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Abstract: Corrosion in ship hulls, a potential cause of leaks, can be detected using radar
systems, where antennas play a critical role. While microstrip antennas are widely used
due to their ease of fabrication, their limitations in bandwidth and gain reduce radar de-
tection precision. This study proposes two modified monopole antenna models to address
these challenges. The antennas were designed for ship hull corrosion detection and feature
a conical parasitic element to enhance gain and bandwidth. The first model employs an
upward-directed parasitic cone with a larger diameter, while the second uses a downward-
directed cone with a smaller diameter. The cone diameters were calculated based on half
the wavelength of the antenna’s operating frequencies. PTFE was incorporated between
the monopole and the parasitic cone to prevent short circuits. Performance testing involved
a vector network analyzer and software-defined radio. Laboratory-scale physical measure-
ments demonstrated that both antennas exhibited omnidirectional radiation patterns. The
first model achieved a frequency range of 3904.7-7793.1 MHz, a bandwidth of 3888.4 MHz,
and a maximum gain of 10 dBi. The second model operated within 2282.4-3324.1 MHz,
with a bandwidth of 1041.7 MHz and a peak gain of 8 dBi. These results indicate that while
the first model outperforms the second in bandwidth and gain, both meet the requirements
for ship hull corrosion detection in SDR 1, 8,9,11 and 12.

Keywords: omnidirectional, monopole antenna, parasitic cone, radar, software-defined ra-
dio, vector network analyzer
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1 Introduction

Indonesia, as a maritime country with vast oceans, relies on ships for low-cost transporta-
tion. However, insufficient supervision of ship seaworthiness often leads to accidents, pri-
marily due to hull leaks caused by corrosion. Fortunately, radar technology can detect
corrosion and assess its damage. Using transmitting and receiving antennas, corrosion de-
tection radar sends electromagnetic waves at a specific frequency toward the ship’s hull.
The hull reflects these waves, revealing its condition. A uniform reflected wave indicates
no corrosion, while weaker amplitudes in certain areas suggest corrosion caused by air
bubbles on the hull.

The transmitting antenna on corrosion detection radar for ship hulls is typically unidi-
rectional to provide strong radiation capabilities. In contrast, the receiving antenna is om-
nidirectional to maximize detection from various directions [1-4]. These references discuss
microstrip antennas, a popular choice due to their lightweight, low profile, and conformal
design. However, microstrip antennas have limitations, including a narrow bandwidth
and low gain.

The Ministry of Communication and Information regulates the frequency range for ship
hull corrosion detection radar from HF to SHF [5], as shown in Table 1, with these frequen-
cies detectable by Software-Defined Radio (SDR). HF waves penetrate thick hulls to detect
deep corrosion, while SHF waves, with higher energy and rapid amplitude changes, detect
surface structures.
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Figure 1: Radar System for Corrosion detection radar for ship hulls.

Omnidirectional antennas, ideal for receiving reflected waves from all directions, are
commonly microstrip antennas [6-14]though their low gain and efficiency highlight the
need for alternatives like monopole antennas, which offer better power handling [15-17].
Two modified monopole antennas with conical parasitic elements are proposed for SHF
wave detection, designed based on half the wavelength of the target frequency range, with
further details provided in the Research Method.
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Table 1: SDR band frequencies

Channel Frequency Band (MHz)

SDR 1 1700 - 2000

SDR 2 100 -470

SDR3  400-1700

SDR4  470- 800

SDR6 800 - 1000

SDR & 2000 - 2300

SDR9 3200 - 3700

SDR11 2300 - 2650

SDR12 2650 - 3200

2 Research Method

2.1 Monopole Antenna

A monopole antenna is a type of wire or rod antenna commonly known as a quarter-wave
(3 dipole antenna. This antenna is formed by cutting a dipole antenna in half and replac-
ing the missing side with a ground plane [18]. The shape of a monopole antenna can be
seen in Figure 2. The physical length of the monopole antenna is closely related to the op-
erating frequency used. The higher the frequency used, the shorter the monopole antenna
needed. Therefore, the calculation of the physical length of the monopole antenna is based
on the wavelength ().

