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ABSTRACT In the group of liquid antennas, water antennas have attracted tremendous popularity due
to the excellent electrical and mechanical properties of water. Pure water is a high permittivity dielectric
liquid which comprises high dielectric constant and very low electrical conductivity. While the electrical
conductivity of pure water is very low, salt-water has good electrical conductivity. The electrical conductivity
of salt- water can be controlled by adjusting the ratio of salt content (salinity) in the water solution. Both
pure water and salt water has excellent optical transparency, liquidity, flexibility and easy availability, thus,
become excellent candidates in antenna manufacturing. Pure water is utilized as the dielectric component
of the antenna and generally used in the development of dielectric resonator antennas, whereas salt-water is
used as the conductive part of the antenna replacing metallic conductors. Some antennas have also utilized
both the pure water and salt water for improved performance. In the literature, different classes of antennas
can be found that have been developed by utilizing water. In this review paper, we have highlighted the
state- of-the-art designs of water-filled antennas, highlighted the major challenges towards the development

of water-filled antennas and presented the novel applications and prospects of water-filled antennas.

INDEX TERMS Antenna, conformal, liquid, reconfigurable, transparent, water.

I. INTRODUCTION

In wireless communications, antennas play the most vital
role in signal transmission, reception and overall network
performance. In traditional radio communications, antennas
are made with copper and rigid dielectrics, but over time,
the applications of antennas have been spreading in new
and diverse platforms, such as wearable technologies, track-
ing and navigations, surveillance, energy harvesting, smart
cities, vehicullar communications, sports etc. With booming
demand, a lot of different types of antennas have been de-
veloped by the researchers. The properties of these antennas
are significantly different from the conventional antennas
made from copper and conventional dielectrics. For example,
flexibility, stretchability, transparency, and reconfigurability
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are not common in conventional antennas. Apparently, these
new antennas are developed from unconventional materials.
Mostly used unconventional materials for antenna fabrication
include textiles [1], polymers [2], papers [3], graphene [4],
carbon nanatubes [5], conductive oxides [6], [7], [8] and
conductive inks [9]. Apart from these materials, liquid met-
als, such as gallium [10], eutectic gallium indium (EGaln)
liquid metal alloy [11], [12], [13], gallium indium tin
(GalnSn) liquid metal alloy [14], and liquid dielectrics, such
as water [15] have attracted significant attention in recent
years.

Liquid materials have some special features which make
them unique in flexible and reconfigurable antenna man-
ufacturing. Liquid materials are filled inside other elastic
materials to achieve flexible/stretchable antennas. Liquid ma-
terials enclosed inside elastic materials follow the shape of
the enclosing materials, this easy deformable characteristic is
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utilized to design mechanically reconfigurable antennas [16].
Moreover, liquid materials enclosed by either elastic or rigid
materials can be easily pumped-in or pumped-out which
also offer a great opportunity in realizing mechanically
reconfigurable antennas. For example, the liquid materials
antennas [10], [11], [12], [13], [14] as mentioned in the pre-
vious paragraph are reconfigurable. Among liquid materials,
water is the most prominent for antenna realization because
water is multiple times less costly than liquid metals and
water is free from chemical reaction with other materials
which is highly beneficial in electronic devices. Water is opti-
cally transparent, easily available, inexpensive, non-toxic,
easily transportable and easily processable. Pure water is a
dielectric liquid having high dielectric constant and very low
electrical conductivity [17]. By mixing salt with water, the
electrical conductivity of water can be significantly increased
and the salt mixed water becomes a good conductor. Due
to these promising features, water is becoming a popular
material for unconventional antenna realization.

In literature, a considerable amount of research approaches
can be found on water-based antennas. Depending on the
type of water used in antenna fabrication, antennas can be
classified as pure water antennas, salt-water or sea-water
antennas and hybrid antennas. Pure water-based antennas use
pure water or distilled water as the dielectric components of
the antenna. The dielectric constant of pure water is very high
(nearly 80) [18], this high dielectric constant is utilized in
the radiation mechanism of the antenna. Generally dielectric
resonator antennas (DRAs) [19], [20], [21] are designed with
pure water. DRAs have some remarkable characteristics, such
as high bandwidth, good efficiency and compact size [22],
on top of these properties, water based DRAs can offer the ad-
ditional benefits of optical transparency, flexibility and cost-
efficient fabrication. In contrast to traditional DRAS, a new
type of pure water based antenna known as dense dielectric
patch antenna (DDPA) was developed in [23] which operated
more likely as a patch antenna instead of DRA. Section III of
this paper highlights the research instigations on pure water-
based antennas.

The electrical conductivity of water significantly increases
when salt is diffused with it. The electrical conductivity of salt
water is proportional to its salt content, and the saturated salt
water can achieve a conductivity of nearly 20 S/m [24]. Salt
mixed water is used as a replacement of metallic components
of the antennas. Most of the antennas designed with salt-
water are monopole type antennas [15], [25], [26]. However,
other types of antennas are also developed with salt water,
Section IV of this paper summarizes the works on salt water
based antennas.

Whereas, majority of water-filled antennas are developed
with either pure water or salt water, research approaches are
also available which utilized both pure and salt water for
improved performance. One such approach is [27] where
a highly efficient wideband hybrid monopole antenna was
designed using both pure water and salt water in a coaxial
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dual-tube topology. Some notable research approaches on
hybrid water antennas are demonstrated in Section V of this
paper.

Water is an ideal material for designing reconfigurable
antennas because of its liquidity. Different types of recon-
figurable antennas, such as frequency reconfigurable, pattern
reconfigurable and polarization reconfigurable antennas have
been developed utilizing water. In [28], a pattern recon-
figurable antenna was designed using water grating as a
reflector. A polarization-reconfigurable circularly polarized
spiral antenna designed with pure water was reported in [29].
A reconfigurable leaky-wave antenna utilizing periodic water
grating was reported in [30]. Section VI highlights some
successful research explorations of reconfigurable antennas
developed with water.

Water has also been utilized for the development of flexible
and optically transparent antennas. In [31], a flexible and
transparent wearable antenna was developed by using pure
water enclosed inside transparent and flexible cavity made
with polydimethylsiloxane (PDMS). In another research ap-
proach in [32], a frequency reconfigurable flexible and trans-
parent wearable antenna was developed by using pure water.
This antenna utilized varactor diode for continuous frequency
tuning. Section VII discusses the development of transparent
antennas and flexible antennas from water.

It is apparent that water is becoming a popular material
for unconventional antenna manufacturing. Different types of
antennas with excellent characteristics have been developed
with water. Water incorporates some potential benefits over
other liquid materials which make it attractive for antenna
realization. At the initial stage of the development of wa-
ter antennas, the major advantages were associated with
the attractive physical properties of water (low-cost, easy
accessibility, transparency and non-toxicity) rather than the
electromagnetic performance of the realized antennas. Most
of the water antennas were suffered from low-bandwidth and
poor radiation efficiency. However, in recent years, signif-
icant research investigations can be witnessed which have
explored the performance improvement techniques of water-
filled antennas. A considerable amount of works can be
found in the literature since the development of first water
antenna, but there is no comprehensive review article that
has summarized the state-of-the-art research approaches on
water-based antennas and discussed its characteristics under
different environmental scenarios. Other review articles on
liquid antennas, such as [33] and [34] have not solely fo-
cussed on the development of water antennas. For example,
the review article demonstrated in [33] only highlighted the
development of reconfigurable liquid antennas, the review
article demonstrated in [34] summarized the research in-
stigations on all types of liquid antennas including water,
but many new works on different types of water antennas
were not included there. So, a new comprehensive review
article summarizing all the novel works on water antennas are
highly essential. This review paper intends to fill this research
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gap. The major objective of our paper is to demonstrate the
electromagnetic properties of water, highlight the advantages
of water in antenna manufacturing, challenges towards the
development of water based antennas, recent progress in wa-
ter antenna development and the applications and prospects
of water antennas. This review article can attract significant
interests from researchers in diverse backgrounds who work
on unconventional materials based electromagnetic devices.

Il. CHALLENGES TOWARDS THE DEVELOPMENT OF
WATER-FILLED ANTENNAS

It is evident that water offers numerous opportunities in
developing flexible, stretchable, reconfigurable and low-cost
antennas. Water is available almost everywhere, it is optically
transparent, non-toxic, safe to handle, has high dielectric
constant, inexpensive and easily processable and easily de-
formable. However, there are some significant challenges
towards the development of antennas with water. Both pure
water and salt water are utilized in antenna manufacturing.
Pure water is a dielectric having high dielectric constant and
low electrical conductivity. Pure water is used as a dielec-
tric in the antennas, most of the antennas developed from
pure water are dielectric resonator antennas where water
enclosed inside holders are placed on top of metallic ground
planes. In some antennas, the high dielectric constant of
water is utilized to create a boundary condition for the inci-
dent electric fields and the water layer acts as an electric
wall, which reflects electromagnetic waves, like metallic
sheets. These antennas are named as dense dielectric patch
antennas [23], [35] where metallic patches are replaced by
water patches. However, either used in designing dielectric
resonator antennas or dense dielectric patch antennas, pure
water has high dielectric loss which degrades antenna effi-
ciency. Figure 1 exhibits the dielectric properties of water
at different temperatures at the frequency range 1-1000 GHz
[18]. In can be seen that the dielectric loss of water is high.
Moreover, the dielectric properties of water are dependent
on frequency and highly sensitive to temperature variations.
These shortcomings limit the applicability of water antennas
in many real-life applications where antennas are exposed
to frequently variable temperatures, where high radiation
efficiency is required, and in millimetre-wave applications.
So, designers should take these factors into consideration
while designing water antennas and appropriately optimize
the antenna design to keep the overall losses minimum. One
of the notable of approaches of reducing the losses of the
dielectric resonator water antennas is to use low loss and low
permittivity thin substrate between the water tube and the
ground plane, which decreases the overall dielectric loss of
the antenna and improves the efficiency.

