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Abstract: Real-time command and data transfer are essential for autonomous underwater
vehicle (AUV) motion control in underwater missions. Due to the limitations of underwater
acoustic communication, which has a low data rate, this paper introduces a new control
structure using underwater wireless optical communication (UWOC) to enable effective
real-time command and data transfer. In this control structure, control inputs for the AUV
attitude from outside of the water are transferred to the AUV for motion control, while its
orientation data and visual images from the AUV camera are sent to the control station
outside the water via the UWOC system. For demonstrating the performance of control
action and data monitoring, an AUV is built with a constructed UWOC system, two vertical
thrusters, and two horizontal thrusters. For attitude control of the AUV, an attitude heading
reference system (AHRS) and a depth sensor are installed. Bi-directional communication in
the UWOC system is achieved using a return-to-zero (RZ) modulation scheme for faster,
longer-range data transfer. A signal processor converts sensor data received from the
transmitted data. Finally, the hovering control performance of the AUV equipped with
the UWOC system was experimentally evaluated in a water tank, achieving average root
mean square errors (RMSEs) of 4.82◦ in roll, 2.49◦ in pitch, and 1.99 mm in depth, while
simultaneously transmitting real-time motion data at 21.2 FPS with VGA-resolution images
(640 × 480 pixels) at a communication rate of 1 Mbps.

Keywords: autonomous underwater vehicle; hovering control of AUV; real-time
commands; underwater wireless optical communication

1. Introduction
Electromagnetic waves in the MHz band or higher experience significant attenuation

underwater due to the conductivity of water, and the attenuation rate generally increases
with frequency under identical environmental conditions [1,2]. As a result, electromagnetic
wave-based communication commercially available overland cannot be applied under the
water, and acoustic waves with water as a medium or visible light from a light source are
instead used for underwater wireless communication [3]. Acoustic wave communication
provides a long communication distance but is limited in high-speed communication since
the amount of data transmission is small [4]. Underwater wireless optical communication
(UWOC) provides a shorter communication distance than acoustic wave communication
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but allows high-speed communication [5]. Despite signal attenuation and delay caused
by variations in salinity, temperature, and bubble presence and by light scattering and
absorption, UWOC delivers propagation speeds higher than underwater acoustic commu-
nication [6].

Unmanned underwater vehicles (UUVs) are one of the important applications of
underwater communication. Underwater communication is essential for sending scan
information obtained underwater or the condition of the UUV to other UUVs or to the
ground. Also, high-speed communication is required to process underwater images for
real-time inspection of marine structures or piers in port facilities [7]. So far, cables have
been used for the communication of UUVs such as remotely operated vehicles (ROVs).
These cables can break or bend with structures, reefs, rocks, and floating objects, causing
damage to the ROVs or restricting their activity [8,9]. Therefore, high-speed wireless
communication without cables is necessary to achieve the smooth operation of ROVs.

Underwater acoustic communication has been commonly used so far for underwater
communication but is unsuitable as a real-time video communication medium due to
the low data rate of 100–5000 bps. To solve the delayed data rate of underwater acoustic
communication, numerous studies on UWOC technology have been performed [7]. In the
literature, a detailed overview of various research activities on UWOC was presented [10].
Extensive research was carried out to develop complementary technology, which can allow
broadband underwater communications such as real-time video transmissions, teleopera-
tion of autonomous underwater vehicles (AUVs), and remote monitoring of underwater
stations [11]. Also, in a recent study on practical research, researchers provided a review of
practical considerations and solutions in UWOCs. However, most of these studies focus on
increasing the underwater optical wireless communication speed and its verification in an
indoor water tank [12].

There were some studies on UWOC between AUVs and underwater modems or
AUVs and the surface vehicle. In 2023, Han et al. demonstrated a UWOC system that
achieved a communication distance exceeding 35 m at a data rate of 1.9 Mbps [13]. By
Anguita et al., a cooperative control framework based on potential field theory and a
hybrid (optical/acoustic) data transfer policy based on Saaty’s analytic hierarchy process
(AHP) algorithm was studied [14]. However, in this paper, the validity of the proposed
algorithm was presented through simulation instead of experiments. A compact, low
power consumption, cost-efficient, and lightweight optical modem designed for fast data
transmission between MEDUSA at ranges on the order of 10 m was presented [15]. The
experiments have shown the capability of the modem to transmit data at 20 kb/s, over a
distance of 10 m in water with 4–5 m visibility.