Figure 2: Monopole antenna.

A basic monopole antenna is a type of linear antenna, typically a quarter-wavelength
(%) long (L,,) in a free space ( Equation 1 and Equation 2), mounted perpendicular to
a ground plane. With the ground as a reflecting plane, it is as if the total length of the
monopole antenna is 3 of the wavelength. This condition will result in a maximum electric
field right in the middle of the monopole antenna. In Equation 2, f. (a center frequency in
Hz), and cis (3x 108)m/s as the speed of light. The formula for the radius of a monopole an-
tenna (R,,) often relates to its resonant frequency and wavelength. The formula is derived
from transmission line theory or electromagnetic considerations. For a thin wire monopole
antenna, the radius (R,,) is often expressed in terms of the resonant wavelength A, with
R,, < . For this case, the radius of the monopole antenna is chosen as expressed in Equa-
tion 3. This ensures that the antenna behaves properly in terms of impedance matching
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and radiation. The ground radius of the monopole antenna is made 1 the wavelength of
the free space Equation 4 to produce a maximum electric field magnitude at the center of
the ground and zero at both edges of the ground.

For a thin wire monopole antenna, the radius (R,,) is often expressed in terms of the
resonant wavelength A, with R,, < A. For this case, the radius of the monopole antenna
is chosen as expressed in Equation 3. This ensures that the antenna behaves properly in
terms of impedance matching and radiation. The ground radius of the monopole antenna
is made 1 the wavelength of the free space Equation 4 to produce a maximum electric field
magnitude at the center of the ground and zero at both edges of the ground.

L= 0
A= F @
R < 2% ©
D, =2 @

A basic monopole antenna, typically a quarter-wavelength monopole placed above a
ground plane, exhibits an omnidirectional radiation pattern in the horizontal (azimuth)
plane. The intensity of the radiation changes with the elevation angle 6. The radiation
pattern E(6) is like that of a monopole antenna and can be approximated as shown in
Equation 5 [19]. The radiation is maximum at § = 90° (it means that parallel to the ground
plane) and zero at § = 0° (directly upward) or § = = (directly downward).

E(0) = Eggsin (6);0 < 0 < 27 )

Where:
Eyp is the maximum electric field. (volt/meter)
0 is the elevation angle from the zenith.

A quarter-wave monopole antenna positioned over a perfect ground plane has a gain
of about 2.15 dBi, which is approximately 3 dB more than a half-wave dipole in free space.
This higher gain is a result of the ground plane reflecting the emitted waves, effectively
doubling the radiation power. The gain G is related to the directivity D and efficiency 7.
The relation is shown in 6. For a quarter-wavelength monopole, the directivity is about 5.12
dBi, and with high efficiency (1 ~ 1), the gain is typically around: G =~ 2.15dBi. For a more
complex design (like adding parasitic elements), the gain will vary based on the geometry.

G(dB) = 10log(n) + 10log(D) (6)

For a basic quarter-wave monopole, the bandwidth (BW) is typically small, but adding
matching networks or parasitic elements (as in this case) can widen the bandwidth. The
bandwidth is also inversely related to the antenna’s quality factor ), which is dependent on
the antenna’s electrical size and loading. Quality factors are highly dependent on material
loss. The bandwidth is formulated in Equation 7.
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BW ~ ¢ )

2.2 Parasitic Method

The parasitic method is used in an antenna to increase gain, direct radio waves in a specific
direction, and modify the radiation pattern emitted by the main element. Parasitic elements
are typically shaped like metal rods or conductors that are not electrically connected to the
power source and are located around the active main element [20]. Various shapes can
be used for parasitic elements, one of which is a cone. A cone has two circular faces with
different diameters. The diameters of the two circles in a cone can vary, with either the base
diameter being smaller than the top diameter or vice versa.

