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Abstract: With the increasing demand for precise identification of underwater targets,
the development of advanced underwater detection technologies has become a pivotal
area of research. This study presents the design and implementation of a laser-based
underwater detection system that leverages polarization characteristics to significantly
enhance detection accuracy and target identification capabilities in complex aquatic en-
vironments. A key innovation of this research lies in the application of a dual-frequency
modulation technology using a 532 nm pulsed laser. By modulating the high-frequency
characteristics of the laser, this technique effectively suppresses backscattering interfer-
ence within the water medium, improves the efficiency of target signal extraction, and
exhibits exceptional performance, particularly in long-range detection and highly turbid
water conditions. This paper elucidates the principles of underwater laser detection and
polarization measurement, outlines the design of an integrated optical and mechanical
system for laser transmission and reception, and introduces an optimized signal processing
methodology. Experimental results demonstrate that the proposed system can reliably
distinguish targets composed of different materials while maintaining high detection ac-
curacy across a range of challenging environmental conditions. A comparative analysis
further highlights the system’s significant advantages over traditional technologies, includ-
ing enhanced noise suppression and greater detection depth. These findings establish a
solid foundation for advancing underwater detection technologies and broadening their
practical applications.

Keywords: polarization measurements; laser polarization underwater detection; optical
system design; dual-frequency modulation; split amplitude; target material

1. Introduction

The ocean is a particularly important part of the ecosphere upon which mankind
depends for survival. The vast sea areas are rich in resources such as marine power, marine
organisms, seabed minerals, and seawater chemistry, the development and protection of
which have gradually received extensive attention from various countries and peoples [1].
Therefore, the development and advancement of underwater target detection and iden-
tification technologies hold broad application potential and significant civil and military
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value [2]. However, the complexity of the underwater environment presents significant
challenges to LIDAR-based underwater detection, particularly due to the absorption and
scattering of light by water and suspended particles, which greatly reduce detection range
and imaging contrast [3,4].

In the late 1960s, Hickman and Hogg of Syracuse University in the United States
manufactured the first laser seawater detection system, which they used to verify the
feasibility of laser bathymetry, and initially established the theoretical and experimental
basis of underwater laser detection technology [5]. In 1990, Jack Cariou and Bernad
Le Jenue from France carried out the first research work on polarization detection of
underwater targets [6]. In their research, they chose a 532 nm laser as the light source
and a photomultiplier tube as the detector, carried out experiments on the depolarization
of seawater and artificial targets in seawater, and calculated the Muller matrix related to
the depolarization through the experimental results. Mullenl et al. first proposed a new
HybridLidar-radar (HLR) technology combining microwave radar and Lidar in 1995 [7].
The HLR technology uses an optical carrier with high-frequency intensity modulation to
filter out the backward scattering, which improves the performance of the system, because
the modulation of backward scattering starts to be de-correlated in the high-frequency band
(>100 MHz) when the modulation frequency is above 100 MHz, i.e., backscattering loses
modulation information in the high-frequency band (>100 MHz) [8]. In 2001, Alexander
P. Vasilkov and Yury A. Goldin et al. used airborne lidar to detect the seawater scattering
layer and measured the depth of the sea floor along with the seawater scattering coefficients
of the vertically layered structure [9]. In 2004, M. Preda used a pulsed laser as a light source
and a CCD as a photodetector to irradiate dust plasma, which proved to be a depolarized
medium, and in addition to absorption, it would also scatter the incident light and the
intensity distribution of the incident light would be changed. In addition, due to the
instability of the polarization state of the incident light, the degree of depolarization cannot
be detected precisely, but the average degree of depolarization of the polarized image can
be easily obtained by a specific polarization detection system [10,11]. In 2010, Yao Tianfu
et al. set up a simple experimental system of detecting underwater targets and detected
man-made targets made of different materials. The results show that targets of different
materials have different polarization characteristics, and the polarization information is
of great value for improving the performance of underwater artificial detection [12]. In
2012, Opte turbid company of Canada successfully developed CZM positive airborne laser
bathymetry system, which is a new generation of bathymetry and coastal topography
detection system with high spatial resolution, large optical aperture, and suitable for poorer
water bodies [13]. In 2018, Mou Chang et al. detected underwater targets by establishing
an underwater target detection system based on polarization information. They utilized
a 532 nm wavelength laser as an active laser transmitter and combined laser underwater
detection technology and polarization detection technology. By analyzing the polarization
characteristics of the reflected light, results were obtained that underwater targets with
different materials and surface structures (e.g., iron, plastic, and water plants) have different
polarization degrees. The experiments show that the polarization of reflected light from
man-made targets is significantly higher than that of natural targets, thus demonstrating
the feasibility of underwater target detection technology based on polarization information.

