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ABSTRACT This paper is concerned with the design of reconfigurable antennas based on pure water.
Being a transparent, flexible, and readily available liquid, pure water can form a cylindrical stream that can
be used to guide a leaky electromagnetic wave. By properly selecting the attenuation and phase constants
of the leaky electromagnetic wave, the radiation characteristics of water antennas can be designed to suit
different application requirements. By controlling the flow or size and shape of water, one can readily
realize reconfigurable antennas of different operating frequencies, radiation patterns, and polarizations.
Three novel antennas based on pure water are presented showing both simulated and measured results
for their radiation performance. Topics that are worthwhile investigating in the future are also suggested.

INDEX TERMS Circular polarization, linear polarization, liquid antenna, reconfigurable antenna, water

antenna.

I. INTRODUCTION

ECONFIGURABLE antennas have been exten-

sively investigated in the past decade and many
innovative designs have been proposed by numerous
researchers [1], [2]. One or more of the radiation perfor-
mances, such as the operating frequency, main direction,
and polarization, of the radiated electromagnetic wave
from reconfigurable antennas, can be adjusted to meet the
growing demand for more wireless connection and compact
size. Among a few mechanisms to implement an antenna’s
reconfigurability, the mechanical method has the advantages
of exhibiting large tuning range and maintaining the
antenna’s good radiation performance after reconfiguration,
though it has slow response compared to electrical switch-
ing. Liquid antennas [3]-[5] are an excellent candidate for
designing reconfigurable antennas due to the fluidic nature
of liquids. Numerous designs of liquid antennas including

both liquid metals and liquid dielectrics have been proposed
in the literature, and they exhibit excellent reconfigurability.

Water is a special liquid, which is naturally transpar-
ent, very flexible, and readily available. In addition, it
exhibits a very high dielectric constant of around 80 at
the room temperature. There has been a vast literature of
water antennas [7]-[32] proposed by researchers around the
world. Basically, they can be categorized into two types:
sea-water antennas and pure-water antennas. Sea water can
be considered as a good conductor at HF, VHF, and UHF
bands. Therefore, a stream of sea surface. Both static and
dynamic sea-water monopoles have been carefully studied
and they can exhibit good radiation efficiency of above 50%
at HF and VHF frequencies. Recent years have witnessed
extensive attention on many antennas based on pure water,
such as, dielectric resonator antennas [17], [20], [21], leaky-
wave antenna [18], Yagi-Uda monopole [19], sea water can
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be utilized as a radiating element for designing various
antennas [7]-[16]. The most extensively studied sea-water
antenna is the monopole antenna made of a vertical
sea-water cylinder above either a metallic ground or an
actual spiral antenna [22], [23], helical antenna [24], [25],
hybrid monopole-dielectric resonator antenna [26]-[28], and
patch antenna [29]-[31]. These pure-water antennas can be
designed to be transparent and reconfigurable, as well as
exhibiting very high radiation efficiency.

This paper presents a study of electromagnetic waves
propagating along a cylindrical rod made of pure water.
When the rod length is relatively short and comparable to
the operating wavelength, standing-wave distribution of the
electromagnetic field inside the water rod can be observed.
However, when the rod length is several wavelengths long,
a leaky traveling-wave can be excited inside the dielectric
cylinder. By properly choosing the attenuation and phase
constants of the leaky wave, suitable radiation characteris-
tics can then be achieved. After that, three novel antennas
based on pure water are described. After explaining these
operating principles and design considerations, both simu-
lated and measured results are provided, and they show very
good agreement. They include a Vee antenna consisting of
two tilted pure-water rods, a normal-mode helix antenna of
circular polarization, and an array of several titled pure-water
monopoles for producing omni-directional circular polariza-
tion. It has also been demonstrated that these antennas can be
easily reconfigurable by adjusting the height of water filling
in these rods. In Section IV, concluding remarks are made,
along with several topics suggested for further investigation.

Il. RADIATION PRINCIPLE OF PURE-WATER ANTENNA
The operating principle of the pure-water monopole, dipole,
or long-wire antenna, etc. can be understood by study-
ing electromagnetic waves propagating along a dielectric
waveguide. It is well known that a dielectric rod or slab
with a high dielectric constant can provide a wave-guiding
boundary, similar to conductors. Therefore, the supported
modes of a straight circular dielectric waveguide are hereby
investigated to reveal the radiation principle of pure-water
antennas.