To achieve a wide resonance, the wavelength is calculated for the upper and lower lim-
its of the targeted SDR frequency band. To determine the diameters of the cone, the lower
frequency (f), the upper frequency (f1), and the center frequency (f.) are required. The
upper frequency is used to calculate the diameter of the smaller circle (D,,), the lower fre-
quency is used to calculate the diameter of the larger circle (D,2), and the center frequency
is used to calculate the height of the parasitic element (L,). The diameters of the cone can be
determined using specific equations. Equation 8 is used to find the diameter of the smaller
circle (base of the cone). Equation 9 is used to determine the diameter of the larger circle
(top of the cone). Equation 10 is used to determine the height of the parasitic element.

AL c c
D = — = —— = —
pl 2 f2h 2fh (8)
A c c
D = —_ = — = —
p2 2 % 2fl (9)
C
L,= 1
P af 10

The selection of the half-wavelength diameter is intended so that the current distribu-
tion at the edges of the cone is zero, while at the center of the cone it is maximum.

2.3 Proposed Antennas

The antenna design process is carried out in several steps to ensure it is systematic and
structured. The steps of the design process are shown in Figure 3. The predicted char-
acteristics of the proposed antennas were simulated using CST Studio Suites 2019. The
dimensions of the proposed antenna construction components, calculated using the previ-
ous equations, were incorporated into the simulation setup. In the design of the proposed
antennas, the center frequencies for the first model and the second one taken are 2332.38
MHz and 1977.37 MHz, with corresponding wavelengths of 129 mm and 151.72 mm. With
these wavelengths, the dimensions, such as the length and diameter of the radiator pro-
posed antennas, are calculated and given in Table 2 and Table 3, respectively.

The materials used were the non-magnetic solid copper sheets magnetic solid copper
sheet (1, = 1,0 = 5.8 x 107 S/m ) with thicknesses of 2 mm and 6 mm for the ground plane
and radiator, respectively. The impedances of the proposed antennas were calculated and
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Figure 3: Proposed method.

Table 2: The dimensions of the first model

Dimensions Value (mm)
Length of monopole antenna (Lm) 37.929
Radius of monopole antenna (Rm) 7.585
Ground plane width of monopole antenna (Gm)  75.85
Top diameter of parasitic element (D)1) 65.2
Bottom diameter of parasitic element (D,2) 88,2
Length of element parasitic (Lp) 151.717

matched to 50€2. The geometric structures of the two proposed antenna models are shown
in Figure 4 and Figure 5. All parts of the antenna are simulated, including the use of SMA
(Small Miniature-A) connectors on the antenna feeders.

The simulated characteristics of the proposed antennas were the S;; parameter re-
sponse as a function of frequency, the gain as a function of frequency, and the radiation
patterns at several frequencies. These four parameters represent the main characteristics
of a good antenna. CST Studio Suite 2019 software optimizes for frequency values whose
impedance produces S;; values as required for detecting corrosion on ship hulls. Subse-
quently, the antenna is prepared in the far field zone to become a directional device that
directs electromagnetic wave energy in all directions. From this, the radiation pattern can
be determined, including the antenna’s gain and radiation efficiency.

Figure 4 and Figure 5 are the proposed antenna structures. In the first model, the
parasitic cone is directed upwards, while in the second, it is directed downwards. The first
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Table 3: The dimensions of the second model

Dimensions Value (mm)
Length of monopole antenna (Lm) 35
Radius of monopole antenna (Rm) 6
Ground plane width of monopole antenna (Gm) 2
Top diameter of parasitic element (Dy1) 85
Bottom diameter of parasitic element (D)) 36
Length of element parasitic (Lp) 7

Dm Dp2
-

(a) design (b) implementation

Figure 4: Geometry Structure of the first model (the parasitic cone is directed upwards).

monopole rod antenna model includes an upward-facing parasitic cone with a diameter
of half the wavelength of the antenna’s lower frequency limit. This model is designed
to produce a resonance effect in the low-frequency region. The upward-facing cone with
a large diameter ensures that the antenna’s radiation is equally strong in the horizontal
plane (forming a circular pattern) and null at § = 0°and 6 = 180°. The second monopole
rod antenna model features a downward-facing parasitic cone. The cone’s diameter is half
the wavelength of the upper-frequency limit, providing a resonance effect in the high-
frequency region. This model also radiates equally in the horizontal plane (forming a
circular pattern), but the electric field strength is smaller than that of the first model. In
the second model, nulls also occur at § = 0°and # = 180°, but with a higher magnitude
compared to the first model.

