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Machine-vision-based acquisition, pointing, and tracking
system for underwater wireless optical communications
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Due to the proliferation of underwater vehicles and sensors, underwater wireless optical communication (UWOC) is a key
enabler for ocean exploration with a strong reliance on short-range bandwidth-intensive communications. A stable optical
link is of primary importance for UWOC. A compact, low-power, and low-cost acquisition, pointing, and tracking (APT) system
is proposed and experimentally demonstrated to realign the optical link within 0.04 s, even when the UWOC transmitter and
receiver are in relative motion. The system successfully achieves rapid auto-alignment through a 4 m tap water channel
with a relatively large number of bubbles. Furthermore, the required minimum illumination value is measured to be as low as
7.11x, implying that the proposed APT scheme is robust to dim underwater environments. Meanwhile, mobility experiments
are performed to verify the performance of the APT system. The proposed system can rapidly and automatically align
moving targets in complex and unstable underwater environments, which can potentially boost the practical applications

of UWOC.
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1. Introduction

Due to the world’s increasing population and expanding indus-
tries in recent decades, the ocean has become a promising venue
to seek additional resources. The number of deployed autono-
mous underwater vehicles (AUVs) has increased dramatically,
which relies on high-bandwidth and low-latency underwater
communication technologies!!. Although tremendous progress
has been made in the field of underwater acoustic communica-
tion in the past few decades, its bandwidth (< 1 MHz) and
propagation speed (~1500m/s) are extremely limited'"). This
has led to the proliferation of underwater wireless optical com-
munication (UWOC), as it can provide higher data rates than
traditional acoustic communication systems with a significantly
lower power consumption and simpler computational complex-
ity for short-range wireless links'""*!. Recently, important find-
ings on UWOC have been discovered® ). In 2017, Li et al.
demonstrated a 16 Gbps UWOC at an underwater transmission
distance of 10 m using four-level pulse amplitude modulation
(PAM4)!. In 2019, Wang et al. used the non-return to zero
(NRZ) on-off keying (OOK) modulation method and achieved
100 m/500 Mbps using a 520 nm laser diode (LD)!. These

© 2021 Chinese Optics Letters

050604-1

Keywords: acquisition; pointing and tracking; underwater wireless optical communication.

high-speed and long-distance UWOC systems require precise
alignment. However, AUV movement disturbs the optical com-
munication link connection in real scenarios. Therefore, there
are still some acquisition, pointing, and tracking (APT) issues
that need to be solved for UWOC systems before they can be
applied to real underwater environments.

Some APT systems have been proposed and experimentally
demonstrated in the field of visible light communications
(VLCs)!1%1 These can be divided into two main categories:
received-signal-strength-indicator (RSSI)-based and visual-
based APT methods. The RSSI-based APT system uses an opti-
cal sensor to detect the signal strength and localize it using
standard trilateration by leveraging three anchors (light
sources)!'). This type of system, such as the system in Ref. [12],
may have a limited underwater performance due to additional
interference with light sources, such as that from glowing marine
life or directly from the AUVs. The visual-based APT system
uses a camera/image sensor to align the transmitter and receiver
by image processing!"*!. Such a system provides mobility and
can achieve quick indoor alignment"*. In 2016, a team pro-
posed to track the motion and activities of humans and objects
by projecting visible light onto people and objects to create
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shadows!""). Since shadows do not necessarily exist in the under-
water environment, this method may not be applicable under-
water. In 2019, scientists designed a simple and effective tracking
scheme for VLC systems, which used a beacon light and a cam-
era as core components of the APT system to successfully estab-
lish an optical path for communication!'?!. In the same year, an
innovative APT system using ceiling mirrors, the beacon light,
and cameras was proposed and demonstrated for data cen-
ters!'*). However, the high hardware cost and power consump-
tion brought by the extra beacon light may inhibit their use in
underwater energy-sensitive conditions. The underwater envi-
ronment is more complex and unpredictable than its indoor
counterpart, especially when considering some underwater-
specific interference sources that further affect the UWOC
performance, such as bubbles generated by the AUV motion,
ambient light, water turbidity, and the mirror surface produced
by the air-water interface!'>~'").

