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ABSTRACT: This article describes a linearly polarized lamp-shaped dual-wideband monopole wearable antenna for use in Industrial,
Scientific, and Medical (ISM), and public safety bands. To compress the antenna, the low current corners of the rectangular patch and
the two regular octagons were eliminated. The lamp-shaped antenna of size 0.438 o x 0.449)¢ (53.9 X 55 x 1.0 mm®*) was engraved on
a jeans substrate at a frequency of 2.45 GHz. The antenna is 37.15% smaller (miniaturized) than a traditional rectangular patch antenna
(59.7mm x 78.68 mm) at the same design frequency. The antenna achieves dual widebands (2.17-2.86 GHz) and (4.42-5.06 GHz) with
resonance frequencies of 2.45 and 4.70 GHz. At these resonant frequencies, the proposed wearable antenna has gain values of 3.86 dBi
and 6.63 dBi and radiation efficiencies of 96.34% and 92.27%. Both the E- and H -planes exhibit bidirectional radiation characteristics.
Thus, the proposed wearable antenna is the best for ISM, Wi-Fi, WLAN, Bluetooth, Wi-MAX (2.3 GHz), commercial, governmental,
and military applications (4.40-4.99 GHz), hilly and watery rescue operations, radio astronomy services (4.80-4.94 GHz), public safety
applications (4.94-4.99 GHz), Internet of Things (IoT), military fixed and mobile communications (4.40 to 4.50 GHz), and telemetry
applications such as unmanned vehicles and drones. Finally, the detailed electrical equivalent circuit modelling and ON-body and OFF-
body Specific Absorption Rate (SAR) investigations of the antenna are presented. The SAR values are found within the acceptable limits
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below 1.6 W/kg for 1 g of tissue.

1. INTRODUCTION

n the modern era, with the expansion of textile technology,

the demand for smart wearable antennas has increased. Wear-
able antennas are prototyped on textile and non-textile ma-
terials. Textile antennas are widely used and have become
much trendier nowadays, primarily in body-worn applications
for health-parameter screening. The fabrication of these mate-
rials is made easy by the current state of the microstrip technol-
ogy. The other advantages of wearable antennas include their
cost-effectiveness, small size, light weight, ease of wear, lack
of maintenance, simple fabrication, and easy installation. Cer-
tain professions, such as those in the medical, military, and
firefighting fields, rely on body-centric communication sys-
tems. Furthermore, athletes, astronauts, and patients may ben-
efit from wearing antennas for monitoring purposes. There-
fore, there is increasing interest in studying wearable technol-
ogy [1-5]. In the earlier period, researchers conducted many
studies on button antennas [6], electro-textile antennas [7], and
radio frequency (RF) antennas using wearable magnetic com-
posite materials [8]. Some research has focused on antenna
size miniaturization [9], while others have focused on antenna
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bending effects [10]. The vast array of Wi-Fi uses necessitates
antenna compression for both transmitting and receiving sig-
nals, which in turn allows for more space inside the device and
greater bandwidth [11]. Increased miniaturization of antennas
is necessary to achieve the global maintenance of small wireless
items. An ISM band patch antenna, with a resonance frequency
of 2.45 GHz, is used by most small devices for short-distance
communications [12, 13]. By employing a highly conductive
polymer—graphene antenna for wearable applications operat-
ing at 2.45 GHz, as suggested in [14], the antenna exhibits a
low SAR of 1.2 W/kg averaged over 10 g of tissue, thereby af-
firming the safety of integrating the proposed flexible graphene
antenna into wearable devices. On the other hand, in order to
attain high gain for amateur radio applications in the S-band, an
array of four-element rectangular patches was designed [15]. A
wearable wideband textile coplanar Vivaldi antenna for medical
and [oT applications was proposed by Nurhayati et al. [16], ex-
hibiting a wide operating bandwidth from 2.6 GHz to 8.7 GHz
with a fractional bandwidth of up to 107%. Several planar and
reconfigurable antennas operating at 2.45 GHz have been built
and analyzed by Varshney et al. [17-19] for the use in appli-
cations including the ISM and PCS bands. Purohit and Raval
devised a wearable rectangular patch monopole antenna. The
antenna is 120 mm x 120 mm X 1.6 mm and has a high gain of
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9.41dBi and a low —10dB fractional bandwidth (FBW) [20].
Wang and Li proposed a double-band coaxial-fed wearable mi-
crostrip antenna on a denim cotton substrate. The same antenna
worked at two frequencies: 2.45 GHz and 5.8 GHz (ISM). The
antenna obtains gains of 8.49 dBi and 6.85 dBi at two resonance
frequencies, respectively, with a smaller antenna overall size;
nevertheless, the substrate thickness is 1.6 mm [21]. Zerith
and Nesasudha proposed an edge-fed, meandering, rectangle-
shaped monopole wearable antenna with a miniaturized size on
a 1.0 mm thick polydimethylsiloxane (PDMS) substrate. The
reduced substrate thickness reduces the antenna gain to 4.04 dBi
while increasing the antenna radiation efficiency to 92% and
narrowing the —10dB FBW [22].