The lowest order modes that a circular dielectric waveg-
uide can excite are the HE{; mode and TMy; mode. The
HE|; mode is the dominant mode and also the widely used
operating mode of a circular dielectric waveguide, which has
no cut-off frequency. However, the HE;; mode is difficult
to be excited due to its asymmetric field distribution and
may not be easily radiated out. As the frequency increases,
the EM waves around the dielectric waveguide become more
and more tightly bound. The next higher-order mode TMy;
has a cut-off frequency f given by [32]:

2.405¢
wdA/e, — 1

where c represents the speed of light in free space, d stands
for the diameter of the dielectric waveguide, &, is the relative

f= (1
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FIGURE 1. Electric field distribution at 1.5 GHz (cut-off state) in the cross-section
plane of a center-fed circular pure-water waveguide.
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permittivity of the dielectric. When the operating frequency
approaches the cut-off of the TM(; mode, a frequency band
appears, in which the electromagnetic wave will become
“leaky” and can be radiated out well in the form of fast
wave or leaky wave.

In order to demonstrate the radiation principle, a center-
fed circular pure-water waveguide is designed to excite the
TMyp; mode. Fig. 1 shows the electric field distribution at
1.5 GHz in the cross-sectional plane. It is clearly observed
that a symmetric electric field appears, which reveals the
excited axis-symmetrical mode. Besides, most of power is
distributed in air since 1.5 GHz is lower than its cut-off
frequency. According to equation (1), with the radius of
the waveguide being 6 mm and the relative permittivity of
pure water measured to be 78, the cut-off frequency can
be calculated and it is equal to 2.18 GHz. The normalized
phase constant (B/ko) of the EM waves in the waveguide
is extracted to compare with those of the metallic wire and
waveguide, as shown in Fig. 2. The cross-section of the
corresponding rectangular metallic waveguide is set to be
21x8 mm?. It is seen that the normalized phase constant S/k
of a metallic wire is always equal to 1. As for the metallic
rectangular waveguide, it is known that the supported modes
propagate fast waves and their cut-off condition is:

B=0 (@)

In addition, it should be pointed out that the cut-off condition
of a dielectric waveguide placed in air is:

B =ko 3)

which is different from that of conventional metallic waveg-
uide. It is also known that EM waves cannot effectively
propagate in a waveguide when it is cutoff no matter
whether it is a metallic waveguide or dielectric waveguide.
However, for a metallic waveguide, the wave below cutoff
is evanescent. For the dielectric one with open boundary,
power is radiated into air because it would not damp with
exponentially growing attenuation any more at the cut-off
state [33]-[35]. It is found that the dielectric waveguide at
cut-off state works in fast-wave status and possesses sim-
ilar propagation characteristics to the transmission state of

VOLUME 2, 2021



IEEE Open Journal of

Antennas and Propagation

— Metal wire
4 - - - Dielectric waveguide (Pure water)

3———’-—5

o
<Q
2 /
e
0 L - 1 1 1 1
0.5 0.8 1.1 1.4 1.7 2.0 2.3
Frequency (GHz)
(@
5
1
Metal :
4 - - - - Dielectric (Pure water) |
1
1
3F ]
oL Cut-off state Cut-off state 1
S8 ) (Metal and dielectric cases) = (Dielectric case) :
B 1
1
1
ey .
0 o —; 1 /
0.5 0.8 1.1 1.4 1.7 2.0 2.3
Frequency (GHz)
®)

FIGURE 2. Comparison of normalized phase constant (8/kq) between (a) Pure-water
waveguide and metal wire. (b) Pure-water and metal waveguides.

metallic waveguides although the power in dielectric can leak
out into the air, which is intrinsically caused by the different
boundaries. In the cut-off frequency range, the field distribu-
tion of a dielectric rod is very much like a PEC metallic rod,
as shown in Fig. 3, where the field distributions of a metal-
lic monopole antenna and pure-water monopole antenna are
compared. The difference between these two cases is that
there is no electric field inside the metallic rod due to the
conductor’s skin effect, but there is electric field inside the
dielectric cylinder. If the concept of displacement current
is introduced, the operating principle of the dielectric rod
whether lossless or low loss is basically the same as that of
the metallic rod. As a result, the traditional design method
of the metallic monopole, dipole, or long-wire antennas, etc.
can be used to design pure water antennas. Meanwhile, it
can be expected that the radiation efficiency of this kind of
pure water antenna will be very high as the loss tangent of
pure water can be quite small.