A bi-directional UWOC system, the Woods Hole Oceanographic Institution (WHOI)
optical modem, was deployed on a seafloor test node and on the AUV Sentry. A complete
optical field map of the signal from the seafloor node was generated with an autonomous
data mule mission. A test data transfer was made between the node and Sentry over the
wireless optical modem from a 20 to 150 m slant range at data rates of 5 and 10 Mbps [16].
The WHOI optical modem was deployed on a seafloor Ocean Bottom Seismometer and
on a REMUS 600 AUV. Test data were successfully transferred from the Ocean Bottom
Seismometer to REMUS over the wireless optical modem at a ~30 m slant range at data
rates of 5–10 Mbps [17]. A study was performed on the docking of AUVs to a docking
station using light and a light sensor system under the water. For this, a guiding system
for an AUV loading sensor system composed of a lens, light sensor, signal processor, and
control processor and a docking system with LED was proposed [18]. However, there is
currently no research on AUV motion control that integrates real-time image transmission
via UWOC between the underwater vehicle and an above-surface communication modem.
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In this study, a new control structure for the AUV motion based on real-time commands
using the UWOC system is proposed. In this control structure, control inputs for the AUV
attitude from outside of the water are transferred to the AUV for motion control, while its
orientation data and motion images from the AUV camera are sent to the control station
outside of the water via the UWOC system.

For two-way communication between the ground and the AUV, a light receiver using
an LED transmitter and a PIN photodiode was designed and installed in the AUV. In
addition, four thrusters were installed on the AUV to control the water depth and attitude.
The attitude control of the AUV based on the developed UWOC system was verified
through underwater experiments.

2. AUV Design and Construction
2.1. AUV Structure

In this study, an AUV equipped with an underwater optical wireless communication
system was produced to implement AUV communication using the underwater optical
wireless system and the hovering control of the AUV based on the UWOC. The hull of
the AUV consisted of a transparent acrylic housing to ensure visibility for the camera
and underwater light communication, and the control electric field and battery were
secured inside with a PLA bracket. Designed in the shape of a fish, the AUV consisted
of four thrusters, acrylic end caps for internal waterproofing, aluminum flanges, frame
bars, connectors, a buoyancy system for neutral buoyancy, weight, and a power switch.
Figure 1 shows the images of the produced AUV, and Table 1 shows the specifications of
the instrument. Figure 2 shows the structure of the produced AUV. The AUV system is
divided into an AUV frame, control system, UWOC system, and operating PC with four
degrees of freedom. The AUV is equipped with a UWOC system to transmit and receive
data at high speed with underwater or out-of-water optical communication systems. The
UWOC system was composed of LEDs, and a graphical user interface (GUI) was built by
connecting the operating PC to an external optical communication system to obtain data
for AUV operation and sensors as well as image information.

Figure 1. Constructed AUV.

Table 1. Specification of AUV.

Parameter Value

Size 400 × 320 × 290 mm
Weight 7.7 kg

Number of Thrusters 4
Camera RPI 8MP Camera Board

Power of LED communication system 5 W
Housing Material Acryl
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Figure 2. System of AUV.

2.2. System Configuration and Dynamics

The constructed AUV is equipped with four thrusters, Ts1, Ts2, Tr1, and Tr2, where Tr1

and Tr2 are for surge and yaw thrusting, and Ts1 and Ts2 are for heaving and pitching, as
shown in Figure 3. Ts1 and Ts2 are allocated at the side of the AUV by lr along the Y-axis
and by lp along the X-axis. Tr1 and Tr2 are allocated at the side of the AUV by ly along
the Y-axis.

Figure 3. Thruster allocation of AUV.

In this paper, to control the heave, pitch, roll, and yaw motion of the AUV, the vector
and moment expression of the dynamics of the AUV are expressed as follows [19]:

M
.

v + C(v)v + G(η) = τ (1)

where 
Fz

K
M
N

 =


0 0 1 1
0 0 lr1 lr2

0 0 lp1 lp2

ly1 ly2 0 0




Ts1

Ts2

Tr1

Tr2


In Equation (1), M is the inertia matrix, C(v) represents the Coriolis and centripetal

force matrix, G(η) is the restoring force and moment vector due to gravity and buoyancy,
and τ is the vector of external forces and moments. Also, Fz represents the vertical force,
and K, M, and N correspond to the roll, pitch, and yaw moments, respectively.



