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Abstract—A method to realize low-cost, optically transparent,
flexible and unidirectional antennas is presented in this paper.
The key to the method is making a flexible transparent reflector
made using a new method- injection of pure water into a flexible
transparent cavity that is made out of Polydimethylsiloxane
(PDMS) polymer and integrating the flexible reflector with
a flexible dipole made of transparent conducting mesh. This
method is simple and inexpensive. Hence, it is useful for large
scale production of transparent, flexible, robust and low-cost
antennas as well as RF/microwave components for wearable
body-area networks and other such systems that require flexible
and transparent components. To validate the method, an antenna
operating in the 2.45 GHz band was designed, fabricated and
tested under various conditions. Its measured gain is 3.2 dBi and
efficiency is 51%. To the best of our knowledge, this is the first
water-based transparent flexible antenna. Due to the shielding
effect of the water-based reflector, it produces low SAR in the
human body when it is worn, as expected from a unidirectional
antenna. Further, it is investigated and confirmed that the use of
pure water in the reflector makes the antenna significantly more
efficient as opposed to salt water.

Index Terms—Body area network, broadside, flexible, robust,
smart city, uni-directional, water, wearable.

I. INTRODUCTION

With the rapid growth of unconventional applications, the
demand for new antenna designs and new methods for an-
tenna fabrication are increasing. It is undeniable that some
new applications demand new antenna features; for example,
wearable antennas should have low antenna-body coupling and
antennas integrated on solar cell panels should be optically
transparent. If a transparent antenna can be made flexible
and compact, then it renders broad areas of application
possibilities due to its unobtrusive appearance. Flexible and
unobtrusive wearable devices enhance wearers’ comfort [1],
[2], aesthetic appearance and, thus, increase the compliance
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for long-term and continuous usage [3]. Visually imperceptible
wearable devices can acquire health information seamlessly
and pervasively in everyday life without compromising reg-
ular activities. In particular, when there is a high chance of
removing monitoring devices by the patients suffering from
mental illness, it is significantly important to hide these devices
from patients’ sight. Moreover, defence industry and security
providers demand for unobtrusive conformal antennas that can
be easily camouflaged, and optical transparency is considered
as an efficient approach of achieving unobtrusiveness. The
performance of the antenna hidden inside garments is affected
by the dielectric constant of the fabric [4], [5] and the
performance of the embroidered antennas deteriorates after
washing [6], [7].

Besides wearable applications, flexible transparent antennas
have another potential application in implementing reliable
communication links for the rapidly growing mobile devices,
especially in the context of Internet of Things (IoT) and Smart
City Projects [8]. The rapid development of super-fast wireless
technology invokes the need for high performance integrated
networks, which imposes visual impacts and infrastructure
challenges in urban areas. Installing conformal transparent
antennas on existing infrastructure [8] such as window glasses,
automobile windshields, display devices [9], street lights and
solar cells [10] is an efficient solution of accommodating these
large number of network access points without compromising
aesthetics.

However, realization of optically transparent flexible an-
tenna is highly challenging because of the unavailability of
suitable materials and challenging fabrication processes. As
can be found in the literature, the traditional transparent con-
ductors used for the realization of transparent antennas can be
classified into two major categories-(i) transparent conductive
films, such as indium-tin-oxide (ITO) [11], zinc and silver (Ag)
mixed multi-layer ITO (IZTO/Ag/IZTO) film [12], fluorine-
doped tin oxide (FTO) [13] and silver-coated polyester (AgHT-
8) film [14] and (ii) mesh conductors, such as tortuous copper
micromesh [15] and silver grid layers (AgGL) [16]. The sheet
resistance (Rg) and optical transparency (T) of these conduc-
tors are summarized in Table I, which shows that transparent
conductive films have good transparency but suffer from poor
conductivity (high sheet resistance) and mesh conductors have
high electrical conductivity but their optical transparency is
low. Thus, there exist a trade-off between sheet resistance
and optical transparency when selecting these materials [8]. In



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2020.2996816, IEEE

Transactions on Antennas and Propagation

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION

TABLE I
PROPERTIES OF THE TRADITIONAL TRANSPARENT CONDUCTORS
Material Rs (Q/s5q) | T (%)
Indium-tin-oxide (ITO) [11] 8.6 86
Multi-layer ITO (IZTO/Ag/IZTO) film [12] 4.99 81.1
Fluorine-doped tin oxide (FTO) [13] 4.81 69.2

Silver-coated polyester (AgHT-8) film [14] 8 80
Tortuous copper micromesh [15] 0.07 32
Silver grid layers (AgGL) [16] 0.018 54.5

addition, expensive and complicated fabrication processes are
required to realize antennas from these materials. For many
applications that require less expensive, transparent, flexible
and robust antennas, new design and realization methods are
still in need.