A simple example of a long-wire dielectric antenna made
of pure water is then provided to further verify the radiation
principle, as shown in Fig. 4. On the one hand, the reflection
coefficient reveals the traveling-wave impedance character-
istic. On the other hand, the frequency-scanning property
shown in its radiation pattern demonstrates the leaky-wave
or fast-wave radiation. Furthermore, it is clearly observed
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FIGURE 3. Field distributions of a coaxial-fed monopole antenna made of (a) metal,

(b) pure water.
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FIGURE 4. A study of long-wire dielectric antenna. (a) |S14 . (b) Radiation pattern.

that the antenna operates in the predicted frequency range
of the cut-off state.

lll. PURE-WATER VEE ANTENNA
Based on the radiation principle explained in the previous
section, a pure-water Vee antenna is proposed to achieve
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FIGURE 5. Configuration of the proposed pure-water Vee antenna. (a) 3-D view.
(b) Top view. (d = 12 mm, / = 300 mm, rg = 100 mm, § = 50°).

unidirectional radiation characteristics. It is known that a tra-
ditional Vee antenna made of metallic wires was developed
to overcome the drawbacks of single long-wire antenna, such
as low directivity and inclined beam. Besides, the wires of
a Vee antenna must be nonresonant. Therefore, dielectric
waveguide operating at the cut-off state and supporting trav-
eling waves can be utilized to form a dielectric Vee antenna,
thus achieving similar radiation performance to the metallic
one. In addition, its radiation characteristics can be tuned
due to the fluidic nature of pure water.

The configuration of the proposed pure-water Vee
antenna is shown in Fig. 5. It is seen that the whole struc-
ture is the same as the metallic Vee antenna except for the
resin container. As a kind of liquid, the pure water needs
a transparent container to ensure its volume. The container
with a pedestal is designed to support itself. A cap is also
prepared to avoid the water leakage. Differential feeds are
necessary for the Vee antenna and can be easily realized
by employing a balun. The small ground is only used for
impedance matching and does not seriously affect the radia-
tion pattern of the antenna. In fact, the plane formed by the
arms of the Vee antenna is parallel to the real ground plane
in most applications [36]. As for the opening angle between
the two arms of Vee antenna, it is desired to be relatively
small for the maximum directivity.

Fig. 6 shows the fabricated antenna prototype. The water
is filled in the 3-D printed resin container with transparency,
which is made of Water Clear Ulter 10122, and the antenna is
differentially fed by a coaxial line through a balun. The
2 mm-thick aluminum plate is fixed onto the container with
several screws.
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FIGURE 6. Fabricated antenna prototype. (a) 3-D printed resin container.
(b) Antenna connected with a balun.
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FIGURE 7. Comparison between the simulated and measured reflection coefficients
versus frequency.

Fig. 7 depicts the simulated and measured reflection
coefficients versus frequency. It is seen that the tendency
of measured result is consistent with the simulated one.
Although a relatively poorer impedance matching is observed
in the low frequency, it is still applicable and may be
improved in the future.

In addition, the operating frequency of our proposed Vee
antenna can be reconfigurable, as seen from equation (1).
Fig. 8 exhibits the simulated reflection coefficients when
the diameter of the water arms is chosen to be 14, 12,
and 10 mm, respectively. According to equation (1), the
computed cut-off frequencies are 1.87, 2.18, and 2.62 GHz,
respectively. They are in good agreement with the simu-
lated ones of 1.88, 2.2, and 2.64 GHz seen in Fig. 8.
Besides, the proposed antenna can be also reformed with
reconfigurable polarization, as shown in Fig. 9. It is seen
that the polarization of our antenna can be easily changed
to an orthogonal direction by choosing the other pair of
the arms.

The simulated and measured radiation patterns at 2 GHz
are depicted in Fig. 9, which are in good agreement. As
a common characteristic of Vee antenna, in the E-plane the
designed antenna has two other beams beside the broadside-
radiated one. In addition, it is worth mentioning that the
measured gain is 7.1 dBi, which is quite high.

VOLUME 2, 2021



IEEE Open Journal of

Antennas and Propagation

0
-104
@
Z
= RT3
@ VL
-20 A
HERFH
‘. '
—d=10 mm
—-=d=12 mm
----- d=14 mm
'30 T T t T
0.5 1.0 1.5 2.0
Frequency (GHz)

FIGURE 8. Simulated reflection coefficients for different diameters of water arms.