Appl. Sci. 2025, 15, 5910 5 of 17

Based on the allocation of the thrusters, the related configuration matrix between the
input torque, τ, and thrusting forces is expressed as

τ = Bu (2)

where

B =


0 0 1 1
0 0 lr1 lr2

0 0 lp1 lp2

ly1 ly2 0 0

, τ =
[

Fz K M N
]T

, u =
[

Ts1 Ts2 Tr1 Tr2

]T

The AUV is experimented with in the calm water tank, and it is slow in heave motion
and roll, pitch, and yaw rotations, such that the added mass and moment of inertia can
be neglected. Also, the AUV is designed to be symmetrical with respect to the xy and yz
planes, it has no sway direction thrusters, and its center of mass is centered on the AUV
axis. Hence, the dynamics of the AUV in the hovering state are expressed with the same
expression as [19]:

m
[ .
w − uq

]
= ∑ Fz

Ixx
.
p +

(
Izz − Iyy

)
qr = ∑ K

Iyy
.
q + (Ixx − Izz)rp = ∑ M

Izz
.
r +

(
Iyy − Ixx

)
pq = ∑ N

(3)

2.3. Control System and Sensors

Figure 4 illustrates the structure of the control system of the AUV. The microprocess
computing unit (MCU) composed of Psoc inside the AUV receives data from a Raspberry
Pi (RPI) and sends pulse-width modulation (PWM) signals to the servomotor. The MCU
also receives data from the depth sensor and the attitude heading reference system (AHRS)
sensor, which measures the attitude of the AUV, and transmits them to the RPI. The RPI
collects the camera image and sensor data received from the MCU and displays the collected
sensor data on the screen through the GUI. The control of the AUV is transmitted through
the UWOC system according to an external command. The GUI screen was built such that
the camera image, sensor data, and communication status could be confirmed, and CRC32
was applied to check the communication data. Figure 5 shows the GUI screen, which shows
the orientation and position of the AUV with the visual information of the underwater
camera on the AUV.

 

Figure 4. Structure of AUV control system.
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Figure 5. Developed GUI for the AUV.

The sensors used for attitude control of the AUV include the AHRS and depth sen-
sors. Adafruit’s BNO055 model was used for the AHRS, which provides roll, pitch, and
yaw values.

2.4. Altitude Control Algorithm

AHRS and depth sensor information inside the AUV is used to maintain the AUV
in the desired position and orientation. The AHRS supports the hovering mode through
the roll, pitch, and yaw values, and the depth sensor allows the target depth to be stably
maintained based on the depth value. A practical PID control is applied to maintain the
hovering mode and water depth, and the error equation used for the control is as follows:

e = vd − v (4)

Equation (4) shows the error equation for attitude control, and e is the attitude error
vector for the AUV. vd is the desired input vector for the roll, pitch, and yaw, and v is the
output vector for the roll, pitch, and yaw of the AUV’s AHRS. The PID control signal based
on the error signal is expressed in Equation (5), and the gain value of each PID controller,
KP, Ki, and KD, are experimentally determined by tunning.

U(t) = KPe(t) + Ki

∫ t

0
e(t)dt + KD

de(t)
dt

(5)

3. Underwater Wireless Optical Communication System
3.1. Structure of UWOC

Figure 6 shows the structure of the UWOC system between the AUV and the optical
modem outside the water. Although the UWOC system includes both a transmitting and
receiving unit and supports bi-directional communication, Figure 6 presents these units
separately to clarify the distinct processes of sending and receiving.

The transmitter on the AUV sends data in protocol signals, such as UART, RS232, and
Ethernet. To reduce the noise of the corresponding signal data, the return-to-zero (RZ)
modulation technique is used [20,21]. In short-range scenarios, RZ modulation exhibits
higher receiver sensitivity than non-return-to-zero (NRZ) modulation [22]. In this paper, RZ
modulation was adopted since UWOC was used to remotely control an AUV at distances
within a few meters. Modulated data are amplified by the power amplifier and transmitted
through the LED. On the receiving side, a current is generated by detecting the LED light
with the photodiode, and the corresponding current is signal processed to transmit data to
the host.
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Figure 6. Configuration of underwater UWOC.

3.2. LED Light Attenuation with Communication Distance

When the distance between the LED transmitter and receiver reaches d, the LED
attenuation and communication noise may be considered in terms of the additive white
Gaussian noise (AWGN). Also, the intensity of the light emitted by the LED may be referred
to as I(λ), and the attenuated intensity of the corresponding light, dI(λ), at the underwater
distance, d, can be described using Beer’s law, as shown in Equation (6) below [23].

dI(λ) = −c(λ)I(λ)dz (6)

By integrating the above equation, the intensity of light with respect to the distance, d,
can be expressed as shown in Equation (7).