The Federal Communications Commission (FCC) in the
United States and the European Telecommunications Standards
Institute (ETSI) in Europe govern the 4.9 GHz public safety
band, giving public safety entities priority access and sharing
with non-traditional entities. The FCC approved 50 MHz of
spectrum for fixed and mobile services with a licensing freeze
and Band Manager control. Public safety agencies have prior-
ity access; sharing arrangements must avoid interference. Rules
ensure optimal spectrum utilization for public safety communi-
cations. These regulations aim to optimize public safety com-
munications and facilitate the integration of the latest tech-
nologies, including 5G. According to the literature, the ma-
jority of wearable antennas are single-band and focus solely
on ISM band activities. None of the available research in-
cludes the commercial, governmental, and military applications
(4.40-4.99 GHz), the public safety band (PSB) from 4.94 GHz
t0 4.99 GHz, and the ISM band (2.4-2.5 GHz) at the same time.
The solution to this research gap is to create a dual-band an-
tenna. The accessible pieces were created on a jeans substrate
or a semi-flexible RO3003 substrate with varying thicknesses.
The change in thickness produces/suppresses surface waves,
while the change in substrate permittivity causes variations in
the —10dB FBW and antenna gain. As a result, it is difficult
to attain a higher gain and a broader —10 dB FBW with lower
permittivity and a thinner antenna.

The main aim of this study is to design a monopole wear-
able antenna at 2.45 GHz for the ISM band. Further, the au-
thors explored the same antenna to achieve wideband with an
acceptable gain above 3 dBi with a jeans substrate of thickness
1.0 mm, and to miniaturize the size of the antenna by more
than 35% of its conventional size. Furthermore, this study
aims to explore the same antenna for public safety band (4.94—
4.99 GHz) and military applications (4.40—4.99 GHz) [23]. An-
other aim of this study is to investigate the antenna at its equiv-
alent RLC circuit level, and the final aim of this antenna is to
estimate the SAR for human phantoms in ON-body and OFF-
body cases.

The quasi-fractal method helps to create the antenna’s dual
bands [24]. In this study, a unique wearable antenna structure
was constructed using corner and octagon notches at the borders
of a rectangular patch antenna to remove the low-current region
from the patch and to change the surface current distribution
in the newly formed lamp-shaped antenna structure. Corner
and octagon cuts in the conducting patch increase the electrical
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length of the antenna. After patch corner and length truncation,
the antenna behavior changed to a dual-band. The 4.70 GHz
was not the targeted frequency, while the antenna achieved a
bandwidth of 4.42-5.06 GHz in its upper band. This makes the
antenna suitable for military applications (4.40—4.99 GHz) and
public safety applications (4940—-4990 MHz). The antenna’s
dual-wideband nature gave a new feature to the ISM band an-
tenna, allowing it to be used for public safety bands and military
applications.

A novel lamp-shaped antenna based on the quasi-fractal prin-
ciple combines fractal cuts with rectangular patches to boost
the electrical length of dual bands for ISM, military, and pub-
lic safety. Corner truncation and octagonal cuts are based on
low-current-area reduction. The capacitive impact is reduced
by shortening the antenna ground length (making the antenna
monopole), which reduces the patch current density magnitude
and concentrates most of the current across the feed section
and patch upper edge. The suggested SAR of the wearable
antenna is below 1.6 W/kg for 1 g of tissue. The antenna was
37.15% smaller than traditional antennas. The low-SAR val-
ues in the ON-body and OFF-body cases remain below the reg-
ulatory limits specified by the DoT (Department of Telecom-
munications, India) and the International Commission on Non-
Ionizing Radiation Protection (ICNIRP), where the SAR limit
is 1.6 W/kg for 1 g of human tissue at distances less than 5 mm
from the body phantom [25].

This article describes the design, optimization, and fabri-
cation of a miniaturized, economical, and easy-to-fabricate
monopole wearable antenna for ISM and public safety band
applications. This study includes the antenna geometry with
reflection coefficients, radiation patterns, gain, and axial ratio
plots of the antenna.

2. METHODS AND MATERIALS

The suggested wearable antenna is 53.9 mm x 55mm and is
built on a low-profile jeans substrate. It has a permittivity of
1.6, thickness of 1.0 mm, and loss tangent of 0.05. The sub-
strate properties, permittivity, and loss tangent measurements
are described in Section 3.2. The design frequency is 2.45 GHz.

2.1. Antenna Design Development

The antenna evolved from conventional rectangular microstrip
patch antenna (RPA) design equations [20, 26, 27]. The conven-
tional RPA dimensions evaluated at design frequency 2.45 GHz
are 53.70 mm and 47.68 mm with the full bottom surface of
jeans (¢, = 1.6, and tan § = 0.05) substrate as ground when a
copper layer is present on its whole surface, as shown in Step 1.
In Step 2, the feed was inserted 5 mm inside the patch, and the
corresponding substrate and ground lengths were reduced by
Smm. In Step 3 and Step 4, the red and green colored areas
were removed from the patch as low current magnitude distri-
butions at the corner areas of the rectangular patch, as shown
in Fig. 1. This leads to Step 5. Further, in Step 6, two sym-
metrical octagons centered at the corner of the Step 5 patch are
removed, yielding the patch geometry in Step 7. Subsequently,
the feed length is further reduced to 8.0 mm as shown in Step 8.
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FIGURE 1. Antenna patch development to lamp-shaped wearable antenna geometry.
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FIGURE 2. Lamp-shaped antenna dimensions representation. (a) Front view, (b) rear view, and (c) side view.

