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Abstract: Traditional bathymetry LiDAR (light detection and ranging) onboard manned and/or
unmanned airborne systems cannot operate in the context of narrow rivers in urban areas with high
buildings and in mountainous areas with high peaks. Therefore, this study presents a prototype of
a lightweight bathymetry LiDAR onboard an unmanned shipborne vehicle (called “GQ-Cor 19”).
The GQ-Cor 19 system primarily includes an emitting optical module, a receiving optical module,
control module, detection module, high-speed A /D sampling module, and data processing system.
Considering that the “GQ-Cor 19” is extremely close to the water surface, various new technical
challenges are encountered, such as significant laser scattering energy from the surface of the water,
which saturates signals received by the photomultiplier tube detector. Therefore, this study presents
various new technical solutions, including (1) an improved Bresenham algorithm, (2) a small and
lightweight receiving optical system with a split-field method, and (3) a data acquisition module with
a high-speech A /D collector. Following a series of different experimental verifications, the results
demonstrate that the new generation of single-band LiDAR onboard an unmanned shipborne vehicle
can swiftly measure the underwater depth, and the maximum measurement depth is more than 25 m.
The measurement accuracy is better than 30 cm and the weight is less than 12 kg.

Keywords: LiDAR; unmanned shipboard; underwater topographic survey; system implementation

1. Introduction
1.1. Background

Airborne bathymetry LiDAR (light detection and ranging), hereafter referred to as ABL,
is onboard a manned airborne vehicle or helicopter with dual bands (1064 nm and 532 nm).
This type of ABL can be applied in terrestrial mapping for both land and water bottoms;
however, it is expensive, huge, and difficult to use. Moreover, the operating conditions
are demanding, such as on airplane runways and in broad airspace [1-4]. Therefore,
single-band ABL onboard unmanned aerial vehicles (UAVs) have been developed for the
bathymetry of shallow islands and small lakes at a 20 m water depth [5-8]. However, all
the mentioned ABL systems require broad airspace, which is difficult to meet in riverways,
city ponds, lakes, city canals in urban areas with high-rise buildings, barrier lakes in narrow
high mountains, cave lakes, and other unique regions. Therefore, the research group at the
Guilin University of Technology, Guilin, Guangxi, China developed a prototype of a single-
band bathymetric LIDAR onboard a shipborne vehicle [9-16], named “GQ-Cormorant
19”, shortened as “GQ-Cor 19”. The specifications of GQ-Cor 19 listed in Table 1 need to
be achieved.
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Table 1. Technical specifications of the GQ-Cor 19.

Parameters Values
Laser wavelength 532 nm
Weight 12 kg
Size 470 mm x 352 mm X 204 mm
Maximum measured water depth >25m
Measurement accuracy 30 cm
Platform Unmanned shipborne
Endurance time 2h
Full angle of beam divergence <2 mrad
Scanning angle 10°

1.2. Related Work

Thus far, no single-band bathymetric LIDAR systems onboard unmanned shipborne
vehicles have been made available in the global market. The related work is solely based
on an airborne LiDAR. In early 1968, Hickman et al. [17] developed the first airborne
bathymetry LiDAR (ABL) system. Subsequently, with increasing developments in electron-
ics, photons, optics, and information technology, numerous ABL systems were developed
and marketed. For example, in 2005, Leica AHAB produced the Hawk Eye Il ABL system
and subsequently produced the Hawk Eye III ABL system, which is commonly used world-
wide [18]. In 2011, Rigel Company and Innsbruck University collaboratively developed a
VQ-820-G ABL system. In 2015, Rigel Company successfully developed a VQ-880-G ABL
system based on the VQ-820-G ABL system. The VQ-880-G ABL system has an improved
system in various aspects, such as the detection capability of echo signals, maximum wa-
ter depth, and measurement accuracy [19]. In 2020, Old Dominion University, Norfolk,
Virginia, USA collaborated with the Bigelow Marine Science Laboratory and conducted
a study on algae and other related index data measured using the LiDAR bathymetry
system in the ocean. The results demonstrated that the accuracy of the data measured using
the LiDAR bathymetry system was three times higher than that of the data measured via
satellite remote sensing [20].

Thus far, numerous commonly used ABL systems in international markets include the
U.S. military Shoals 3000T system [21-24], the Swedish Leica AHAB’s Hawk Eye III system,
the Canadian Optech’s CZMIL system [25-27], and the Austrian RIEGL's VQ-880G [28,29],
which are all mature. For example, the Shoals 3000T system can be easily installed on an
aircraft and has various functions, such as route planning, automatic data processing, etc.
Therefore, it has been used in several countries worldwide [30]. An overview of the ABL
system is presented in Table 2.

