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ABSTRACT- This article proposes the design and
realisation of a conformal and transparent antenna
compatible for wearable ap- plications. This new antenna
utilises water, transparent polymer and conductive fabric
for its design and realisation. The topology of the
fabricated antenna is deformable and has broadside
radiation pattern, thus, suitable for on-body applications
which is validated through experimental investigations.
The basic antenna comprises a monopole radiator backed
by a dielectric reflector which directs the omnidirectional
radiation of the monopole to broadside. The notable
features of this new antenna are its excellent optical
transparency, conformality, good bandwidth, gain and
efficiency and the utilisation of easily accessible and bio-
friendly materials. The center resonance frequency of the
antenna is 2.45 GHz ISM bhand with 3.42 dB peak gain and
51% efficiency. The usability of the antenna for wearable
applications is checked by on-phantom measurements,
bending tests and investigating specific absorption rate
(SAR). Due to its amazing optical transparency, structural
deformability, radiation characteristics, size and ease of
fabrication, this antenna is a promising candidate for
flexible transparent electronic systems, including wearable
body-area networks.

KEYWORDS- Broadside, conductive fabric, flexible
antennas, monopole, polydimethylsiloxane, robust.

I. INTRODUCTION

In addition to ftraditional short and long-haul
telecommunication systems, now-a-days antennas are
found in health- care, surveillance, national security,
emergency departments, satellite systems and so on [1] [2].
With the rising applications, there is a significant change
in antenna designs and fabrications. Emerging new
applications demand specific antenna characteristics to be
compatible in particular application; for example, wearable
antennas must be conformal, robust, lightweight and small
[3]; antennas mounted on glasses, solar panels and car
wind-shields should be transparent. In some applications,
such as wearable systems in healthcare, security, military
and hands-free applications, it is also recommended to
have antennas that are fully or partially unobtrusive and
can be mounted conformally on various curved surfaces

[4]

Wearable antenna has become one of the most prominent
components of the fifth generation (5G) technology which
comprises a lot of high added value services [5]. Some
critical design factors have made the realisation of
wearable antennas some sort of challenging. The
challenges are: choosing appropriate materials, antenna
properties alteration by the presence of human body [6],
antenna performance degradation by bending, stretching
and twisting of the antenna geometry for the frequent
movement of the wearers and unpleasant environmental
stress.

Fabricating unobtrusive wearable antennas is a topic of
interest for antenna researchers. Wearable antennas
placed under wearers’ cloth is the easiest method of hiding
antennas’ appearance, but the cloth distorts the radiation
characteristics of the antenna, thus, this method is not a
very desired one [7]. Antennas directly embroidered with
wearers’ cloth is another approach of hiding antennas’
appearance, but this approach is also suffering from the
drawback of antennas performance degradation after
repeated washing the cloth. Besides these techniques, the
efficient alternative is realizing optically transparent and
flexible antennas which is easily disguised with
surrounding [8]. However, research on transparent and
flexible antennas are limited in the literature because of the
high level of fabrication challenge and limited scope for
material ~ selection.  Polydimethylsiloxane (PDMS),
Polyethylene terephthalate (PET) and Polyimide are the
widely used dielectric materials in transparent antennas.
The most popular metals used for transparent antenna
fabrication are transparent thin films such as AgHT-4 [9],
fluorine-doped tin oxide (FTO) [10], indium-tin-oxide
(ITO) [11], Silver Oxide [12], zinc and silver (Ag) mixed
ITO (IZTO/Ag/IZTO) film [13]. Mesh conductors such as
Tortuous Cu micromesh [14] and mesh fabrics
[15][16][17][18] are also reported as effective metals for
fabricating see-through antennas. Transparent liquid metal
Gallium-Indium eutectic (EGaln) has been recently
utilized successfully to develop wearable antenna [19].
Among these transparent conductors, transparent thin
films and mesh conductors each group suffers from the
limitation of inverse relationship between electrical
conductivity and optical transparency, i.e., with increasing
transparency, electrical conductivity is proportionately
sacrificed, because of this drawback, transparent antennas
suffer from poor RF performance. Table 1 summarizes the
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sheet resistance and optical transparency of commonly
used transparent conductors. It can be noticed that
transparent conductors suffer either from poor electrical
conductivity or low optical transparency. It is hard to
achieve simultaneously good electrical conductivity and
optical transparency. Moreover, it is hard to find
transparent conductors which have flexible geometry and
they often need structural modification to increase the
flexibility and robustness in bending operations. Costly
fabrication process often becomes a problem in realizing
flexible transparent antennas, especially thin film

conductors suffer from this limitation. For many
applications which need highly flexible and robust antenna
structure, low cost and easy fabrication, alternative
materials and fabrication methods are desired to explore.

