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ABSTRACT: In this paper, a high-efficiency, center-fed dynamic seawater monopole antenna is proposed. The antenna’s radiation effi-
ciency increases by raising the feed point position, adding a metal tube above the feed point, and reducing the inner diameter of the water
pipe below the feed point. Concurrently, the effects of the feeding position, the length of the metal pipe, and the inner diameter of the
water supply pipe on the current distribution are analyzed by theoretical modeling. FEKO electromagnetic simulation software is applied
to simulate and analyze metal tubes with different lengths and water supply side pipes with different inner diameters. The simulation
results indicate that the antenna attains optimal performance when being configured with a water supply pipe of 1 cm inner diameter
and a 30 cm metal tube, achieving a maximum gain of 0.93 dBi and a peak radiation efficiency of 52%. Based on the simulation data, a
simplified center-fed dynamic seawater antenna prototype is designed and fabricated. Experimental validation confirms that the seawater
serves as the primary radiating element. The measured radiation characteristic curves exhibit consistent trends with the simulated results.

1. INTRODUCTION

In recent years, liquid-conductor antennas have emerged as aresearch hotspot in the antenna technology field due to the
unique advantages of their fluidic structures, which enable re-
configurable frequency and radiation patterns [1, 2]. Among
various conductive liquid materials, seawater has demonstrated
significant potential in maritime platform applications such as
Unmanned Surface Vehicles (USVs), owing to its easy accessi-
bility and low cost [3, 4]. Based on the form of the radiating ele-
ment, seawater antennas can be categorized into two fundamen-
tal types: static and dynamic. Both typically employ a cylin-
drical seawater as the radiator. Static seawater antennas utilize
a sealed cylindrical container to store seawater in advance. In
contrast, dynamic seawater antennas operate by pumping sea-
water into a drainage tube to form a seawater column in the
air during operation; when the antenna is inactive, the pump is
turned off, causing the seawater column to dissipate [5].
The efficiency of a seawater antenna is directly related to

the radius of the seawater column. Within the skin depth, the
radiation efficiency increases with the radius of the seawater
column [6]. The height of the seawater column influences the
antenna’s resonant frequency and resonant points: as the height
increases, the resonant frequency decreases while the number
of resonant points increases [7]. Generally, once the radius and
height of the seawater column are determined, the key factor
governing antenna performance is the feeding structure. Static
seawater antennas have a simple structure, typically employing
ametal probe at the base for direct feeding into the liquid. In [6],
by integrating a metallic disk at the antenna base, TM-mode ex-
citation is enhanced, leading to an improved feed structure for
higher radiation efficiency. Meanwhile, incorporating an in-
sulating isolation layer at the base enables broadband seawater
antenna design [8].

* Corresponding author: Lihua Li (0909031014@nue.edu.cn).

Compared to static seawater antennas, dynamic seawater an-
tennas connect to a water pump via a pipe at the base. The
presence of flowing seawater at the base makes feeding meth-
ods such as top-loaded metal disks unsuitable. Currently, the
research on dynamic seawater antennas is relatively limited, in-
cluding [5, 9–14]. The feeding methods for a seawater antenna
can be divided into direct feeding and indirect feeding. The dif-
ference lies in whether the feeder makes direct contact with the
seawater. Indirect feeding can be subdivided into two imple-
mentation approaches: magnetic loop coupling feeding and ca-
pacitive coupling feeding [5, 9]. However, magnetic loop cou-
pling feeding suffers from low efficiency due to the high-loss
ferrite materials, while capacitive coupling feeding exacerbates
the challenge of resonant matching by increasing the system’s
capacitance, as the seawater antenna itself exhibits capacitive
impedance [15]. Given these limitations, direct feeding has be-
come the predominant choice.
For the feeding position, most dynamic seawater antennas

are fed near the ground [10–12]. Base feeding results in cur-
rent concentration near the ground, leading to strong electro-
magnetic coupling between the antenna and USV’s surface.
Variations in the ship’s draft depth can alter the antenna’s in-
put impedance, increasing the demand for dynamic impedance
matching. Additionally, feeding near the base causes part of
the current to flow into the water below the surface, degrad-
ing radiation efficiency. Existing solutions involve adding a
quarter-wavelength stub tube in series or parallel on the water
supply side to short-circuit the current [13, 14]. However, this
approach primarily suppresses the current on the water supply
side. Besides, the quarter-wavelength stub tube becomes exces-
sively long at high frequency (HF), hindering antenna miniatur-
ization.
This paper presents a novel center-fed dynamic seawater an-

tenna designed for operation in the high frequency (HF) band.
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FIGURE 1. Proposed antenna: (a) Geometry of antenna, (b) photograph of antenna.