Table 2. Five representative ABL systems.

- . . Flight
. Laser Frequency Minimum/Maximum Bathymetric . .
LiDAR (kHz) Detection Depth (m) Accuracy (m) Hf:ng)ht Carrier Country
SH()[;I:SZ;]() 00T 3 0.2/50 0.25 300-400 Aircraft Canada
Hawk Eye III Shallow water: 35 0.4/Shallow water:15 .

[25,26] Deep water: 10 Deep water: 50 03 400-600 Aircraft Sweden
CZMIL [27] 10 0.15/50 0.3 400-1000 Aircraft Canada
VQ-880G [28] 550 — /1.5 secchi 0.3 600 Aircraft Austrian
LADS MK-III [29] 15 0.4/80 0.2 360-900 Aircraft Australia

Based on the above analysis, it can be concluded that the existing ABL systems are
airborne-based systems, such as for aircraft and UAVs. Such an ABL system operates only
under certain circumstances, such as on the runway and in broad airspace. Therefore, this
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study presents a prototype of a new generation of lightweight, single-band bathymetric
LiDAR onboard an unmanned boat, called GQ-Cor 19.

2. GQ-Cor 19 Bathymetric LIDAR System
2.1. Architecture of GQ-Cor 19

The basic architecture of GQ-Cor 19 is shown in Figure 1, which comprises an emitting
optical system, a receiving optical system, detection module, high-speed A/D sampling,
POS system, control system, and LiDAR data-processing system.

Laser beam Laser scanning o
Laser B . = >
collimation system
Emitting optical system
gop ) Target
A =
High-speed « Detection " Receiving
AD sampling module optical system
\ 4 t ¢ .
LiDAR data
Control System <«» POS integrated
processing system

GQ- Cor 19 system

Figure 1. Architecture of GQ-Cor 19.

The emitting optical system consists of a laser, laser beam collimation, and laser
scanning system. The laser scanning system comprises motors, motor drivers, optical
wedges, and the corresponding scanning algorithms. The system functions by changing
the scanning angle, combined with the Bresenham scanning algorithm, to achieve different
scanning methods, such as linear and circumferential modes. The system can adjust the
scanning point density according to the shipping speed and actual demand to prevent
sparse or missed points.

The receiving optical system, which is a generalized Keplerian system, includes an
objective lens, split-field lens, and eyepiece set. The objective lens set uses an objective
lens, a reflector, and a focusing lens, forming a Kirk three-piece objective lens set; split-field
mirrors composed of aluminum open-hole reflectors; and the eyepiece set uses a convex
lens, filter, and plano-convex lens to form a modified Kénel eyepiece set.

The detection module uses a photomultiplier tubes (PMT) detector, where the PMT
module receives echo signals.

The high-speed A/D sampling module uses an FPGA and a high-speed A/D data
acquisition card. The high-speed A /D data acquisition card acquires the LIDAR echo signal,
and the high-speed A/D data acquisition card is connected to the FPGA via the interface
to transfer the detected data to the FPGA, which stores the data in the hard disk. The
system achieves three-channel parallel sampling with a sampling rate of 2 G SPS (sampling
points/second) and sampling accuracy of 16 bits.

The POS system, which consists of a global position system (GPS) and inertial mea-
surement unit (IMU), provides a high-precision dynamic position and attitude. The system
synchronizes the POS and waveform data to ensure uniform timing of the position and
waveform data.

The control system is implemented by STM32 to control the work of the emitting
optical system, detection module, high-speed A /D sampling module, and POS system.
The working status of each module was obtained while controlling the operation of
each module.
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2.2. Design and Implementation of GQ-Cor 19 Emitting Optical System
2.2.1. Laser Selection

One of the most important criteria for the selection of a laser is its ability to penetrate
water, and other factors include the stability of the laser beam, beam quality, divergence
angle, and other parameters. Considering the availability of lasers in the market, a solid-
state laser, HQP, manufactured by Beijing Xinglin Ruiguang Company, was selected (see
Figure 2), and its specifications are listed in Table 3.

Figure 2. Laser purchased from market.

Table 3. Specifications of laser selected from market.