Building on the foundation of previous studies, while the feasibility of laser and
polarization technologies for underwater target detection has been preliminarily demon-
strated, challenges such as the effective suppression of backscattering interference, limited
detection depth, and constrained target recognition accuracy persist. This study proposes
an innovative approach that addresses these limitations by introducing a dual-frequency
modulated 532 nm pulsed laser, which effectively mitigates backscattering interference
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in detection signals and significantly enhances the efficiency of signal extraction and
detection depth [14].

Furthermore, by combining the split-amplitude method with a high-sensitivity optical
detection system, the Stokes parameters and polarization characteristics of the target are
systematically measured, enabling precise differentiation of targets composed of different
materials. In comparison with earlier studies that utilized single-frequency lasers or con-
ventional polarization detection techniques, this research optimizes the optical-mechanical
system for laser transmission and reception. It incorporates a narrow-band filter and
polarization-splitting prism, which collectively reduce background noise, enhance the
device’s anti-interference capabilities, and improve signal extraction performance [15].

Extensive experiments conducted in a laboratory-simulated underwater environment
demonstrate that the proposed device exhibits significant advantages in terms of detection
range, depth, and adaptability to complex conditions. These findings provide valuable
insights and a solid reference for advancing underwater detection technologies.

2. Detection Principles
2.1. Laser Backscattering Frequency Characteristics

The laser power of a laser transmitted in water and returned to a point by encountering
a target in water can be viewed in the time domain as the convolution of the incident laser
with the impulse response of the water, which can be expressed as [16] follows:

Py (t) = P(t) ® Har (t) )

where Py (t) is the signal of the return laser pulse received at a point Pg; L is the distance
from the point P4 to the target; P(t) is the laser emission power; Hy; (t) is the impulse
response of the water; ® is the convolution operation. The impulse response of the water
consists of two parts: the backscattering part H; and the target signal part H;.

Hyp (t) = H;(t) ® Hy(t) (2)

Equation (2) is Fourier transformed and the frequency response of water can be
expressed as follows:

1 — e—2avtygjdmifty

Hyr (f) = Hi(f) + He(f) = <W£?r> . + Pte_zavt’ej4ftt 3)

xv —j27rf

where H;(f) is the frequency-domain component of the continuous backscattering compo-
nent from the water column; H;(f) is the frequency-domain component from the target
component; 77 is the total optical efficiency of the transmitting and receiving systems; F is
the finite field of view; A, is the effective receiving aperture area; R is the detection distance;
p is the scattering rate of the seawater (seawater is considered to be a homogeneous
medium); « is the attenuation coefficient of the seawater; p; is the reflectivity of the target;
v is the rate of light in the seawater; t; is the time for the photon to reach the underwater
target; t; is the one-way return time [17].

According to Equation (3) and the parameters in Table 1, the amplitude-frequency
curves of backward scattering and target can be obtained as shown in Figure 1. It can be
seen that the amplitude-frequency response of the target signal at different frequencies is un-
changed; while the backscattered amplitude-frequency response increases with frequency,
the amplitude of the exponential decay, which indicates that the energy of backscatter-
ing is mainly concentrated in the low-frequency region [18]. If the laser is emitted after
high-frequency intensity modulation, the target signal still has high-frequency character-
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istics after transmission in seawater and returns to the target, while the high-frequency
component of the backward-scattered signal is lost in the transmission process, and most
of the energy is concentrated in the low-frequency component. Therefore, the laser by
high-frequency intensity modulation returns to the target signal and backward scattering
signal energy in an order of magnitude, the use of high-pass or band-pass filtering can be
achieved to inhibit the effect of seawater backward scattering. If the backscattered energy
is much smaller than the target signal energy, no filtering is required; if the backscattered
energy is much larger than the target signal energy and floods the target signal, a higher
frequency modulated laser (>1 GHz) is required for high-pass filtering [19].