I(λ) = I0(λ)e−c(λ)d (7)

The variables for the corresponding equation are as follows:
d: communication distance;
I(λ): intensity of light reaching the receiver;
I0(λ): initial intensity of light emitted by the LED, etc.;
c(λ): attenuation coefficient obtained underwater.
Table 2 shows the absorption and scattering coefficients calculated at the wavelength

of 514 nm.

Table 2. Absorption and scattering coefficients of water at 514 nm wavelength.

Water Quality Absorption Coefficient
[m−1]

Scattering Coefficient
[m−1]

Pure Seawater 0.0405 0.0025
Ocean 0.114 0.037
Coast 0.179 0.219

Harbor 0.266 1.824

In UWOC, the intensity of light detected by the receiver is inversely proportional to
the square of the receiving distance and is inversely proportional to the gain of the receiver
sensor. The intensity of light detected by the receiver, Pr, can be expressed as shown in
Equation (8) [23].

Pr = Po
Ar

4πd2 e−c(λ)d (8)
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As the variables for this equation, Po is the light intensity of the LED, etc., Ar is the
area of the receiver, and d is the distance between the LED and the receiver. Therefore,
when the underwater attenuation coefficient is high, the intensity of light detected by the
receiver is exponentially reduced.

Modifying Equation (8) yields

ln A = ln(
1
d2 e−cd) (9)

where A = Pr
P0
· 4π

Ar
.

Equation (9) can be arranged to relate the damping coefficient equation, c, with the
distance, d, as follows:

c = −1
d
(ln A + 2 ln d) (10)

The researchable communication distance of the UWOC and damping coefficient c are
exponentially related to turbidity, and the turbidity is related to the damping coefficient.
Finding the communication distance of the UWOC is important. For this, after finding
the damping coefficient, as the derived Equation (10), the communication distance can be
estimated by measuring the intensity of the received light and the sensor area. The intensity
of emitting light and the area of the receiving light can be designed for a better researchable
communication distance of the UWCOM.

3.3. Hardware Design of Optical Communications System

In general, LEDs have shorter communication distances than laser diodes, but they
consume less power and are more reliable [24], making them ideal for real-time short-
range communication in UUVs. In this study, LED was used as an optical communication
transmission light source and installed in a planar arrangement based on the horizontal
operation of the AUV. Additionally, a green LED chip with a high transmittance in the
520 nm wavelength band was used to allow visible light to reach deep water [25]. Table 3
shows the specifications of LEDs used in the AUV.

Table 3. Specification of LEDs.

Parameter Value

Color Green
Luminous Flux 500 Lm

Current 1.4 A
Voltage 3.05 V

Dimension 3.09 × 3.65 mm

Figure 7 shows the developed PCB with LEDs mounted on the AUV’s UWOC system.
The UWOC system functions to transmit the AUV’s real-time camera and attitude data
and to receive commands from the operator. The LED chip for projection was mounted
to reduce the size, and eight LEDs were arranged in a circular form to increase the output
power. In the UWOC system, a light-receiving sensor was placed in the board center to
enable two-way communication, and a driver and MCU for high-power on/off keying
(OOK) and size reduction were mounted on the back of the transmission board to control
the LEDs. The LED driver was designed to provide a stable current supply using a chip
with a continuous 2A, pulsed 30A push–pull drive structure.
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Figure 7. UWOC system for AUV.

Figure 8 shows the UWOC system developed for above-surface deployment. This
system is integrated into the ground control system (GCS) to relay the operator’s commands
to the AUV and to receive and transmit signals from the AUV back to the operator. To
extend the AUV’s operational range, the optical transceiver is coupled with a widely
distributed array of high-power, wide-angle LEDs. This configuration enables reliable
two-way optical communication across a large area.

 

Figure 8. LED light transmission and reception system.

3.4. UWOC Light Modulation Technique

Figure 9 shows a UWOC environment in which noise occurs during data communi-
cation due to several factors, such as ambient light, sunlight, the turbidity of the water,
and scattering and absorption of light [26]. Since noise distorts signals, the receiver uses a
low-pass filter (LPF) to remove noises after receiving the signal.