Parameters Values
Wave length 532 nm
Peak power 100 kW
Pulse Width 3ns
Repeat frequency 1kHz
Divergence angle 0.2 mrad

2.2.2. Laser Beam Collimation

The laser beam emitted by the laser has a certain divergence angle, which creates a
large spot after propagation [30-33]. Therefore, the emitted laser beam must be collimated
to achieve a reasonable spot size. For this reason, a Galileo-type collimated beam-spreading
device consisting of a negative lens and a positive lens was designed and implemented (see
Figure 3). First, the laser was expanded using a negative lens and then transformed into
a parallel beam using a positive lens. The magnification of the Galileo collimated beam
expander is calculated as:

h_ R

2 R, Ty @
where f and f, represent the focal lengths of the positive and negative lenses, respectively;
Rj and R; denote the radii of the positive and negative lenses, respectively; I'y indicates
the magnification; and the negative sign indicates that the focus of the negative lens is an
imaginary focus.

For a thick lens (d >> 0), the effective focal length f and back focal length (BFL) are

expressed as follows:
nrirp

f= (n—1)[n(ra—r1) + (n—1)d]
nryry —drp(n —1)
(n—1)n(ra —r1) + (n— D]
where 1 and r, indicate the radii of the curvature of the negative side of the thick lens,
d; (I =1, 2) represents the thickness between the two vertices of the lens (Figure 3), and n

@

BFL =
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denotes the refractive index of the lens. The parameters of the Galileo-collimated beam
expander are presented in Table 4.

Initial incident-direction-of*laser

d, d,

Figure 3. Galileo-type collimated beam expander.

Table 4. Galileo collimated beam expander parameters.

Parameters Values

Thickness of the first lens 3 mm

Thickness of second lens 5 mm

Effective focal length of second lens 25 mm
Material /refractive index of material (532 nm) BK7/1.5195

With Table 4 above and the focal length of the first lens at, we obtain:

ry = —1

—1.5195-r4> _

05195215195, 12.5075] — 20 4)
—1.5195-742 _ _5

0.5195-[—2-1.5195-r; +3-0.5195]

Using Equation (4), the negative lens rqy = —5.6654 mm, and the positive lens
ro = 25.0909 mm. The distance D between the two lenses can be calculated as

D = BFL, —dy + BFL, 5)

where BFL, and BFL, indicate the back focal lengths of the negative and positive lenses,
respectively, and d; indicates the negative lens thickness. Substituting these parameters
into Equations (3) and (5), we obtain BFL; = —3.8903 mm, BFL, = 23.2969 mm, and
D = 16.4066 mm.

2.2.3. Laser Scanning System

The laser scanning system consists of a motor, motor driver, and optical wedge (see
Figure 4). The workflow is as follows: input the initial scan centroid position, scan speed,
scan type, and scan angle to STM32 via WIFI communication. STM32 stores and converts
position data into trigger control signals. The signal and protocol for controlling the stepper
motor are input to the stepper motor driver via the communication to control the swing
angle, position, and speed of the X- and Y-axes mirrors. The STM32 inputs the pulse
signals converted by Bresenham’s algorithm to the stepper motor at Positions 1 and 2 and
controls the stepper motor to drive the reflector at Position 1 to swing the corresponding
angle in the Y direction so that the laser beam can be translated along the lead hammer
direction for a certain distance. The stepper motor drives the reflector at Position 2 to
swing the corresponding angle in the X direction so that the laser beam can be translated
along the horizontal direction for a certain distance. The reflector at Positions 1 and 2 can
be controlled to swing in the Y- and X-directions, respectively, to implement a specific
scanning trajectory. The angle compensation was fed back to the angle control module
using an angle sensor to implement high-precision control of the rotation speed, rotation
direction, and rotation angle of the two mirrors.
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Figure 4. Architecture of the scanning optical system.

In the GQ-Cor 19, the optical wedge was purchased from Changchun Boxin Company,
China, with customized specifications at an inclination angle of 5°, diameter of 120 mm, and
a magnesium-aluminum alloy. The motor was a 60 series servo motor, and was purchased
from Shanghai Tongyi Automation Technology Limited Company. The motor bracket was
manufactured by the Guilin Huatong Machinery Limited Company. The algorithm uses
the improved Bresenham algorithm, which can switch the scanning mode either linearly or
circularly. Finally, the light wedge was fixed on the motor rotor with glass glue, and the
motor was fixed with a motor bracket and then installed on the GQ-Cor 19 (Figure 5).

o /

Figure 5. Implementation of a scanning optical system.