By elevating the feeding position, the current distribution is
modified, reducing electromagnetic coupling between the an-
tenna and mobile carrier’s surface. Furthermore, the feeding
structure is optimized: a metal tube is introduced above the
feeding point, while a smaller-radius water pipe is used be-
low the feeding point. This design enhances the current above
the feeding point and effectively utilizes the current below it,
thereby improving the antenna’s radiation efficiency.

2. CENTER-FED SEAWATER ANTENNA STRUCTURE
Figure 1 illustrates the geometric structure of the center-fed sea-
water antenna and its physically fabricated prototype. In Fig-
ure 1(a), the antenna system primarily consists of four compo-
nents: a Xinjie submersible water pump, a PVC pipe, a metal
tube, and a feeding structure. The water pump is submerged in
seawater, with its outlet connected to a PVC pipe. The PVC
pipe with an inner diameter of d1 extends above the water sur-
face to a height of h1, where it connects to a perforated metal
tube. The metal tube comprises two components: a hollow
cylindrical tube with inner diameter d2 and height h2, and a
perforated disk with outer diameter d1 tightly fitted at the base
of the tube. The cylindrical tube enhances current above the
feeding point, and the disk is to achieve TM mode excitation.
Currently, limited by the water pump’s power, we have added a
transparent drainage tube with a length of h3. It can be removed
once the pump’s power is sufficient to hold the water column.
A coaxial cable is employed for the feeding structure, with its
inner conductor passing through the disk’s central aperture for
direct contact, while the extended outer conductor connects to
the seawater surface as ground. When the jet height exceeds
h4, the upper part of the water column gradually breaks apart
and disperses, interrupting the current path. Therefore, the ef-
fective height h4 of the seawater antenna should be defined as
the maximum height at which the water column remains con-
tinuous, rather than the total jet height. For experimental sup-
port, a simple waterproofed insulating wooden stool (εr ≈ 5)
is employed. The dimensions of transparent tube and wooden
stool are sufficiently small relative to operational wavelengths;

TABLE 1. Details of the proposed antenna.

Parameters h1 h2 h3 h4 d1 d2

Values (cm) 30 30 70 170 2 8

therefore, their impact on antenna performance is negligible.
Finally, the center-fed dynamic seawater antenna’ parameters
are summarized in Table 1.

3. ANTENNA ANALYSIS
Figure 2 illustrates the schematic diagram of a dynamic seawa-
ter antenna with different feed positions. Due to the presence
of the water pump, part of the current inevitably flows through
the water pipe toward the area below the sea surface, resulting
in an asymmetric dipole antenna structure. When the feed point
is located near the ground with the lower section of the antenna
immersed in seawater, the severe skin effect and substantial en-
ergy loss occurring during electromagnetic wave propagation in
seawater lead to a drastic reduction in radiation efficiency for
currents below the feed point. Consequently, the contribution
of these currents to effective radiation becomes negligible.
Additionally, adopting a bottom-fed configuration causes the

current to concentrate in the lower region of the antenna. When
the seawater antenna is installed on a mobile unmanned vessel,
strong electromagnetic coupling occurs between the antenna
and ship’s surface. Since the vessel’s draft depth varies with
its navigation state, the surface structure changes accordingly,
leading to fluctuations in the antenna’s input impedance and ul-
timately causing the preset impedance matching device to fail.
As shown in Figure 2(b), appropriately raising the feed po-

sition can effectively utilize the current distribution below the
feed point, thereby improving the overall radiation efficiency of
the antenna. Ideally, the feed point should be located at the top
of the seawater antenna to achieve optimal performance. How-
ever, for a dynamic seawater antenna, the highest feasible feed
point is defined by the water outlet (at height h1 + h2), as the
antenna itself is a jet of seawater. From a theoretical perspec-
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FIGURE 2. Dynamic seawater antennas with different feed positions: (a) bottom feeding, (b) center feeding.