Water is recently gaining attention in fabricating antennas
[24][25][26][27]. Water is almost available everywhere,
it is fully transparent, affordable, biocompatible and easy
to utilize in antenna realization. In antenna realization,
water is utilized either as a dielectric material or as a
conductive material. Distilled or pure water has limited
electrical conductivity and high relative permittivity, pure

Table 1: Properties of some popular Transparent Conductor

S.no Material Rs (Q/sq) T (%)
1. Indium-tin-oxide (ITO) [20] 8.6 86
2. Multi-layered ITO (1IZTO/Ag/1IZTO) film [13] 4,99 81.1
3. Fluorine-doped tin oxide (FTO) [21] 481 69.2
4, Silver-coated polyester (AgHT-8) film [22] 8 80
5. Tortuous copper micromesh [14] 0.07 32
6. Silver grid layers (AgGL) [23] 0.018 54.5

water is used in antennas where water is used as the
dielectric component of the antenna. By dissolving salt,
the conductivity of the water can be significantly modified,
salt-dissolved water is used in antennas where water acts
as the conducting medium. Different types of antennas
have been developed utilizing both pure and salt water. A
monopole water antenna with a dielectric layer was
proposed in [28] where salt water was used for its
conducting monopole. [29][30][31] also reported
monopole antennas designed with salt water. An efficiency
enhanced salt-water monopole antenna was developed in
[32]. Most of the earlier versions of pure/distilled water
antennas operated on the principle of dielectric resonator
(DR) [33][34][35]. Apart from using either pure water or
salt water, antennas have also been developed using both
types of water for better performance. [36] designed a
monopole antenna using both distilled water and salt water
in coaxial dual-tube topology which had increased
bandwidth and efficiency. Water is most popular for
realising reconfigurable antennas. Different types of
reconfigurable water antennas are reported in the literature.
A pattern reconfigurable water antenna was designed in
[37] where areflector plane was realised with tunable water
grating. A polarization-reconfigurable spiral antenna was
developed in [38] which used water. A reconfigurable
leaky-wave water antenna was developed in [39] which
used a periodic water grating. [40] developed a frequency-
reconfigurable inverted-L water antenna.

Water antenna operating on a new principle named dense
dielectric patch antenna (DDPA) was introduced in [41]
which had wideband performance. The antenna occupied
350 mm (~1.09 Ag) x 350 mm (~1.09 Ao) x 19 mm
(~0.059 ).

The demonstrated antenna was designed for 0.93 GHz
frequency, it had impedance bandwidth of 8%, peak gain

of 7.3 dBi and nearly 60% radiation efficiency. The
antenna itself was optically transparent, but it required a
metallic ground plane which was opaque. Two-year later,
[42] developed a new antenna which had water-made patch
and water-made ground plane and water was held by see-
through plexiglass; by avoiding metal ground, the
antenna was able to maintain its optically transparency.
This new water patch antenna operated at 2.4 GHz
frequency with 35% 10-dB impedance bandwidth, 4 dBi
peak gain and 82% efficiency and it had omnidirectional
conical beam radiation patterns. The antenna occupied a
diameter of 306 mm (~2.45 Ag) and a height of7.6 mm
(~0.3 o). The first flexible, transparent and durable water-
based antenna was developed in [8]. The demonstrated
antenna had a dipole feed backed by water reflector which
made the antenna unidirectional and compatible for
wearable applications. The dipole was made with
conductive fabric and water holder was made with flexible
polymer Polymethyl-siloxane (PDMS) which has a unique
characteristic of amazing flexibility, light transparency,
thermal and chemical stability [43] [44]. The antenna had
excellent transparency, flexibility and good RF
performance, but had comparatively narrow bandwidth.
Following this work, in this paper, a flexible, transparent
and durable water-based antenna is developed with
improved bandwidth and an improvement in feeding
topology. The realized antenna is structurally deformable
and highly transparent compared to the conventional water
antennas, this antenna is miniature in size, which is
achieved through its unique operating principle. Other
water antennas operate as monopole radiator using salt
water, dielectric resonator antenna using pure water or
dense dielectric patch antenna using pure water. Instated
of using any of this technique, the proposed design has
used a monopole antenna as the main radiator which is
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backed by a pure water reflector to form unidirectional
radiation. By using this mechanism, broadside water
antenna is realized to have a small size. Moreover, the
fabrication of the proposed antenna is free from the
requirement of expensive materials and complicated
procedure.