2.3. Receiving Optical System

Traditional dual-band bathymetry LiDAR adopts a Cassegrain optical system, which
is large and heavy and is therefore not suitable for GQ-Cor 19. Moreover, GQ-Cor19
operates much closer to the surface of the water, resulting in the echo signal from the water
surface being stronger than that from the bottom of the water source. Thus, it is difficult to
distinguish the echo signals from either the surface or the bottom. Therefore, this study
presents the design of a small, lightweight, and functional power-receiving optical system.

The architecture of the optical receiving system is illustrated in Figure 6, and consists
of an objective lens set, split-field mirror, APD eyepiece set, and PMT eyepiece set. The
objective lens set, APD eyepiece set, and PMT eyepiece set are composed of three lenses.
The corresponding parameters are listed in Table 5. The receiving optical system receivers
are divided into large and small fields of view. The PMT eyepiece group received the echo
signal from a large field of view, and the APD eyepiece group received the echo signal from
a small field of view.
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l Split Field Mirror
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Figure 6. Architecture of the receiving optical system.

Table 5. The specification of the receiving optical system in GQ-Cor 19.

Parameters Values

Receiving angle of FOV 95 mrad

Entrance pupil diameter 82 mm

Exit pupil diameter 8 mm
Magnification 10.25* and 42

Band width +1nm

Main aperture 80 mm
Eyepiece group focal length 505 mm
PMT objective group focal length 49.27 mm
APD objective group focal length 12.01 mm

Split-field mirror diameter 70 mm

Eyepiece group aperture 64 mm

The receiving optical system are displayed in Figure 7. With the given parameters
in Table 5, the receiving optical system is designed, as shown in Figure 8. The objective
group uses Kirk’s three-piece objective lens with a focal length of 505 mm, where the
first lens is a positive-focus ZF14 lens, the second is a negative-focus F2HT lens, and the
third is a positive-focus ZF14 lens. The split-field mirror diameter of 70 mm and a center
opening diameter of 1.5 mm are used to separate the water echo signal and bottom echo
signal. The eyepiece set is made up of a modified Kénel eyepiece, consisting of a first
SF66 plano-convex lens, a second SF66 positively curved moon lens, and a third LASF14A
double-glued lens glued to the SF66 with negative focal length, with the center positively
curved moon lens used to expand the optimal field of view of the eyepiece.

¥
f q r X —

W — t uv
| [ |
L_' + 200 mm .

Figure 7. The receiving optical system, where p represents the objective group first lens, q depicts the
objective group second lens, r indicates the objective group third lens, s denotes the split-field lens, t
refers to the first lens of the APD eyepiece group, u represents the second lens of the APD eyepiece
group, v signifies the first lens of the APD eyepiece group, w represents the first lens of the PMT
eyepiece group, x represents the second lens of the PMT eyepiece group, and y represents the first
lens of the PMT eyepiece group.
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Figure 8. 3D model and the implemented of receiving optical system.

Using the abovementioned design, a total of 9 lenses, whose specifications are listed
in Table 6, were purchased from Atmont Company. Finally, the 3D structural model and
the implemented receiving optical system are displayed in Figure 8.

Table 6. Lens Selection.

Symbol Parameters Position

P Customized, K9 glass Objective lens set lens 1

q ®12.5/Thickness 2.3, Ordinary aluminum film + Protection Objective lens set lens 2

r Transmittance 95%, Bandwidth 10 nm Objective lens set lens 3

s Customized, Silver Plated Film Split Field Mirror

¢ Diameter 25, Focal length 25, B'ack Foct.ls 20.28, Visible light APD eyepiece set lens 1
enhancement film coating

u Diameter ®10 mm, Center thickness 2.6 mm, Effective pore size 19 ~ APD eyepiece set lens 2

v Transmittance 95%, Bandwidth 10 nm APD eyepiece set lens 3

Diameter 20, Focal length 25, Back Focus 22.76, Visible light .

w . ) PMT eyepiece set lens 1
enhancement film coating

X Flat Convex Mirror ~ Diameter 20 mm, Center thickness 4.6 mm, Effective pore size 19 = PMT eyepiece set lens 2

y Filter Transmittance 95%, Bandwidth 10 nm PMT eyepiece set lens 3

2.4. Design and Implementation of Control System

The control system is primarily responsible for initialization, functional control, signal
synchronization, information acquisition, information fusion, information transmission,
error detection, human-machine interaction, status display, and generating remote control
commands for GQ-Cor 19. The architecture of the control system is displayed in Figure 9.