Tg

IR

Gm L

(a) design (b) implementation

Figure 5: Geometry Structure of the second model (the parasitic is directed downwards).
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3 Results

3.1 Near Field Parameters

Verification of the simulation results is performed through measurement on a labora-
tory scale. The physical measurement of antenna characteristics is conducted in a low-
interference environment. The measuring instrument used is the Keysight Field Fox Vec-
tor Network Analyzer (VNA). The first parameter measured is the near-field parameter,
specifically S1; as a function of frequency. This parameter can be used as a reference to de-
termine how the antenna input impedance matches the system impedance in the examined
frequency range.

The receiving antenna is considered suitable for operation in the frequency range where
the S;1 < —10 dB, or in other words, where the return loss RL > 10dB. Under these
conditions, the reflected wave between the antenna feeder and the cable is minimized to
not exceed 10%. Figure 6 shows the comparison of simulated and measured S1; response
graphs for the first model. The direct measurement results from the VNA are shown in
Figure 7. The antenna works in the dual band, with the 2nd band being wider than the
first band. The working frequency range of the first model antenna is shown in Table 3.
Referring to the frequency spectrum allocation [5], the working frequency range of the
first model antenna meets the requirements for a ship hull corrosion detection radar system
(SDR 1, 8, and 9).

I mempmm—
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Figure 6: Comparison of simulated and measured S;; response graphs for the first model.

For the second model antenna, the frequency function S1; curves are shown in Figure 8
and Figure 9. Like the first model antenna, this antenna is also capable of producing a
working frequency that meets the requirements for corrosion detection radar (SDR 11 and
12). Detailed working frequencies of the antenna can be seen in Table 4. The simulation
and measurement results differ due to several factors, namely imperfection of connector
installation, cable loss, and inaccuracy of size due to handmade and material quality.
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15.0 dBm

Figure 7: S1; Antenna measurement results from VNA for RL > 10dB for the first model.
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Figure 8: Comparison of simulated and measured S;; response graphs for the second

model.
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Figure 9: 511 Antenna measurement results from VNA for R > 10 dB for the second model.

Table 4: Comparison of simulated and measured S;; response for the first model

Simulation Measurement
Band1 Band2 Band1l Band2
/i (MHz) 1476.8 4700 1582.1  3904.7
frn (MHz) 2507.7  7823.6 24713  7793.1
BW (MHz) 10309 3123.6 889.2 3888.4

Spec.

3.2 Far Field Parameters

The far-field parameters of the antenna show the characteristics of the antenna in free space.
In the case of corrosion detection radar, this means the ability of the antenna to receive
reflected waves from the ship’s hull with sufficient power to be then interpreted into an
image showing the condition of the ship’s body. The parameters included in the far field
are the radiation pattern and gain. Far-field parameter testing was conducted only on a
laboratory scale, not in a real environment, as it requires an actual corrosion detection radar
system. Both antenna models produce an omnidirectional radiation pattern, as shown in
Figure 10 and Figure 11. These are characterized by “a circle shape” for the top view and
“an eight shape” for the side view. The radiation of both omnidirectional antennas is very
necessary for the comprehensive detection of corrosive objects on the hull of a ship.

Table 5: Comparison of simulated and measured S;; response for the second model

Spec. Simulation Band1 Measurement Band 1
fi (MHz) 2259.3 22824
frn (MHz) 3376.1 3324.1
BW (MHz) 1116.8 1041.7

JURNAL INFOTEL, VOL. 16, NO. 4, NOVEMBER 2024, PP. 678—694.
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Figure 10: Radiation patterns for the band 1 and band 2 of the first model.

An illustration system of radar applications to detect ship hull corrosion is shown in
Figure 12. The radar system is mounted on a drone, and its weight is calculated. Based on
an experiment on a laboratory scale, for detection purposes, the antenna needs a gain of at
least 5 dBi. At this gain level, 5 dB of radar wave energy is focused on the ship’s structure.
The gain produced by both antenna models varies with frequency. For the first model, the
green line represents simulated gain, the red line represents horizontal position gain, and
the purple line represents vertical position gain, as shown Figure 13 to Figure 14.