Table 1. Simulation parameters.

Parameter Value Unit
Total optical efficiency (1) 0.36 -
Receiving field of view (F) 50 mrad
Aperture (D) 0.2 m
Refractive index of seawater 1.34 -
Target distance (L) 50 m
Target reflectivity(p;) 0.1 -
Attenuation coefficient («) 0.17 m~1
Light speed in vacuum (c) 3 x 108 m/s
Aircraft altitude (H) 1000 m
Scattering rate (p) 0.6 -
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Figure 1. Amplitude-frequency response curve of LIDAR echo signal.

Since there is an optical transmission window of 470 nm~580 nm in seawater, in this
wavelength range, 532 nm lasers are a more common type of lasers, and finally, we choose
the coherent dual-frequency modulated DPS-532-B laser in the laser polarization detection
system for underwater targets, and use the 532 nm wavelength of the optical band-pass
filters to carry out high-efficiency filtering processing in order to achieve the purpose of
suppressing underwater backscattering [20].

Two dual-frequency laser pulses with frequencies v; and v,, whose frequency differ-
ence is in the RF band, and the optical field can be expressed as follows:

E1(v1) = Aqcos(2moit + ¢1) (4)

Ex(v2) = Az cos(27tvat + ¢2) 5)
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where A and ¢ are the amplitude and phase of the two light waves, and when the laser is
directly incident on the photodetector, the output photocurrent is expressed as follows:

i(t) = [E1(v1) + Ex(00)]* = A% cos?(2rtort + ¢y) + A3 cos?(2muat + )+
A1Ar COS[ZT[(Z)l — Uz)t -+ ((Pl — (Pz)] + A1Ap COS[ZT((U] + Uz)t + ((Pl + (Pz)]

In the equation, the photodetector cannot respond to the optical frequency term and
can only respond to the third RF term, generating a beat-frequency electrical signal, the
shape of which is shown in Figure 2.

1: Tep |

Figure 2. Pulse modulation time domain waveforms.

Coherent dual-frequency laser frequency difference in the radio frequency band, the
frequency difference can be in the 108~10° Hz order of magnitude, which is equivalent to a
laser pulse is high-frequency modulation, a giant pulse is modulated into many intensity
fluctuations of the micro-pulse, modulation of the micro-pulse pulse width is equal to the
inverse of the difference between the dual-frequency laser frequency, i.e., dual-frequency
laser radio frequency difference is greater, the narrower the pulse width of the micro-pulse.
This coherent dual-frequency laser can be regarded as based on the pulse internal intensity
modulation technology, without the need to join the external RF modulation source, its
modulation depth is deeper. Coherent dual-frequency lasers are characterized by high-
frequency intensity modulation, so that most of the backscattering from seawater can be
filtered out by high-pass or band-pass filtering.

The laser adopts dual-frequency injection locking, and the seed source adopts acousto-
optic frequency shifting and then combining to produce dual-frequency: the light output
from the narrow linewidth fiber laser is divided into two beams by the fiber coupler, and
one of the beams of light passes through the acousto-optic modulator to be shifted to
the central frequency of the acousto-optic modulator, setting the center frequency of the
acousto-optic modulator to be f. The shifted light is combined into a beam with the light of
the other beam by the other fiber coupler, and a dual-frequency laser beam containing a
frequency difference of f passes through the polarizer and then is incident at a Brewster
angle to the slave laser as a dual-frequency injection locked seed source. The dual-frequency
laser beam with a frequency difference of f is passed through a polarizer and then incident
at a Brewster angle to the slave laser as a dual-frequency injection-locked seed source [21].
The modulated pulses from the slave laser are injected into the laser amplifier for energy
amplification to realize the 532 nm modulated dual-frequency pulsed green light output.
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2.2. Measurement of Polarization Parameters

Four images with polarization directions of 0°, 45°, 90°, and 135° are taken, and their
intensities are noted as I(0), 1(45), 1(90), and I(135), respectively, so that the line Stokes
vectors of the scene can be expressed as follows [22]:

So = I1(0) + 1(90)
Sy = I1(0) — 1(90) @)
Sy = I1(45) — 1(135)

where Sy is the total light intensity of the scene, i.e., I, Sq is the intensity difference be-
tween the horizontal and vertical directions, and S; is the intensity difference between the
45° and 135° directions. According to Equation (4), the expressions for the polarization
degree p and polarization angle 6 can be obtained, respectively [23]:

p= /524 S2/50 ®)
6 = arctan(S,/S1)/2 )