Touch Status
Screen Indicator

Pos Module

1
. |
»  Main Controller [¢—» LORA —vj/ L LORA |, Controller

1 1
1 1
7 P! ;

Scanning . i :
motor ngh—spe.eq data ! : Touch
acquisition Shipboard Lidar 1 1 Remote Control Screen

recorder System ! ! System
g g g ! bnccccccccccccccccccccac== 1

Figure 9. Architecture of the control components in the GQ-Cor 19 system.

Upon receiving the operation command, the main controller controls the module
to work independently, or the entire system to collaboratively work as required. In the
normal working mode, both the laser and scanning motor would work in terms of the
preset parameters, which generates a TTL trigger signal each time it fires a laser pulse, and
this trigger signal is sent to the main controller for counting. Subsequently, it is sent to the
high-speed data acquisition recorder as a trigger signal for data conversion and storage.
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The main controller reads POS data, including attitude, positioning, and time, and reads
the motor rotation angle, number of turns, and laser trigger count. The main controller
must also process the communication data from the LORA module and control commands.

Based on the abovementioned functional requirements and operating principles, the
STM32F103ZET6 MCU from the ST company was selected as the main control chip. The
circuit scheme is depicted in Figure 10, the top view of the PCB is shown in Figure 11a, and
its implementation is shown in Figure 11b [34—40].

Figure 11. (a) Top view of the PCB and (b) the physical diagram of the control board.

The architecture of the corresponding software for the main controller is illustrated
in Figure 12. The implementation of the software is programmed in C language under
Keil MDK (Microcontroller Development Kit) platform environment, which implements
multi-task scheduling under the uC/OS IIl embedded real-time operating system. The
graphical interface is implemented by STemWin.

2.5. Design and Implementation of High-Speed A/D Sampling System

The architecture of the FPGA-based high-speed A/D sampling system is shown
in Figure 13, which consists of a high-speed data acquisition card, FPGA chip, and
solid-state driver.
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Figure 12. Main control part of the operating system task scheduling flowchart.
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Figure 13. Architecture of high-speed AD sampling system for GQ-Cor 19.

The operating principle involves using an ADC capable of supporting the JESD204B
protocol development. Its major function is to acquire analog data, convert them into digital
signals, and transfer them into the internal FPGA via the FMC interface. The timing of the
data acquisition was designed in the FPGA chip according to the logic control module in
the selected A/D chip. The acquisition trigger signal is designed for multichannel A/D
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acquisition, and the data acquisition and storage of each channel are commenced under the
command from the trigger signal.

The data storage and output were implemented using the designed FIFO module with
an IP core inside the FPGA. The FIFO module writes the data into the FIFO and records
the data collected by each channel in the real-time mode. The FPGA board is designed to
support the SATA III protocol SSD storage interface and the 100 Gigabit Ethernet interface
for subsequent data export from the SSD. Instructions for data storage and output are
encapsulated into IP cores, and the microblaze softcore calls are designed to implement
their functions in an embedded development kit (EDK) environment.

Using the abovementioned design, the ADI’s 4-channel, 2G SPS sampling rate, 16-bit
sampling accuracy high-speed data acquisition card, FPGA backplane with 200 M, 1.3 GHz,
490 RAM resources in the KINTEX-7 family from Xilinx, Samsung’s 530 MB/s read /write
speed, 500 GB space, 2.5-inch, four 870EVO plug-in SSDs were selected. The high-speed
data acquisition card and SSD were then mounted on the FPGA backplane, plugged into a
common interface board, and fixed in an aluminum enclosure with a cooling fan (Figure 14).

Netwo .

Cooling Fan

Figure 14. High-speed AD sampling module.

2.6. Design and implementation of System Assembly

Following the implementation of each module, the next step involves assembling each
part into an entire GQ-Cor 19 system on an optical platform (Figure 15). The assembly steps
include fixing the chassis base, installing the receiving optical system, laser, PMT detectors,
laser scanning system, control system, high-speed A /D sampling module, wiring, capping,
communication module, and POS system. A wiring diagram for assembling the entire
GQ-Cor 19 is illustrated in Figure 16. Finally, the entire GQ-Cor 19 system was assembled
(see Figure 17).

Figure 15. LiDAR system assembly.
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Figure 16. Wiring diagram of shipboard LiDAR system.
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Figure 17. LiDAR overall physical diagram.