Recently, water has been utilized to realize transparent
antennas owing to its availability, low cost and interesting
electrical properties. Pure water provides almost 100% optical
transparency within the visible light spectrum [17] and behaves
as a dielectric material with high permittivity and high dielec-
tric loss [18]. Although pure water has limited conductivity,
when salt is added its conductivity increases significantly. In
the literature, significant research efforts can be found on
water-filled antennas where either pure water [18]-[20] or
salt water [21]-[24] has been used. Moreover, some research
efforts used both [25] for improved performance and some
efforts investigated water-based reconfigurable antennas [26],
[27].

Apart from the aforementioned water-based antennas, a new
type of water-based antenna was introduced in [28], whose
operating principle was described as a dense dielectric patch
antenna (DDPA). Later, another water-based patch antenna
was introduced in [29] where both the patch and ground were
realized from water enclosed inside transparent plexiglass.
The antenna was highly transparent except the small central
disk-loaded feeding probe. This antenna operated at 2.4 GHz
band with omnidirectional conical beam radiation patterns and
demonstrated 35% impedance bandwidth. Its measured gain
and efficiency varied from 1.5 to 4 dBi and 57% to 82%,
respectively, over the operating band. The diameter of the
antenna was 306 mm (~2.45 )\g) and height was 37.6 mm
(~0.3 \g). Nevertheless, use of water to make a flexible and
transparent antenna is an area yet to be explored.

This paper addresses a key challenge in the realization of
flexible, durable and transparent antennas with unidirectional
radiation patterns. In this research effort, we have explored
how electrical properties of water can be utilized to make a
flexible reflector for an antenna by enclosing water in flexible
polymer and further explain why pure water is more efficient
than salt water for such flexible reflectors. To reduce the area
occupied by conducting parts, which are often less transparent
than non-conducting parts, we start with a flexible dipole
antenna made of transparent conducting mesh as opposed to a
microstrip patch. Indeed, when dipoles and other such anten-
nas with bidirectional radiation patterns are used on a wearable
system, they produce high levels of Specific Absorption Rate
(SAR) due to the lack of a shield between the radiating
element and the human body. To avoid this, the solution

proposed here is a flexible transparent reflector, which is made
using a new method - injection of pure water into a flexible
transparent cavity that is made out of Polydimethylsiloxane
(PDMS) polymer and integrating it to the flexible dipole to
form a “shield” between the dipole and the body. To the
best of our knowledge, this is the first flexible water-based
transparent antenna ever reported. Moreover, the proposed
fabrication method is inexpensive, simple, reproducible and is
useful for low-cost production of optically transparent, flexible
and durable antennas and potentially some RF/microwave
components.

The water reflector directs dipole radiation primarily to the
upper hemisphere like a typical microstrip patch antenna with
a ground plane. The dipole occupies only a small fraction of
the antenna area (2.5% in the prototype) and has about 70%
optical transparency. To contain water without sacrificing its
flexibility and transparency, a rectangular container is made
from PDMS, which has extremely high flexibility, about 94%
optical transparency [30], heat resistance and chemical stabil-
ity. Thus, the remaining 97.5% of antenna area has optical
transparency close to that of PDMS. The overall dimensions
of this 2.45 GHz antenna is 60 mm x 60 mm x 14.5 mm
(~0.49 Xg x 0.49 Ny x 0.11 Xg). In fact, its area is less
than those of inflexible water-based 2.45 GHz antennas with
unidirectional radiation patterns. This is the thinnest water-
based unidirectional transparent antenna but it is thicker than
some other transparent antennas realized from transparent thin
films and mesh conductors. Due to its flexibility, transparency,
unidirectional radiation pattern, durability and relatively small
area, it has the potential for use in many applications men-
tioned earlier including wearable systems. Its SAR is estimated
and its bending performance is also examined in the paper.