Figure 9. Noise of visible light communication.
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However, because the LPF also distorts the original signal, a modulation-based restora-
tion process is required. Figure 10 shows the state of the ideally received data signal.
Passing the signal through the LPF filter without modulation results in a waveform that
does not clearly exhibit the high signal and low signal, as seen in Figure 11, which increases
the error rate during data communication. Therefore, the data signal must be modulated
before being passed through the filter using modulation techniques such as OOK and RZ.

 

Figure 10. Signal before LPF.

 

Figure 11. Signal after LPF.

Figure 12 shows the waveform of the data signal passed through the LPF using the RZ
modulation method. In the RZ modulation method, the received high signal is maintained
and immediately returned to the low signal. The low signal is then maintained for a certain
period between bit pulses before being transmitted to the next signal. The RZ modulation
method allows high-speed communication of visible light underwater and reduces the
signal error rate since it requires a smaller bandwidth than the OOK modulation method
and uses high-output light to transmit light far underwater or a photodiode sensor that
detects weak light with a lower bandwidth [27]. Figure 13 presents a comparison of the
real data before and after the application of RZ modulation. The magnitude of the received
data (Rx Data) nearly doubles after applying RZ modulation, significantly enhancing signal
clarity and making it distinctly separable from noise.

 

Figure 12. Signal after LPF and RZ modulation.
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Figure 13. Comparison before and after RZ modulation.

3.5. Performance Test of UWOC System

Figure 14 shows the communication test process of the UWOC system for circuit
design verification. A communication test was conducted under the conditions of daylight
at a distance of 1 m in the air and ambient light from office LEDs, and the visible light system
was found to consume 0.02 A of power when on standby for reception. For maximum power
consumption, since the light was emitted every time bit 0 was transmitted, approximately
2.2 A of power was consumed when 0 × 00 was continuously transmitted. When the data
were typed for transmission using a terminal program, the text was received normally
without any break.

 

Figure 14. Communication experiments on the ground.

The PIN diode attached to the light receiver of the UWOC system is sensitive to
light and vulnerable to ambient light and dimmed light, leading to increased noise and
communication error rates. Also, as the communication distance increases, the LED output
detected by the light receiver decreases, and the waveform also becomes ambiguous
between the high and low signals. The two cases are shown as simple tests. Figure 15
shows the voltage signal detected by the light receiver in a waveform when the distance
between the transmitter and the light receiver is at a communication distance of 1 m, and
Figure 16 illustrates the waveform of the signal detected at a communication distance of
2.5 m such that differences between the high and low signals are reduced.
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Figure 15. Light detection waveform (clear signal).

 

Figure 16. Light detection waveform (not clear signal).

4. Attitude Control Experiments
4.1. UWOC Experiments

An experiment was conducted in a water tank to verify the performance of the AUV
using the developed UWOC system. The turbidity of the water tank was measured using
Valeport’s HYPERION Turbidity sensor, and the average turbidity value was 0.267 Neph-
elometric turbidity units (NTUs). Since water with turbidity below 1 NTU is considered
exceptionally clear and potable [28], the absorption and scattering coefficients for the water
tank are assumed to correspond to those of pure seawater, as detailed in Table 2. Figure 17
shows the ground installation of the optical communication system, which is placed 800 mm
away from the water surface. The experiment was performed on the communication speed,
communication range, and the communication error rate of the AUV depending on the
ambient light, and the attitude of the AUV was controlled by transmitting the control
command through wireless communication.

 

Figure 17. UWOC system installed on the water tank.
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4.2. Communication Speed Experiment

The underwater optical communication speed between the AUV and the ground
was set to a maximum of 1 Mbps in the operation program and was found to be satis-
factory. Camera image information in the AUV could be checked in real-time by setting
the resolution at VGA (640 × 480) with the frames per second (FPS) at 20. The change in
the camera FPS could be examined with the presence and absence of indoor fluorescent
lights and dimming. The camera FPS increased to a maximum of 21.2 FPS, and the camera
image was streamed without any interruption. Figure 18 shows the total number of re-
ceived data packets matches the count of CRC-verified packets, indicating successful data
integrity verification.

 

Figure 18. UWOC data sending and receiving rates verified in the GUI.

4.3. Posture Control Experiment

The posture control experiment was conducted in an experimental water tank, shown
in Figure 17. The AUV’s states (roll, pitch, yaw, and depth) were transmitted through the
underwater visible light system with a communication speed of 1 Mbps and a loop time
of 0.01 s. The sensor output data were stored every 0.1 s. Table 4 shows the experimental
results. Figures 19–21 show the respective attitude and depth sensor data graphs in the
order of roll, pitch, and depth. Yaw data were not recorded because the AUV was rotated
to obtain camera footage from multiple directions.