2.7. Design and Implementation of Software for Data Processing

The architecture of the 3D point-cloud data post-processing software for the GQ-
Cor 19 system was completely self-developed (Figure 18). The software contains seven
modules: project engineering, point cloud generation, point cloud processing, tools, data
visualization, and product creation. The primary functions of the project engineering
include performing project management, data addition, and deletion. The main functions
of point cloud generation include waveform decomposition, distance inversion, coordinate
inversion, and 3D point cloud accuracy evaluation. The main functions of the point cloud
processing include strip adjustment, ground point extraction, and point cloud classification.
The main functions of the tools include data conversion, statistical analysis, measurement
(coordinates, area, and angle), and coloring. The chief functions of the data visualization
include the addition and management of windows, visualization from different orientations,
and the setting of point cloud categories. The key functions of product creation include
DEM generation, DSM generation, and contour generation. A screenshot of this is shown
in Figure 19.
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Figure 18. Architecture of LIDAR data post-processing.
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Figure 19. A screen shot for the GQ-Cor 19 data post-processing software with Chinese interface.

3. Validations through Indoor and Outdoor Experiments
3.1. Verification through Indoor Tank

For validation through indoor experiments, an acrylic tank filled with different water
qualities was simulated. First, a certain amount of water was filled in the tank, and a
plane mirror was placed at a specific location on the tank to reflect the laser into the water;
another plane mirror was placed at a specific location in the tank to reflect the laser into
the tank wall, and a black baffle was placed on the tank wall to simulate the bottom of
the water source. Different water depths can be simulated by changing the positions of
the black baffle in the tank, and multiple water-depth data points can be obtained (see
Figure 20).
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Figure 20. The overall physical diagram of the laboratory validation.

The experimental procedure is as follows: First, the equipment was placed on the
corresponding position, the GQ-Cor 19 system was turned on, and the oscilloscope was
used to collect the waveform data. Second, the position of the black baffle was changed
after the data acquisition, and the oscilloscope was used again to collect the waveform data.
Third, this operation was repeated three times, and the waveform data at different water
depths were collected three times, as shown in Figure 21a—c. The experimental results are
presented in Figure 21.

'At:6.826ns  1/At: 146.50 MHz At 14.761 ns  1/At: 67.75 MHz At: 19.978 ns  1/At: 50.05 MHz

[Av: 178.710 mV  Av/At: 26.18 MV/s Av: 146.253 mV  Av/At: 9.91 MV/s | Av: 138721 mV  Av/At: 6.94 MV/s
t:14.183 ns t:21.009 ns t:15.270 ns t: 30.030 ns t: 15.052 ns f t:35.030 ns
v: -204.496 mV v: -25.786 mV v: -178.041 mV v:-31.788 mV v: -176.043 mV v: -37.322 mV
a) | (b) (c)

Figure 21. (a—c) The waveforms are shown by oscilloscope in indoor experiments; the first peak of
the waveforms is the surface signal and the second peak of the waveforms is the bottom signal.

From the above waveform, it is obvious that the system exhibits good results in
laboratory experiments, and the system can receive both surface and bottom signals with
high signal quality and no jittering noise; the water depth data can be derived from the
time difference of surface signal and bottom signal. The waveforms of the three typical
locations are good, which proves that the GQ-Cor 19 system functions effectively.

3.2. Verification through Indoor Swimming Pool

The maximum water depth to be measured was then tested. Verification was per-
formed in an indoor swimming pool (Figure 22). The experimental steps are as follows:
First, the GQ-Cor 19 was fixed on a stand, which was 2 m away from the water surface,
an underwater reflector was placed to reflect the laser, causing the laser to be emitted
laterally in the pool. Second, a baffle was used as an underwater target and different water
depth data were measured by changing the position of the baffle to verify the maximum
bathymetric capability of the GQ-Cor 19 system. Third, once the system was turned on,
the waveform data were collected using an oscilloscope, and the baffle position in the pool
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was changed several times to obtain a large amount of water depth data. The experimental
results at six water depths (six positions on the baffle) are shown in Figure 23.

Figure 22. The overall physical diagram of the pool experiment.
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Figure 23. (a—f) Waveform diagram of the water pool experiment.

As shown in Figure 23a—f, the first channel of the oscilloscope in Figure 23 receives the
main waveform signal, the second channel receives the laser synchronization signal, and
the third channel receives the bottom signal. In this experiment, the PMT gating function
was added. The synchronization signal of the laser was used as the gating signal, and
the main waveform signal was used as the reference signal. Accordingly, the system did
not receive the surface signal, except for the bottom signal. The measured water depth
was calculated using the time difference between the main and bottom waves. It can be
concluded that the GQ-Cor 19 system can measure a maximum water depth of more than
26.7 m.