TABLE 1. Antenna dimensions scales.

Parameter Designation Values (in mm)
Substrate (Jeans) €, = 1.6 Ws x Ls X h 53.9 x 55 x 1.0
Wy X L 53.9 x 9.43
Ground (Copper) 9 ot x
Thickness: ¢ 0.035
1% L 53.7 x 47.68
Patch (Copper) .P At
Thickness: ¢ 0.035
50 Q2 Feed line Wy x Ly 3.75 x 8.0
Miscellaneous Dimensions | W, Ly, Ly, L3, Ls | 5.0, 14.1636, 15.08, 8.118, 10.8936

Furthermore, the antenna size was reduced by compressing the
substrate and ground along its width and length, resulting in
Steps 9 and 10. Fig. 1 shows all patch-creation phases. Subse-
quently, the ground length of the antenna is reduced towards the
feed. When the ground length is 9.43 mm, the optimal reflec-
tion coefficient values are attained with dual-band performance.
Figs. 2(a)—(c) show the final drawing of the front, back, and side
perspectives of the antenna structure with optimized design pa-
rameters, and Table 1 displays all the specifications.
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2.2. Binary Operations or Patch Structure Development

Initially, a standard patch antenna with a 28 mm feed length
and a full bottom ground yields two narrow bands below
—10dB, with a peak gain of 2.63 dBi at the design frequency
of 2.45 GHz. Subsequently, the 5 mm feed length is shortened,
as the overall length of the substrate, and the ground is reduced
to 5.0 mm, as illustrated in Step 2 of Fig. 1. This led to an in-
crease in the gain and lower reflection coefficient values at the
two resonant frequencies. After this step, the four triangular
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TABLE 2. Effect of binary operations.

Rectangular-Cut Tuning Freq. S (dB) —10 dB Bandwidth, Gain a.t
f, (GHz) FBW (GHz) [, (dBi)
. 2.40 —18.33 5% (2.32-2.44)
Step-1 with Full G dL; =28 2.63
ep-1 Wit Ful broun@ Ly = 2omm 483 ~18.99 8.07% (4.68-5.07)
. 2.40 —16.60 5% (2.30-2.42)
Step-2 with Full G dL; =23 2.84
ep=2 with Ful Jroing &y = 2omm 4.88 —20.31 6.56% (4.72-5.04)
No S11 below No —10dB
Step2-(Step-3 + Step-4) = Step-5 Not t —1.79
ep2-(Step-3 + Step-4) °P otresonan —10dB bandwidth observed
No S11 below No —10dB
Step-5-Step-6 = Step-7 Not t —1.48
epmomSIep P of resonan ~10dB bandwidth observed
Step-8 with Substrate size W, = 59.70 mm No S11 below No —10dB
Not resonant . 1.66
and Length, Ls = 58.68 mm —10dB bandwidth observed
Step-9 with compressed Substrate width Not resonant No S11 below No —10dB 146
W, = 53.68 mm and length, L, = 58.68 mm —10dB bandwidth observed '
Step-10 compressed Substrate width, Not resonant No S11 below No —10dB 163
Ws = 53.68 mm and length, Ls = 55 mm —10dB bandwidth observed '

* fr = Resonating frequency; fo = design frequency; S11 = Reflection coefficient; FBW: Fractional bandwidth
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FIGURE 3. Effect of binary operations on a rectangular patch with full
ground.

sections shown in Step 3 and Step 4 of Fig. 1 (highlighted in
red and green) are subtracted from the rectangular patch ob-
tained in Step 2, resulting in Step 5. In Step 5, the patch with a
full bottom surface as the ground results in no significant results
below —10 dB reflection coefficients, bandwidth, and gain val-
ues. Two symmetric regular octagons of side length equal to
15.307 mm, as displayed in Step 6, were subtracted from the
patch in Step 5. This yields the patch geometry in Step 7. With
this radiating patch in Step 7, no significant resultant parame-
ters were obtained. To minimize the antenna size, first, the sub-
strate and ground length is reduced to 53.68 mm (Steps 8 and
9). Again, no significant resultant parameter was obtained with
these steps, except that the peak gain became positive. Further-
more, the feed length is reduced to 8.0 mm, and the antenna
width is compressed to 53.68 mm (Step 10). Using this tech-
nique, a proposed lamp-shaped antenna patch was developed
with a full bottom surface as the ground. Compression of the
overall substrate ground length and width resulted in a positive
gain. Fig. 3 depicts the reflection coefficients for each stage,
and Table 2 lists the resulting parameters.
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2.3. Variation of Ground Length

The full ground length on the bottom surface of the patched and
sandwiched jeans substrate forms a capacitor. The capacitance
of the capacitor depends on the ground area. As the length of the
substrate decreased, the area between the patch and the ground
also decreased; consequently, the capacitance decreased. This
reduced area results in reduced current density across the patch.
On the other hand, the capacitance near the feed and upper edge
of the patch became dominant, which resulted in higher current
density magnitudes. The truncated corners of the patch result in
increased electrical length and, hence, improved low-frequency
performance in the same manner as a quasi-fractal antenna [24].
Alternatively, a reduced ground length results in decreased ca-
pacitance and increased resonant frequency, which improves
the high-frequency resonance. Another effect of the reduced
ground length converts the antenna into a monopole-like be-
havior that results in improved dual-band performance.