FIGURE 9. Reformed design of the proposed pure-water Vee antenna for
polarization reconfigurability.
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IV. NORMAL-MODE WATER HELIX ANTENNA

Helical antennas are attractive in many wireless commu-
nication systems due to their simple structure, low cost,
and excellent radiation performance. It is normally wounded
using a thin metallic wire and can be described by a few
parameters: diameter D, screw pitch S, and number of
rolls n [37]. The radiation characteristics of the helical
antenna basically depend on the ratio of helical diameter
to the operating wavelength D/)A. There are basically two
operating modes most frequently used: the normal mode and

VOLUME 2, 2021

FIGURE 11. Water helical antenna. (a) Configuration. (b) Magnitude of E-Field inside
the water. (c) Photo. (D =48 mm, S =28 mm, n=6.2, L = 16 mm, W = 14 mm).

axial mode. When the diameter of the helix is small com-
pared with the wavelength, the maximum radiation direction
of the helical antenna is in the plane that is perpendicular to
the spiral axis. It is a normal-mode helix and its parameters
usually meet the following condition

D/\ < 0.18 4)

A normal-mode helix can be considered as the composi-
tion of loops with small diameters in the horizontal plane and
short dipoles in the vertical plane, generating horizontally
and vertically polarized E-field components, respectively.
Specifically, a circular polarization (CP) can be achieved
when D and S satisfy

D = /251 ()

When the diameter gradually increases, the maximum radi-
ation will change to the direction parallel to the axis of the
helix. If the length of the helix for one roll is approxi-
mately one wavelength, circular polarization can also be
obtained. Axial-mode helices can have broad bandwidth with
CP radiation when

D/% ~ 0.25 ~ 0.46 ©6)

Since the invention of helical antennas, metallic wires
have been the principal material chosen to fabricate helix
antennas. Dielectrics can hardly be found in the literature
to be used for helical antennas. Recently, in [24], a helical
antenna made of pure water is proposed. It was an axial-mode
helical antenna made of pure water with a broad bandwidth
and circular polarization. A reconfigurable topology was also
presented in that work by combining two water pipes for
producing two different polarizations.

In this section, a normal-mode CP water helical antenna is
investigated. Fig. 11(a) shows the configuration of the water
helical antenna. It consists of two water arms made of pure
water and a transparent container to hold the water. The
container is a 3-D printed structure using a dielectric material
of dielectric constant around 3. The thickness of the container
is 2 mm. The antenna is differentially fed at the center by
a simple 3-D printed metallic balun. The helical antenna has
a diameter of D, n turns and a screw pitch of S. Its cross-
section has a rectangular shape with length L and width W.
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FIGURE 12. Simulated and measured reflection coefficient and simulated radiation
efficiency of the water helical antenna.

As discussed in Section II, the water arms can be consid-
ered as open dielectric waveguide. A guided wave can then
be excited, traveling along the water arm. For the proposed
normal-mode water helix, a quasi TMg;; mode is excited
considering the rectangular cross-section, while it should be
TMp; mode for a circular cross-section. The total length
of the water arms is about half a guided wavelength. The
diameter D and screw pitch S still follow (5) for producing
circular polarization.

The presented water helical antenna is designed to operate
at around 600 MHz. The dielectric constant and loss tangent
of the pure water are around ¢, = 78.4 and § = 0.029,
respectively [38]. Fig. 11(b) shows the magnitude of the
E-field distribution inside the water arms. The energy decays
gradually along the propagation direction. Since the leak-
age constant is stable with an unchangeable cross-section,
the radiated power should also gradually decrease along the
propagation direction, which would result in an antenna aper-
ture similar to a sinusoidal distribution. Fig. 11(c) shows
a photo of the water helical antenna connected with a balun.

The simulated and measured reflection coefficient results
of the water helical antenna are shown in Fig. 12. It can be
seen the impedance bandwidth of the water helical antenna is
from 585.3 MHz to 620.7 MHz (5.9%) for |S11| < —10 dB.
The measured result is from 576 MHz to 616 MHz (6.7%),
which is slightly wider than the simulated one. The simulated
radiation efficiency of the water helical antenna is above 68%
over the operating band.