Like pure water, salt water also poses its own limitations in
antenna design. Salt water contains high concentration of salt
and poses good electrical conductivity, the conductivity of the
water is proportional to its salt content. Although salt water is
a good conductor, it is considered as an imperfect conductor
whose electrical conductivity is certain degree lower than
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traditional metallic conductors (i.e., copper or silver) and
when used in antennas as the radiating element, it suffers from
high conduction losses which leads poor antenna efficiency.

As water is a liquid, it needs a container to hold. The
mostly used materials for manufacturing the containers are
acrylic plastic, glass, Polyvinyl Chloride (PVC) and resin.
The properties of the container materials are crucially im-
portant for proper antenna operation. The materials of the
container should be robust to avoid any possible leakage,
especially in designing mechanically reconfigurable antennas
where the container frequently undergoes structural defor-
mations. The container should be sealed properly to avoid
possible short circuit and water evaporation. The materials of
the containers should be selected properly because their prop-
erties can have serious impacts on the antenna performance.
Moreover, bulky and heavy containers can increase the sizes
and weights of the antennas which should be avoided in
small circuit applications. While designing transparent anten-
nas with water, the containers also need to be transparent,
it imposes additional challenges to the fabrication of transpar-
ent containers while maintaining robustness and lightweight.
Another notable challenge of water antennas is the high
freezing temperature of water; water freezes just below 0°C,
it apparently creates problem in very cold places and satellite
applications. Moreover, the electrical properties of water vary
with the variation of temperature and humidity, it is a signif-
icant shortcoming of water-filled antennas because with the
change of electric properties of water, antenna characteristics
also shift which may jeopardize the design goal. To minimize
the environment impacts, sometimes additional chemicals
such as propylene glycol need to be mixed with water and
antenna characteristics need to be adjusted.

Like other liquid antennas, feeding the input electromag-
netic waves to the antenna is a major challenge. For proper
antenna operations, robust connection between the connector
and antenna input terminal are highly essential. But, this is
highly challenging in water based antennas because direct
connection to water is not possible which limits the selection
of the feeding mechanisms. Maintaining robust connection
is also quite challenging especially in reconfigurable water-
based antenna designs.

In-spite of having the aforementioned challenges, water
has been successfully utilized for antenna realization in a vari-
ety of applications. Researchers have successfully developed
wideband water antennas, efficient water antennas, water
antennas having compact size, flexible water antennas and
dynamic water antennas.

lll. PURE WATER ANTENNAS

As found in the literature, pure water was first used in antenna
realization in 1999 [36]. This first water antenna was a cylin-
drical multi-probe dielectric resonator antenna designed with
pure water. The antenna structure consisted of a water-filled
cylindrical tube made with plastic, the water- filled plastic
tube was assembled on an octagonal-shaped ground plane
(800 mm across the flat edges). The tube had a diameter of
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FIGURE 1. Dielectric constant (real part in the left axis and imaginary part
in the right axis) of water at different temperatures-(a) 10° C, (b) 30° C,
(c) 50° C and 70° C.(Reproduced from [18] with permission. Copyright ©
2007 AIP Publishing LLC).
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FIGURE 2. Structure of the first reported water-filled multi-probe
cylindrical DRA. (Reproduced from [36] with permission. Copyright ©1999
IEE).

550 mm and a height of 200 mm. Figure 2 shows the structure
of this first water antenna.

Since the development of first water-filled antenna, a num-
ber of different types of antennas have been developed with
pure water. Although most of the pure water based antennas
are dielectric resonator antennas, other types of antennas are
also realized using pure water, including dense dielectric
patch antenna using either metallic ground plane [37] or
water based ground plane [35], short backfire antenna [38]
and horn antenna [39]. Since the development of first water
antenna, remarkable advancements can be witnessed in this
highly demanding field. In the last few years, successful
research investigations have been demonstrated to improve
the radiation characteristics of the water antennas, make
the size of the antennas small, realize circularly polarized
antennas, develop improved feeding mechanisms or make
reconfigurable antennas using water. For example, a rect-
angular compact dielectric resonator antenna designed with
pure water was studied in [20]. In [40], an electrically small
hemispherical shape dielectric resonator antenna utilizing
pure water was developed. The overall size of the reported
antenna was only A/18. By using pure water, three new types
of antennas were realized in [41], these antennas were Vee
antenna consisting of two tilted pure-water rods, a normal-
mode helix antenna producing circular polarization, and an
array of titled pure-water monopoles generating omni- direc-
tional circular polarization. A wideband circularly polarized
(CP) patch antenna using pure water in the patch and ground
plane was realized in [42]. The water patch was square in
shape incorporating two diagonal truncated corners for gener-
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FIGURE 3. Structure of the dense dielectric patch antenna developed
in [37]. (a) Top view. (b) Side view. (c) Perspective view. (Reproduced
from [37] with permission. Copyright ©2013 IEEE).

ating CP radiation. The antenna was fed through an L-shaped
metallic probe for achieving wide impedance bandwidth. The
antenna achieved an impedance bandwidth of 29%, a 3 dB
axial-ratio (AR) bandwidth of 8.0%, and a maximum radia-
tion efficiency of 48%. This section briefly highlights some
recent notable research approaches towards the development
of pure water based antennas.

By using pure water, a new type of patch antenna was
developed in [37] which was named as dense dielectric patch
antenna (DDPA). In this antenna, the metallic patch was
replaced by a high permittivity thin dielectric (water) slab
called dense dielectric (DD) patch. The reported antenna
topology is shown in Figure 3. This newly developed antenna
topology consisted of a circular-shaped DD patch having a
radius of 12.5 mm, which was placed on top of the dielectric
substrate. The substrate was built with two layers of differ-
ent materials both had the dielectric constant of 2.94. The
substrate was square in shape having a length of 100 mm
and thickness of 0.762 mm, which was located on a double
sided PCB, the top surface had a slotted ground plane and
a 50-Q2 microstrip line was printed on the bottom surface.
The microstrip line had an open ended quarter wavelength
stub extended from the edge of the slot. Input signal was
fed through the other end of the microstrip line by an SMA
connector. From the operation of the antenna, it was revealed
that fundamental 7M1 cavity mode was excited in the space
between the circular dielectric patch and the metallic ground
plane, which looked like the excitation of a circular microstrip
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FIGURE 4. Geometry of the L-probe fed wideband water dielectric patch
antenna developed in [23]. (a) Perspective view, (b) Side view, (c) Top
view of the water patch with L-probe. (Reproduced from [23] under a
Creative Commons Attribution 4.0 International License (CC BY 4.0)).

patch antenna. So, the antenna operated as a patch antenna
rather than a DRA. In contrast to the conventional patch
antennas, here the metallic patch was replaced by the high-
permittivity dielectric patch, which is advantageous for mil-
limeter wave applications. In millimeter-wave frequencies,
conduction losses of metals contribute to the severe effi-
ciency degradation of the antennas. If the metallic patches
are replaced by this type of dielectric patch then the losses
can be avoided and efficiency degradation can be minimized.
The explored DD patch antenna in [37] was operated at
3.98 GHz frequency having an impedance bandwidth of 1%
and a gain of 5.6 dBi. The gain was 0.5 to 1 dB higher than
the conventional rigid DRAs. The reported efficiency of the
antenna was 95% at 3.95 GHz.

In 2015, another water dense dielectric patch antenna
(DDPA) was reported in [23]. The geometry of the antenna
is illustrated in Figure 4. This antenna consisted of a rect-
angular box made with plexiglass to hold the water, this
section acted as the dielectric patch of the antenna. Another
larger hollow rectangular plexiglass box was placed under-
neath the patch, which acted as the support for the patch.
This hollow box was supported by a metallic ground plane.
As the supporting box was hollow, the medium between the
patch and ground plane was air which acted as the low-loss
substrate of the antenna. The antenna was fed through an
L-shaped probe which is a popular connection mechanism
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FIGURE 5. Photographs of the fabricated water dielectric patch antenna
developed in [23]. (a) Structure, (b) Side view, (c) Antenna under test.
(Reproduced from [23] under a Creative Commons Attribution

4.0 International License (CC BY 4.0)).

for wideband metallic patch antennas. In this design, the
L- probe feeding incorporated the ease of fabrication because
it avoided the need for physical connection to the water
patch. The prototype of the water patch antenna is shown in
Figure 5. From the numerical investigations of the antenna,
it was found that water functioned as an electric wall and
TM cavity mode was excited between the water patch and
metallic ground plane. The antenna produced unidirectional
patterns, like patch antenna and achieved low back-lobe and
low cross polarization level. As the antenna was transparent,
it was integrated with six-cell solar panel as shown in Figure 6
and achieved excellent performance with the solar cell. The
bandwidth, gain and radiation efficiency of this water patch
antenna alone were 8.02%, 7.34 dBi, and 60%, respectively;
with solar cell, these values were 7.6%, 6.7 dBi and 53%,
respectively. When operated with solar cells, the radiation
efficiency was slightly compromised due to the associated
dielectric loss of the silicon substrate, but the bandwidth and
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FIGURE 6. Prototype of the water dielectric patch antenna integrated with
solar cells. (Reproduced from [23] under a Creative Commons Attribution
4.0 International License (CC BY 4.0)).

gain were not significantly degraded. It was suggested that
the bandwidth could be improved by tuning the position of
the L-probe. Because of its excellent features, the antenna
was demonstrated as an excellent candidate for transparent
wireless device.