Initially, the ground length of the compressed patch antenna
in Step 10 was 100% (L, = 55mm), resulting in a gain of
1.63 dBi. Following that, the ground length was lowered to
50%, Ly = 27.5mm, resulting in an antenna gain of 2.2 dBi
rather than 1.63 dBi. The further reduction of ground length to
25% (i.e., Ly = 13.75 mm) results in the improvement of gain
and attains a value of 4.08 dBi. All above-ground length reduc-
tions resulted in no significant values of the reflection coeffi-
cient below —10 dB; hence, no resonant frequency or —10 dB
FBW was produced. Further reduction in the ground length
below 25% ground (i.e., Ly, = 9.43 mm) results in dual bands
(2.17-2.86 GHz) and (4.52-5.06 GHz) with resonance frequen-
cies at 2.45 GHz and 4.70 GHz. This results in a slight drop in
gain at the design frequency (fy = 2.45GHz), i.e., 3.86dBi
as opposed to the prior 4.08 dBi, while an exceptional gain
of 6.63 dBi is attained at the second resonance frequency at
4.70 GHz. Fig. 4 compares the reflection coefficient and Sy,
plots of the reduced ground in all scenarios, and Table 3 shows
the resulting parameter data.

WWwWw.jpier.org
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TABLE 3. Effect of reduced ground.
. Tuning Freq. —10 dB Bandwidth, Gain dBi
Ground size Si1 (dB)
f. (GHz) FBW (GHz) atf,
Full (100% d
ull( ©) groun Not resonant No S11 below —10dB | No —10 dB bandwidth observed 1.63
(Lg = 55 mm)
50% Reduced d
o Reduced groun Not resonant No S11 below —10dB | No —10 dB bandwidth observed 3.83
(Lgy = 27.50 mm)
25% Reduced d
o Reduced groul Not resonant No S11 below —10dB | No —10 dB bandwidth observed 4.08
(Lg = 13.75mm)
With Reduced ground 2.45 —19.50 28.16% (2.17-2.86) 1.86
(Lg = 9.43mm) 4.70 —13.34 13.62% (4.42-5.06) '

* fr = Resonating frequency; fo = design frequency; S11 = Reflection coefficient; FBW: Fractional bandwidth

TABLE 4. Antenna miniaturization.

Substrate size with Monopole Tuning Freq. Sut (dB) —10 dB Bandwidth Gain at
Ground length L, = 9.43 mm f. (GHz) FBW (GHz) fo (dBi)
Ws = 59.7mm 242 —25.18 29.75% (2.12-2.84) 375
and L, = 78.68 mm 5.49 —11.01 15.48% (5.09-5.94)
Ws = 59.7Tmm 2.40 —25.22 30% (2.11-2.83) 371
and L, = 73.68 mm 5.54 —10.80 13.89% (5.19-5.96)
Ws = 59.7mm 2.38 —25.17 30.25% (2.09-2.81) 374
and L, = 58.68 mm 542 —12.85 24.72% (4.84-6.18)
Ws = 53.9mm 2.48 —19.45 29.03% (2.18-2.90) 188
and L, = 58.68 mm 4.76 —12.01 13.23% (4.52-5.15)
W, = 53.9mm 245 —19.50 28.16% (2.17-2.86) 1.86
and Ls; = 55 mm 4.70 —13.34 13.61% (4.42-5.00)

* fr = Resonating frequency; fo = design frequency; S11 = Reflection coefficient; FBW: Fractional bandwidth

Reflection Coeff., S,(dB)

|=—— Full Ground, Lg=55.0mm

50% Ground, L“=27.5mm
-20 - (=——25% Ground, L,=13.75mm
<25% Ground, L;=9.43mm

T T T
10 15 20 25 30 35 40 45 50 55
Freq(GHz)

6.0

FIGURE 4. Effect of ground length reduction.

2.4. Substrate Size Miniaturization

The design begins with the feed length equal to a % of the

Ag

guided wavelength, ie., Ly = 72 = 28mm and substrate
size equal to Wy x Ly = 59.7mm x78.68 mm with ground
length equal to 9.43 mm. This results in dual-band S7; per-

formance below —10 dB at resonance frequencies

of 2.42 GHz

and 5.49 GHz. To miniaturize the antenna’s overall size, the
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length of the feed was reduced to one-third of % ie, Ly =

Ag

75 = 8 mm, and the corresponding length of the substrate was

reduced to 73.68 mm in length. In this case, the first resonance
frequency shift was observed at 2.40 GHz, whereas the upper
resonance frequency was noticed at 5.54 GHz with a small re-
duction in the gain value. Furthermore, the substrate length
continues to reduce to 58.68 mm. In this scenario, the first res-
onance frequency shift occurred at 2.38 GHz, whereas the top
resonance frequency was detected at 5.42 GHz with a slight in-
crease in gain values. The antenna was squeezed across the
breadth (W, = 53.9 mm) while maintaining the same length
(Ls = 58.68mm). In this scenario, the first resonance fre-
quency shift was recorded at 2.48 GHz, whereas the upper res-
onance frequency was detected at 4.76 GHz with an increase
in gain. To achieve resonance at the design frequency, the sub-
strate length is shortened to 55 mm, resulting in a first resonance
frequency of 2.45 GHz, while the upper resonance frequency is
4.70 GHz with an increased gain value of 3.86 dBi. The total
antenna size was reduced to 37.15% of the root rectangle patch
antenna size (59.7 mm x 78.68 mm). Table 4 lists the resultant
parameters for all miniaturization steps, and Fig. 5 illustrates
their reflection coefficients.
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FIGURE 5. Effect of antenna size miniaturization.