3.3. Validation through the Outdoor Water Well

To validate the impact of the different reflectors in the bottom of the water source on
the echo signal strength and echo signal reception, the GQ-Cor 19 system was tested in
an outdoor water well (Figure 24). As shown in Figure 24, the well has a depth of 10 m
above the ground and 10 m below the ground, i.e., a total water depth of 20 m. The basic
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experimental steps are as follows: water was injected into the well, the GQ-Cor 19 was
setup above the well, the waveform data was collected using GQ-Cor 19, and the waveform
was obtained (Figure 25).

Figure 24. The experiments under the artificial water well.

()

G
B

At: 135.021ns  1/At: 7.41 MHz
Av:4.260V  Av/At: 31.55 MV/s

t:-10.709 ns ! t:124.311 ns
v: 1.975 mV ! _tv:-4.258V

Figure 25. The waveform from the experiment under the artificial water well.

As shown in Figure 25, channel 1 is the reference signal, channel 2 is the synchroniza-
tion signal, and channel 3 is the bottom signal. Water depth was calculated according to
the time interval between the reference signal and the bottom signal. It can be concluded
that the GQ-Cor 19 system functioned effectively.

3.4. Validation through the Outdoor Pond

To verify the detection capability of GQ-Cor 19 in different water environments, the
experiments were conducted in an outdoor pond at the campus of Guilin University of
Technology (Figure 26). In this experiment, the polarization technique was used to weaken
the surface signal strength while enhancing the bottom signal strength. The waveform is
shown in Figure 27.

In Figure 27a—c, channel 1 is the signal received in a large FOV and channel 2 is
the signal received in a small FOV. Owing to the limited water depth, the laser power
setting was low and the small FOV signal was weak. In channel 2, which does not use
polarization compression, it is obvious that the water surface signal is uncompressed,
whereas in channel 1, which uses polarization compression technology, it is obvious that
the water surface signal is smaller than the bottom signal, indicating that the polarization
technology is effective. Simultaneously, according to the different distances between the
two peaks of the waveforms obtained from three different positions, it can be observed that
the GQ-Cor 19 system can work normally in the pool, and the system functions effectively.
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Figure 26. The overall physical diagram of the water pool experiment.
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Figure 27. The waveform received under the water pond environment.

3.5. Validation though Outdoor Reservoir

To test the GQ-Cor 19 system in outdoor environments, particularly to verify whether
the GQ-Cor 19 system is feasible in a poorer water quality environment, experiments were
conducted at Qingshitan Reservoir, located in Qingshitan Town, Lingchuan County, Guilin,
Guangxi (Figure 28). The specific process of the experiment was as follows: (1) The GQ-Cor
19 system was placed onto the unmanned boat, (2) the unmanned boat was moved to
the reservoir, (3) power was supplied to the GQ-Cor 19 system, (4) the unmanned boat
course was remotely controlled in the reservoir, and (5) echo signals were collected and
stored using an onboard high-speed A /D sampling module and storage chip. During the
reservoir experiment, polarization and gating technologies were not used; therefore, the
water surface signal easily saturated the PMT. The specific bottom waveform is illustrated
in Figure 29.

Figure 28. The experiments under reservoir environment.
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Figure 29. Waveform under the reservoir experimental environment.

As shown in Figure 29, channel 1 is a small FOV signal with a weak bottom signal and
channel 2 is a large FOV with a strong bottom signal and an oversaturated surface signal.
The water depth is calculated to be 1.69 m, and the actual water depth is 1.74 m. Using
this verification, it can be concluded that the GQ-Cor 19 system can work accurately in the
reservoir environment.

For illustration, measuring and the actual distance in different environments are
shown in Table 7.

Table 7. The waveform data in different experimental environments.

Experimental Environment = Measuring Distance (m)  Actual Distance (m) Error (m)