Until 2017, the reported water-based patch antennas uti-
lized metallic ground planes which jeopardized the over-
all optical transparency of the antenna. In 2017, a new
type of water patch antenna was developed by Sun and
Luk [35], which used pure water in both the patch and
ground plane. The water was held inside transparent plexi-
glass made circular container, which had a dielectric constant
of 2.7 and dielectric loss tangent of 0.008. Plexiglass was
selected because of its optical transparency and this glass
can be cut into thinner sheets than other glasses, thus,
it would not make the antenna bulky and heavy. The important
feature of the developed antenna was its excellent trans-
parency. The antenna topology comprised of three main parts,
i.e., the water made patch, the water made ground plane,
and the disk-loaded feeding probe. Air acts as the dielectric
medium between the patch and ground. From the numerical
analysis of the antenna, it was revealed that most of the
electric field excited by the disk loaded probe were confined
between the water patch and ground which was caused due
to the high dielectric contrast between the water and air.
Compared to the space between the water patch and ground,
negligible electric field existed in the patch and ground itself,
demonstrating that the antenna worked in patch mode rather
than working in the dielectric resonant mode. The antenna
showed excellent electromagnetic performance having wide-
band omnidirectional conical beam radiation pattern with
small cross-polarization level. The antenna achieved 35%
impedance bandwidth from 2 to 2.85 GHz, the realized gain
was varied between 1.5 to 4 dBi in this frequency band and
the radiation efficiency was varied from 57% to 82%.

A modified dense dielectric patch antenna utilizing pure
water was investigated in [43]. In this water DDPA, the dielec-
tric loss of water had less impact on the radiation efficiency
of the antenna, thus, the antenna became an efficient radiator.
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FIGURE 7. Geometry of the compact water patch antenna developed in

[43]. (a) Exported view. (b) Side view. (c) Left view. (Reproduced from [43]
with permission. Copyright ©2017 IEEE).

Moreover, the antenna was compact in size and incorporated
wide bandwidth. The configuration of this compact water
DDPA is depicted in Figure 7. The antenna comprised of
two acrylic plastic boxes located above a ground plane. The
bottom box occupied larger space than the upper box, which
was used as the support for the upper one. The top box was
used to hold the water. In this design, air acted as the dielec-
tric medium between the water patch and the ground plane.
The bottom acrylic plastic holder acted as the low-loss and
low-permittivity supporting substrate and reduced the overall
dielectric loss of the antenna. Moreover, the antenna was
excited in cavity mode which lessened the effect of the dielec-
tric loss of the water on the antenna efficiency. A T-shaped
shorting metal patch was incorporated to the left walls of the
holders, which subsequently reduced the resonant frequency
of the water patch and miniatured the size of the antenna.
The antenna occupied a dimension of 0.146 A x 0.078 A x
0.063 A which was quite smaller than other water antennas.
The coupling L-shape probe enhanced the bandwidth of the
antenna. The antenna achieved 6-dB return loss bandwidth
of 510 MHz (690-1200 MHz). The antenna had a gain of
2 dBi and achieved a radiation efficiency of 70%. Figure 8
illustrates the prototype of the new compact highly efficient
water DDPA. It can be seen that the antenna is optically trans-
parent because of the transparency of water and the use of
transparent plastic holder. Due to its transparency, compact-
ness and excellent electromagnetic performance, the antenna
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FIGURE 8. Prototype of the compact water patch antenna developed
in [43]. (Reproduced from [43] with permission. Copyright ©2017 IEEE).

was an efficient candidate for high efficiency compact circuit
applications.

Array antenna with water dielectric patch is also reported
in the literature [44]. Reference [44] developed a 2 x 2 water
dielectric patch antenna array for Wi-Fi network. Figure 9
exhibits the prototype of the water dielectric patch antenna
array. In this design, pure water layer was used as the dielec-
tric patch which replaced the copper patch of the traditional
microstrip antennas. The array was fed through an H-shaped
slots. The array achieved an 10-dB impedance bandwidth
of 420 MHz (2.23 to 2.65 GHz) and a maximum gain of
12.8 dBi.

It is explicit that significant research progress has been
made on antennas designed with pure water. The operation
of these antennas is based on the high dielectric constant of
pure water. Initially almost all of the developed antennas from
pure water were dielectric resonator antennas (DRAs) where
pure water was used as the dielectric resonator. In most of
these designs, water was hold by transparent glass or plastic
materials to make the antennas transparent. The liquidity
and optical transparency of pure water were the most attrac-
tive features of these water based DRAs. After successful
applications of water DRAs, new types of DRA known as
dense dielectric patch antenna (DDPA) was developed where
metallic patch was replaced by water based dielectric patch.
The working principle of this DDPA was similar to a patch
antenna rather than DRA. The initial design of the DDPA
used metallic ground plane, but later the metallic ground was
replaced by water based dielectric ground plane which made
the antenna geometry entirely transparent. DDPAs can offer
promising performance in millimeter wave applications; in
millimeter wave bands, the metallic loss of the patches is sig-
nificantly high which degrades antenna efficiency, by replac-
ing the metallic patches with dielectric patches, this metallic
loss can be avoided. Moreover, the transparent DDPAs can be
unobtrusively integrated on the existing infrastructures and
visually imperceptible communication network can be made.
However, in spite of having some remarkable advantages,
pure water has high dielectric loss which degrades antenna
efficiency. Some recent research approaches developed new
techniques to minimize the overall antenna losses, one of
these techniques is using a low-loss and low-permittivity sup-
porting substrate underneath the water resonator. Moreover,
research investigations can be witnessed which have tried to
enhance the bandwidth by modifying the feeding mechanism
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FIGURE 9. Prototype of the water dielectric patch antenna array
developed in [44]. (Reproduced from [44] with permission. Copyright ©
2015 IEEE).
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FIGURE 10. Structure of first reported salt-water monopole antenna.
(Reproduced from [26] with permission. Copyright ©2006 The Institution
of Engineering and Technology).

of the antenna. In addition, some research approaches devel-
oped compact DRA and DDPA. So, it is explicit that success-
ful research explorations have been made on pure water based
antennas which offer a lot of opportunities in a wide variety
of applications.

IV. SEA WATER ANTENNAS

Sea water or salt water has good electrical conductivity, sea
water is used as the conductor in antenna design. The conduc-
tivity of the sea water is proportional to its salt content, which
impacts the performance of the antenna. Basically monopole
antennas are designed with sea water [15], [25], [26], how-
ever, other types of antennas, such as half-loop antenna [45],
fan-shaped antenna [46] have also been realized with sea
water as reported in the literature. The first salt- water
monopole antenna was reported in 2006 by Fayad and
Record [26]. The reported antenna was a wideband monopole
antenna. Figure 10 shows the geometry of this first salt water
antenna. A vertical tube made from polyvinyl chloride (PVC)
was mounted on a 25 x 25 cm? ground plane. The tube was
filled with sea water. The performance of this water monopole
antenna was investigated with varying salt content (salinity)
of the water, and it was found that bandwidth was increased
with the increase of salt content. It was explained from the
series resonant model of the monopole antenna that with
the increase of the salinity of water, the equivalent radiation
resistance of the antenna was decreased which degraded the
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FIGURE 11. Geometry of the water monopole antenna. (Reproduced
from [47] with permission. Copyright ©2012 IEEE).

dielectric

performance. It was also explored that when the salinity was
reached 6 ppt, the antenna stopped resonating.

Since the introduction of the first salt-water monopole
antenna in [26], a number of water monopole antennas were
developed with different feeding mechanisms, such as di-
rectly inserting a feeding probe into the water [26], loading
the feeding probe with nut and washer [15], incorporating
a dielectric base between the water and ground plane [47]
and different approaches to improve the performance of the
antenna.

The performance of a sea water monopole antenna for
varying the properties of water was investigated in [47]. The
embodiment of the antenna as sketched in Figure 11 consisted
of a PVC (relative permittivity = 4) tube to hold the water,
the tube was mounted on a ground plane, a foam layer was
used to isolate the water from the ground plane. In this work,
the impact of the conductivity of the water on the radiation
efficiency of the antenna was studied. It was found that when
the conductivity of water increased from 107 t0 1073 S/m,
the efficiency of the antenna was dropped from nearly 100%
to 80%, here the antenna functioned as high permittivity
DRA. When the conductivity of water varied between 103
S/m and 10% S/m, the antenna worked as a combination of
dielectric resonator and conducting antennas, and the effi-
ciency remained below 80%. When the conduc- tivity of
water exceeded 102 S/m, the water antenna acted like a con-
ventional conducting antenna and the efficiency reached over
80%. The impact of the insulator material on the bandwidth
and efficiency of the antenna was also investigated. Between
the water tube and ground plane, three different insulator
materials, i.e., Foam (relative permittivity 1), Teflon (relative
permittivity 2.1) and Paxolin (relative permittivity 5.5) were
used, and antenna bandwidth and efficiency were numerically
investigated. It was found that foam base accomplished the
widest 10-dB impedance bandwidth and highest efficiency.
It was concluded from the study that low-permittivity and
low-loss insulator underneath the water tube provided better
bandwidth and radiation efficiency of the antenna.