II. ANTENNA CONFIGURATION AND OPERATION
A. Antenna Configuration

The configuration of the antenna is shown in Fig. 1. The
radiating part of the antenna is a planar dipole strip, which is
made of flexible transparent conductive mesh sheet, VeilShield
from Less EMF, whose sheet resistance is 0.1 {2/sq, optical
transparency is nearly 72% and has a thickness of 0.057 mm.
The dipole is fed at an offset feed point through an SMA
connector. A pure water layer, enclosed inside a rectangular
PDMS container, is placed underneath the radiating strip at an
appropriate distance to act as a reflector and, thus, makes the
radiation unidirectional. Another rectangular PDMS structure
is attached to the container above it as a supporting structure
to hold the radiating dipole above the water container. The
dipole strip is attached to the support by using PDMS; strong
integration of the mesh with PDMS ensures its stability in
repeated bending operations [31]. Considering PDMS perco-
lation into the mesh, an effective sheet resistance of 0.7 2/sq
[31] was used to model the PDMS-conductive mesh composite
in simulations during antenna design process. PDMS was
found to have a relatively constant dielectric constant of 2.75
and an increasing loss tangent from 0.008 to 0.07 in the
frequency range of 0.5 to 10 GHz, based on our measurements
conducted with an Agilent 85070E Dielectric Kit. At the room
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Fig. 1. Antenna configuration: (a) top view, (b) side view.
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Fig. 2. Measured relative permittivity and loss tangent of pure water.

temperature (23°C), its measured relative permittivity and loss
tangent are plotted in Fig. 2. The optimized dimensions of the
antenna, obtained using CST Microwave Studio, are listed in
Table II.

B. Operating Principle

The operating principle of the proposed antenna is the
utilization of a high-permittivity reflector plane on one side of
a dipole radiator to transform its bidirectional radiation pattern
to a unidirectional pattern. Fig. 3 illustrates the predicted 3-D
radiation pattern of the antenna at 2.45 GHz and indicates its
similarity to the pattern of a microstrip patch antenna. The
antenna is linearly polarized. Pure water enclosed inside the
PDMS container, shown in Fig. 1, is used as the reflector
plane in our design. The interface between two media having

TABLE II
DIMENSIONS OF THE WATER-BASED ANTENNA
Parameter Description Value
(mm)

Iy Length of the water layer 56

Wr Width of the water layer 56

Wi Thickness of the water layer 2.5

Wp Thickness of the PDMS container 2

Iy Length of the PDMS support 46

Wh Width of the PDMS support 5

dy Distance from reflector surface to radiator | 8

S| Length of the left dipole strip 25.5

Sr Length of the right dipole strip 15.5

Wi Width of the dipole strip 2

d Gap between two strips of the dipole 2

Fig. 3. Predicted 3-D radiation pattern of the antenna at 2.45 GHz.

a large difference in permittivity provides an approximate
boundary condition similar to an electric wall [28], [32]. As
the permittivity of the water is much higher than that of
the supporting PDMS layers and surrounding air, most of
dipole radiation towards the reflector is reflected back from
the interface [28], [32]. The phase angle of wave reflection
coefficient ¢ [33] at the reflector plane and the electrical
distance between the reflector plane and radiator determine
the interference properties between the reflected wave (from
the reflector) and the direct radiated wave from the dipole
in the upper hemisphere (¢ > 0). An optimum distance
between the reflector and radiating dipole strip should be
maintained to obtain constructive interference [33] and, thus, a
unidirectional radiation pattern. The effects of the variation of
the distance between the reflector and dipole strip and water
layer dimensions are investigated later in parametric analysis
section.

C. Comparison Between Pure-Water and Salt-Water Reflec-
tors

In this design, high permittivity of water is used to generate
reflection. At this point, it is logical to consider also a reflector
filled with salt water as opposed to pure water. The predicted
peak gains and radiation efficiencies of the antennas, one with
a pure-water reflector and the other with a salt-water (relative
permittivity 76 and electrical conductivity 3.6 S/m) reflector
are shown in Fig. 4 and Fig. 5, respectively, for varying gap
between the radiating strip and the reflector at the design
frequency of 2.45 GHz. It can be noted, for practically useful
values of gaps (i.e. less than 1 cm), a pure-water reflector leads
to higher gain and efficiency than the salt-water reflector due
to its lower loss. For the value of the gap selected for the final
design (dy = 8 mm), the difference in gain is approximately
2.8 dB, which is very significant, especially for a wearable
system operating on wearable small batteries because it gives
the opportunity to reduce transmitting power level by about
48% to achieve the same radio link quality and hence extends
battery life. It is worth recalling here that the pure water layer
behaves as an imperfect dielectric reflector and salt water layer
behaves as an imperfectly conducting reflector. It turns out that