3. RESULTS AND DISCUSSIONS

3.1. Prototype of the Fabricated Antenna

First, an ABBE reflectometer was used to assess the permit-
tivity of the jeans substrate. The antenna is made by pasting
self-adhesive copper tape on the top and bottom layers of the
same 53.9mm X 55mm jeans substrate. With the aid of the
drawing file, the copper tape was cut with a sharp paper cutter
in accordance with the antenna’s optimized design dimensions,
as shown in Fig. 2. Next, a 50 {2 SMA connector was soldered
with caution using cloth burns and copper tape. Figs. 6(a) and
6(b) show the front and rear views of the antenna from the man-
ufactured prototype model.

3.2. Substrate Dielectric Properties and Antenna Reflection Co-
efficients Measurements

First, the dielectric characteristics of the dry jeans substrate
were examined using the R&S ZNB-20 Vector Network Ana-
lyzer (VNA) and Dielectric Assessment Kit (DAK)-3.5 probes
over a frequency range of 2—6 GHz [28]. Dry jeans samples’
dielectric permittivity, conductivity, and loss tangent are de-
termined using the open-ended coaxial probe (OCP) method
spanning 2—6 GHz frequency ranges. The measurement setup is
shown in Fig. 7(a). The electromagnetic field propagates along
the coaxial line and is reflected when the probe and Matterial
Under Test (MUT) have different impedances. The vector net-
work analyzer software converted the reflection data into di-
electric parameters. The detected reflections (reflection coeffi-
cient S11) were translated into dielectric characteristics. Com-
plex permittivity analyses of the dielectric behavior under high-
frequency electric fields are presented in this section. Equation
(1) describes the complex permittivity of a material (*):

e = ¢ _|_j€// (1)
The dielectric constant of a material (¢ = ¢,.) quantifies the
energy stored by an external electric field, whereas the imagi-
nary component of the complex permittivity (¢”’) indicates the
dissipative factor. A crucial factor in system loss is material
conductivity (¢” = Z), which converts electromagnetic energy
into thermal energy. Larger imaginary parts wasted more en-

FIGURE 6. Fabricated antenna. (a) Front view, (b) rear view.
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ergy. Equation (2) shows that the loss tangent affects the mate-
rial efficacy.

"

tand = — =
6’

= 2)
we

The efficiency of the microwave-to-thermal energy conversion
is often measured using the loss tangent. Equation (2) states
that the loss tangent is frequency dependent and proportional
to the material conductivity. Equation (3) calculates the av-
erage material properties from 2—6 GHz. The Jeans substrate
material under test (MUT) has an average dielectric constant,
dielectric loss tangent, and conductivity of 1.60005, 0.050307,
and 0.0523 S/m in all frequency ranges (2—6 GHz).

Average substrate properties

_ > (frcuz + froscuz + frosGHz + - - + focHz) 3)
101

The simulated and measured reflection coefficient (S11) curves
are shown in Fig. 7(b). The simulated resonance frequencies on
the graph are 2.45 GHz and 4.70 GHz. 28.16% and 11.49% are
the —10 dB fractional bandwidths (FBW) in the simulated plot.
—19.50dB and —13.34 dB were the lowest reflection coeffi-
cient values at these frequencies. The measured reflection co-
efficients resemble the calculated (S1;) figure, with somewhat
broader bandwidths in both the lower and upper bands. Sol-
dering of 50 2 SMA connector connections, connection losses,
fabrication faults, tolerances in dimensions, and variances in
practically accessible substrate qualities are the main causes of
these disparities.

3.3. E-Plane and H-Plane Radiation Patterns of the Proposed
Antenna

Figures 8(a)—(b) shows the similarity between the measured and
simulated E-plane and H-plane gain radiation patterns of the
antenna at resonance frequencies of 2.45 GHz and 4.70 GHz.
The gain radiation patterns were bidirectional in both the F-
and H-planes. The radiation patterns in three dimensions at two
resonance frequencies are shown in Figs. 8(c)—(d). The gain
values displayed in these figures are in dB. The peak gain values

Www.jpier.org
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FIGURE 7. Substrate and antenna measurements. (a) Substrate dielectric properties, and (b) simulated and measured (S11).

at these two resonating frequencies, 2.45 GHz and 4.70 GHz, in
the figures are 3.86 dBi and 6.63 dBi, respectively. The gain of
the reference isotropic (a theoretical point source that radiates
equally in all directions) is 2.15 dBi.