In this work, an APT system is developed to solve the issues
associated with UWOC mobility. The proposed APT system can
be conveniently integrated into existing UWOC systems, and it
is much simpler than the traditional APT system for VLC. The
UWOC transmitter is fixed on the camera in the APT system,
and a specific mark is attached to the surface of the UWOC
receiver. The operation of the APT system is based on identify-
ing and tracking the special mark. More importantly, to the best
of our knowledge, the effects of the underwater environment on
the APT system were studied in this work for the first time,
including ambient light, attitude transformation, water turbid-
ity, and bubbles. Moreover, the proposed APT system can be
widely used in UWOC systems due to its compact, low-power,
low-cost, and open-source nature. In water with a distance of
6 m, the APT system has been demonstrated to realign the sys-
tem within 0.04 s, even when the UWOC transmitter and
receiver are in relative motion. As a result, the APT system
has been proven to have the ability to quickly and automatically
align under dim and bubbly underwater environments. This
work not only provides an innovative approach to UWOC
mobility issues but also offers a broad perspective for UWOC
deployment in real environments.

2. Experimental Setup and Details

The proposed APT system includes a 300,000 pixel OpenMV
camera with servos and a specific mark called the AprilTag.
The OpenMV camera is an open-source machine vision module
that integrates the STM32H743VI ARM Cortex M7 chip with a
400 MHz clock frequency, 1 MB random access memory
(RAM), and 2 MB flash. AprilTag is a visual fiducial mark that
is useful for a wide variety of tasks, including augmented reality,
robot positioning, and camera calibration"®2!!. The machine
vision code runs on an STM32H743VI chip and computes
the precise three-dimensional (3D) position, orientation, and
identity of the mark. The real-time and low-power operation
can be readily achieved on inexpensive embedded devices.
The main mark detection process includes the detection of quad
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Fig. 1. Structure diagram showing an example of how to combine the existing
UWOC system with the proposed APT system.
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Fig. 2. Experimental setup of the proposed APT system for UWOC. Insets:
(a) the camera with servos, (b) the water tank, and (c) the AprilTag36H11-2.

from captured images and the following process, where each
candidate is further decoded to determine if they are valid
AprilTag detections*”). Figure 1 shows an example of how to
combine the existing UWOC system with the proposed APT
system. As the third part focuses on the performance of the
APT system, UWOC setup appears in the fourth part only.
Figure 2 depicts the experimental setup of the proposed APT
system, which is implemented in a water tank with dimensions
of 300 mm X 400 mm X 7000 mm. An OpenMV camera with
servos is situated on the left to find and track the target. A
printed AprilTag is placed in a water tank 4 m away from the
camera to simulate the receiving terminal of a UWOC system.

3. Experimental Results

We first measured the pointing time at different distances when
the illumination in front of the camera was fixed at 410.5 Ix. The
time required for each calibration was measured, and the results
were output through the microcontroller to reduce the errors
caused by manual operations. Figure 3(a) indicates that as long
as the target remains in the field of view, the pointing time is
nearly the same, with a value of approximately 41.8 ms. It is
noted that the pointing time was measured, while the function
to calculate the target rotation angle was turned on, and the
video and data were reported to the computer. If these functions
are not necessary in actual use, the response time will be further
reduced. Moreover, a greater APT distance requires higher res-
olution photos, which requires cameras with a larger number of
pixels. When operating beyond the maximum distance
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Fig. 3. Influence of different factors on the pointing time showing (a) the
pointing time of the proposed APT system measured in the underwater chan-
nel at different distances and (b) the pointing time of the proposed APT sys-
tem measured in the underwater channel at different illuminations.

permitted by the camera, the captured image is blurred, and the
APT fails. Since a higher resolution requires additional process-
ing time, there is a trade-off between the APT distance and the
operation time.

We explored the relationship between the illumination level
and the pointing time. The primary factors affecting indoor
underwater illumination are the overhead fluorescent lamps
and sunlight entering through the window, as shown in Fig. 2(b).
Therefore, to prevent the interference from those factors, we
turned off all indoor fluorescent lamps and drew the curtains.
At this time, the underwater illumination was 0.4 Ix, and then
we used an adjustable lamp as the only light source for quanti-
tative analysis. The measured results are shown in Fig. 3(b). The
system cannot run properly until the illumination reaches 7.1 1x,
and the pointing time drops to 40 ms when the illumination
exceeds 9.2 Ix. This conclusion indicates that the system can tol-
erate a wide illumination range and can operate in dim under-
water environments.

In order to evaluate the effects of attitude transformation in
actual environments on the proposed APT system, we used the
roll/yaw/pitch angle to characterize the impacts of different atti-
tude transformations (see Fig. 4 for a schematic diagram).