The demonstrated antenna occupies a net dimension of 60
mm length, 60 mm width and 14.5 mm height (~0.49 4o %
0.49 4o % 0.11 Ag). The compatibility of the new antenna
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for applications near lossy human body is also studied in
this paper.

The rest of this paper is organized as follows: Section I de-
scribes the antenna configuration and operation, in Section
Il parametric studies are conducted; Section 1V briefly
describes the fabrication process; Section V contains the
predicted and measured results and finally the Conclusion
is depicted in Section VI. CST Microwave studio 2021 was
used for all the simulations in this paper.

de

<>

[

W
> -
W

o
F,-‘<
N

()

Figure 1: Antenna structure-(a) perspective view, (b) side view.

Table 2: Dimensions of the Antenna Topology

Parameter Description Value (mm)
Ir Water layer’s length 56
wr Water layer’s width 56
wt Water layer’s thickness 25
Wp Thickness of the hollow box 2
In PDMS support’s length 40
Wh PDMS support’s width 10
ol PDMS support’s height 8
i Length of the monopole 345
Wr Width of the Monopole 3

Il. ANTENNA STRUCTURE AND
OPERATING MECHANISM

A. Structure of the Antenna

The details structure of the proposed antenna is shown in
Figure 1. As can be seen from this geometry, the principal
radiator is a planar narrow monopole which is built with
highly conductive fabric NCS95R-CR, from Marktek Inc.,
this conductive fabric is 0.13 mm thick and it has a sheet
resistance of 0.01 Q/sq. The radiating monopole is
connected to an SMA connector at one side for feeding
purpose. A rectangular reflector plane, made with pure
water, is placed below the monopole radiator at a certain
distance apart, the water is placed inside a PDMS-made
rectangular box. Here, the function of the reflector plane is
to convert the omnidirectional radiation of the monopole to
broadside unidirectional pattern. Antennas having
unidirectional pattern is important for on-body applications
because of its low interaction with human body (this
antenna radiates away from the body and the radiation
towards body is very low). Another rectangular block made

with PDMS is mounted on the hollow box which acts as a
supporting structure for the monopole radiator. Pure
water used in the design had a measured dielectric
constant of 78 at the target frequency of 2.45 GHz. The
dielectric property of the PDMS was tested by Agilent
85070E Dielectric Kit, the measured dielectric constant
was 2.75 which was almost constant for 0.5 to 10 GHz
frequency, whereas the loss tangent increased gradually
from 0.008 to 0.07 in this frequency band. The dimensions
of the antenna topology are shown in Table 2 .

This antenna has a very high flexible structure because it is
built with all flexible materials, i.e., water holder is made
with PDMS, water itself is liquid, monopole is built with
flexible conductive fabric, support block to hold the
monopole is built with PDMS. Moreover, the antenna has
high optical transparency. Thus, this antenna is highly
flexible and transparent, and excellent candidate for
unobtrusive wearable applications. In contrast to the
developed flexible water antenna in [8], the proposed
antenna has significant  structural  improvement
forwearable applications. In the antenna developed in
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[8], the SMA connector was located at the middle of the
antennatopology which required the feeding co-axial cable
to go to the middle of the antenna topology passing on top
of the water reflector which not only incorporated
complexity in wearable applications but also hampered
unobtrusiveness. In this new antenna, the SMA connector
is located nearly at the edge of the antenna, thus, the feeding
co-axial cable only needs to come at the edge which
simplified the feeding process in wearable applications and
does not jeopardize the unobtrusiveness.

