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Abstract—A salty water antenna with beam-steering
characteristics is proposed. The antenna combines the idea of the
electronically steerable parasitic array radiator (ESPAR) antenna
and the water antenna to realize a 360° beam steering. The unique
features of water antennas such as transparency,
reconfigurability and liquidity are fully utilized. Both the
computer simulations and measurements are conducted to
validate the performance. The proposed design has a frequency
range from 334 MHz to 488 MHz (S;; < -10 dB), high radiation
efficiency (> 60%0), 13 different working states and a maximum
gain of 5.8 dB. Compared with existing pattern reconfigurable
liquid antennas, this new antenna has a wider bandwidth, more
working states and better invisible ability. It is therefore a
promising candidate for a range of VHF or UHF applications,
such as internet of things (10T) and maritime applications.

Index Terms—Electronically steerable parasitic array radiator
(ESPAR) antenna, water antenna, pattern reconfigurable
antenna.

. INTRODUCTION

IQUID antennas are a new type of antennas with a range of
attractive features [1-5]. Reconfigurable liquid antennas
may be the most popular one, especially reconfigurable salty
water antennas. They utilize unique features of salty water
(liquidity, conformability, transparency, low cost and readily
available in a maritime environment) and provide alternative
ways of reconfigurations different from existing reconfigurable
antennas [6-8]. Interesting reconfigurable salty water antennas
were recorded, such as a broadband frequency reconfigurable
salty water antenna [9], a high efficiency sea water monopole
antenna [10], a metal loaded sea water antenna [11] and a
frequency and pattern reconfigurable salty water antenna [12].
In the existing reconfigurable liquid antenna designs, frequency
tunable liquid antennas are most frequently investigated [9-11],
which offer various states in one structure. Pattern and
polarization reconfigurable designs have less working states
(usually 2 to 4 different states), which is limited for some
applications [12-14].
To increase working states of reconfigurable antennas,
electronically steerable parasitic array radiator (ESPAR)
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antennas could be a good candidate. This type of antennas
consists of one driven element and several parasitic elements.
Different radiation patterns can be generated by adjusting loads
at the terminals of parasitic elements. No phase shifters and
feeding networks are required, which reduces the complexity of
the antenna design. Some designs based on ESPAR technology
were reported including a 360° beam steering substrate
integrated waveguide horn antenna [15], a compact antenna
with reconfigurable pattern and polarization [16], an ESPAR
antenna used for 2D direction of arrival estimation [17] and a
liquid metal antenna with a 360° beam scanning range [18].

In this letter, a salty water antenna with circular
beam-steering characteristics is proposed. Mechanical switches
are integrated, which takes fully advantages of liquid’s unique
features. The proposed design has the following advantages:

1) The design combines the idea of the ESPAR antenna and
the water antenna to realize 13 stable working states (1
omni-directional pattern and 12 directional patterns) in one
simple structure without using extra phase shifter or feeding
network.

2) A liquid control system is developed which controls the
fluid effectively and efficiently in a general way. The system
can be applied to other liquid antennas or antenna arrays.

3) The antenna can be totally turned off or drained when not
in use, which is difficult to realize using metal.

4) Compared with liquid metals or organic liquids, the salty
water used in the design is low cost, readily accessible and
eco-friendly.

The letter is organized as follows. Section Il introduces the
antenna structure, the operation principle and the design of
parasitic monopoles. Section 111 focuses on the fabrication and
measurements of the water antenna. Section IV concludes the
letter.

Il. ANTENNA CONFIGURATION AND DESIGN

A. Antenna Configuration

The configuration of the proposed antenna is shown in Fig. 1.
It consists of a circular ground plane, a driven monopole and 12
parasitic monopoles. The ground plane has a radius of Rgyp.
The driven monopole contains a water cylinder with a height of
Hpw, a circular Teflon dielectric layer (g, = 2.1) with a radius
of Rp and a height of Hp, and a top loaded copper disk with a
radius of Ryp. Parasitic water monopoles with a height of Hpy,
are circularly distributed around the driven monopole with a
distance of Dpy and a rotation angle of a;. The number of
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Fig. 1. Geometry of the proposed antenna. (a) Perspective view. (b) Top view.
(c) Cross-section view.
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Fig. 2. The measured relative permittivity and conductivity of the salty water
with salinity of 50 ppt at room temperature 25°C.

parasitic tubes Npr = 360°/ar (Npr = 12, ag= 30° in this
design, and P1 to P12 represent parasitic tubes).