3.4. Antenna Gain and Axial Ratio

An anechoic chamber (up to 30 GHz) was used to measure
the gain of the jeans lamp-shaped fabric antenna (AUT). A
double-ridge pyramidal horn antenna was used as the refer-
ence antenna. The distance between the reference horn antenna
and the antenna under test (AUT) was 30cm (made greater
than 49.4 mm, i.e., > 2D?) to maintain the far-field condi-
tion, where D is the large dimension of the jeans antenna, i.c.,
55 mm). The antenna gain was measured in an anechoic cham-
ber by using a comparison method with a calibrated horn an-
tenna. After satisfying the far-field condition and performing
VNA calibration, the reference antenna was replaced by the
AUT. Fig. 9 depicts the simulated and measured antenna gain
plots and the antenna gain measurement setup in the anechoic
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chamber. The simulated peak gain value at 4.825 GHz was
found to be 7.09dBi. At the two resonance frequencies, the
values are 3.86 dBi and 6.63 dBi. These gain values are 2.15 dB
higher than those appear in Fig. 8(c) and Fig. 8(d). At these fre-
quencies, the antenna had radiation efficiencies of 96.34% and
92.27%, respectively. The measured gain matched the simu-
lated gain, validating the antenna gain performance. The axial
ratio elaborates on the orientation of the electric or magnetic
field vector; in other words, the polarization information is hid-
den inside the axial ratio graph. If the axial ratio is less than
3 dB, the antenna is circularly polarized; for higher axial ratios,
the polarization is linear. Fig. 10 shows the axial ratio map of
the proposed antenna. The graph shows that all the axial ratio
values are more than 3 dB, indicating that the planned antenna
is linearly polarized.

3.5. Surface Current Distribution

The magnitude of the surface current distribution of the antenna
is shown in Figs. 11(a)—(c). The surface current on a conven-
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tional rectangular patch was very small in magnitude, as shown
in Fig. 11(a). Then, four right-angled triangular cuts were re-
moved from the corners of the rectangular patch, and the an-
tenna became diamond-shaped. The magnitude of the current
in the diamond-shaped antenna is shown in Fig. 11(b). This op-
eration improves the magnitude of the current distribution in the
patch. To further alter the current distribution, two regular oc-
tagons with an edge length of 15.307 mm were cut by taking the
centers of the diamond-shaped corners. This increased the total
electrical length and resulted in a lamp-shaped antenna. The
magnitude of the current distribution is shown in Fig. 11(c).

3.6. RLC Electrical Equivalent Circuit of the Lamp-Shaped
Wearable Antenna

The RLC equivalent circuit captures the input impedance be-
havior of an antenna across its working band. Assigning the ra-
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diating structure to a resistor (R), inductor (L), or capacitor (C)
allows designers to treat the antenna as a passive component
in a microwave network. The series/parallel combination indi-
cates whether the antenna is capacitive or inductive at a given
frequency, influencing the network architecture selection (e.g.,
compensating for excess capacitance using a shunt inductor).
The quality factor (Q) is directly related to the fractional band-
width. A lower Q indicates a broader bandwidth; the trading
size for the bandwidth is possible by adjusting L or C. The re-
sistor represents the radiation loss. The efficiency can be de-
termined without full-wave simulations by comparing it with
the material loss resistance. By mapping the circuit parts to
physical features, for example, patch length (C) and feed-line
inductance (L), it is possible to alter the geometry predictably to
achieve the desired resonance. The corresponding circuit can
be entered into circuit simulators Advanced Design Software
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TABLE 5. The RLC equivalent circuit’s passive component values.

R,L R,L Passi
Frequency, f, (GHZ) R, L, and C , L, and C Passive
Passive Component Component Value
. . R 63.5544 Q)
First R F =2.45GH
1r(s; .esonatmgt. req@ncz, f . oz SG) z T 1673628 okl
eries resonating circuit in shunt arm Cr 026571 pF
R 284.6688
Non-Resonating Frequency, f, = 3.72 GHz LZ 107446 0l
(Shunt resonating circuit in the series arm) Cz 0'. 49437 pF
R 62.564 Q2
Second Resonating Frequency, f, = 4.70 GHz L3 02664 nil
(Series resonating circuit in shunt arm) Cz 0.'3 9375 pF
(a) Jsurf [A/m] (b) Jsurf [A/m] (C) Jsurf [A/m]

28.0299 47.3601

252397 426359

14.2903
9.5661
I 4.8418
0.1175

22 4495 37.9116

19.6594 33.1874
16.8692 28.4631
14.0791 23.7388
11.2889 19.0146
8.4987
5.7086

29184

0.1283

61.1599
I 55.0666
48.9733

42 8800
36.7867
30.6933
24.6000

18.5067

124134

6.3201

0.2268

FIGURE 11. Surface current distribution of antenna at 2.45 GHz. (a) Rectangular patch, (b) diamond-shaped, and (c) lamp-shaped.

(ADS, Keysight Genesys, etc.) to investigate the antenna, front-
end RF blocks, power amplifier stability, and filter interactions.