Incident wave Reflected wave
y ___~ t
Reflector

Zr

Figure 2: Reflection of a plane wave from a high
permittivity reflector surface.

Figure 3. 3-D radiation pattern of the proposed antenna
plotted for 2.45 GHz demonstrating broadside radiation.

B. Operating Mechanism

According to Fresnel’s equations as mentioned in [45], a
plane wave is reflected from the intersection of the two
mediums having high contrast of relative permittivity as
illustrated in Figure 2. The proposed antenna operates
according to this principle. Here, water layer is located
underneath a planar monopole radiator, as the permittivity
of the water is very high (nearly 78) compared to PDMS
(2.75) and surrounding air (1), the radiation from the
monopole reflects back from the water surface. This is
further explained in [46] and [41], they described that the
interfacing surface of two mediums having high dielectric
permittivity difference resembles a boundary condition
which is very similar to an electric wall; in the pro- posed
design, the plane wave from the monopole is reflected back
from the air-water interface (which has a permittivity
difference of 78), thus, the radiation becomes
unidirectional broadside. The predicted 3-D radiation
pattern of the antenna is shown in Figure 3 which is
identical to the broadside pattern produced from microstrip
patch antenna.

CST Microwave studio 2021 was used for the simulation
analysis of the antenna design. The dimension of the water
layer is responsible for the reflection of the electromagnetic
wave coming from the monopole, which in effect
determines how the antenna behaves more likely as a patch
antenna. The impact of the water layer’s dimension on
antenna’s radiation behaviour is analysed later in
parametric study section. However, optimum value is
selected to make the antenna structure smaller in size

which is also a major concern in this antenna design. The
distance between the top surface of the water layer and the
monopole controls the gain of the antenna which is
described in next section.

The magnitude of current distribution and the magnitude
of electric field (E-field) distribution are shown in Figure 4
and Figure 5, respectively. As shown in Figure 4,
current only flows through the radiator and Figure 5
illustrates the effect of water layer and the PDMS
container on the E- field distribution.

3%.7
31.5
8.9
2s.2
z2=z.1
15.9
1S.5
12.6
.45
5.3
3.15
o

Figure 4: Absolute value of the current distribution in the
antenna.

Figure 5: Absolute value of the electric field distribution
in the antenna.

2 21 22 23 24 25 26 27 28 29 3
Frequency (GHz)

Figure 6: Effect of the length of radiator on resonance
frequency.

I11. ANTENNA PARAMETERS ANALYSIS

The RF performance of the antenna is dependent upon
the dimension of the water reflector. The major parameters
that control antenna’s radiation behaviour are the length,
width and thickness of the water layer and the distance
from the water layer to the monopole. Details simulation
investigations have been accomplished to check the
impact of these parameters and the results are briefly
presented in the following subsections. All the presented
results are for 2.45 GHz frequency. For observing the
effect of a particular parameter, the remaining parameter
values are considered as in Table 2.
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A. Study the impact of monopole radiator’s length

Monopole radiator’s length mainly controls the antenna’s
center resonance frequency. The impact of the variation of
the length of the monopole is illustrated in Figure 6 which
shows that the resonance position shifts towards lower
frequency band with the increase of the length.

B. Study the impact of the length of the water layer on
antenna performance

The effects of the length of the water layer on radiation
patterns are illustrated in Figure 7 which shows how the
larger length of the water shifts the radiation from
omnidirectional  to unidirectional pattern; with the
increase of the length, the back radiation reduces and the
front radiation increases and the radiation behaves more
likely as a patch antenna rather than the original
omnidirectional monopole.

The front to back ratio (F/B) of the radiation patterns of the
antenna for different length of the water reflector are shown
in Table 3. It shows that at 36 mm length of the water
reflector, the front to back ratio (F/B) is negative which is
because the maximum radiation goes towards lower
hemisphere at this small length of the water reflector where
the effect of the PDMS is more than the water, but with the
increase of reflector length front to back ratio (F/B)
improves which indicates that radiation moves towards
upper hemisphere. In our design, upper hemisphere refers
to the positive z direction.

Figure 8 demonstrates how antenna gain improves with the
increase of the water layer’s length.