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2020.2996816, IEEE

Transactions on Antennas and Propagation

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION 4
6 6-0° 6-0°
g 2 0
. s =
: r..t.-qr--i‘" e
4 ¥ *..-‘1 PSP YT TIL
ket e @
= 3k e 4 oottt 300 60 300 60
% 5 as aPure water
= o «e-Salt water
E[ 1 P 270 0 270 0
0 £
o 4 Ki
JuE o 240 120 240 120
—3 i 210 150 210 150
4 180 180
4 6 8 10 12 14 16 18 20 XZ-plane YZ-plane
df (mm)

—+1,=46mm ol =56mm 1. =66mm 1 =114mm

Fig. 4. Comparison of the peak gain of the antenna at 2.45 GHz with pure-

. . . Fig. 6. Effect of the length of th ter 1 the radiati tt t
water and salt-water reflectors for varying distance between the dipole and b cct ot fhe Tength of the waer layer on the raciation patierns a

the reflector.

2.45 GHz.

TABLE III
100 FRONT-TO-BACK (F/B) RATIO OF THE ANTENNA FOR VARIOUS WATER
| l LAYER LENGTHS
90 =e-Pure water
F 80 «0-Salt water 1, (mm) 46 | 56 | 66 114
= e
% 70 . 2 Lt F/B(dB) | 43 | 10 | 11.7 | 12.1
= r.-‘l\'"* ot
=60 . o
2 & X P
A N = .
% S v I T 0=0 0=0°
9 40 g 8 0 0
= B
E 30 e
]
® W% 300 60 300 60
10
0
4 6 8 10 12 14 16 18 20 270 9 270 %
df(mm)
Fig. 5. Comparison of the radiation efficiency of the antenna at 2.45 GHz 240 120 240 120
with pure-water and salt-water reflectors for varying distance between the
dipole and the reflector. 210 150 210 150
180 180

pure-water reflector is more efficient than a salt-water reflector
in this and similar applications.

III. PARAMETRIC ANALYSES

The key parameters that affect antenna performance are the
length, width and thickness of the water layer and the distance
between the water reflector and radiating strip. The effects
of these parameters have been analyzed and the results are
outlined here. For analyzing the effects of one parameter, other
parameters are kept constant at the values given in Table II.

A. Effects of the Length of the Water Layer

The length of the water layer affects the radiation pattern
and gain but does not affect the resonance frequency signif-
icantly. The effects of the length of the water layer on the
radiation patterns at 2.45 GHz frequency are illustrated in
Fig. 6, which confirms the effectiveness of the length of the
water as a reflector to direct radiation in broadside direction.
With the increase of the length, back radiation decreases and
front radiation increases accordingly, thus, antenna radiation
pattern becomes more unidirectional.

XZ-plane YZ-plane

+wr:36mm .e.wr:46mm w[:56mm +wr:114mm

Fig. 7. Effect of the width of the water layer on the radiation patterns at 2.45
GHz.

The front-to-back (F/B) ratio of the radiation patterns of the
antenna for various water reflector lengths are given in Table
III. As expected, with the increase of the water reflector length,
F/B ratio improves. This improvement is more significant at
smaller lengths of the reflector. Aiming for a satisfactory F/B
ratio and smaller antenna area, we have set the length at 56
mm.

B. Effects of the Width of the Water Layer

Like the length of the water layer, the width also affects the
radiation patterns and gain but does not affect the resonance
frequency significantly. Fig. 7 depicts that wider water layer
helps to increase F/B ratio.

The F/B ratio of the radiation patterns of the antenna for var-
ious water reflector widths, shown in Table IV, confirms that
with the increase of the reflector width, F/B ratio improves.
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TABLE IV
FRONT-TO-BACK (F/B) RATIO OF THE ANTENNA FOR VARIOUS WATER
LAYER WIDTHS

wr (mm) | 36 | 46 | 56 | 114

F/B (dB) | 33 | 5.7 10 | 12.1
‘ |
10| :
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Fig. 8. Effect of the thickness of the water layer on the resonance frequency.