An RLC electrical equivalent circuit was generated using the
bandwidth and resonance frequencies from the reflection co-
efficient plot of the lamp-shaped dual-band wearable antenna.
The two resonating frequencies, 2.45 GHz and 4.70 GHz, pro-
duce two series resonating circuits in the shunt branch. There is
one non-resonating frequency, 3.72 GHz, which corresponds to
an extreme reflection coefficient. This resulted in a parallel res-
onating circuit in the series branch, as illustrated in Fig. 12(a).
The values of R, L, and C were calculated using the typical
series and parallel resonance circuit relationships [18,29-33].
The estimated tuned R, L, and C values are presented in Ta-
ble 5. The circuit is simulated using an Advanced Design Sys-
tem (ADS) and confirmed by comparing the constructed wear-
able antenna reflection coefficient with the equivalent tuned cir-
cuit in the ADS (Fig. 12(b)) [31, 32]. The two reflection coeffi-
cients agreed well with each other. The R, L, and C tolerances
of the passive components affect the bandwidth of the ADS cir-
cuit reflection coefficients.

3.7. ON-Body and OFF-Body SAR Investigation

The phantom model proposed at the top right of Fig. 13(a) has
skin, fat, and muscle for body analysis of the antenna, and the
targeted layer has its own properties, as shown in the table. A
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three-layered human body phantom was formed based on the
standard phantom model values [25, 34, 35]. These layers were
placed over one another to form the human phantom in the CST
design environment, and the proposed antenna was placed over
the phantom, as shown in the bottom left of Fig. 13(a). The
antenna was then analyzed for SAR value calculation, and the
resultant values were observed well under the specified lim-
its. According to the ICNIRP guidelines, the SAR limit is
1.6 W/kg for 1 g of human tissue for distances less than 5.0 mm
from the body phantom. The regulatory bodies that describe
the limits for SAR are the Federal Communications Commis-
sion (FCC) of the US, the European Union (EU), and Innova-
tion, Science and Economic Development (ISED) of Canada,
which describe the standard regulations for SAR testing and
SAR limits, thereby limiting emissions from RF devices for
ON-body wireless transmissions. The SAR values of the pro-
posed antenna are shown in Table 6, and these antenna SAR
values are within the permissible limits recommended by the
ICNIRP. The antenna is first mounted over the phantom model
and then placed at 0 mm (ON-body), 2.0 mm (OFF-body sum-
mer dresses), and 5.0 mm (OFF-body winter dresses) from the
phantom as shown in Figs. 13(b)—(d).

Figures 13(b)—(d) show the various SAR values obtained
when the antenna was placed on the body phantom just in
proximity (ON-body) in such a way that there was no distance
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TABLE 6. SAR values of the antenna.

Proposed Antenna SAR Values
Distance from phantom | f.245GHz | f-3.0GHz | f-35GHz | f-40GHz | f-4.7GHz
0mm 0.905 W/Kg 1.5W/Kg 1.28W/Kg | 0.855W/Kg | 0.592W/Kg
2 mm 0.499W/Kg | 0.722W/Kg | 1.13W/Kg 1.25W/Kg 1.3W/Kg
Smm 0421 W/Kg | 0.679W/Kg | 0.946 W/Kg | 0.912W/kg | 0.781 W/kg
@ e
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FIGURE 12. Equivalent circuit modelling. (a) RLC equivalent circuit, and (b) designed lamp-shaped antenna and generated RLC equivalent circuit

reflection coefficients.

between the antenna and human phantom, and the SAR val-
ues were 0.905 W/kg, 0.592 W/Kg at 2.45 GHz, and 4.70 GHz.
Similarly, when the antenna was placed at 2.0 mm from the
body phantom (OFF-body with summer dresses), the SAR
values obtained were 0.499 W/kg and 1.3 W/Kg at 2.45 GHz
and 4.70 GHz. When the antenna was placed at a distance of
5.0 mm from the human body phantom (OFF-body with win-
ter dresses), then the SAR values obtained were 0.421 W/Kg
and 0.781 W/Kg at 2.45 GHz and 4.70 GHz, respectively. In
all cases, the proposed antenna absorption levels remain within
the acceptable limits specified by the relevant international reg-
ulatory authorities [39].
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3.8. Resultant Parameters of the Proposed Antenna

The derived parameters of the proposed antenna are consoli-
dated in Table 7.

3.9. Performance Comparison of Similarly Existing Antennas

The suggested design’s comparisons with previously published
works of a similar type and design, operating at approximately
the same frequency of 2.45 GHz, are presented in Table 8, in-
cluding antenna performance metrics. The comparison table
indicates that the substrate with diminished permittivity and re-
duced thickness sustains a gain of over 5 dBi, exhibiting an en-
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Table: Human Body 3-Layer Phantom Model Values

y Layer | Epsilon | loss tangent Mu Rho Thermal Conductivity
15‘“ (g) (tan 3) () | (M [ke/m’] | Conduetivity (o)
g () WK (S/m)
- Skin 38 0.28 1 1100 0.293 146
2mm Human Phantom Model > Fat 5.28 0.14 1 910 0.201 0.10
[Body Area Network (BAN)] Muscle |_527 024 1 1024 053 7

| Antenna on top from phantom
| Smm v
(|}

T

Human phaatom

Antenna Mounted over the human
phantom

Antenna on top from phantom
¥

’ Smm

Human phantom
Antenna on top from phantom

Human phantors Antenna OFF-Body

W/kg
0.592

Antenna on top from phantom

+ 0 mm

T

Human phantom

At2.45 GHz At4.70 GHz

Antenna on top from phantom

Human phantom

At2.45 GHz

Antenna on top from phantom
¥

.Sm.m

Human phantom

At2.45GHz At 4.70 GHz

FIGURE 13. ON-body and OFF-body SAR investigation. (a) Phantom model, layer properties, real-time deployment of antenna on human body at
different locations, (b) SAR value when antenna is placed on phantom at 0 mm, (c) SAR value of proposed antenna when placed at 2.0 mm, and

(d)SAR value of proposed antenna when placed at 5.0 mm.
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TABLE 7. The resultant parameters of the antenna.