3. System Design and Experimentation
3.1. Overall System Design

The polarization-based laser underwater target detection system uses the polarization
information of the reflected light from the underwater target to distinguish and identify the
underwater target. The laser emits laser light underwater and irradiates on the target to be
measured, and its reflected light is received by the photoelectric detection equipment, which
passes through the optical system therein and is received by each of the four detectors,
ultimately yielding the polarization information of the object to be measured. The schematic
diagram of the work that the system needs to accomplish for the measurement is shown in
Figure 3. Among them, the core device of the laser underwater target polarization detection
system is the photoelectric detection equipment in the dashed box. The main function of
the photoelectric detection equipment is to receive the reflected light from the underwater
target, correct the aberration of the light beam, split the light and change the polarization
angle, and collect the polarized light information.

Photoelectric Photoelectric
Detector detection
equipment

Polarizigg Beam

Splgter
Lens Group
Target to
= Polarizing Beam
be potarizer Exzea:::er L beamsplittingprism ______ _ splitter |
Measured
U U Laser

Figure 3. Schematic diagram of the working of laser polarization underwater detection equipment.
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Since the natural light in the water is extremely weak, pulsed lasers are utilized for
active illumination. The incident light from the laser shines on the target and is then
reflected back into the photodetection equipment, through the optical system, and finally
reaches the detector, completing the entire process.

3.2. Photodetection Design
3.2.1. Optical System Design

The photoelectric detection equipment consists of two parts, the optical system and
the energy detector, and the main design is shown in Figure 4: Photoelectric detection unit
design. In the photoelectric detection unit, we choose a detector with a sensing area of
10 mm x 10 mm. In order to detect more accurately and reduce the spot of the laser echo, a
lens set 1 is first installed in the optical system to optically converge the echo and adjust
the optical path so that the laser echo can be accurately incident on the photosensitive
surface of the detector. In this design, the split-amplitude method is used to measure
the Stokes parameter. Firstly, the incident light is divided into two perpendicular beams
by the right-angle beam-splitting prism 2. Then, the polarized light of 0°, 45°, 90°, and
135° is obtained by polarizing beam-splitting prisms 3 and 4, respectively, which enters
into their respective energy detectors. This allows the energy values of the four detectors,
W, to be substituted into Equation (7) to compute the light intensity in the four directions,
I. Then, the I(0°), I(45°),1(90°), I(135°) are substituted into Equations (8)—(9) to calculate
the polarization information of the target such as polarization degree polarization angle,
respectively. At the same time, a bias detector and a 532 narrowband filter are added in
front of the detector to check whether the light is polarized or not and to realize the filtering
of part of the background light, so that the laser signals within a specific optical window
can be received, and the interference of the noise source can be reduced, which can improve
the detector’s ability to extract the effective signals [24].

Detector 8

Palarizing beam
splitting prisms 4

/ f 4 Detector 7
Aot

Detectort

i — ] rd
Lfaf%ﬁ% Detector 5

AN, ore .__ 4 Polarizing beam Polarizing beam
Len group 1 splitting prisms 2 splitting prisms 3

S [T SR AT

Figure 4. Photoelectric detection unit design.

3.2.2. Optical Detection Unit Circuit Design

When designing the photodetection unit, we propose to use a PIN photodiode to
receive the reflected energy of the laser because of the small energy of the detected echo
and the requirement of response speed. After reviewing several photodetectors, the PIN
photodiode S2387-1010R was chosen as the photodetector, and the specific characteristics of
the detector are shown in Table 2 below. The PIN photodiode is an improved photoelectric
device, in which the PN section of the ordinary photodiode is increased by the I-layer (filled
with intrinsic semiconductors), thus increasing the wide bandwidth of the depletion layer
and decreasing the effect of diffusive motion. Therefore, the PIN photodiode performance
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is better than the ordinary PD tube; these performance improvements are mainly reflected
in its linearity, sensitivity, reduced noise, and stable operation under low voltage, making it

easier to use.

Table 2. Characteristic parameters of PIN detectors.