0=0° 0-0°
0 0
330 1030
300 60 30 60
.70
270 20 90 270 %0
240 120 240 120
210 150 210 150
180 180
XZ plane YZ plane
| —136mm —|~46mm —|=S6mm —|~66mm |

Figure 7. The radiation patterns of the antenna for
various length of the water layer.

Table 3: Front to back ratio of the Radiation Pattern of the
Antenna for Different Water Layering Length

Ir (mm) 36 46 56 66
F/B (dB) 22 37 6.1 7.7

C. Study the impact of the width of the water layer on
antenna performance

The width of the water layer affects the radiation patterns
and gain of the antenna like the length of the water layer.

Table 4: Front to back ratio of the Antenna for Different

Water Layer Width
wr (mm) 36 46 56 66
F/B (dB) -3 5.1 5.4 5.6

Figure 9 depicts that wider water layer shifts the radiation
closer to broadside direction from monopole like radiation.
The front to back ratio (F/B) of the radiation patterns of the
antenna for varying water reflector width is shown in Table
4. It shows that at 36 mm width of the water reflector the
front to back ratio (F/B) is negative which is because the
maximum radiation goes to lower hemisphere for this
small width of the water layer. When the width is
increased then front to back ratio becomes positive which
confirms the shift of the radiation towards broadside.
Further widening the reflector width improves the front to
back ratio (F/B) accordingly.

Figure 10 demonstrates how antenna gain improves with
the increase of the water layer’s width.

35- - : . - : =
3
~2.5
-]
)
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=
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Figure 8: The gain of the antenna for various length of
the water layer.
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Figure 9: The radiation patterns of the antenna for various
width of the water layer.
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Figure 10: The gain of the antenna for different width of the water layer.
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Figure 11: The radiation patterns of the antenna for very thin to thicker water layer.
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Figure 12: The gain of the antenna for gradually increasing the thickness of the water layer

D. Study the impact of the thickness of the water layer
on antenna performance

Figure 11 and Figure 12 depicts the impacts of the
thickness (height) of the water layer on the radiation
patterns and gain of the antenna, respectively. Thicker
water layer contributes to stronger reflection and
improves broadside radiation. In contrast, very thin water
layer leaks the radiation towards backside (6=-90°).

The front to back ratio (F/B) of the radiation patterns

of the antenna for four different water layer thickness is
shown in Table 5. It shows that for a small 1 mm thick
water layer, the front to back ratio (F/B) is negative,
thickening the water layer moves the radiation towards
upper hemisphere.

E. Study the effects of the distance between the radiator
and reflector

The position of the monopole on top of the reflector has
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significant impact on the gain and radiation efficiency of
the antenna. Figure 13 depicts how antenna gain is
impacted by varying the distance from the reflector to
radiator. It can be noted that when the distance between
the radiator and reflector is one-quarter of the
wavelength, there will be a superimposed enhancement of
radiation in the far field, otherwise there will be
cancellation, however, the peak gain does not improve
significantly for increasing the distance from 8mm to
30mm. In final antenna design, optimized distance (8 mm.
i.e., ~0.0.07 10) is maintained which is not one-quarter of

5 T

4
p— - - =
) -,
=3 -
= _
32 -t

1

() 1 |

1 1.5 2

the wavelength, this distance is selected to keep the antenna
height small, increasing it to one quarter of the wavelength
would drastically increase the height of the antenna and
make it impractical for wearable applications.

Table 5: Front to back ratio of the pattern of the
Antenna for Different Water Layer Thickness

wt (mm) 1 15 2 25
F/B (dB) -10.3 3.6 54 6.1
2.5 3 3.5 4
w, (mm)

Figure 13: Antenna gain for varying the distance between the radiator and the reflector

IV. ANTENNA FABRICATION

The antenna was fabricated by using customized molds
which was made by using 3-D printing technology. The
demonstrated fabrication method was less costly, easily
customizable and scalable. Figure 14 (a) illustrates the
structure of the molds. Three 3-D printed molds were used
to fabricate the hollow rectangular box with PDMS and the
supporting rectangular PDMS block. The model of the
utilized 3-D printer was Form 2 which was manufactured
by Formslab, this 3- D printer uses Stereolithography
(SLA) printing mechanism, photopolymer resin was used
as the printing material. The printing setting was as
follows: density 1.00, point size 0.60 mm, base thickness
3.00 mm, height above base 5.00 mm, resolution 0.5 mm.
The required printing time was 5 hour 42 minutes and total
number of layers were 220. After finishing the printing, the
printed structures (molds) were flushed by Isopropanol
(IPA) (Sigma-Aldrich) jet to remove the residual resin,
then Digital Ultrasonic Cleaner (JP 4820, Skymen) was
used for sonication, finally, the stickiness was cured by
a heating and drying oven (UF-55, Memmert) set at 75°C
overnight.