The simulated and measured normalized radiation patterns
are shown in Fig. 13. It can be seen that a pattern with a good
roundness in the azimuth plane is obtained. The simulated
gain is 0.9 dBic for RHCP and the measured one is 0.7 dBic.
The cross-polarization is smaller than —22 dB in the azimuth
plane. The simulated and measured axial ratio results of the
proposed water helical antenna are shown in Fig. 14. It can be
seen that the simulated axial ratio over the entire 360° range
of the azimuth plane is lower than 3 dB with a very good
average value of 1 dB. The measured result is slightly higher
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FIGURE 13. Simulated and measured normalized radiation patterns of the water
helical antenna. (a) xoy-plane. (b) xoz-plane.
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FIGURE 14. Simulated and measured AR of water helical antenna. (a) f = 600 MHz,
6 = 90 deg. (b) ¢ = 90 deg, 6 = 90 deg.

and more volatile than the simulated one, which may be due
to the imperfect measurement setup and system error. Both
the simulated and measured axial ratio results are smaller
than 3 dB over a wide frequency range from 550 MHz to
650 MHz, showing that the proposed antenna has a wide
AR bandwidth and stable CP performance.

In order to achieve a reconfigurable water helix, the glass
container is divided into several segments with a thin glass
wall between adjacent segments for isolation. The operat-
ing frequency can be tuned by filling up or emptying the
containers, as shown in Fig. 15. The simulated reflection
coefficients of the three different situations are shown in
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FIGURE 15. Configuration of the reconfigurable water helical antenna. (a) n = 4.2.
(b) n=6.2.(c) n=8.0.
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FIGURE 16. Simulated reflection coefficient of the reconfigurable water helical
antenna.

Fig. 16. The operating frequency can be shifted in a broad
frequency range from 585 MHz to 640 MHz maintaining
a good circular polarization.

V. MONOPOLE ARRAY OF CIRCULAR POLARIZATION

In this section, a frequency-reconfigurable CP water
monopole array is presented. Configuration of the proposed
water monopole array is shown in Fig. 15. It consists of six
elements and a circular ground plane with a diameter of D,,.
It should be mentioned that no balun or phase shifters are
needed. As shown in Fig. 15(b), the antenna element of the
array is a tilted cylinder made of pure water with a length of
1, a diameter of d and an inclination angle of «. The dielectric
constant of pure water is measured to be 78.7 at the center
frequency of 2 GHz. Transparent tubes made of acrylic are
employed to hold the water. The dielectric constant of the
acrylic is around 2.8, which is quite small compared with
that of pure water. The thickness of the tubes is 1 mm. Each
of the elements has a Teflon base with a diameter of dj, and
height of / between the water cylinder and ground plane. Six
coaxial probes are employed to stick into the water cylinders
by a height of p to feed the elements. Fig. 17(c) shows the top
view of the proposed monopole array. The water cylinders
are uniformly distributed around the center of the ground
plane. The distance between the center of the ground plane
and each element is S. Detailed dimensions of the antenna are
shown in Table 1. When all the six water elements are fed
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FIGURE 17. Configuration of the proposed water monopole array. (a) Perspective
view, (b) Element, (c) Top view. (d) Photo. (Dm = 300 mm, S = 110 mm, d = 8 mm,
=130 mm, p=4mm, h=1mm, db=20mm,m=50°).

TABLE 1. Dimensions of the proposed water monopole array.

Parameter D S d / p
Value 300mm | 110mm | 8 mm | 130 mm 4 mm
Parameter h db o
Value 1 mm 20 mm 50°

in-phase, a conical beam with left-hand circular polariza-
tion can be achieved. It should be mentioned that although
left-hand circular polarization (LHCP) is obtained by the
proposed antenna, right-hand circular polarization (RHCP)
can also be readily obtained by tuning each of the element
by 180°.

By controlling the water volume, the length [ of the
water cylinder elements can be changed and the operating
frequency of the antenna can then be tuned. Fig. 18 shows
the simulated and measured reflection coefficient and axial
ratio results of the proposed monopole array with different
values of /. When / = 130 mm, an axial ratio lower than 3 dB
is obtained from 1.7 GHz to 2.15 GHz and the impedance
bandwidth for |S;;| < —10 dB is 21.3% from 1.8 GHz
to 2.23 GHz, which means the proposed water monopole
array achieves a wideband stable CP performance. When [
is changed, the operating band of axial ratio changes as well.
It can be seen that by changing the length of the water ele-
ment, the operating frequency of the antenna can be tuned
covering a wide range.