0.768 0.700 0.068

1.661 1.600 0.061

Indoor tank 2.248 2.300 0.052
Average error (m) 0.060

10.15 9.88 0.27

13.42 13.24 0.18

14.96 15.22 0.26

Indoor swimming pool 16.66 16.50 0.16
19.72 19.75 0.03

25.62 25.58 0.04

Average error (m) 0.157

Outdoor water wells 15.19 15 0.19
0.70 0.75 0.05

0.88 0.90 0.02

Outdoor water pond 0.92 1.00 0.08
Average error (m) 0.05

Outdoor reservoir 1.69 1.74 0.05

Based on Table 7, the following conclusions can be drawn: (1) The GQ-Cor 19 system
can work effectively in a variety of water environments, and the functions of each part
work effectively (the average errors of the bathymetric terrains in the five environments are
0.06 m, 0.157 m, 0.05 m, 0.19 m, and 0.05 m, all of which achieve the designed measurement
accuracy); (2) the use of polarization technology can effectively reduce the strength of water
surface signal, thereby enhancing the strength of bottom signal, which demonstrates that
this technology is capable of solving the problem of PMT excessive saturation from of
the water surface signal; (3) the use of the gating gain technology can effectively avoid
receiving the water surface signal, which enhances the bottom of the water source signal.
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The GQ-Cor 19 system is aimed at bathymetry for rivers, lakes, and reservoirs with a
water depth of 20 m, which avoids the requirements of airborne bathymetric LiDAR for
outer space and airplane runways. Moreover, the GQ-Cor 19 system has many advantages,
such as being low in cost and low in power consumption, lightweight, easy to carry, and
flexible compared with the traditional bathymetry LIiDAR system.

4. Discussion

The GQ-Cor 19 system can work effectively in a variety of water environments, and the
functions of each part work effectively. The key parameters used in the GQ-Cor19 system
includes the following aspects. (1) The emitting optical system (wave length: 532 nm; peak
power: 100 kW; repeat frequency: 1 kHz; pulse width: 3 ns; material /refractive index
of material (532 nm: BK7/1.5195)). (2) The receiving optical system (receiving angle of
FOV: 95 mrad; bandwidth: £1 nm; PMT objective group focal length: 49.27 mm; APD
objective group focal length: 12.01 mm). (3) The control system is implemented by STM32
to control the work of the emitting optical system, detection module, high-speed A/D
sampling module, and POS system. The working status of each module was obtained while
controlling the operation of each module. (4) High-speed A /D sampling system (The ADI’s
4-channel, 2G SPS sampling rate, 16-bit sampling accuracy high-speed data acquisition
card, FPGA backplane with 200 M, 1.3 GHz, 490 RAM resources in the KINTEX-7 family
from Xilinx, Samsung’s 530 MB/s read /write speed, 500 GB space, 2.5-inch, four 870EVO
plug-in SSDs were selected).

The limitation of the GQ-Cor 19 system is that the sparse or the missed laser point
density from laser scanning trajectories relies solely on the reflected light wedges. This
cannot obtain high-density point cloud data for bathymetry.

5. Results

The average error of the bathymetric data from the indoor laboratory tank, indoor
swimming pool, outdoor artificial well, outdoor pond, and outdoor reservoir were 0.06 m,
0.157 m, 0.05 m, 0.19 m, and 0.05 m, respectively, which demonstrates that the GQ-Cor
19 can effectively work under various environments with a pre-designed accuracy. The
experimental results demonstrated that GQ-Cor 19 is effective, reliable, and capable of
quickly measuring the water depth with a maximum measurement depth of more than
26.7 m at an accuracy higher than 30 cm, weight less than 12 kg, communication distance
of 5 km, operation speed of 3 m/s, and duration of more than 2 h.

6. Conclusions

This study presented a prototype of a lightweight bathymetric LIDAR system onboard
an unmanned shipborne vehicle, named the GQ-Cor 19 system, which consists of hardware
(e.g., scanning optical system, receiving optical system, control system, high-speed A/D
sampling system, laser, etc.) and software. Each part was independently developed and
finally assembled into an entire bathymetric LIDAR system. The main innovations in the
GQ-Cor 19 system include the following.

(1) An improved Bresenham algorithm was proposed for solving the problem of sparse
or missed laser point density resulting from laser scanning trajectories by relying solely on
the reflected light wedges. In particular, the method can realize two scanning modes: linear
and circular scanning, which can obtain high-density point cloud data for bathymetry.

(2) A small and lightweight receiving optical system with a split-field method was
designed and implemented for the effective detection of echo signals from both the water
surface and bottom of the water source. The polarization technique was adopted to
compress the overstrength of the echo signals from the water surface.

(3) The data acquisition module with a high-speech A /D collector was used to collect
echo signals, transfer the collected data into the FPGA chip, implement data storage via the
FPGA at the 2G SPS sampling rate, and achieve a sampling accuracy of 16 bits for three-
channel parallel sampling. Gating technology was adopted for a single PMT corresponding
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to a single channel to avoid PMT saturation when receiving a strong echo signal from the
water surface.
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