Antenna Parameter Simulated
Resonant Frequency, f, (GHz) 2.45 4.70
Reflection Coefficients, S11(dB) —19.50 —13.34
—10 dB Fractional Bandwidth, (GHz) (2.17-2.86) (4.42-5.06)
Fractional Bandwidth (FBW) 28.16% 13.61%
Polarization Type Linear (AR > 3dB) | Linear (AR > 3dB)
Peak Gain (dBi) at f, GHz 3.86 6.63
Radiation efficiency at 2.45 GHz 96.34% 92.27%
SAR (ON-body human phantom for 1 g tissue) 0.905 W/Kg 0.592 W/Kg
SAR (OFF-body human phantom for 1 g tissue) 2.0 mm distance 0.499 W/Kg 1.3 W/Kg
SAR (OFF-body human phantom for 1 g tissue) 5.0 mm distance 0.421 W/Kg 0.781W/kg
TABLE 8. Comparison with existing literature antennas.
Ant. Sh —10dB B i Rad. Eff.
Ref. nt. Shape and Substrate used 0ABBW |/, G . S]zi Ground ad
Feed Type (GHz) (GHz) | (dBi) (mm) atf,
[20] . Jeans
Rectangular patch inset-fed 2.40-2.50 | 2.492 | 9.41 |120 x 120 x 1.6 Monopole NG
2014 (er = 1.6)
[21] | dual-band textile wearable Denim 2.42-2484 | 245 | 849 46 % 16 x 1.6 Monopole NG
2018 antenna, coax-fed (er = 1.54) 5.725-5.85 | 5.80 | 6.85
Meandered structure
22 ’ Polydimethylsil
[22] rectangular-shaped OYAIMEIYISIOXANe | 5 40-2.50 | 245 | 404 | 30 x 33 x 1.0 | Monopole | 92%
2020 (PDMS) (e, = 2.71)
monopole, edge-fed
Rect 1 tch M 1
[25] eclanguar pateh, FR-4 (¢, = 4.4) 2304125 | 248 | 580 |34 x 28 x 1.58 |  onoPO€ 1 NG
tappered-fed with stub
h 1 i-flexible, R
[36] | Corner notched, rectangular serr.n exible, Rogers 1.95-2.65 245 NG | 24 % 16 x 1.52 | Monopole NG
2019 | slot monopole, edge-fed | Duroid RO3003 (¢, = 3)
L-slotted, L-sh i-flexible, R 2.35-2.60 2.4
[37] slotted, L-shaped Serr'n exible, Rogers 35-2.6 5 NG | 30 x 38 x 1.52 Compressed, NG
2021 monopole, edge-fed Duroid RO3003 (e, = 3) | 5.70-5.86 5.80 Monopole
[38] Rectangular patch Jeans 2.0-3.15 240 | NG | 73 % 60 x 1.0 Compressed, NG
2023 monopole, edge-fed (er = 1.6) Monopole
Thi Lamp-sh 2.17-2. 2.4 . .349
is amp-shaped Jeans 7-2.86 5 | 3.86 53.9 x 55 x 1.0| Monopole 96.34%
work monopole, edge-fed (er = 1.6) 4.42-5.06 470 | 6.63 92.27%

*NG: Not Given; G: Antenna Gain.

hanced —10 dB fractional bandwidth, while the suggested dual-
band antenna encompasses both the public safety band and the
ISM band.

4. CONCLUSIONS

A wearable antenna was designed and tested satisfactorily. The
simulated and measured findings were closely aligned. The
antenna attains a maximum gain of 7.09 dBi at 4.825 GHz,
with dual-wideband reflection coefficients and fractional band-
widths below —10 dB of 28.16% and 11.49%, respectively, and
efficiencies above 92%. The proposed manufactured antenna
is 37.15% smaller than a conventional patch antenna. The pro-
posed antenna design features a triangular substrate length that
regulates the resonance frequency. The generated RLC equiva-
lent circuit of the antenna is beneficial for the antenna designer
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for system-level analysis. The SAR values of the antenna were
investigated on the three-layered human phantom at various
close distances, and these values were found suitable for the
deployment in ON-body and OFF-body medical applications
under ICNIRP, FCC, European Union (EU), ISED, and DoT
standard guidelines. The proposed antenna is optimal for low-
power MMIC/MIC transmitters and receivers utilized in Wi-
Fi, WLAN, Wi-MAX, Bluetooth, public safety, rescue opera-
tions, concealed object detection, radar, military applications,
and energy-harvesting devices. The proposed design has the
potential to evolve into antennas featuring multiple inputs and
outputs (MIMO) and multi-element arrays in the future. An
identical antenna may be employed for human-oriented medi-
cal applications by accurately assessing the specific absorption
rate (SAR) and bending effect.
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