After fabricating the molds, PDMS solution was prepared
by mixing base and curing agent by maintaining 10:1 ratio,
Dow Corning’s Sylgard 184 silicone elastomer kit was used
for preparing PDMS solution. After preparing the PDMS
solution, it was poured on the molds, desiccated in a
vacuum desiccator and then cured at 65°C for 2 hours in
an oven. Fully cured PDMS was a flexible structure which
was carefully peeled off from the molds. The hollow
PDMS water holder was made with the cured PDMS
blocks from mold 1 and mold 2 and the PDMS supporting
block was made from the cured PDMS blocks from mold
3. Figure 14 (b) shows the photographs of the cured PDMS
structures after peeling off from the molds. In Figure 14

(b), PDMS layer 1, PDMS layer 2 and PDMS layer 3 were
peeled off from mold 1, mold 2 and mold 3, respectively.
The cured PDMS layer 1 obtained from mold 1 was like a
box without a cover. PDMS layer peeled-off from mold 2
was attached on top of this structure to make the hollow
PDMS holder. The cured PDMS peeled-off from mold 3
was then glued by small amount of PDMS solution to the
upper surface of this hollow box.

After making the box and PDMS support block, the
conductive fabric NCS95R-CR was cut by a sharp razor
according to the dimension in Figure 1 to make the
monopole which was then placed on top of the supporting
PDMS block by small amount of uncured PDMS and cured
in an oven at 65°C for 2 hours. After completing the
fabrication of the monopole and water holder, an SMA
connector was connected at one side of the monopole with
silver conductive epoxy which was cured in an oven for
two hours at 65°C. Finally, pure water was injected inside
the hollow box through the PDMS wall by using a
syringe. The photograph of the final prototype of the
antenna is shown in Figure 14 (c) which also confirms
its optical transparency through the clear visualisation of
logo and text. Figure 14 (d) shows that the fabricated
prototype has very high flexible structure which can be
deformed by avoiding structural distortion. The hollow
PDMS container consists of 2mm thick wall, 2mm thick
PDMS is selected to avoid possible leakage of water. Due
to PDMS’s excellent flexibility, this thickness does not
interrupt the flexibility of the antenna as depicted in the
photo of bending testing shown in Figure 14 (d).
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Figure 14: (a) Geometry of the molds, (b) Cured PDMS
layers after peeling off from the molds, (c) photograph of

the antenna prototype, (d) Deformed antenna.

V. ANTENNA PERFORMANCE TESTING

A thorough performance investigation of the simulated
results and the measured results of the prototype
demonstrate the feasibility of the antenna in real-life
applications. In this paper, the predicted results refer to
simulated results.

Figure 15 illustrates the magnitude of input reflection co-
efficient (|S11]) both for the predicted results extracted from
simulation and the results got from measurement, a
comparison of these results depicts that the measured
performance follows the predicted results very well. The
parameter |Si;| was measured by a Power Network
Analyser (PNA) of model N5242A PNA-X manufactured
by Agilent Technologies. The measured |Si;| <-10 dB
bandwidth of the antenna was 470 MHz . The antenna in
[8] had a bandwidth of 170 MHz, so a significant
improvement of bandwidth is visible in this new design.
The developed water antenna is not only optically
transparent and flexible but also wearable on human body.
The compatibility of the antenna for on-body operation was
checked by testing its performance on a custom made
ultra-wideband (UWB) semi-solid phantom which has
similar properties of human muscle tissue. The phantom
had a dimension of 200mm x 200 mm x 47 mm which
was fabricated according to the procedure described in
[47]. The components of the phantom are: deionized

-------------------
e
[
.
C3
(1
(]
%

) —Predicted
=
~ 15 === Measured |
o
=20 i
25 . ]
=30 I I I 1 I 1 1 L
2 2.1 2.2 2.3 24 2.6 2.7 2.8 2.9 3

Frequency (GHz)

Figure 15: Predicted and measured |Sq1| parameter of the developed antenna

water (85.15%), agar (2.64%), polyethylene powder (PEP)
(10.52%), sodium chloride (0.18%), TX-151 (1.46%) and
sodium dehydro-acetate (0.05%). Figure 16 (a) shows the
test set-up with phantom.