An efficient sea-water monopole antenna operating at very
high frequency (VHF) band for maritime wireless communi-
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FIGURE 12. Geometry of the sea-water monopole antenna incorporating
improved radiation efficiency. (Reproduced from [48] with permission.
Copyright ©2014 IEEE).

cations was demonstrated in [48]. The demonstrated antenna
achieved high radiation efficiency because of the utilization
of efficient feeding structure and thick sea-water cylinder.
The configuration of the antenna is depicted in Figure 12.
This vertical sea-water monopole was assembled on a Teflon
base and sealed with silicone gasket. The Teflon base was
backed by a metallic ground plane. A clear acrylic tube was
used to hold the water. Because of the transparency of the
tube, the structure of the monopole antenna was optically
transparent except the ground plane, Teflon base and the
feeding probe. The feeding probe was loaded with an alu-
minum disk which improved the excitation of the TM mode
of the monopole. To excite the desired TM mode, the acrylic
tube and the feeding probe were concentrically mounted.
It was found from the numerical analysis that the radiation
efficiency of this water monopole antenna was increased
gradually with the increase of the water cylinder’s radius
(as well as water radius) or the conductivity of the water
which followed the theory that thinner water stream incor-
porated higher loss resistance and decreased the radiation
efficiency [49]. The prototype of the sea-water monopole
antenna is exhibited in Figure 13. The monopole antenna
achieved an impedance bandwidth of 27.5% and the radi-
ation efficiency varied between 50.2% and 72.3% over the
observed frequency band of 40-200 MHz.

Another efficient sea-water monopole antenna was de-
signed in [25]. This work was an advancement of the authors’
previous work as described in [48]. The demonstrated feeding
technique in [48] was only suitable for static-type water-filled
monopole antennas. It can be noted that static- type water
monopole antennas have some shortcomings in practical
applications, especially in high frequency (HF) or ultra-high
frequency (UHF) operations because in these frequencies,
the water monopoles require very long tubes mak- ing
the assembly process difficult and sometimes unrealistic.
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FIGURE 13. Photograph of the sea-water monopole antenna
incorporating improved radiation efficiency. (Reproduced from [48] with
permission. Copyright ©2014 IEEE).

Dynamic-type water monopole antennas are more realistic in
real-life applications because they are fast in terms of recon-
figurability and they do not require very long holder. In [25],
a dynamic-type water monopole antenna was developed that
incorporated a shunt-excited feeding method that was very
efficient for feeding dynamic-type water monopole antennas.
In the demonstrated work, both the static and dynamic-type
water monopole antennas were developed with this feeding
technique. Figure 14 exhibits the configurations of the shunt-
excited water monopole antennas of static and dynamic type.
The proposed feeding structure consisted of a conducting
tube and a I'-shape feeding arm connected to the conduct-
ing tube near the top. A matching network, protected in a
waterproof plastic box, was inserted to the feeding arm at the
bottom to maintain good impedance matching. The sea-water
was hold by a transparent acrylic tube vertically mounted on
the conducting tube. Figure 15 and Figure 16 illustrate the
photograph of the static-type sea water monopole antenna
and dynamic-type sea water monopole antenna, respectively.
The dynamic type antenna was tested in a real sea-side envi-
ronment. A thick sea-water stream was produced by pumping
the sea water and jetted through the conducting tube, this
water stream formed the monopole having a height of nearly
1 m. The large sea surface acted as the ground plane for the
antenna. The dynamic type water monopole antenna achieved
a radiation efficiency of 56.2% at 56.5 MHz.

A sea-water half-loop antenna operating at the VHF band
was developed in [45] for maritime wireless communica-
tions. The geometry and prototype of the antenna are shown
in Figure 17. As shown in Figure 17, the antenna was
tested in real sea-side environment. The antenna was fed by
a capacitively-couple feeding structure. The sea water half
loop was formed by first pumping the sea-water into the
metallic tube and then shot out the water stream from the
tube. The explored antenna was easily reconfigurable and it
could be turned off in real time, making it compatible for
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FIGURE 14. Geometry of the shunt-excited sea-water monopole antennas
developed in [25]. (a) Static-type. (b) Dynamic-type. (Reproduced
from [25] with permission. Copyright ©2015 IEEE).

FIGURE 15. Photograph of the static-type seé-water monopole antenna
developed in [25]. (Reproduced from [25] with permission. Copyright ©
2015 IEEE).

FIGURE 16. Photograph of the dynamic-type sea-water monopole
antenna operated in real sea-side environment. (Reproduced from [25]
with permission. Copyright ©2015 IEEE).

maritime wireless communications. The antenna achieved an
impedance bandwidth of 27%, a gain of 2.4 dBi and radiation
efficiency of 35%.

Antennas developed with sea water have potential
applications in maritime wireless communications, opti-
cally transparent electronic platforms, millimeter-wave
communications and cost-efficient production of antennas.
The electrical conductivity and liquidity of sea water offer
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FIGURE 17. Sea-water half-loop antenna developed in [45]. (a) Antenna
geometry. (b) Fabricated prototype operating in real sea-side
environment. (Reproduced from [45] with permission. Copyright ©2015
IEEE).

promising characteristics in antenna manufacturing, such
as low cost, optical transparency and easy handling. In the
developed sea-water antennas, the conductive parts of the
antennas are realized with sea-water. Most of the sea-
water antennas are monopole type antennas where the basic
antenna topology comprised of a transparent water holder
tube, a ground plane and an insulator located between the
tube and ground plane. The performance of the antenna
depends on the conductivity of the water, radius of the
water monopole, the dielectric properties of the tube and the
properties of insulating material. From the literature survey,
it has been explored that higher conductivity of the sea water
increases antenna efficiency, whereas the per- mittivity and
loss-tangent of the insulator impact the band- width of the
antenna, it has been found that low-permittivity dielectrics
improve the bandwidth of the antenna. The radius of the
water monopole has significant effect on the efficiency of
the antenna, the efficiency increases with the increase of
the radius of the water monopole. Designing an efficient
feeding mechanism is one of the major concerns of sea
water antennas. Many research investigations concentrated
on designing the efficient feeding mechanism of the antenna.
Probe feed is the most popular feeding method of sea water
antennas. Some recent works have made some modifications
to the probe-feeding method to improve the performance. For
example, disk loaded feeding probe improves the efficiency
of the antenna. Capacitively-couple feeding method is also
an efficient feeding strategy for dynamic type sea water
antenna. Researchers have also developed dynamic sea-water
monopole antennas where the antennas operate in real sea-
side environment and the monopoles are formed by pumping
the water jet.

In-spite of having many promising features, sea water
has poor electrical conductivity compared to the traditional
metals, the poor conductivity degrades antenna efficiency.
The efficiency of the antenna can be improved by utilizing
high salt content water and higher radius water monopole;
however, the transparency and size of the antenna should be
concerning factors for these strategies. Another challenge of
the sea water antennas is their large height in UHF bands.

V. HYBRID WATER ANTENNAS

It is conspicuous that water has been utilized in antenna
manufacturing for versatile applications. As found in the
literature, water used in antenna realization are either pure
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FIGURE 18. Geometry of the hybrid water antenna developed in [51].
(a) Monopole-ring antenna and (b) Monopole-conical antenna.
(Reproduced from [51] with permission. Copyright ©2015 IEEE).

water or salt water. However, most of the antennas devel-
oped with either pure water or salt water suffer from narrow
bandwidth and poor radiation efficiency. To improve the per-
formance of water antennas, different techniques have been
adopted by the researchers, such as loading the feeding probe
with a disk to improve the excitation of the TM mode [48],
loading of metal patches and metal rods to improve the
efficiency [50], and combining the water monopole with
dielectric resonators [51], [52], [53], [54].

While maintaining the transparency and liquidity, the most
effective technique of performance improvement of water
antennas is to utilize both the pure water and salt water
combining the conducting property of the sea water and
the dielectric property of the distilled water to improve the
performance of the antennas; these antennas are called hybrid
water antennas. Different research approaches can be found
in the literature that investigated hybrid water antennas for
improved antenna performance.

Reference [51] investigated two hybrid water antennas as
depicted in Figure 18. Figure 18(a) shows a hybrid water
antenna operating at UHF band which consisted of sea-water
monopole antenna and a distilled water ring antenna. This
hybrid structure achieved an impedance bandwidth of 102%
(52.5 to 162.5 MHz). Figure 18(b) depicts a hybrid structure
consisting of a sea-water monopole antenna and a distilled
water conical dielectric resonator antenna. This structure
achieved 129% impedance bandwidth which was higher than
the demonstrated hybrid structure in Figure 18(a).