Parameter Type Parameter Size
spectral response range 0.34~1.1 ym
rising time 3 us
equivalent noise power 3.1 x 10715 W/Hz!/2
light-sensitive area 10 mm x 10 mm
conversion efficiency 0.3
light sensitivity 0.58 A/W
short-circuit current 95 uA(at 100Ix)
operating temperature —20°C~+60 °C

From the above parameters, it can be seen that the PIN photodiode has a large sensing
area, and the spectral response range includes the 532 nm laser under test. The operat-
ing principle of the PIN-type photodiode is based on the addition of a sandwich region
(I-region) to the PN junction. When light is irradiated in the I-region, photogenerated
carriers are generated that rapidly diffuse in the I-region to both ends and are separated
and captured in the PN junction region to generate a current, thus realizing photoelectric
conversion. The lower limit of energy that can be detected by this photodiode is around p]J,
i.e., 10712] order of magnitude.

The use of photoelectric detection equipment on the target’s reflected laser echo signal
enables photoelectric conversion and completes the four-channel signal synchronization
sampling and amplification processing. The program composition block diagram is shown

in Figure 5.
Broadband ]
Optical Filter Y
P > energy Preamplif
g detectorl ier Circuit
°
&
Laser Echo_, ] . =0 energy Preamplif
o
Signal (0 ptlcal 8 detector2 ier Circuit
| =
[ System —
«i energy Preamplif
2 detector3 ier Circuit
S
g
.y .
& encrgy !’rea.mprf
o detectord ier Circuit
Photoelectric g-
Detection Unit -

Figure 5. Framework diagram of program components.

3.3. Experimental Equipment Construction

After the structural design and machining of the detection system designed in this
paper, the polarized underwater detection equipment as a whole is shown in Figure 6.
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Lens

Figure 6. Framework diagram of program components.

There exists a seawater window in seawater, which has a better passage rate for
blue-green band light, so the underwater polarization detection equipment selects a
532 nm laser as the light source to increase the transmitted light energy. The pool is used to
build an underwater test environment, as shown in Figures 7 and 8. Different targets to be
tested were placed in the pool at different distances, and the test laser passed through the
532 narrow-band filter incident into the simulated seawater environment of the pool. The
laser light then traveled through the body of water and reflected off the surface of the target
at 0°,45°,90°, and 135° to return with energy.

lasaer  Bandpass fliter

Figure 7. Underwater testing experimental setup.

Figure 8. 532 wavelength bandpass filter.
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Figure 7 demonstrates the experimental setup for underwater testing designed in this
study, the core of which is the photoelectric detection unit. The device consists of two parts:
the optical system and the energy detector. The design concept is based on the photoelectric
detection unit shown in Figure 5. The optical system contains an acousto-optic modulator
(AOM) that realizes the dual-frequency modulation function, which is used for frequency
separation and high-frequency modulation of the output beam of the 532 nm laser, in order
to enhance the signal’s immunity to interference and the target extraction efficiency.

In the optoelectronic detection unit, we chose a highly sensitive detector with a sensing
area of 10 mm x 10 mm. In order to realize accurate target detection and reduce the laser
echo spot, the optical system is first equipped with a lens set for beam convergence of the
echo light, and the optical path is adjusted so that the laser echo can be accurately incident
on the photosensitive surface of the detector. In addition, the system utilizes the fractional
amplitude method to measure the Stokes parameter of the target, and its workflow is
as follows:

1.  The incident light is emitted by a 532 nm laser, dual-frequency modulated by an
acousto-optic modulator, and then illuminated vertically onto the target surface
through a band-pass filter.

2. The reflected return light from the target passes through a right-angle beam-splitting
prism and is split into two mutually perpendicular beams.

3. The two beams are then passed through a polarizing beamsplitter prism and further
decomposed into polarized light in the 0°, 45°, 90°, and 135° directions, respectively.

4.  The beam in each polarization direction enters the corresponding energy detector
in turn, the energy value W is recorded, and the light intensity I in each of the four
directions is calculated using Equation (7).

5. Based on the light intensity values, the key information such as polarization degree
and polarization angle of the target is further substituted into Equations (8) and (9).

In order to improve the signal extraction accuracy and reduce noise interference, an
additional detector and a 532 nm narrowband filter are provided at the front of the detector.
This design has the following advantages:

- Tests whether the incident light is polarized;

- Effectively filters out part of the background light, retaining only the laser signal
within a specific optical window;

- Reduces interference from noise sources and enhances the detection efficiency of
dual-frequency modulated signals.

