemetry applications. The designed wearable antenna
is studied in free space as well as on a cubic model mimick-
ing the human body, considering the different thicknesses of
the worn clothes. It is observed that bad performance occurs
when the antenna is placed directly on human tissue as a result
of its lossy nature. Thus, 3 x 3 AMC array integrates a wear-
able antenna for enhancing the realized gain of the designed
antenna as a result of back radiation reduction. The realized
gains of the designed antenna integrated on Roger and fabric
substrate materials over AMC in an on-body case are 8.12 dBi
and 5.37 dBi instead of —0.469 dBi and —1.02 dBi in the ab-
sence of the AMC array. Also, the AMC assists in isolating
the designed antenna from the biological tissue, which helps in
reducing the SAR value below the two standard safety limits.
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Thus, the designed antenna is suitable for the use in biomedical
applications. The designed antenna was printed on two flexi-
ble substrate materials for validation. Then it was measured at
different parts of the realistic human body. SAR is measured
by locating the antenna on the cSAR3D flat phantom. Finally,
the link margin is evaluated for the reliability of the antenna’s
communication capabilities.
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