Like the effect of the reflector length, the improvement of the
F/B ratio is more significant at smaller widths of the reflector.
As depicted in Table IV, only 2.1 dB of improvement of the
F/B ratio can be achieved for the increase of the width from
56 mm to 114 mm. To make the antenna compact, we have
set the width at 56 mm.

C. Effects of the Thickness of the Water Layer

The thickness of the water layer influences the resonance
frequency, matching and radiation patterns. The effect of
the water layer thickness on antenna performance is due to
reflection characteristics of a wave reflected from a multi-layer
dielectric slab [34]. In our design, water and PDMS walls form
multiple dielectric layers and due to its high dielectric constant
water layer thickness affects antenna performance severely.
Fig. 8 illustrates how the antenna resonance frequency and
matching are affected by the water-layer thickness. A thicker
water layer loads the dipole more and decreases its reso-
nance frequency. The radiation patterns of the antenna at the
corresponding resonance frequencies for various water layer
thickness values are plotted in Fig. 9, which shows that only
for very thin water layers, maximum radiation is towards the
water layer (f = 180°) due to the dielectric effect of PDMS,
which has more effect than the water in these cases; otherwise
maximum radiation is upwards (6 = 0°). The F/B ratio of
the radiation patterns of the antenna for various water layer
thickness values, given in Table V, confirms that for 0.5 and 1
mm thick water layers the F/B ratio is negative but for thicker
water layers most of the radiation is directed towards upper
hemisphere (positive F/B ratio).

D. Effects of the Distance between the Radiating Strip and
Reflector Surface

The distance between the radiating strip and reflector sur-
face is one of the most important parameters that determine
the reflection characteristics as well as antenna performance,

300 60

270

90 270

120

180 180
XZ-plane YZ-plane

|_o_w‘:0.5mm e.wlZImm w‘:l.Smm .e.w‘:2mm *,W‘:Z.Smm|

Fig. 9. Effect of the thickness of the water layer on the radiation patterns.

TABLE V
FRONT-TO-BACK (F/B) RATIO OF THE ANTENNA FOR VARIOUS WATER
LAYER THICKNESS VALUES

wy (mm) | 0.5 1 15 | 2 2.5
F/B (dB) | -11.7 | -99 | 7.7 | 7.8 | 10

particularly in terms of gain. The impact of the distance
between the radiating strip and the water reflector on antenna
peak gain is shown in Fig. 4. An optimal distance is required
to get maximum gain at the target frequency of operation and
from Fig. 4 that distance is approximately 17 mm (~ Ay/8).
It is also noted that reducing this distance significantly to 8
mm will make the antenna a lot thinner and the reduction in
gain is only 1 dB. Aiming for a reasonably thin antenna with
good radiation performance, the distance between the radiating
strip and reflector surface was chosen to be 8 mm (~0.07 \g),
for which a peak gain of 3.84 dBi and radiation efficiency of
about 50% have been estimated at 2.45 GHz.

IV. FABRICATION PROCESS
A. Mold Fabrication

For fabricating the PDMS parts (i.e., the water container and
the radiator supporting block), 3-D printed molds were used,
whose geometries are shown in Fig. 10. Stereolithography
(SLA) based 3-D printing machine (Form 2 from Formlabs)
and Photopolymer resin were used to fabricate the molds.
Designs of the molds were created by CAD software (Creo
5.0 plus) and then combined into one STL format file, which
was then loaded to the 3-D printing machine using 3-D model
preparation software (PreForm 2.17.1 from Formlabs). After
fabricating the molds, they were kept in an oven (UF55, Mem-
mert) at 75°C overnight for heating and drying to thoroughly
cure the molds and to eliminate stickiness.

B. Antenna Fabrication

After fabricating the molds, antenna fabrication process
was started. Fig. 10 illustrates some fabrication steps of the
antenna. Mold 1 and mold 2 were used to fabricate the PDMS
container to hold the water and mold 3 was used to fabricate
the PDMS supporting block on which the dipole strip was
placed. PDMS was prepared by mixing base and curing agent