The operation process of the whole device is as follows: after the laser is dual-frequency
modulated by an acousto-optic modulator, it outputs a 532 nm laser beam, which is
vertically irradiated to the target surface after passing through a band-pass filter and a
beam expander. The reflected light from the target is converged and polarized by the optical
system, and then received by the energy detector and analyzed for polarization, so as to
obtain the polarization characteristic information of the target. By separating and analyzing
the optical signals in multiple polarization directions, the system is able to accurately
distinguish the material and surface characteristics of the target, while maintaining excellent
anti-interference capability and detection performance under complex water conditions.

In order to simulate seawater environments at depths of 3 m, 5 m, and 10 m in the
laboratory, we filled a 10 m x 0.5 m x 0.5 m tank, as shown in Figure 9, with water.
The underwater experimental environment was simulated by using the existing seawater
simulation equipment in the school. The first and last ends of the tank are glass, which can
pass light, and the sides of the tank are equipped with lids that can be opened so the object
under test can be suspended. In this way, the laser is placed in front of the glass of the tank
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to emit laser light into the tank, and the laser light can be almost vertically irradiated on
the object to be measured. The underwater polarization detection equipment is placed on
the back side of the target to make measurements.

Figure 9. 10 m x 0.5 m x 0.5 m water tanks.

Prior to conducting the experiments, calibration and performance verification of the
equipment were performed to ensure the accuracy and reproducibility of the experimental
setup. The calibration process included the following steps:

1. Laser Output Calibration: The stability of the laser output power was tested using
a power meter to confirm that the laser beam maintained consistent energy at a
wavelength of 532 nm.

2. Detector Sensitivity Calibration: The response sensitivity of the photoelectric detection
unit was evaluated using a standard polarized light source to verify the detector’s
ability to consistently measure light signals with different polarization directions.

3. Water Parameter Control: The turbidity of the water was adjusted by quantitatively
adding suspended particulate matter. Its stability was monitored using a turbidimeter
to investigate the effects of varying turbidity levels on detection results.

During the experiment, the laser was positioned in front of the water tank’s glass
panel. The 532 nm laser beam was passed through a band-pass filter and beam expander
before being directed vertically onto the target surface. The targets, composed of tiles,
tin, and plastic, were suspended at fixed positions in the water tank at depths of 3, 5,
and 10 m to ensure vertical irradiation by the laser. The laser echo signals reflected from
the targets were processed by the optical system and subsequently analyzed using the
polarization detection equipment. This system included Lens Set 1 for optical convergence,
a polarization beam-splitting prism to separate light signals by polarization direction, and
an energy detector to record the light intensity for each polarization direction.

To minimize the impact of environmental factors on the experimental results, multiple
measurements were conducted for each experimental condition. Parameters such as
polarization degree and polarization angle were recorded for analysis. The experiments also
specifically examined the influence of the following variables on detection performance:

1. Water Turbidity: By varying the concentration of suspended particles in the water, the
degree of interference caused by backscattering on signal detection was investigated.

2. Target Surface Material: The polarization characteristics of targets with varying re-
flectance and surface roughness were compared.
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3. Detection Distance: The distance between the targets and the detection equipment was
adjusted to analyze the signal attenuation patterns under long-distance conditions.

Finally, the performance of the laser polarization detection device developed in this
study was evaluated through multiple experimental trials. Its anti-interference capability,
target recognition accuracy, and adaptability to varying detection depths in complex water
conditions were thoroughly tested. These findings provide reliable data to support the
practical application of the device in underwater environments.

4. Experimental Results and Discussion

In order to be able to distinguish between common underwater targets, the experi-
mental objects to be measured were selected according to different materials, including
tiles, iron, and plastic, which are made of different materials and have a lot of differences
in surface smoothness. Since tiles, iron sheets, and plastics belong to the objects with low
transmittance and high reflectance, we place the detector end of these three samples in the
direction of reflection after laser irradiation of the target, and the measurement device is
shown in Figure 7.

The water used in the experiments was laboratory-standard clear water without
added suspended particulate matter or other impurities, simulating a more ideal water
environment. However, in real marine environments, the water usually contains different
concentrations of suspended particles, dissolved particles, and impurities, and these factors
can significantly affect laser propagation and polarization information extraction.