The simulation gain is smaller than the measurement gain because in the simulation,
the radar wave source is not generated in the test frequency area. In contrast, in the mea-
surements, it is used at the test frequency with a power level of 0 dBm. For the detection
corrosion function of the first model antenna in the far field region, tests were carried out
using a signal generator set to 0 dBm at a frequency of 4.8 GHz. At this frequency, the
antenna gain is 4 dBi. The distance between the transmitter and receiver is more than 2
meters. With the path loss generated at the test frequency for more than 2 meters, the first
model antenna was able to receive a power of -49.67 dBm (see Figure 16). The second
model antenna, tested at 3.6 GHz with the same transmit power and distance, received
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Figure 11: Radiation pattern for the second model.

Figure 12: Illustration system of radar applications to detect ship hull corrosion.
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-47.78 dBm. Both antenna models have a gain of more than 4 dBi at their respective test
frequencies. For the second model, we present it in different colors (see Figure 15).

1700 1800 1900 2000 2100 2200 2300
Frequency (MHz)

10

[#0e]

Gain (dB1)
s O

(]

o

Figure 13: Comparison of simulated (green) and measured gain (red = vertical, purple =
horizontal) on the first band.

However, path loss is higher at 4.8 GHz compared to 3.6 GHz. This explains why the
first model antenna received less power (-49.67 dBm) than the second (-47.78 dBm) (see
Figure 17). With varying gain from 4 dBi to 10 dBi and maximum omnidirectional polar-
ization in the phi plane, both proposed antenna models are predicted to be able to perform
corrosion detection functions. The power received by both antennas is quite low due to the
unavoidable path loss.

4 Discussion

In this section, important results from research on the comparison of the characteristics of
two modified monopole antenna models will be discussed to gain more attention. First,
the parasitic elements have worked well. The addition of parasitic cone-shaped elements
to the main antenna has been able to expand the widest bandwidth to 3888.4 MHz and
1041.7 MHz. In addition, parasitic elements are able to increase the largest main antenna
gain up to 10 dBi. However, the addition of parasitic elements does not change the ra-
diation pattern of the main antenna. Monopole antennas have omnidirectional radiation
polarization, and after adding parasitic elements, they remain omnidirectional. Antenna
designs using copper plates can be recommended for antennas with detection functions.
Apart from good power handling capacity, antennas made from this material can also pro-
duce good performance for radar applications to detect ship hull corrosion in SDR 1, 8, 9,
11, and 12.

®  https://ejournal.ittelkom-pwt.ac.id /index.php/infotel


https://ejournal.ittelkom-pwt.ac.id/index.php/infotel

TwO OMNIDIRECTIONAL ANTENNA MODELS - - - 691

TILLIT

4800 5000 5200 5400 5600 5800 6000
Frequency (MHz)

10

Gain (dB1)
(ST

o

Figure 14: Comparison of simulated and measured gain on the second band.
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Figure 15: Measured gain of the second model.
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Tue, 09 Jul

Figure 16: Power received by the first model antenna at the 4.8 GHz frequency.
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Figure 17: Power received by the second model antenna at the 3.1 GHz frequency.
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5 Conclusion

This research successfully designed and tested two modified monopole antenna models
for ship hull corrosion detection, with performance measurements conducted on a labora-
tory scale. The first model, featuring an upward-facing conical parasitic element, achieved
a broader bandwidth of 3888.4 MHz (3904.7 MHz to 7793.1 MHz) and a higher gain of
10 dBi. The second model, with a downward-facing cone, operated in the 2282.4 MHz to
3324.1 MHz range, providing a bandwidth of 1041.7 MHz and a gain of 8 dBi. A PTFE layer
was added in the second model to prevent short circuits. Both models demonstrated om-
nidirectional radiation patterns during laboratory testing. While the first model exhibited
superior performance in terms of bandwidth and gain, both antennas meet the necessary
criteria for detecting ship hull corrosion, offering promising solutions for radar applications
in maritime environments.
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