To simplify the design and fabrication, identical acrylic
plastic transparent tubes (g, = 2.7) are used with inner radius
Rw, thickness T+ and height H+. A SMA connector is connected
to the top loaded disk to feed the driven monopole antenna.

The salty water with salinity of 50 ppt (part per thousand) was
used in measurements and simulations. The relative
permittivity and conductivity of the salty water at room
temperature (25°C) were measured using Agilent Dielectric
Probe 85070 and the results are given in Fig. 2. It can be seen
that the electric properties of the salty water with salinity of 50
ppt are quite stable across the frequency of interest.

B. Operation Principle

This design utilizes a movable reflector to realize pattern
reconfiguration. When only the driven monopole is excited, the

antenna has an omni-directional radiation pattern (state 1 in Fig.

3). When the driven and parasitic monopoles are excited,
water-filled parasitic monopoles are coupled and work as
reflectors. By configuring the adjacent water-filled parasitic
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Fig. 3. Typical reconfigurations for the proposed design.

monopoles as a reflector, the proposed design is able to
generate a directive pattern in an expected direction. Circularly
shifting the configuration of working parasitic monopoles can
steer the beam with a coverage of 360°. 13 states including 1
omni-directional and 12 directional patterns can be obtained
and some typical states are shown in Fig. 3.

The attractive feature of using water monopoles is that both
the water height and activating status can be dynamically tuned
(e.g. microfluidic techniques), which has a higher degree of
design flexibility than metal antennas. More importantly, the
antenna can be totally “turned off” when not in use.

C. Parasitic Monopoles Design

The high gain response is desired for the proposed design,
which can be achieved by tuning the value of the Dpy. The Dpy
affects the phase consistency between the parasitic elements
and the driven element, hence the gain of the proposed design.
In this section, the effects of the Dpy; are studied. For simplicity,
the reconfiguration state in Fig. 3(b) and the spherical
coordinates (r, 8, @) are employed for the analysis.

The simulated phases of the far-zone electric field generated
by the driven element and working parasitic elements in the
azimuth plane as a function of Dpy are presented in Fig. 4 (The
phases are obtained from analytical derivations [19] and
numerical simulations). As the Dpy is increased from 180 mm
to 240 mm, the phase generated by parasitic elements (P1 to P5)
approaches to that of the driven element at ¢ = 180° (the
direction of maximum gain). A directional pattern and a high
gain can be acquired. When the Dpy, is further increased, the
phase of parasitic elements (P1 to P5) departs from that of the
driven element, decreasing the total radiated field and
deteriorating the gain. By fine tuning the value of the Dpy, a
good phase consistency can be obtained when Dpy = 240 mm,
resulting in a high total radiated field and a high gain. The
simulated realized gains in the azimuth plane at 433 MHz are
plotted in Fig. 5. It is observed that the maximum realized gain
is gained at Dpy = 240 mm, which agrees with the phase
analysis in Fig. 4.
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Fig. 4. Simulated phases of the far-zone electric field generated by the driven
element and working parasitic elements for different values of Dpy in the
azimuth plane (6 = 90°, ¢ varies) at 433 MHz: (a) Dpy = 180 mm, (b) Dpy =
240 mm, (c) Dpy = 400 mm.
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Fig. 5. Simulated realized gains (dB) in the azimuth plane (6 = 90°, ¢ varies)
with different values of Dpy at 433 MHz.

I1l. ANTENNA FABRICATION AND MEASUREMENTS

To verify the design, the antenna with optimized dimensions
was fabricated and the prototype is shown in Fig. 6(a). The
optimal parameters are Rgnp = 300 mm, ay = 30°, Hy =320 mm,
Tr=2mm, Ry =23 mm, Hpy =130 mm, Hp = 18 mm, Rp = 33
mm, Rp = 23 mm, Hpy = 320 mm, Dpy = 240 mm.