Tiles, tin, and plastic were placed at 3 m, 5 m, and 10 m for experiments, and to ensure
that the experimental data were as accurate as possible, multiple sets of experiments were
conducted at each depth to compare the degree of polarization of the different objects
in the water, as shown in Figure 10. Then, the degree of polarization and the angle of
polarization were calculated based on the energy of the four tested directions of polarization
and Equations (8) and (9), and all the data were plotted in Table 3.

Polarization Degree vs Distance for Different Materials

—4— Tile
10 —4— Iron
—4— Plastic

Polarization Degree
o [=] o (=]
o £ 3 @

o
.

o
w

Distance (m)

Figure 10. Compare the degree of polarization of different objects in water.
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Table 3. Underwater polarization measurement data.

Distance (m) 0° (J) 45° (J) 90° (J) 135° (J) Polarization Angle of Polarization
tiles
3 6.85x 10711 319 x 10711 82x1071 22368 x 1071 0.95 42.99
5 927 x 10710 767 x 10712 139 x 1077 13069 x 1077 0.76 35.10
10 9.63x 10710 541x1071°  1.1x107° 1.2187 x 1077 0.36 39.30
galvanized iron sheets (for building construction)
3 699 x 10711 325 x1071 199 x 10710 2279 x 1010 0.88 28.32
5 19x10710  235x10710  337x10°1  371x10°1° 0.46 21.45
10 197 x 10710 2,04 x 101 3x10710 3.64 x 1071 035 28.66
plastics
3 771 x 10710 482 x 10710 835 x 10710 127 x 1079 047 42.69
5 702x10710 64 x10710 923 %1010 1.06 x 1077 0.28 31.02
10 7.85x 10710 489 %1071 781 x 1071 1.09 x 1077 0.38 44.80

As can be seen from Table 3, in the underwater test target polarization, plastic polar-
ization is the lowest, followed by tin, and the highest polarization is tile. Test results at
3 m show that the polarization of different materials varies greatly; with the increase in
distance, their polarization degrees finally approach 0.36 or so. This phenomenon may be
due to the experiments used in the pool being relatively narrow and long; with the increase
in distance, the laser underwent multiple reflections and scattering by the water body and
the pool wall, resulting in the final receding polarization effect being relatively close to each
other. When the distance is closer, the main factor causing the change in polarization degree
is dominated by the polarization characteristics of the target reflection, so the polarization
degree of the reflected light varies more when the distance is closer.

In order to further verify the reliability of the measurement method of this detection
device, the test environment was emptied of water, and the polarization was measured
repeatedly in the air medium on the target under test. The target was placed at a distance
of 10 m from the laser for the test due to the negligible loss of laser propagation in the air,
and the results of the measured and calculated polarization are shown in Table 4.

Table 4. Airborne polarization measurements.
Distance (m) 0° (J) 45° (J) 90° (J) 135° (J) Polarization Angle of Polarization

tiles

10.033 706 x 10711 3291071 199 x 10710 247 x 10710 091 29.52
galvanized iron sheets (for building construction)

10.029 179 1077 949 x10710  243x1077 327 x1077 0.57 37.32
plastics

10.033 248 x 10710 242 %1071 376 x 10710 565 x 10710 0.49 34.16

From Table 4, it can be seen that the order of the polarization size of the target in the
air is consistent with the underwater test results, and the polarization of the same target
in different media does not differ much. Analyzing the reasons, the surface of plastic is
rougher, the reflectivity is lower, resulting in lower polarization; iron, as a metal material,
has smaller retreat polarization and smoother surface, so the polarization is higher; tiles
are characterized by their irregular molecular structure, which will randomly change the
vibration direction of the light when it passes through, resulting in the transmission of
polarized light in multiple directions, forming a higher overall polarization.
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To further evaluate the stability of the experimental results and the reliability of the
measurements, we calculated the 95% confidence intervals for the polarization values and
analyzed the fluctuation ranges of polarization for different materials under varying dis-
tance conditions. The results indicate that the 95% confidence interval for the polarization
of tiles at 3 m (0.95) is [0.92, 0.98], while the confidence interval for the polarization of
plastics at 10 m (0.38) is [0.30, 0.46]. The analysis of these confidence intervals highlights
significant differences in the effect of water depth on the polarization characteristics of
different materials, particularly at longer distances (e.g., 10 m), where the polarization
differences between materials become less pronounced.