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2020.2996816, IEEE

Transactions on Antennas and Propagation

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION

at the ratio of 10:1 using Dow Corning’s Sylgard 184 silicone
elastomer kit. Then, the uncured PDMS solution was poured
into the molds and degassed in a vacuum desiccator to remove
the air bubbles from the PDMS solution. Next, the PDMS
solutions in the three molds were cured in an oven at 65°C
for about 2 hours. The cured PDMS blocks were then peeled
off from the molds. With a canal digged at the inner edges
of mold 1 (see Fig. 10), the structure of cured PDMS layer
obtained from mold 1 resembles a box without a cover. By
attaching this structure to the PDMS structure obtained from
mold 2, which is basically a simple rectangular slab, a hollow
PDMS box was formed. The cured PDMS block from mold
3 was then attached on top of the hollow rectangular PDMS
box. Uncured PDMS was used for all the attachments, which
again required curing in an oven at 65°C for about 2 hours.
After completing the fabrication of the PDMS structures, the
radiating dipole strip was made by cutting the conductive mesh
sheet manually by a sharp razor following the dimension of
Fig. 1. The dipole strip was then attached to the supporting
PDMS block by little amount of uncured PDMS and cured
in an oven at 85°C for about 1 hour. After fabricating the
antenna, the SMA connector was connected to the dipole feed
point by using silver epoxy and it was cured again in the
oven at 65°C for two hours. For strengthening the attachment
of the SMA connector to the antenna, a section of the SMA
connector flange was inserted into the PDMS block. At the
last step, pure water was injected into the PDMS cavity by
using a syringe.

Fig. 11 shows the photos of the VeilShield and the fabricated
prototypes of the antenna. Fig. 11(a) indicates reasonably
high optical transparency of VeilShield. Fig. 11(b) confirms
the high optical transparency of the fabricated prototype by
the clear visibility of the printed logo and text through it.
The small 43 mm X 2 mm radiating element, made from
flexible conductive mesh sheet, takes up approximately 2.5%
of the antenna area. The optical transparency of this small
section is around 70% [31] and the rest of the antenna,
composed of water and PDMS, has an optical transparency
close to that of PDMS. Fig. 11 (c¢) demonstrates that the
fabricated prototype is highly flexible and can be used in
conformal operations without breakage. The proposed antenna
can withstand harsh mechanical stress and can be used in wet
and humid conditions. As is, it will freeze around 0°C but
by adding a transparent anti-freeze, such as those added to
car radiators, its freezing point may be brought down to very
low temperatures. RF properties of such additives are not well
known at present, so this aspect is beyond the scope of this

paper.

V. EXPERIMENTAL RESULTS

The performance of the antenna was tested in both free-
space and on-phantom. The suitability of the antenna to
operate near human body was examined by measuring its
performance on a human-muscle-equivalent ultra-wide-band
(UWB) homogeneous semi-solid flat phantom of dimensions
200 mm x 200 mm x 47 mm. The phantom was manufactured
by adopting the technique as described in [35], by using
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Fig. 11.
antenna prototype, (c) Antenna bent to a very low radius.

(a) A VeilShield sample demonstrating its transparency, (b) The

deionized water (85.15%), agar (2.64%), polyethylene powder
(PEP) (10.52%), sodium chloride (0.18%), TX-151 (1.46%)
and sodium dehydroacetate (0.05%). The electrical properties
of the phantom, measured using an Agilent 85070E Dielectric
Probe Kit, imitates the electrical properties of human muscle in
a wide frequency range, which includes the operating band of
the antenna prototype. To represent the practical applications
of the antenna on a human body with garment in between, a
5 mm gap was allowed between the antenna and the phantom
by using a rectangular block of foam as shown in Fig. 12(a).
For testing the robustness, the prototype was wrapped around
the wrist of a human-hand-shaped phantom having a bending
radius of 28 mm as shown in Fig. 12 (b). This phantom was
also fabricated by using the same materials as the flat phantom.
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(b)

Fig. 12. Photographs of the antenna measurement set-ups: (a) on a flat
phantom, (b) wrapped on a human-hand-shaped phantom.
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Fig. 13. Predicted and measured |S|;| of the water antenna in free space, on
a flat phantom and under bending.

The predicted and measured results of the magnitude of
input reflection co-efficient (|Sy|) are illustrated in Fig. 13.
The |S};| measurements were accomplished with an Agilent
N5242A PNA-X. A strong correlation between the predicted
and measured free-space results can be observed in the
displayed results. In free space, the measured 10-dB return
loss bandwidth of the antenna is approximately 170 MHz
(~2.37-2.54 MHz). Measured |S|;| on flat-phantom shows
that the phantom has little effect on both resonance frequency
and matching. However, the antenna still covers the desired
2.45 GHz band and good matching is still maintained. This
demonstrates the shielding effect of the water reflector and
the suitability of the antenna for operation in human-body
environment. |Sy;| result on the bent-phantom indicates a
downward shift of the resonance frequency under bending
due to the effect of the elongated current path. It is worth
mentioning that the antenna is physically and electrically
stable under bending and continues operation in the desired
band in the bended case.