In [26], salt was dissolved into pure water to modify its
dielectric properties, a monopole antenna was designed with
this water which achieved improved bandwidth (nearly 10%
impedance bandwidth). A broadband hybrid water antenna
implemented for hand-portable applications was demon-
strated in [55]. In [47], a hybrid water monopole antenna was
designed which achieved nearly 95% impedance bandwidth,
however, the antenna occupied large radius which limited its
applications in compact circuits. In a later research approach
as demonstrated in [56], a hybrid water monopole antenna
was developed which achieved 85% impedance bandwidth
without occupying very large area. The configuration of the
antenna is shown in Figure 19. Figure 20 illustrates the
prototype of the hybrid water antenna. This hybrid water
monopole antenna consisted of a vertical sea water monopole
surrounded by two distilled water resonators, these monopole
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FIGURE 19. Geometry of the hybrid water monopole antenna developed
in [56]. (Reproduced from [56] with permission. Copyright ©2017 IEEE).

FIGURE 20. Prototype of the hybrid water antenna developed in [56].
(Reproduced from [56] with permission. Copyright ©2017 IEEE).

and resonators were mounted on a common ground plane.
The vertical cylindrical sea-water monopole was positioned
on a Teflon-made base which provided isolation and pro-
tected from any possible short circuit. Sea-water was enclosed
by polyvinyl chloride (PVC) (dielectric constant 2.7) tube.
The resonances of sea water monopole and from pure water
resonators were combined and the bandwidth was enhanced.
From the analytical study, it was revealed that sea-water alone
had two resonances at 71.5 and 187 MHz; but the hybrid
structure had four resonance frequencies at 76, 115, 157,
and 169 MHz. So, the hybrid water antenna achieved a wide
impedance bandwidth of 85% (69 to 171 MHz), where 63%
bandwidth improvement was achieved with hybrid structure
as compared with the monopole alone. Radiation efficiency
of the antenna was varied between 40% and 74% in the
operating band.

A wideband hybrid water antenna was demonstrated
in [57]. The configuration and prototype of the wideband
hybrid water antenna is shown in Figure 21 and Figure 22,
respectively. The antenna consisted of a rectangular water
layer hold by an acrylic plastic container. An FR-4 substrate
was used underneath the holder, the substrate was backed
by a ground plane. An F-Shaped monopole was used as
the feeding probe which enhanced the bandwidth. Two cop-
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FIGURE 21. Configuration of the F-Shaped wideband hybrid monopole
water antenna developed in [57]. (a) Exploded view. (b) XOY plane view
(holder cover is hidden). (c) YOZ plane view. (d) XOZ plane view.
(Reproduced from [57] under a Creative Commons Attribution

4.0 International License (CC BY 4.0)).

FIGURE 22. (a) Prototype of the F-Shaped wideband hybrid water
monopole antenna developed in [57], (b) RC set-up for antenna efficiency
measurement. (Reproduced from [57] under a Creative Commons
Attribution 4.0 International License (CC BY 4.0)).

per patches were attached to the front and left side of the
rectangular holder, the patch loading reduced the resonant
frequency of the water DRA and, thus, minimized the size of
the antenna. The antenna achieved an impedance bandwidth
of 71.8% while maintaining low profile.

A co-axial dual-tube hybrid water antenna having
improved efficiency and wide bandwidth was reported
in [27]. In this paper, a single tube water monopole antenna
was also studied to evaluate how the performance of the
antenna was improved after incorporating hybrid structure.
The configuration of the co-axial dual-tube hybrid water
antenna along with single- tube water monopole antenna
is shown in Figure 23. Two co-axial transparent cylindrical
acrylic tubes were vertically installed on a cylindrical Teflon
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FIGURE 23. Geometry of the water monopole antenna developed in [27].
(a) Dual-tube monopole. (b) Single-tube monopole. (Reproduced
from [27] with permission. Copyright ©2018 IEEE).

(a) (b)

FIGURE 24. Photograph of the fabricated water monopole antenna
developed in [27]. (a) Dual-tube monopole and (b) Single-tube monopole.
(Reproduced from [27] with permission. Copyright ©2018 IEEE).

base backed by a ground plane. The bottom of the Teflon
isolated the ground from the water. The inner and outer
tubes were filled with dis- tilled water and salt water, respec-
tively. A vertical feeding probe was used to excite the water
monopole antenna. In this hybrid structure, multiple modes
were excited from the water monopole and the distilled-
water-loaded probe, which enhanced the bandwidth. More-
over, the hybrid structure im- proved the radiation efficiency
of the antenna. As compared to the single tube monopole
antenna, an improvement of the impedance bandwidth from
38.24% to 57.27% and an improvement of the radiation
efficiency from 15% to 47% and 52% to 84% in the operating
frequency range were witnessed for the dual-tube hybrid
structure. Figure 24 shows the prototypes of the coaxial dual-
tube hybrid water antenna along with the single-tube water
antenna.

A compact wideband transparent water patch antenna
employing both the pure water and salt water was developed
in [46]. Figure 25 depicts the configuration and perspec-
tive view of this water patch antenna. The antenna accom-
plished a fan-shaped cylindrical radiator which was made
with salt water, contained inside transparent resin container.
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FIGURE 25. Fan-shaped compact water patch antenna developed
in [46]-(a) Configuration and (b) Perspective view. (Reproduced from [46]
with permission. Copyright ©2022 IEEE).

FIGURE 26. Photograph of fabricated fan-shaped compact water patch

antenna inside the measurement chamber. (Reproduced from [46] with
permission. Copyright ©2022 IEEE).

The radiator was loaded with a sea water top disk, the fan-
shaped radiator and the loaded top disk jointly shortened
the overall dimension of the antenna without affecting the
impedance matching. A pure water reflector was used at the
bottom of the antenna structure which acted as the ground
plane, this water was also hold by transparent resin container.
The antenna was fed through an SMA connector. The antenna
achieved a wide impedance bandwidth of 82.5%, the mea-
sured radiation efficiency varied from 43% to 60% in the
operating frequency band and achieved a maximum peak gain
of 0.2 dBi. Figure 26 depicts the fabricated prototype of the
compact transparent water patch antenna located inside the
measurement chamber.

Utilizing both the pure water and sea water is a notable
progress of water antennas. Combining the high dielectric
properties of pure water and the electrical conductivity of
sea water improves the radiation properties of the antennas.
Hybrid water antennas comprise a variety of topologies, such
as sea water monopole loaded by one or more pure water
DRAs, mixing pure and sea water and form a monopole,
designing dual-tube monopole where one tube is filled by sea
water and another one with pure water, and pure water DRA
backed by sea water ground. The radiation characteristics
of the hybrid water antennas have improved performance
because of the formation of multiple resonances from the
pure and sea water resonators. However, the size of the hybrid
water antennas is quite large. The recent research approaches
have developed some innovative techniques to reduce the size
of the antenna, these techniques include loading one or more
metallic patches or disk to the antennas.
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VI. RECONFIGURABLE WATER ANTENNAS
Reconfigurable antennas can tune the operating fre-
quency [58], radiation pattern [59], polarization [60], [61],
direction of the main beam [62] and combinations of two
or more of these properties [63]. Reconfigurable antennas
have rising demands in wireless communications. Liquid
metals and liquid dielectrics are prominent candidates in the
realization of reconfigurable antennas. Water is a transparent
liquid which has excellent conformality. The length, height,
volume and shape of water can be easily modified and water
can be easily drained out from the tube, thus, water becomes
an excellent candidate for designing reconfigurable antennas.
Different types of reconfigurable antennas have been devel-
oped by using water which have provided good tuning of
operating frequency, radiation patterns and polarization.

A frequency reconfigurable DRA based on pure water was
developed in [64]. In this cylindrical DRA, water level was
varied from 95 mm to 276 mm and frequency was tuned
from 96.8 MHz to 59 MHz. A folded monopole probe, with
3 varicap diodes, was employed as the feed of the DRA, this
feeding technique maintained stable impedance matching for
variable water level.

A water helix antenna having polarization-reconfigur-
ability over a wide frequency band was demonstrated in [65].

A wideband water patch antenna having polarization diver-
sity was demonstrated in [66]. In this work, an adjustable cir-
cular shape plexiglass container was used to hold pure water,
this was used as the patch of the antenna. The antenna used
a metallic ground plane. The demonstrated antenna operated
in three different polarization states, utilizing three different
feeding port for each state.

A pattern reconfigurable monopole Yagi-Uda antenna
using sea-water was developed in [67].

A sea water antenna having beam-steering capability was
realized in [68]. This unique beam-steering antenna operated
at 13 different working states accomplishing good radiation
efficiency (60%), and gain (5.8 dB).

A reconfigurable short backfire antenna realized by pure
water was demonstrated in [38]. By controlling the water
flow in different layers of a cylindrical wave guide made
with transparent resin, the antenna was tunable between two
different functions. In function I, the antenna operated as a
short backfire antenna with pencil beam, whereas, in function
II, conical beam was produced from the antenna, the beam
angle was tunable through controlling the height of water
cylinder and water wall. In function I, the water short backfire
antenna achieved an impedance bandwidth of 11.3% and a
maximum gain of 10.8 dBi. In Function II, the beam angle
of the conical radiation beam was steerable between 25° and
60°. In function II, the antenna achieved an impedance band-
width of 5% and a maximum gain of 6.8 dBi for 25° beam
direction and 2.7 dBi for 60° beam direction, respectively.