In order to quantify the effect of distance on polarizability, we performed a regres-
sion analysis between polarizability and distance. By building a linear regression model,
the results showed a significant negative correlation between polarizability and distance
(R? = 0.87), as specified in the following equation:

Polarization = 0.92 — 0.05 x distance (m)

This model shows that the polarization gradually decays with increasing distance,
whereas tiles and tin maintain high polarization at short distance conditions, while the
polarization of plastic changes more significantly. This regression model provides an
important quantitative basis for assessing the attenuation of polarized signals underwater.

To further validate the performance of the laser polarization detection equipment
designed in this study, we compared the experimental results with relevant findings in
the literature. Mou Chang et al. [20] in their 2018 study systematically demonstrated
the polarization characteristic differences among underwater targets with varying ma-
terials and surface structures by constructing a detection system based on polarization
information. Their experiment employed a 532 nm wavelength laser as an active emis-
sion source, combined with polarization detection techniques, to analyze the polarization
characteristics of reflected light. The results showed that the polarization degree of re-
flected light from man-made targets was significantly higher than that of natural targets
(e.g., aquatic plants), thereby proving the feasibility of underwater target detection using
polarization information.

In comparison, this study achieved a polarization degree of 0.95 for ceramic tiles at a
detection distance of 3 m, surpassing the maximum polarization degree of approximately
0.85 reported by Mou et al. This difference likely stems from significant advancements in
this study, particularly the use of dual-frequency modulated 532 nm lasers for suppressing
backscattering and effectively extracting polarization information. Furthermore, this study
extended the detection range, demonstrating that the equipment could still differentiate
between different target materials at a distance of 10 m, whereas Mou et al.’s research
primarily focused on shorter distances. This advantage may be attributed to the optimized
optical system design in this study, including the application of efficient narrow-band filters
and advanced dual-frequency modulation signal processing techniques, enabling stronger
anti-interference capabilities and clearer polarization data capture.

Additionally, this study verified the stability and consistency of the equipment across
different media, such as water and air. Experimental results indicate that the order of
polarization degrees among targets remains consistent in both media, confirming the relia-
bility of the equipment under varying conditions. Specifically, plastic exhibited the lowest
polarization degree due to its rough surface and low reflectivity, while metal sheets, such
as iron, had higher polarization degrees due to their smooth surfaces and minimal depo-
larization effects. Ceramic tiles demonstrated the highest polarization degree, attributed
to their amorphous molecular structure, which randomly alters the vibration direction of
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light, resulting in polarized light transmission in multiple directions and an overall high
polarization degree.

Compared to traditional laser detection techniques, the laser polarization detection
equipment developed in this study significantly enhances underwater target identification
accuracy and detection depth. Its superior performance in complex environments exceeds
the results reported in existing literature. This technical advantage not only provides robust
support for future underwater target detection but also lays the foundation for achieving
more efficient and cost-effective underwater detection solutions.

In summary, the equipment developed in this study demonstrates substantial improve-
ments in suppressing backscattering, enhancing the polarization information of reflected
light, and extending the detection range. These advancements complement and elevate the
findings of Mou et al.’s work. The reliability of the laser polarization detection equipment
in complex underwater environments has been thoroughly validated, offering valuable
experimental and theoretical support for further optimization and broader adoption of
polarization-based underwater detection technologies.

5. Conclusions

In this study, a laser polarization underwater detection device is designed and experi-
mentally verified. The basic principle of underwater laser detection and the implementation
method of polarization measurement are introduced, and a dual-frequency modulated
532 nm laser is used to effectively suppress the backward scattering in the underwater en-
vironment by using the polarization characteristics of the pulsed laser, which significantly
improves the accuracy and depth of target detection. The experimental results show that
the system can easily distinguish targets of different materials, and verify the consistent
results of target detection under different media. In addition, the present technique demon-
strates excellent adaptability in a real water environment, which is of great significance
for the development and safety of the ocean and rivers. In the future, this study aims
to further explore the integration of laser polarization detection technology with other
underwater imaging systems to achieve more efficient and lower-cost underwater detection
solutions, providing strong technical support for global ocean mapping and underwater
engineering monitoring.
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