In this design, pattern reconfiguration is achieved by using
microfluidic control system. A micropump with dimensions of
59 x 24 x 24 mm® and a weight of 40 g is utilized. The flow
rate of the micropump changes linearly with voltage, from 240
mL/min to 400 mL/min. Mini-valves panel as shown in Fig. 6(c)
are chosen to assist the injection and draining of the water.
Acrylic connectors are fixed at the bottom of the water
monopole to work as water inlets and outlets. Transparent
water pipes are positioned underneath the ground plane to link
the water monopoles and valves. Each water monopole has a
corresponding valve and all the valves are allocated in the
valves panel. As the pump is turned on, the distilled water is
sucked from the reservoir and injected into the antenna through
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Fig. 6. (a) The proposed antenna in the anechoic chamber. (b) Reverberation
chamber setup for the antenna efficiency test. (c) Enlarged view of the
microfluidic control panel.

the acrylic connectors. When the water holder is filled to the
desired level, the pump is turned off and all the valves are kept
closed. By controlling the on and off states of valves, different
working states of the antenna can be achieved, resulting in a
pattern reconfiguration in this proposed design.

The Sy, radiation pattern, and realized gain were measured
in an anechoic chamber, and the efficiencies were measured in
a reverberation chamber (RC) [20], as shown in Fig. 6(a) and
(b), respectively.

The simulated and measured Sy;, radiation efficiency, and
realized gain are compared in Fig. 7. It is evident that the
proposed design has a bandwidth from 334 MHz to 488 MHz
for Sy; < -10 dB, which is slightly wider than the simulated
bandwidth from 356 MHz to 455 MHz. The measured
efficiency of the proposed design is higher than 60% across the
working band, which is slightly lower than simulations. This is
due to the deviation of the material losses considered in
simulations. The maximum realized gain in the azimuth plane
was measured. As a reference, the simulated maximum gain (a
function of frequency) is added. The discrepancies between the
simulations and measurements are mainly caused by three
reasons: 1) the material difference; 2) the measurement

environment uncertainties; 3) the reference antenna
uncertainties. Overall, good agreement is obtained.
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Fig. 7. Simulated and measured result comparison of the proposed design: (a)

S11 (dB) and radiation efficiency; (b) realized gain.
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The radiation patterns in the azimuth plane corresponding to
different states at 433 MHz are plotted in Fig. 8 (As the
cross-polarization of the monopole antenna is very small, only
the co-polarization is shown). By activating or deactivating
parasitic monopoles, 12 stable directional radiation patterns can
be obtained (the omni-directional pattern of the monopole

4 o0 o antenna is well known and is not presented), which successfully
State 1 State 4 demonstrate the pattern reconfigurability of the design.
180 0 A comparison between our design and related designs is
FL given in Table I. It is apparent that this work provides more
z X working states, higher realized gain and wider fractional
o 330 4c0. bandwidth than most of pattern reconfigurable liquid antenna
S ) S designs.
240 300 e 0"
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a
@ In this letter, a radiation pattern reconfigurable salty water
920 antenna has been proposed. It implements the ESPAR
120 1 60 . . . .
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b ik 30 A8 feat_ures of water such as the liquidity, the transparency and the
- e design flexibility to realize a tunable water reflector and
5504 e’ reconfigure the radiation pattern dynamically. The critical
State 5 o—j State 8 parameter of the proposed design has been studied,
L e ¢ measurements have been conducted and the results agree well
"\ ’L with simulations. A liquid control system is developed which
3 t z X manage the fluid effectively and efficiently in a general way,
*e 330 ece and can be applied for other liquid antennas.
. “\w/?a/ e eitio It has been demonstrated that this antenna covers a frequency
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efficiency (> 60%) and a maximum realized gain of 5.8 dB. The
radiation pattern can be tuned from omni-directional to
directional with 13 different working states. More importantly,
the antenna can be tuned to appear and disappear, which is
difficult to realize using metal. This work successfully
demonstrates the good performance and unique features of
liquid antennas and provides a valuable reference for future
liquid antenna designs.
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