Reference [39] explored a novel high gain water horn
antenna having pattern reconfigurability. The walls of this
horn antenna were realized by using pure water instead of tra-
ditional metals, this is the unique feature of this demonstrated
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FIGURE 27. Structure of the CP frequency-reconfigurable water antenna
developed in [24]. (a) 3D view. (b) Side view. (Reproduced from [24] with
permission. Copyright ©2016 AIP Publishing LLC).

antenna. A 3- D printed transparent resin box containing
interlayers were filled with pure water and acted as the walls
of the horn just like metallic walls of traditional horn anten-
nas. By con- trolling the water levels in these interlayers, this
water horn antenna was switched between two states, such as
H-plane horn state and leaky-wave state, producing two dif-
ferent radiation patterns. The demonstrated antenna achieved
wide impedance bandwidth in two states (2.5 to 5.2 GHz in
H- plane horn state and 2.6 to 5.7 GHz in the leaky-wave
state), high gain (maximum realized gain of 11.8 dBi for the
H- plane horn and 7.7 dBi for leaky-wave state) and more
than 90% radiation efficiency.

A circularly polarized (CP) wideband frequency reconfig-
urable pure water antenna having high radiation efficiency
and stable radiation pattern was developed in [24]. This
antenna achieved a continuous wide frequency tuning range
from 155 MHz to 400 MHz exhibiting an average radiation
efficiency of about 90% and good circular polarization in
the tuning range. The configuration of the antenna is shown
in Figure 27 and the prototype is shown in Figure 28. This
design used an specially designed acrylic container con-
taining 7 layers in the cross-section to hold the pure water
which functioned as the dielectric resonator, this resonator
was mounted on a conducting ground plane. The bottom layer
of the acrylic container acted as the low-permittivity substrate
between the ground plane and resonator. Incorporation of
the low loss and low permittivity thin substrate decreased
the effective loss tangent of the water resonator, thus, this
water resonator antenna incorporated much lower dielectric
loss than the traditional water resonator antennas, making it
an efficient water antenna. Moreover, the acrylic container
was specially designed so that water resonator’s height and
cross-sectional dimension were adjustable which lead to fre-
quency tuning without affecting the near-field distributions
and corresponding far-field radiation patterns of the resonant
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FIGURE 28. Prototype of the CP frequency-reconfigurable water antenna
developed in [24]. (a) The empty acrylic box. (b) The Archimedean spiral

slot. (c) 3D view of the prototype antenna partially filled with water.
(Reproduced from [24] with permission. Copyright ©2016 AIP Publishing
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FIGURE 29. Geometry of the design | of the water loaded polarization
reconfigurable antenna developed in [69]. (a) Cross-sectional view. (b) Top
view. (Reproduced from [69] with permission. Copyright ©2017 IEEE).
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FIGURE 30. Cross-sectional view of the design Il and IlI of the water
loaded polarization reconfigurable antenna developed in [69].
(Reproduced from [69] with permission. Copyright ©2017 IEEE).

modes. This CP frequency reconfigurable water antenna was
fed through an Archimedean spiral slot which functioned as
a frequency-independent feeding mechanism.

A single-feed water-loaded microstrip antenna having po-
larization reconfigurability was reported in [69]. Polariza-
tion agility was achieved by loading and controlling distilled
water cylinders located at the four corners of a square patch
antenna. By controlling the height of the water level inside
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FIGURE 31. Structure of the probe-fed unidirectional surface-wave
launcher utilized in the developed antenna in [30]. (a) Top view. (b) 0-O
cut plane. (Reproduced from [30] with permission. Copyright ©2014 IEEE).

the cylinders, the antenna was switched among linear polar-
ization (LP), right-hand circular polarization (RHCP) and
left-hand circular polarization (LHCP). Two design scenarios
were studied in this research. Figure 29 illustrates the con-
figuration of design I where the cylinders were installed on
top of the substrate of the square patch, whereas Figure 30
shows that water cylinders appeared between the ground
plane and substrate. The radius of the tube was the only
difference between design II and III. The tubes were identical
and made with PVC. From the numerical analysis, it was
found that water cylinders had more influence on the tuning
range of the antenna for design II or III as compared to
design I, it happened due to the stronger electric field in the
space between the patch and ground compared to the field
on the patch surface. When the heights of the water level in
the cylinders were same, the antenna operated in LP mode,
whereas, when the water heights were slightly different with a
specific difference, two degenerate orthogonal modes having
same magnitudes were excited and the antenna operated in CP
mode. The CP handedness was switched by simply swapping
the heights of the water level of the four cylinders. This
reconfigurable antenna achieved an excellent performance in
all polarization states. The 1-dB impedance bandwidth of
the antenna was 14.5 MHz and 3-dB AR bandwidth was
3.7 MHz. The antenna achieved an efficiency of over 75%
over the entire operating band at the three polarization states.
The antenna maintained a stable gain of nearly 6 dBi across
the entire operating frequency band for these three polariza-
tion states.

A pattern reconfigurable leaky-wave antenna using peri-
odic water grating on top of a grounded glass slab was
designed in [30]. The demonstrated antenna operated at
5.5 GHz band. The antenna topology consisted of a surface-
wave launcher and a periodic water grating. Figure 31, 32
and 33 exhibit the structure of the probe-fed unidirectional
surface-wave launcher, structure of the periodic water grat-
ing and the fabricated prototype of the water grating leaky-
wave antenna, respectively. The unidirectional surface-wave
launcher was probe-fed through a grounded glass slab. The
parabolic reflecting wall and the reflecting post were utilized
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FIGURE 32. (a) Perspective view of the periodic water grating structure
utilized in the developed antenna in [30]. (b) Side view of the periodic
water grating structure and the relevant structure of the grating layer
replaced by a uniform slab layer. (Reproduced from [30] with permission.
Copyright ©2014 IEEE).

FIGURE 33. Prototype of the fabricated dynamic water grating leaky-wave
antenna utilized in the developed antenna in [30]. (Reproduced from [30]
with permission. Copyright ©2014 IEEE).

to convert the cylindrical waves excited by the coaxial probe
to plane waves propagating through the grounded glass layer.
The gratings were formed by a series of narrow grooves cut
on top of the grounded glass slab. This glass wall separated
the adjacent grooves. By controlling the water flow in the
grooves, beam-pointing angle was drifted from -32° to 18°
within a gain ripple of 2.2 dB.

A broadband, low profile and circularly polarized water
spiral antenna having polarization reconfigurability was
reported in [29]. The reported antenna was an Archimedean
spiral antenna consisting of two water arms feeding by a
parallel stripline. The arms were located on top of a square
conducting plate, made with aluminum, to generate unidirec-
tional radiation patterns. A glass container made with acrylics
was used as the water holder for the antenna. The upper spiral
was used to produce left-hand circular polarization (LHCP)
and the lower one was used to produce right-hand circular
polarization (RHCP). By controlling the water level in the
channels, the polarization state was switched between LHCP
and RHCP. The geometry of the Archimedean water spiral
antenna and the fabricated prototype are shown in Figure 34
and Figure 35, respectively. The schematics of the polar-
ization states are demonstrated in Figure 36. The antenna
achieved an overall 10-dB impedance bandwidth of 40%
for both polarization states, the achieved radiation efficiency
was nearly 45%, and the gain was more than 6.3 dBi in the
operating band with a maximum achieved gain of 8.6 dBi.

Pattern reconfigurable antennas are highly useful in
compact circuit applications where it requires to move the
direction of the beams for establishing effective communi-
cations links between frequently variable transmitters and/or
receivers. However, most of the pattern reconfigurable anten-
nas are designed with active electronic devices which increase
the losses in high frequency applications. So, mechanically
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FIGURE 34. Geometry of the Archimedean water spiral antenna
developed in [29]. (a) Top view. (b) Side view. (Reproduced from [29] with
permission. Copyright ©2017 IEEE).
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FIGURE 35. Photograph of the fabricated water spiral antenna developed
in [29]. (a) Perspective view. (b) Side view. (Reproduced from [29] with
permission. Copyright ©2017 IEEE).
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FIGURE 36. Polarization-reconfigurable water spiral antenna developed
in [29]. (a) Two polarization cases. (b) Parallel stripline with two pairs of
thin metallic stubs. (Reproduced from [29] with permission. Copyright
©2017 IEEE).

reconfigurable antennas are efficient choices for tuning the
antenna characteristics. As mentioned before, shape, size and
volume of water are easily adjustable which have been uti-
lized to develop water-based pattern reconfigurable antennas.
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A pattern reconfigurable MIMO antenna using distilled water
was proposed in [70] where patterns were tuned by control-
ling the water level inside the holders made from acrylic plas-
tic. A good pattern tunability with high-isolation (>35 dB)
was achieved in this MIMO design. However, this design
required a large volume of water which made the antenna
bulky and heavy and the loading and unloading process of
water was quite slow, thus, this design was not appropriate for
compact high speed communication systems. A lightweight,
small and fast pattern reconfigurable antenna based on water
grating reflector was demonstrated in [28], whose configura-
tion is shown in Figure 37. The antenna is a planar circular
monopole constituting an arc-shape three sets of water grating
reflectors along the edge of the circular monopole with an
angular interval of 120°. The cylindrical hollow gratings were
made with photo-polymer resin in a 3-D printer. Each set of
grating consists of seven hollow cylindrical pipes. An arc-
shape hollow pedestal, inlet and outlet holes and a pressure
controlling system were used to load and unload the water
in the gratings. By loading and unloading water in these
gratings, three different mode, each having specific radiation
pattern directions, were achieved with this design. In Mode 1,
set 1 pipes were filled with water, but set 2 and 3 were empty;
in Mode 2, set 2 pipes were filled with water, but set 1 and 3
were empty; in Mode 3, set 3 pipes were filled with water, but
set 1 and 2 were empty. In Mode 1, the maximum radiation
beam direction was pointed towards 300° having a peak gain
of about 4.5 dBi. In Mode 2, the maximum radiation beam
direction was pointed towards around 180° having a peak gain
of about 4.1 dBi and in Mode 3, the maximum radiation beam
direction was pointed towards near 60° having a peak gain
of about 4.5 dBi. The fabricated prototype of the antenna is
illustrated in Figure 38.