The antenna was bent and placed on the wrist of a human
hand shaped phantom comprising a bending radius of
nearly28 mm as shown in Figure 16 (b) and (c) to
measure the bending performance on human-body
environment. This structure of the phantom was
achieved by filling hollow hand of a mannequin with
the same materials used for the rectangular phantom
shown in Figure 16(a). Figure 17 depict the measured |S11]
results for on-air testing, on flat phantom testing and
bending testing. It is observed that the phantom has

impact on the resonance position as well asimpedance
matching. However, the resonance frequency shifts only a
small amount and the impedance matching is good which
subsequently assures that the antenna is compatible for
placement on different curved surfaces on human body.
The measured |Sy11| <-10 dB bandwidth on flat phantom is
360 MHz . Figure 17 also illustrates that the resonance
frequency moves towards lower band under bending
particularly when bent along the length of the antenna, this
effect comes from the increased current path upon
prolonging length of the monopole radiator in bending that
the antenna structure is highly flexible and operations.

The far-field radiation patterns of the antenna are
plotted in Figure 18. NSI700S-50 spherical near-field
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antennarange was used for measuring the far-field patterns
of the antenna. The predicted and measured normalized
patterns plotted in Figure 18 indicates that the antenna
radiates broadside similar to a microstrip patch antenna
backed by full-ground plane, the results validate the
proposed method of designing unidirectional antenna with
monopole and water reflector. The measured peak gains of
the antenna from 2.2 to 2.5 GHz are plotted and compared
with the predicted gains in Figure 19. At 2.45 GHz, a
measured peak gain of 2.94 dB is achieved with an
efficiency of 51%. A little error is visible between the
measured and predicted results, this happens due to the
impact of fabrication inaccuracy. Moreover, some air
bubbles remained in water despite using vacuum
desiccator, which also affected the result. The SMA
connector was connected to the conductive fabric with
silver epoxy, extra epoxy remains around the SMA
connector also affects the results in anechoic chamber
measurement.

Phantom

(b)

©

Figure 16: Photographs of the antenna on phantom and
bending test-(a) on rectangular phantom, (b) bent on
human hand shaped phantom along the width, (c) bent on
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Figure 17: Measured |Su:| of the antenna on flat phantom
and under bending.

The Specific Absorption Rate (SAR) of the antenna
was numerically calculated to investigate the effect of its
radiation on human body and thus its compliance for
wearable applications. The SAR level of the antenna was
calculated in CST Microwave Studio 2021. In the
simulation setting, 5 mm gap was maintained between
the antenna and the muscle tissue having a dimension
of 200 mm x 200 mm x 47 mm, 0.1 W input power
was applied for the calculation and the SAR was
averaged over 10 g of tissue. The numerically calculated
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Figure 18: Predicted and measured normalized far-field
radiation patterns-(a) XZ plane, (b) YZ plane
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Figure 19: Predicted and measured peak gain of the proposed antenna over the operating band
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Figure 20: The distribution of SAR at 2.45 GHz frequency in homogeneous muscle tissue, computed using CST Microwave
Studio 2021

maximum SAR was 0.93 W/kg which is obviously smaller
than the recommended 2 W/kg SAR limit according to
IEEE C95.1-2005 standard. So, the water reflector limits
the back radiation which acts similar to the ground plane
of the patch antenna. It is clear that this flexible water
antenna can be safely used in wearable applications. Figure
20 shows the predicted SAR distribution in the human
muscle equivalent phantom which explicitly indicates the
function of the water reflector to protect the phantom from
electromagnetic exposure. So, the proposed water antenna

can be used like a flexible and wearable patch antenna with
full ground plane. Finally, a comparison is made among
the demonstrated antenna and the state-of-the-art
transparent wearable antennas reported in the literature to
demonstrate the significance of the proposed design. Table
6 depicts this comparison. In the comparison, the resonance
frequency, dimension of the antenna, type of the antenna,
gain, efficiency, conductor and dielectric used in the
antenna geometry are taken into consideration.