To measure the impact of each angle individually, we con-
ducted three experiments to measure the system’s pointing time
in the underwater channel at different roll angles, yaw angles,
and pitch angles, respectively. In the first experiment, we mea-
sured the relationship between the roll angle and the pointing
time, while fixing the yaw angle and pitch angle to zero. The
measured results are shown in Fig. 5. The roll angle increases
from 0 to 360 deg, and the pointing time remains around
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Fig. &4 Schematic diagram of roll angle, yaw angle, and pitch angle.
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Fig. 5. Pointing time of the proposed APT system measured in the underwater
channel at different roll angles.

39.2 ms, demonstrating the robustness of the proposed scheme
to the variation of roll angle.

In the next experiment, we fixed the roll angle and pitch angle
to be equal to zero and changed the yaw angle. When the yaw
angle is zero, the target is facing directly towards the camera; as
the yaw angle approaches 90 deg, the target rotates out of view,
and the APT system loses the ability to point. As can be seen
from Fig. 6(a), the maximum allowable yaw angle is about
60 deg, and the pointing time is almost fixed at a constant value
of about 40.4 ms within the allowable yaw angle range.

The complementary experiment held the roll angle and yaw
angle equal to zero and changed the pitch angle. The measured
results are shown in Fig. 6(b). The range of the pitch angle is
similar to the range of the yaw angle, with a value of about
60 deg. The pointing time maintains about 39.9 ms, and the
pitch angle continues to grow from 0 to 60 deg. These three
experiments on roll/yaw/pitch angle prove that the proposed
APT system can cope with attitude changes, further expanding
the application range of the system.

To estimate the effects of bubbles in actual underwater envi-
ronments for the proposed APT system, we used the scintillation
coefficient to characterize the effects of different bubble sizes and
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Fig. 6. Pointing time of the proposed APT system measured in the underwater
channel (a) for different yaw angles and (b) for different pitch angles.
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densities. The optical power meter and energy meter (Thorlabs,
PM200) were set to record 1000 points for each scenario. By
monitoring the variations in the received intensity from one
sample to another, we calculated the scintillation index!*?,

c3(1), as

(@) - Iw)*
(I()?

where I(4) is the received intensity for the wavelength 4, and the
angle brackets denote the time-average operator.

We used the pump to adjust the intake air and furthermore
altered the scintillation index, whose relation with pointing time
is shown in Fig. 7. These results suggest that the APT system has
a tolerance for bubbles; this is primarily due to the characteristics
of the recognition algorithm, which has certain anti-pollution
abilities'®),

We further considered the ability of the APT system to track
the target at different speeds. Unfortunately, the electronically
controlled slide, without any waterproofness, cannot be
deployed underwater. Therefore, we performed the experiments
indoors with a set distance between the rail and the APT system
of 5m and an illumination level of 373.2 Ix. The light in the room
came primarily from the lamps overhead and the sunlight
through the windows. The tracking time for different moving
speeds of the target is measured and shown in Fig. 8(a). The
maximum speed at which the system could still track was not
measured due to the rail speed limitation. However, the mea-
surements were sufficient to show that the system can continu-
ally and rapidly track targets with a moving speed up to 3.9 cm/s.
These results indicate that the mobility limitations in typical
UWOC systems can be compensated for using the proposed
APT system.

We finally verified the acquisition capability of the system. In
this scheme, we used the rectangular spiral scanning method,
which is shown in Fig. 9(a). The rectangular spiral scans sequen-
tially from the center to the outside. There are two main
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&
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Fig.7. Pointing time of the proposed APT system measured in the underwater
channel with different scintillations.
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Fig. 8. Influence of different factors on the tracking/acquisition time showing
(a) the tracking time of the proposed APT system measured in a 5 m air chan-
nel at different speeds and (b) the acquisition time of the proposed APT sys-
tem measured in a 3 m air channel at different angles.

APT system

Fig. 9. (a) A schematic diagram of the APT system acquiring a target and
(b) the experimental setup for the acquisition time measurement at different
deviation angles (o). The yellow area is the camera's field of view, and the
green line is the optical axis of the APT system.

advantages of this scanning method. The first advantage is that
the scanning range in this way can cover all parts of the target
area. This is mainly used for the primary acquisition, without
any known information. The second advantage is that it can scan
from high-probability areas to low probability areas to minimize
tracking time. For example, after establishing the pointing, the
target quickly moves to the right, resulting in loss. At this time,
the system searched around the last disappeared place according
to the movement trend of the target. Here, the time required for
the first acquisition was measured. A schematic diagram of the
experimental setup scene is shown in Fig. 9(b). In previous
experiments, the target was placed in the field of view of the cam-
era. However, we next placed the target outside the field of view
and allowed the system to automatically control the servos to
acquire the target. The critical parameter is the deviation angle
a between the target and the optical axis of the camera. The tar-
get moved horizontally and continually, which caused different
deviation angles, and the required time for each deviation angle
was recorded, as shown in Fig. 8(b). We conclude from Fig. 8(b)
that the deviation angle significantly affects the acquisition time.