Water is a prominent material for the realization of recon-
figurable antennas. The liquidity and optical transparency
of the water make it a suitable material for the develop-
ment of reconfigurable antennas. Most of the reconfigurable
water antennas achieve the frequency, pattern and polariza-
tion tuning by controlling the water level inside the container.
Achieving reconfigurability by controlling the water level is
considered as an efficient tuning method because it is free
from the losses induced from lumped electronic components.
However, designing efficient feeding method is often chal-
lenging in reconfigurable water antennas. Maintaining good
impedance matching in different operating states is certainly
challenging. Moreover, while controlling the water level
inside the container, there is a chance of leakage. To avoid
these challenges, wideband feeding method such as disk
loaded probe and robust materials are selected for fabricating
the container. The most promising advantage of water anten-
nas is the realization of pattern reconfigurable antennas by
mechanical tuning method. In literature, most of the pattern
reconfigurable antennas are realized with electronic tuning
method, whereas water based reconfigurable antennas can
be easily designed with mechanically controlling the water
level or changing the shape of the water. However, loading
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FIGURE 37. Configuration of the demonstrated pattern-reconfigurable
antenna developed in [28]: (a) front side. (b) back side. (Reproduced
from [28] under a Creative Commons Attribution 4.0 International License
(CC BY 4.0)).

Set2

(b
FIGURE 38. Prototype of the demonstrated pattern-reconfigurable

antenna in [28]: (a) Front side; (b) Back side. (Reproduced from [28] under
a Creative Commons Attribution 4.0 International License (CC BY 4.0)).

and unloading process of water inside the container should be
designed properly to avoid possible leakage and unnecessary
bulkiness and weight of the antenna.

VII. DEVELOPMENT OF TRANSPARENT ANTENNAS FROM
WATER

The most significant advantage of water is its transparency
and liquidity. Water is an excellent candidate for the devel-
opment of transparent antennas as well as flexible antennas.
Most of the research efforts towards the development of
water based antennas used transparent materials in the water
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holder, so these antennas have transparent geometries. From
the literature, it can be observed that most of the water
antennas used glass or plastic as the holder material. For
example, [24], [27], [29], [70] used transparent acrylics as the
material for the water holder, the structures of these antennas
are transparent except the ground plane.

Reference [35] used transparent plexiglass made container
to hold pure water, in this work, water was used to create
dielectric patch and dielectric ground plane, the antenna was
defined as dense dielectric patch antenna. The developed
antenna was fully transparent except the small feeding strip.

The wideband F-Shaped water monopole antenna devel-
oped in [57] was optically transparent. This antenna used
transparent acrylic plastic tube to hold the water. The topol-
ogy of the antenna was transparent except the ground plane.

A compact wideband optically transparent water patch
antenna was explored in [71]. In the explored design, both
the patch and the ground plane were realized from pure water
hold by plexiglass made container. An annular water ring was
mounted under the water patch which shifted the center fre-
quency from 2.3 GHz to 1.95 GHz, subsequently reduced the
corresponding size of the water patch by 28%. The antenna
was fed through a disk-loaded probe for maintaining wide
impedance bandwidth. The realized antenna achieved a wide
impedance bandwidth of 41.8%, maximum gain of 1.56 dBi,
and maximum radiation efficiency of 78%.

A transparent and highly efficient sea-water monopole
antenna operating at 2.4 GHz wireless local area network
(WLAN) band was developed in [72]. Figure 39 depicts the
configurations and fabricated prototype of the antenna. The
antenna consisted of a clear acrylic tube mounted on a ground
plane, which hold the sea water. The antenna was fed through
an SMA connector. To improve the excitation and, therefore,
to improve the efficiency of the antenna, a small metallic tube
with a metal disk at its base was attached to the feeding probe.
It was explored that the salinity of the sea-water degraded
the performance of the antenna, therefore, in this design, the
salinity of the sea-water solution was fixed at 35 ppt. Because
of the utilization of clear acrylic tube (having a transparency
of nearly 90%), the transparency of the antenna was very high
(nearly 85%). Figure 39 (b) demonstrates the high optical
transparency of the fabricated prototype, where the printed
Seoultech’s logo placed underneath the antenna is clearly
visible through the antenna. The antenna achieved 1.1 GHz
(2.1-3.2 GHz) impedance bandwidth, 2.3 dBi gain and 71%
radiation efficiency.

In [31], a research investigation was accomplished to
develop transparent and flexible unidirectional antenna using
pure water. In this research, a rectangular hollow container
was made from PDMS which is a transparent and flexible
polymer, so the container was highly transparent and flexible.
The hollow PDMS container was made by using 3-D printed
molds and heat-curing technology. Water was injected inside
the hollow container using syringe. The main radiator of
this antenna was an off-center-fed dipole which was real-
ized with transparent and flexible conductive fabric named
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FIGURE 39. The transparent sea-water monopole antenna developed

in [72]. (a) Cross-section view. (b) Prototype of the antenna placed on top
of a printed logo (c) Prototype inside the anechoic chamber for
measurement. (Reproduced from [72] with permission. Copyright ©2020
The Institution of Engineering and Technology).

VeilShield invented by Less EMF Inc., USA. The dipole was
mounted on top of the water layer hold by PDMS container.
The high dielectric contrast between the water and air (and
PDMS) lead to the reflection of the waves from the water
layer and the antenna functioned as a unidirectional antenna
like conventional patch antenna. The unique characteristic
of the antenna was its excellent transparency and flexibility.
As both the dipole radiator and water holder were made from
transparent and flexible materials, the entire antenna structure
was highly transparent and flexible. The antenna was unidi-
rectional and was intended to apply in wearable applications.
To assess its compatibility near human body environment,
it was tested on phantom and showed excellent performance.
In free space, peak gain and efficiency were 3.2 dBi and
56%, respectively, whereas on-phantom, the peak gain and
efficiency were 3.3 dBi and 50%, respectively. This antenna
was the thinnest water based unidirectional antenna. The
configuration of the water antenna is exhibited in Figure 40,
the fabricated prototype of the antenna is shown in Figure 41,
the bent view demonstrates the high flexibility of the antenna.

Applying similar technology of [31], a water based trans-
parent and flexible frequency reconfigurable unidirectional
antenna was developed in [32]. The antenna used similar
PDMS made water container. The main radiator of this
antenna was a folded dipole made from transparent con-
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FIGURE 40. Configuration of the flexible and transparent water antenna.
(a) Top view, (b) side view. (Reproduced from [31] with permission.
Copyright ©2020 IEEE).
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FIGURE 41. (a) A VeilShield sample demonstrating its transparency,
(b) The antenna prototype, (c) Antenna bent to a very low radius
curvature. (Reproduced from [31] with permission. Copyright ©2020 IEEE).

ductive fabric VeilShield where a varactor diode was inte-
grated to achieve frequency tunning. The tiny varactor diode
did not jeopardize the transparency and flexibility of the
antenna. Folded dipole radiator is a closed loop type antenna
which avoids the need of additional isolation inductor for this
varactor tunned frequency reconfigurable antenna. Isolation
inductors are often used in varactor tuned antennas to isolate
the biasing DC from the supply RF signals. The antenna
developed in [32] was highly transparent and flexible and
the antenna achieved a frequency tuning from 2.1 GHz to
3.2 GHz with peak gain varied between 2.1 dBi and 3.2 dBi,
and efficiency varied between 40% and 50%. The config-
uration of the water antenna is exhibited in Figure 42, the
fabricated prototype of the antenna is shown in Figure 43, the
bent view demonstrates the high flexibility of the antenna.

A wideband water patch antenna having high optical trans-
parency was developed in [73]. The novel L-shaped water
probe apparently enhanced the transparency of the antenna
and improved the impedance bandwidth. The fabricated water
patch antenna achieved a wide impedance bandwidth of
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FIGURE 42. Configuration of the flexible and transparent reconfigurable
water antenna. (a) Top view, (b) Side view. (Reproduced from [32] under a
Creative Commons Attribution 4.0 International License (CC BY 4.0)).
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FIGURE 43. Antenna prototype: (a) flat state, (b) bent state. (Reproduced
from [32] under a Creative Commons Attribution 4.0 International License
(CC BY 4.0)).

42.6% (1.48 to 2.28 GHz), maximum peak gain of 7.5 dBi
and a maximum radiation efficiency of 67%.

Water can be considered as the most promising material
for the development of transparent antennas. Water is almost
100% transparent using a transparent holder made from glass,
plastic or polymer making the antenna geometries highly
transparent. The earlier version of transparent water antennas
used metallic ground plane which diminished the overall
transparency of the antennas, but later some water anten-
nas were developed using water made ground plane which
was entirely transparent, recently water made feeding probe
has been developed which has made the antennas ideally
transparent.