Table 6: Comparison of the Demonstrated Antenna with Transparent Wearable Antennas Reported in the Literature

Freq. : 3 Antenna Gain - ; ; Trans.
Ref. (GH2) Dim. (40°) Type (dBi) Effi (%0) Conductor Dielectric (%)
[ | 245 | P04 Dipole 32 51 Conductive Fabric | PDMS/Water | 94%
3.19- | 0.47 x0.58 x MIMOss . .
[12] 9.30 0.01 Patch 249 40 Silver Oxide PET 70
[13] 245 0.21x0.016%- Monopole 2.89 34.8 IZTO/AQ/IZTO film Polyimide 81.1%
0.08 < 0.11 x Tortuous Cu o
[14] 2.92 0.004 CPW Patch -0.02 814 micromesh PDMS 32%
0.94 x 0.94 x ; 0
[16] 4.7 0.0031 Slot 3.8 85 Metallic mesh PET 93%
(7 | oses | 022013 Loop 153 166 Conductive Fabric PDMS 72%
e | 24 | 0B F 04X Patch 25 4226 Conductive Fabric PDMS 72%
o) | Ak | 038 x 038X Slot -1.76, 3 15, 25 EGaln PDMS 43%
pg) | 53 | 049X D49 | Folded Dipole | 245425 | 483577 | Conductive Fabric | PDMSMWater | 94%
This 2.45 0.49 x 0.49 x Monopole 3.42 51 Conductive Fabric PDMS/Water 94%
work 0.11

I
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It can be noticed from the comparison that most of the
transparent wearable antennas suffer from poor gain and
radiation efficiency, this happens due to the high
resistance of the transparent conductors. There is a trade-
off between the optical transparency and sheet resistance
of the transparent conductors, so efficiency and gain should
be sacrificed if it is intended to maximise the optical
transparency. In contrast to transparent conductors, water
is an effective alternative material due to its high level of
optical transparency, availability, biocompatibility and
excellent dielectric properties. However, water antennas
are bulky in size, so not suitable for wearable applications.
The reported water antennas in the literature work on the
principle of dielectric resonator (DR) or dense dielectric
patch antenna using pure water or use salt water for working
as monopole radiator. [8] and [48] proposed new types of
water antenna. In the new design, water was enclosed inside
polymer made cavity working as reflector surface, the main
radiator was planar dipole. [8] was the first reported water
antenna that was flexible and small in size and suitable for
on body operation. The proposed design of this article
follows the same materials and design procedure of this
work, but a change is made in the radiating element. Two
major advantages are accomplished in the proposed design
over [8] as well as [48] the first advantage is that the
proposed design provides 470 MHz impedance bandwidth
while [8] and [48] had 170 MHz bandwidth, so a clear 2.7
times bandwidth improvement is achieved in the new
design, the second advantage is that the proposed antenna
has significant structural improvement for wearable
applications in term of feeding process. In this new
antenna, the SMA connector is located nearly at the edge of
the antenna, thus, the feeding co-axial cable only needs to
come at the edge which simplifies the feeding process in
wearable applications and does not jeopardize the
unobtrusiveness.

VI. CONCLUSION

An optically transparent and flexible antenna having
broadside radiation pattern and good impedance bandwidth
has been successfully developed in this paper. The
antenna operates at 2.45 GHz ISM band with a measured
bandwidth of 19.2%, efficiency of 51% and a gain of 3.42
dB . In contrast to other reported transparent antennas, the
proposed design is comparatively easy to realize, shows
promising RF performance, compatible for direct
placement on human body and has mechanical stability in
conformal operations. The antenna is realized from water,
PDMS and conductive fabric; all of these are flexible
materials, low in cost, easily available and easy to process.
The proposed cost-effective fabrication process can be a
great interest to antenna researchers to realize robust
flexible transparent antennas and RF devices. The
promising features of optical transparency, flexibility,
robustness, geometrical shape and remarkable electrical
performance demonstrate that the new antenna is useful in
a broad range of applications where optical transparency
and flexibility are prime requirements of the systems.
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