FIGURE 3. Proposed antenna model.

tive, to fully leverage the performance advantages of seawater
antennas, the ideal water outlet height should be zero (i.e., the
water column sprays directly from the ground). However, this
design would impose extremely high-power demands on the
pump system. Engineering practice has shown that appropri-
ately increasing the water outlet height can effectively reduce
the power of the pump. Based on comprehensive analysis, it
is recommended that the ratio of the water outlet height to the
total antenna height (h1+h2/h3) should not exceed 40% in our
paper. Given the center-fed dynamic seawater antenna in this
study, it is recommended that the feed position of a dynamic
seawater antenna is at the midpoint of the water outlet height,
i.e., h1 = h2.
Figure 3 illustrates the novel center-fed seawater antenna. As

shown in Figure 3, since the feed height of the dynamic sea-
water antenna should not be excessively high, this study intro-
duces a metal tube above the feed point and employs a small-
radius water pipe below the feed point after increasing the feed
height of the seawater antenna. Figure 4 illustrates the equiva-
lent circuit diagram of dynamic seawater antenna. As depicted
in Figure 4, the antenna is divided into an upper section and a
lower section at the feed point. Zupper and Zlower represent the
impedances of the upper and lower sections of the seawater an-
tenna, respectively. Iupper and Ilower denote the currents in the

FIGURE 4. Analogous circuit model.

upper and lower sections of the feed point, respectively. Is and
Rs correspond to the source current and internal resistance of
the power supply, respectively. Since the primary radiating el-
ement of the antenna is the part above the seawater surface, ac-
cording to the definition of the effective height of an antenna,
the effective height of the upper section of the antenna at the
feed point can be expressed as [16]:

he =
1

Iupper(h1)

∫ h3

h1

Iupper(z)dz (1)

A smaller upper-section current Iupper would reduce the effec-
tive height of the antenna, adversely affecting its radiation ef-
ficiency. To increase the antenna’s effective height, it is neces-
sary to minimize the downward current Ilower while maximiz-
ing the upward current Iupper. According to Kirchhoff’s Current
Law (KCL), Iupper and Ilower satisfy the following relationship:

Is = Iupper + Ilower (2)

Iupper =
U

Zupper
, Ilower =

U

Zlower
. (3)

Therefore, the improvement of the antenna’s effective height
can be achieved by impedance adjustment, making the down-
ward impedance Zlower as large as possible while minimizing
the upward impedance Zupper. According to [17], when the sea-
water antenna radius is smaller than the skin depth, its surface
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FIGURE 5. Simulation of the seawater antenna. (a) Basic model, (b) 3D radiation pattern.

resistance is given by:

Z =
1

rσ
(4)

where r represents the radius of the seawater column, and σ
denotes the conductivity of seawater. That is, within the skin
depth, the surface resistance of seawater increases as the radius
decreases. Therefore, for the lower-section impedance Zlower,
it can be increased by reducing the radius of the lower seawa-
ter column. Under ideal conditions, if the lower-section radius
is reduced to zero, a static monopole antenna can be formed,
completely isolating the water-supply currents. To accommo-
date the implementation of a dynamic seawater antenna, the ra-
dius of the water pipe can be appropriately reduced. When the
seawater antenna radius exceeds the skin depth, its surface re-
sistance is given by:

Z =
1 + j

dsσ
(5)

where ds denotes the skin depth of seawater. Given a seawa-
ter conductivity of 4 S/m, the corresponding skin depth in the
30–100MHz frequency range is 4.5–2.5 cm. When the seawa-
ter column radius exceeds the skin depth, its surface resistance
remains essentially constant. Therefore, for the upper-section
impedance Zupper, it can be reduced by increasing the radius of
the upper seawater column to at least the skin depth.
Additionally, this study introduces a metallic section at

the upper portion of the seawater antenna, forming a hybrid
seawater-metal antenna structure. Due to the extremely high
conductivity of the metal, current primarily concentrates on
its surface, thereby reducing Zupper. However, an excessively
long metal feed tube would cause current to predominantly
flow along the conductor, shifting the primary radiating
element to the metal section and diminishing the significance
of the seawater antenna. Thus, the length of the metal tube
should be optimized to balance performance. Considering the
relationship between the feed point height and water outlet
height, the maximum length of the metal tube is limited to
30 cm in this paper.