L. Proof-of-Concept Experiments

As mentioned above, the proposed APT system can be simply
integrated into the UWOC system. In this part, we have con-
ducted a proof-of-concept experiment to demonstrate both
the APT and communication capabilities of the integrated
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system, based on the setup in Fig. 10. Firstly, the NRZ-OOK sig-
nals were loaded into an arbitrary waveform generator (AWG)
(SIGLENT, SDG5122). The AWG sampling rate was set at
4 MSamples/s, and the AWG output amplitude was clipped
within 5V,,,. The baseband modulation OOK signal was super-
imposed on direct current via a drive circuit. After these proc-
esses, the OOK signal was transmitted by using a 445 nm LD
mounted on the APT system. Then, we printed an AprilTag
with a size of 51 mm X 51 mm, subtracted its black part, and
pasted the rest of the white part on the solar panel with a size
of 131mm X 6lmm. A water tank with dimensions of
195mm X 225 mm X 285 mm was placed between the inte-
grated transmitter and integrated receiver to act as a proof-of-
concept underwater channel. After transmitting through a tap
water channel, the optical OOK signals were received by the spe-
cial solar panel. The detected signals were captured by an oscillo-
scope (GW Instek, GDS-3254) with a sampling rate of
125 MSamples/s. Finally, the captured signals were demodulated
by MATLAB.

Initially, the camera of the APT system pointed at the bottom
of the water tank. Meanwhile, the special solar panel was fixed in
the center of the opposite side of the water tank, out of the cam-
era’s field of view. Then, the APT system began to acquire the
special solar panel. After 574 ms, the optical link of the
UWOC system had been automatically established, with the cor-
responding eye diagram being measured. After the pointing
process had been completed, we randomly selected another time
point, say after 614 ms, to measure the eye diagram again. The
measured UWOC eye diagrams of these two time points are
shown in Fig. 11(a). Both eye diagrams are wide open, verifying
that the communication link is stable.

Next, magnesium hydroxide powder was added to the water
to change the turbidity. We gradually increased the concentra-
tion of magnesium hydroxide powder and recorded the corre-
sponding pointing time, as shown in Fig. 11(b). The pointing
time increases as the concentration of magnesium hydroxide
powder increases. When the concentration of magnesium
hydroxide powder exceeds 226.18 mg/L, the APT system fails.
Communication has been maintained during this period,
although the light intensity has dropped 100 times.

19.75mV
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Pointing Time (ms)
3
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Fig. 10. Experimental setup for proof-of-concept experiments for the pro-
posed APT system integrated into a UWOC system.
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Fig. 11. (a) Eye diagrams of the integrated system using NRZ-00K modulation
after acquiring the target through a 285 mm water channel, and (b) the paint-
ing time of the proposed APT system measured in the underwater channel
with different magnesium hydroxide powder concentrations.
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Fig. 12. Eye diagrams of the integrated system using NRZ-00K modulation
during tracking the target through a 285 mm air channel.

Finally, we investigated the communication performance
during the tracking process. Since the electronically controlled
slide is not waterproof, we removed the water tank while main-
taining the distance at 285 mm. The integrated receiver was fixed
on the slide and moved at different speeds. The eye diagrams
during tracking are shown in Fig. 12, again verifying that the
communication link is stable even when the transmitter and
receiver are in relative motion. In exploring higher communica-
tion rates by using solar panels, other scientists have made sig-
nificant progress. For example, cheap solar cells were used in
UWOOC, achieving 84 Mbps using quadrature amplitude modu-
lation (QAM)™®*!. In addition, the flexibility of the solar panel
permits it to be attached to the surface of AUVs to achieve
the high-speed UWOC, APT, and the energy harvesting.

5. Conclusion

We demonstrated an effective APT system for practical UWOC.
In this design, representative factors in real underwater environ-
ments are considered. The effects of distance, illumination,
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