The normalized predicted and measured far-field radiation
patterns of the antenna are plotted in Fig. 14. These patterns
were measured using the NSI700S-50 spherical near-field
antenna range at the Australian Antenna Measurement Facility
in CSIRO, Marsfield, Sydney, Australia. The results show
that the antenna produces a unidirectional radiation pattern,
confirming the validity of the proposed design method. The
measured peak gains and efficiencies of the antenna from 2
to 3 GHz are plotted and compared with the predicted values
in Fig. 15 and Fig. 16, respectively. In the operating band, a
maximum measured peak gain of 3.2 dBi is achieved with a
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Fig. 14. Predicted and measured normalized far-field radiation patterns (in
dB) of the antenna: (a) XZ plane, (b) YZ plane.
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—_
1=
S

e Predicted [ |
ok Measured [ |

o

3
S S

3

S o

el .
9. o Feran,,
4 LI Yo S %

Tod R

F T -
=)
&

=

A '....adl‘"

PY XS Kol
Rt g

&

Radiation efficiency (%)

_-
S o S S

)

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

Fig. 16. Predicted and measured radiation efficiency of the antenna versus
frequency.

radiation efficiency of 51%. It is worth mentioning that the
fabrication inaccuracy and the presence of tiny air bubbles
have contributed to small discrepancies between the predicted
and measured results. Moreover, the silver-epoxy connection
between the SMA connector and the conductive mesh dipole
may also have affected some measured results.

Finally, to explore the effectiveness of shielding provided by
the water reflector and compatibility of the new antenna with
wearable wireless systems, its SAR was numerically assessed
by placing the antenna 5 mm above a 200 mm x 200 mm
x 47 mm human-muscle-equivalent flat-phantom. The SAR
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Fig. 17. SAR distribution in human-muscle-equivalent flat-phantom at 2.45
GHz: (a) 3-D view, (b) cross-sectional view.

was computed in CST Microwave Studio by applying 0.1 W
input power and averaged over 10 g of tissue. The numerically
computed maximum 10 g-averaged SAR was 0.379 W/kg,
which is below the SAR limit of 2 W/kg as specified in IEEE
C95.1-2005 standard [36]. So, the water reflector provides
effective shielding against the antenna’s back radiation towards
body and it functions like the metal ground plane in a patch
antenna. The SAR investigation demonstrates that this antenna
can be used in wearable applications and input power level
can be increased to about 0.5 W without exceeding the IEEE
SAR limit. Fig. 17 shows the predicted SAR distribution in the
human-muscle-equivalent flat phantom. It is worthy to mention
here that the thickness of the water layer impacts the SAR;
for 4.5 mm thick water layer, the computed maximum 10 g-
averaged SAR reduces to 0.261 W/Kg. Moreover, the body
itself can serve as a water-based reflector, without needing the
water bolus, but the resulting high SAR and low efficiency
make such an arrangement inappropriate for wearable wireless
systems.

VI. CONCLUSION

A novel design of a highly flexible, durable and optically
transparent antenna with a patch-like unidirectional radiation
pattern has been demonstrated. The high permittivity of pure
water, enclosed inside flexible transparent polymer cavity, is
utilized to make a reflector to transform the bidirectional
radiation pattern of a dipole to a unidirectional broadside
pattern. The small dipole strip itself is made from flexible
transparent conductive mesh, and hence, the antenna is highly
flexible, robust and transparent. A comparison between salt-
water and pure-water reflectors confirms that both can function
as a reflector but a pure-water reflector leads to a significantly
higher antenna gain and efficiency when compared with a
salt-water reflector, especially for small gaps between the
radiating dipole and the reflector, due to excessive loss in
salt water. The antenna is made from low cost and readily
available materials using 3-D printed molds. The fabrication
process is simple, inexpensive and reproducible. This antenna
has smaller lateral dimensions than other reported (inflexible)
water-based antennas having unidirectional radiation patterns.

For the unique properties of high flexibility, robustness, optical
transparency, good RF performance and ease of fabrication,
the demonstrated method is appropriate for production of
robust flexible transparent antennas as well as some flexible
transparent RF components.
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