4. SIMULATION ANALYSIS

This study employs FEKO electromagnetic simulation soft-
ware to conduct numerical analysis of the dynamic seawater
antenna. During the modeling process, two key aspects are
addressed. First, the continuous seawater jet ejected into the
air gradually breaks up into discrete droplets over time due to
Rayleigh-Plateau instability [18, 19]. Considering the attenua-
tion of conduction current in the terminal droplets, the effec-
tive height of the seawater column is set at 1.7m— the portion
below this height is treated as a complete cylinder, while the
discrete droplets above 1.7m are neglected. Second, for the
underwater structure, the seawater column below the sea sur-
face should adopt an insulated PVC pipe encapsulated structure
model. This model must ensure complete isolation between
the main seawater column and external seawater, with only the
pipe’s end cross-section simulating contact with the seawater.
Additionally, since the length of the supporting wooden stool
is much smaller than the operating wavelength, its influence on
the radiation characteristics is disregarded. Based on the an-
tenna parameters listed in Table 1, the final simulation model is
presented in Figure 5(a). As shown in Figure 5(b), influenced
by the reflection effect of the sea surface, the antenna exhibits
monopole-like characteristics, demonstrating omnidirectional
radiation patterns below the horizontal plane. To evaluate the
influence of the length of the metal tube h2 on antenna perfor-
mance, simulations are conducted under controlled variables to
analyze the effects on the antenna’s radiation characteristics.
Figure 6 illustrates radiation characteristics of the dynamic

seawater antenna with different lengths of the metal tube. As
shown in Figure 6(a), the resonant frequency is 30MHz, and
increasing the length of the metal tube does not alter the res-
onant frequency or bandwidth. Figure 6(b) reveals that as the
length of the metal tube increases, the radiation efficiency also
improves. At the resonant frequency (30MHz), the antenna
with a 30 cm metal tube achieves a radiation efficiency of ap-
proximately 37%, representing a 5% improvement compared
to a 1 cm metal tube. Figures 6(c) and (d) depict the radiation
patterns at 30MHz. As the length of the metal tube increases,
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FIGURE 6. Simulated antenna radiation characteristics with different metal tube lengths: (a) reflection coefficient, (b) radiation efficiency, (c)E-plane
radiation pattern at 30MHz, and (d)H-plane radiation pattern at 30MHz.

the total gain shows an upward trend, with the maximum gain
approximately 0.65 dBi achieved at a 30 cm length.
Similarly, to study the influence of the inner diameter of the

PVC pipe d1 on antenna performance, under fixed structural
parameters, simulations are performed to analyze the effects on
the antenna’s radiation characteristics. Based on the previous
simulation results, the length of metal tube is set to 30 cm. Fig-
ure 7 illustrates the antenna’s radiation characteristics with dif-
ferent inner diameters of the PVC pipe. As can be seen in Fig-
ure 7(a), the resonant frequency is around 30MHz. Reducing
the inner diameter of the PVC pipe slightly lowers the reso-
nant frequency. A PVC pipe with an inner diameter of 4 cm
corresponds to a resonant frequency approximately 33MHz,
while a 1 cm inner diameter results in a resonant frequency of
27MHz. As the radius decreases, the −10 dB bandwidth also
narrows. In Figure 7(b), as the inner diameter of the PVC pipe
decreases, the radiation efficiency increases. At 30MHz, com-
pared to a 4 cm inner diameter PVC pipe, a 1 cm inner diameter
pipe achieves a radiation efficiency of 52%, while the 4 cm pipe
yields 25%, representing a 27% improvement. Figures 7(c) and
(d) show the radiation patterns at 30MHz. As the inner diame-
ter of the PVC pipe decreases, the total gain exhibits an upward
trend, with themaximum gain approximately 0.93 dBi achieved
at a 1 cm inner diameter. Finally, the simulation results agree
with the analysis in Section 3.

5. EXPERIMENTS ANALYSIS

The experiment is conducted in a seawater pool, with the pool
measuring 5 meters in length and 3 meters in width. The con-
ductivity of the seawater in the pool is 5 S/m. Due to the
limitations imposed by the pump head and power constraints
in the experimental setup, employing PVC pipes with exces-
sively small inner diameters would result in excessive hydraulic
pressure, exceeding the pump’s rated power capacity. Conse-
quently, the inner diameter of fabricated PVC pipes is 2 cm.
Due to the dynamic seawater antenna’s unique characteristics,
it is challenging to measure its radiation pattern and radiation
efficiency. For the measurement of radiation characteristics of
dynamic seawater antennas, this paper employs the compara-
tive method from [12], which indirectly evaluates antenna per-
formance through Signal-to-Noise Ratio (SNR) measurements.
To assess antenna radiation properties, transmission experiment
was conducted using a signal generator on a seawater pool plat-
form, while the G39 signal receiver performed reception mea-
surements at a distance of 200meters from the pool. Figure 8 il-
lustrates the testing scenario of the center-fed seawater antenna.
Prior to the experiments, to verify that seawater is the pri-

mary radiating element of the dynamic seawater antenna, Vec-
tor Network Analyzer (VNA) is employed to measure the re-
flection coefficients in both spraying and non-spraying states.
Figure 9 presents the reflection coefficients experimental re-
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FIGURE 7. Simulated antenna radiation characteristics with different different PVC pipe inner diameters: (a) reflection coefficient, (b) radiation
efficiency, (c) E-plane radiation pattern at 30MHz, and (d)H-plane radiation pattern at 30MHz.