Table 4. Posture experiment result.

Parameter Mean Value of Sensor Data Average RMSE

Roll (◦) 4.63 4.82
Pitch (◦) 2.3 2.49

Depth (mm) 472.98 1.99

Figure 19. Roll result of posture control.
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Figure 20. Pitch result of posture control.

Figure 21. Depth result of posture control.

The results of the control experiment in Table 4 show the mean error values for attitude
control by receiving the attitude information of the AUV through underwater optical
communication. In the experiment, it was not easy to control the roll and pitch attitude since
the AUV was small and light, but the roll and pitch were effectively controlled within 5◦

and 2.5◦ in real-time, respectively, demonstrating stability even under external disturbances
such as minor water currents and thruster-induced vibrations. Particularly, the error in
depth was less than 2 mm even at the shallow depth of the water tank, indicating an effective
control. Ultimately, this experiment demonstrated that it was possible to monitor images
of the AUV from the ground in real time through optical wireless communication and to
control the attitude of the AUV in real time based on the attitude control command. Overall,
the consistent stability observed across all three parameters emphasizes the robustness
of the developed hovering control system and the practical applicability of UWOC-based
real-time control.

Also, while the AUV is under motion control, the video images from the AUV can be
transferred through the developed UWOC system. To visually verify the image changes, a
photo simulating the underwater environment was attached to the wall of the tank and
filmed by the AUV. While controlling the AUV, the video data from the underwater image
with 1 Mbps equivalent to 21.2 FPS with VGA (640 × 480) resolution and the roll and yaw
motion data of the AUV were successfully transferred to the over-water control station.
Two captured motion pictures from the real-time video images of the AUV in the water
tank with 1 Mbps are presented in Figure 22.
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Figure 22. Picture of the video images transferred from AUV.

5. Conclusions
In this paper, a new control structure for the AUV motion based on real-time com-

mands using the developed UWOC system is studied. In this control structure, control
inputs for the AUV attitude from outside of the water are transferred to the AUV for motion
control, while its posture data and video images from the AUV camera are sent to the
control station outside of the water via the UWOC system.

The UWOC system capable of two-way communication was constructed for wireless
optical communication between the AUV and other underwater or over-water equipment,
and the LEDs of the AUV transmitter were arranged in a circular form to increase the
light-emitting area. A PIN photodiode was used for the AUV receiver. The UWOC speed of
1 Mbps equivalent to 21.2 FPS with VGA (640 × 480) resolution for video image streaming
was implemented between the AUV and the control station over the water. Also, an LPF
filter was used to block noise from ambient light, and the RZ modulation technique was
successfully applied to prevent signal errors caused by the LPF.

Followed by the identification of the damping coefficient, a method for estimating the
UWOC communication distance was proposed with reference to the received light intensity
and sensor area. For attitude control, AHRS and a depth sensor were integrated, four
thrusters were installed, and a PID controller was designed to regulate the AUV’s motion.

The experiment was conducted in an indoor water tank to verify communication
performance and attitude control. The experiment was successful in controlling the roll
and pitch attitude of the AUV. The roll and pitch motion were effectively controlled within
5◦ and 2.5◦ in real time, respectively. Despite the influences of the magnetic field around
the indoor water tank and the electric field inside the AUV on the AHRS sensor, the yaw
angle was adequately controlled within 3.7◦. Particularly, the error in depth was less than
2 mm even at the shallow depth of the water tank, indicating an effective control. While
controlling the AUV, the video data from the underwater image with 1 Mbps equivalent
to 21.2 FPS with VGA (640 × 480) resolution and the roll and yaw motion data of the
AUV were successfully transferred to the over-water control station. Ultimately, this
experiment demonstrated that it was possible to monitor images of the underwater AUV
from the ground in real-time and to control the attitude of the AUV in real time through
the developed UWOC system.

Future work will evaluate the developed UWOC system in real marine environments
with varying levels of turbidity to assess its practical performance. It will also focus on
enhancing communication algorithms and refining filtering schemes to maintain reliable
connectivity under dynamic and unpredictable water conditions. In parallel, more robust
and low-power hardware components will be designed and fabricated to withstand long-
term conditions in harsh marine environments. Additionally, efforts will be made to
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calculate the exact bit error rate (BER) and increase it so that we can verify the reliability of
the communication between the land and underwater modules.
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