VIil. PROSPECTS OF WATER ANTENNAS

Water is an excellent candidate for developing antennas and
microwave devices. Water is transparent, non-toxic, easily
available and low-cost liquid. The electrical properties of
water can be easily altered by mixing with salt. Water is a
liquid, so it is easily deformable, which attributes its excel-
lency in reconfigurable antenna design. The most prominent
application of water would be the development of transpar-
ent antennas, flexible antennas and reconfigurable antennas.
The global transparent electronics industry has a surging
market value. It is forecast that the consumer market of
transparent electronics will exceed 3800.39 million USD by
2026 [74]. The same study predicts 25% compound annual
growth rate (CAGR) of transparent electronics market for
the time period 2021-2026 [74]. However, the development
of transparent antennas as well as transparent electronics
is associated with some particular challenges, such as low
electrical conductivity of the transparent conductors, con-
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TABLE 1. State-of-the-art research approaches towards the development of water-filled antennas.

Ref. Ant. Type ‘Water Water used Feed Holder Freq. (GHz) Pol. BW (%) Gain (dBi) Effi Flex. Trans.
42 Truncated Patch Pure Patch and Ground L-shaped probe Resin 1.9 Cp 29 3.05 48 No Yes
37 Patch Pure Patch Microstrip NA 3.98 LP 1 5.6 95 No NA
23 Patch Pure Patch L-shaped probe Plexiglass 0.9 LP 8 7.3 70 No Yes
35 Patch Pure Patch and Ground Disk loaded probe Plexiglass 24 LP 35 4 82 No Yes
43 Patch with shorting Pure Patch L-probe Acrylic 0.7 LP 38.5 2 70 No Yes
44 Patch array Pure Patch Aperture couple NA 24 LP 17.21 12.8 NA NA NA
48 Monopole Salt Monopole Disk loaded probe Acrylic 0.065 LP 27.8 NA 723 No Yes
25 Dynamic Monopole Salt Monopole Shunt excited Acrylic 0.056 Lp 27 2.5 56.2 No Yes
45 Half-loop Salt Loop radiator Capacitive-couple Metal 0.110 LP 27 -0.2 35 No No
51 Monopole-DRA Salt-pure Monopole-Ring Disk loaded probe Acrylic 0.07 LP 102 32 79 No No
56 Monopole-DRA Salt-pure | Monopole-Resonator NA PVC 0.173 LP 85 1.1 74 NA No
46 Compact Patch Salt-pure Patch-Ground Water disk loaded probe Resin 2 LP 82.5 0.2 60 Yes No
38 Pattern recon short backfire Pure Waveguide Metal cone loaded probe Resin 4 NA 113 10.8 60 Yes No
39 Pattern recon Horn Pure Waveguide Probe Resin 4 NA 70.1 11.8 95 Yes No
24 Pattern recon DRA Pure Resonator Slot Acrylic 0.3 CP 82 6 90 Yes No
69 Pol reocn patch Pure Resonator Disk loaded probe PVC 0.8 LP/CP 48.5 6 75 No No
30 Pattern recon LeakyWave Pure Grating Probe-fed Glass 5 NA 50 22 60 No No
29 Pol recon spiral Pure Spiral Stripline Glass 1.6 LP/CP 40 8.6 45 Yes No
28 Pattern recon monopole Pure Grating Microstrip Resin 57 LP 1.75 4.5 NA Yes No
71 Compact patch Pure Patch-ground-ring Disk-loaded probe Plexiglass 1.95 LP 42 1.56 78 Yes No
72] Monopole Salt Monopole Probe Acrylic 24 LP 43 2.3 71 Yes No
31] Dipole with reflector Pure Reflector Microstrip PDMS 245 LP 6.94 32 51 Yes Yes
32] Freq recon dipole Pure Reflector Microstrip PDMS 2.38-2.67 LP 7 4.07 56.5 [ Yes Yes
73] Patch Pure patch-ground-probe L-shaped probe Plexiglass 1.9 LP 42.6 7.5 67 Yes No

tradictory relationship between the transparency and electri-
cal conductivity and high cost of transparent materials [7].
In contrast to the traditional thin films or metallic meshes,
water can be an excellent alternative in designing transparent
antennas.

Water has high liquidity which attributes its excellency
in realizing flexible antennas and reconfigurable antennas.
In recent years, the application of flexible antennas is contin-
uously rising, especially in wearable and biomedical appli-
cations. However, the traditional metals and dielectrics are
rigid, so are not feasible in flexible antenna development.
Different unconventional materials have been explored by
the researchers in flexible antenna development. As water
is a liquid, it can be an excellent candidate in flexible
antenna realization. Moreover, the liquid feature of water
makes it an attractive candidate in reconfigurable antenna
realization. Reconfigurable antennas are gaining popular-
ity in the modern compact circuit applications, reconfig-
urable antennas have potential applications in various civilian
and military communication networks, such as satellite and
radar technologies, aerospace communications, unmanned
airborne vehicle (UAV) radars, smart weapon controlling
and wearable technologies. Reconfigurability in antennas’
operations can be accomplished by physically altering anten-
nas’ geometries [58], [60], [61], [75] or integrating elec-
tronic components, such as PIN diodes [59], [62], varactor
diodes [1], photocon- ducting switches [63] or RF micro-
electromechanical (RFMEM) switches [76], [77] within the
antenna structures. The integrated lumped electronic compo-
nents incorporate losses and thus, antenna efficiency is com-
promised. Therefore, mechanical reconfigurability would be
preferred over electronic tuning for efficient antenna oper-
ations. As water is easily deformable, it would be an ideal
choice in reconfigurable antenna design.

Water can offer prominent opportunity for the development
of millimetre-wave broadband high gain antennas. It can
be noted that at millimetre-wave band, dielectric resonator
antennas would be better choice over metallic antennas
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because of the absence of high conduction losses in DRAs at
high frequencies [78]. Water can be used to design efficient
dielectric resonator antennas and transparent dense dielectric
patch antennas (DDPAs) for millimetre-wave band, similar to
the developed DDPA in [78].

Water can also be utilized to design all-dielectric metasur-
faces and metamaterials [79], [80] which can be employed
in designing high gain antennas. Metasurface is a promi-
nent invention in antenna technology, which manipulates the
radiation characteristics of the antennas and improves the
radiation performance. All-dielectric metasurfaces are low in
cost and free from conduction losses, thus, suitable for high
frequency operations. Water is a transparent dielectric, so it
can be used to design all-dielectric transparent metasurfaces
for high gain applications.

Table 1 summarizes some state-of-the-art research
approaches towards the development of water-filled antennas.
This table demonstrates various types of antennas realized
with pure water, salt water and both pure and salt water.
Different feeding mechanisms, materials used in water hold-
ers and the characteristics of the antennas are also exhibited
in this table. It is revealed that different types of antennas
have been developed with water, such as monopole antennas,
dielectric resonator antennas (DRAs), horn antennas, patch
antennas, half-loop antennas and spiral antennas. Moreover,
reconfigurable antennas, such as frequency, patterns and
po- larization reconfigurable antennas have also been suc-
cessfully developed from water. Different feeding mecha-
nisms have been employed in these water-filled antennas,
some of these feeding mechanism particularly utilized for
improved performance; for example, the disk-loaded, cone-
loaded L-shaped probes and the shunt-excited feeds have
been employed for improved bandwidth and radiation effi-
ciency. It can be seen that most of the water-filled antennas
used transparent plexiglass, resin and acrylic in the water
holders, which make the radiators or the resonators trans-
parent. Besides, the demonstrated works in [35], [46], [71],
and [73] used water in realizing both the patch and ground
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plane and used transparent materials in the holders, the entire
topologies of these antennas are transparent. In addition, the
demonstrated works in [31] and [32] used PDMS polymer
in fabricating the water holders, these antennas are appar-
ently transparent and flexible. So, it is evident that water
has tremendous opportunities in antenna design for future
wireless communications.

IX. CONCLUSION

This paper has highlighted the prospects of water for antenna
development. Water has some notable advantages that make
it a prominent candidate for the development of antennas
for the upcoming communication networks. It is obvious
that the application of antennas will spread in broader fields
in future, which needs conformal, reconfigurable, unob-
trusive and compact antennas. Traditional printed circuit
board (PCB) antennas cannot satisfy the required charac-
teristics for future unconventional applications of antennas,
so researchers are exploring new materials and fabrication
techniques. Water can be an effective alternative material for
antenna realization. Water is inexpensive, transparent, easily
available, easily transportable and non-toxic liquid, so can be
an ideal candidate for designing reconfigurable, transparent
or flexible antennas. Water antennas offer a lot of benefits
and, thus, open up a new avenue for antenna design in diverse
fields for future wireless technology. This paper has reviewed
the-state-of-the-art research works towards the development
of water based antennas. It is the first review paper which
briefly presents the novel research explorations of water
antennas. This paper has analysed the challenges associated
with the development of water antennas, discussed some
notable research approaches that investigated new techniques
to efficiently feed water antennas, broaden the bandwidth and
efficiency of the water antennas and develop reconfigurable,
transparent or conformal antennas with water. So, this paper
will be a good source of information for designing water-
filled antennas and can attract significant attention from the
research community.
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