FIGURE 8. Antenna test environment.

sults of the center-fed dynamic seawater antenna. As depicted
in Figure 9, within the 10–60MHz frequency range, no signif-
icant resonance points are observed in the non-spraying state,
and the reflection coefficient remained above −5 dB, indicat-
ing severe impedance mismatch where most incident energy is
reflected. In contrast, during the spraying state, a distinct reso-
nance point appeared at 28MHz, closely aligning with the sim-
ulated resonance frequency. The reflection coefficient is be-

low −10 dB in the 15–33MHz range. This comparative result
confirms that seawater is the primary radiating element of the
dynamic seawater antenna.
For signal transmission, a sinusoidal signal with an ampli-

tude of 5V is used. Based on VNA measurements, the trans-
mission frequency range is selected as 10–60MHz. To miti-
gate interference from coexisting signals at specific frequencies
(e.g., 10MHz), the transmission frequencies are configured
with a 3MHz step size, spanning from 12.5MHz to 57.5MHz,
yielding a total of 16 discrete frequency points. During signal
reception, the background noise level is first measured at each
frequency point, followed by transmission using the seawater
antenna. The received signal level is then measured, and the
SNR is derived from the difference between the signal level and
background noise. It is known that the variation in the received
signal’s SNR is positively correlated with the realized gain of
the seawater antenna. Figure 10 showsmeasured SNR and sim-
ulated realized gain. As shown in Figure 10, the SNR first in-
creases and then decreases with frequency, reaching its peak
value of 43 dB at 33MHz. This trend aligns with the simulated
realized gain curve, further verifying the consistency between
the antenna’s radiation characteristics and simulation results.
At 28MHz, the measured realized gain is estimated about

−4 dBi (linear gain ≈ 0.4), lower than the simulated value of
0.5. In practical measurements, the antenna gain is lower than
the simulation results primarily due to two reasons: Firstly, the
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TABLE 2. Comparison with pervious literature.

References
height

(m)

Frequence

band

Resonant frequency

(MHz)

Gain

(dBi)

Impedance

Bandwidth

(%)

[9] N.A. VHF 110 −0.2 27

[10] 0.1 VHF 540 N.A. 14

[11] 1.3 VHF 215 N.A. 0

[12] 1 VHF 56.5 2.5 19.8

this 1.7 HF/VHF 28 −4 75

FIGURE 9. Simulated and measured S11. FIGURE 10. Measured SNR and simulated relised gain.

simulation model assumes an infinite sea surface as the ground
with high conductivity (approximately 4 S/m), which provides
an ideal reflective surface and a ground current return path.
However, the experimental environment consists of two types
of ground surfaces: a limited-size seawater pool and the sur-
rounding dry floor. The dry ground has extremely low con-
ductivity (typically only 0.005 S/m), which is significantly dif-
ferent from that of seawater. This nonuniform ground intro-
duces additional losses, leading to a reduction in actual gain.
Secondly, due to limitations in pump power and flow rate, the
cross-section of the practically formed water jet does not fully
reach the inner diameter size of the metal tube, resulting in a re-
duced effective conductive cross-sectional area. This increases
the ohmic loss in the seawater jet, thereby reducing the realized
gain.
Table 2 presents a comparison among existing dynamic sea-

water antennas. As can be seen, the proposed seawater antenna
exhibits significantly wider impedance bandwidth than existing
counterparts. Operating in the HF band, it demonstrates strong
potential for medium to long range maritime communication
applications. However, due to its relatively small electrical size
and experimental constraints, the gain of our antenna remains
lower than other seawater antennas.

6. CONCLUSION

A high-efficiency center-fed structure of dynamic seawater an-
tenna is proposed in this paper. The length of the metal tube
and the inner diameter of the PVC pipe are analyzed in detail
by FEKO software simulation. In order to achieve efficient sea-
water antenna, the length of the metal tube should be as long as
possible under the premise that seawater is the main radiator.
Under the premise of the realization of the dynamic seawater
antenna, the inner diameter of the water supply side pipe should
be small. The actual effect of the center-fed seawater antenna is
verified by the seawater pool platform. Due to the limitation of
experimental constraints, the realized gain of seawater antenna
could be reduced. In the future study, actual sea experiments
will be carried out.
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