Simulated and measured radiation patterns of the proposed
monopole array with different values of [ at different
frequencies are shown in Fig. 19. It can be seen that the
radiation pattern is stable when the antenna’s operating
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FIGURE 18. Simulated and measured results of (a) reflection coefficient
and (b) axial ratio of the water monopole array with different /.

frequency is tuned. A conical beam with good roundness
and a maximum gain of 6.1 dBic for LHCP is obtained.
The pointing-angle of the conical beam when / = 130 mm
at 2.0 GHz is 25°. Cross-polarization lower than —10 dB is
obtained over the entire 360° range around the azimuth plane.

When the six elements fed by the coaxial probes with
different phases, the radiation performance of the proposed
water monopole array can be quite different. When Elements
1 to 6 shown in Fig. 17 are fed with 0°, 60°, 120°, 180,
240° and 300°, a conical beam with linear polarization is
achieved. The axial ratio of the proposed water monopole
array working in LP state is shown in Fig. 20. The axial
ratio is higher than 12.5 dB at 2 GHz, indicating a linear
polarization. Fig. 21 shows the simulated radiation patterns
of the monopole array working in LP state. It can be seen
that a conical beam with a pointing angle of 33° and good
roundness is obtained. A maximum gain of 5.8 dBi for LP
is achieved as well.

When Elements 1 to 6 shown in Fig. 17 are fed with 0°,
—60°, —120°, —180, —240° and —300°, a pencil beam with
LHCP can be achieved. Axial ratio of the array working in
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FIGURE 19. Simulated and measured radiation patterns of the water monopole
array.

this pencil beam state is shown in Fig. 22. It can be seen that
an axial ratio lower than 3 dB is obtained from 1.75 GHz to
2.36 GHz. Simulated radiation pattern is shown in Fig. 23,
and a pencil-beam with a maximum gain of 6.9 dBic is
obtained.

VI. CONCLUDING REMARKS

This paper has presented a detailed design of several
reconfigurable antennas based on pure water. The radiation
principle and main design considerations of antenna made
of pure-water rod have been investigated, which demon-
strates that a pure-water rod can provide a wave-guiding
medium, similar to a metallic rod, within a certain frequency
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FIGURE 21. Simulated radiation patterns of the water monopole array working in LP
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FIGURE 22. Simulated axial ratio of the water monopole array working in
pencil-beam state.

range. It is highlighted that the operating frequency of
the water antenna should be below the cut-off frequency
range of the intended mode of the dielectric waveguide.
After that, three pure-water rod antennas, include pure-water
Vee antenna, normal-mode helix antenna, and circularly-
polarized monopole antenna array, have been designed,
fabricated, and measured. Simulated and measured results
show very good agreement, which exhibits that pure water
can be used as a good radiator. Meanwhile, it has also
been shown that these antennas can be easily made recon-
figurable by adjusting the height of water filling in these
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FIGURE 23. Simulated radiation patterns of the water monopole array working in
pencil-beam state.

rods. The main features of these pure-water antennas include
their high transparency, reconfigurability, low cost, and sim-
ple structures. All these characteristics make these antennas
potentially very useful for future wireless communications.

It is worth mentioning that although the tunable mech-
anism of these pure-water antennas is not involved in this
paper, there are many tunable methods [39]-[42]. One way is
that we can follow the liquid reconfigurable system in [41]
to control the height of water filling in the pure-water rods by
using a microfluid pump and mechanical switches. Another
way to dynamically reconfigure the pure-water antenna is
by using the temperature control method, due to the tem-
perature dependence of the permittivity and loss tangent of
water [42].

There may be other antennas that can be designed based
on pure water. Due to its transparent and fluidic nature,
pure water can be employed to design radar antennas that
can exhibit very low radar cross section, while they can
also be reconfigurable. This is very attractive and deserves
extensive investigation. On the other hand, water antennas
can be potentially very useful in the ubiquitous Internet of
Things applications that are being introduced now and in the
near future. While water antennas can be used to provide
the necessary wireless connectivity, they may also serve as
visual decorations if they are artistically shaped and elegantly
designed. In addition, other innovative water antennas may
also be designed for medical applications [43] and orbital
angular momentum systems [44].
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