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Aiming at the problem of underwater polarized laser scattering caused by underwater suspended particles, the equiva-

lent spherical particle Mie scattering theory simulation method is used to study the polarization characteristics of un-

derwater scattered light. The relationship between underwater suspended particle characteristics and optical character-

istics is analyzed, and the effects of particle size, polarization characteristics of incident light, and angle of incidence

on the degree of polarization of forward and backward scattering light are studied. The results show that: When the in-

cident light is natural light, the degree of polarization of scattered light is very low at the forward-scattering angle,

which increases with the increase of the scattering angle, but changes frequently with the increase of the particle size.

When the incident light is linearly polarized, the degree of linear polarization of the scattered light is related to the

azimuth Angle. The degree of circular polarization is largely unaffected by particle size.
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In recent years, underwater polarization imaging has
become a hot topic in the field of underwater optical
imaging. For underwater optical imaging, the strong
scattering and absorption of light by seawater media is
a technical bottleneck that limits its development!'™).
Since the wavelength of light is comparable to the size
of suspended particles and organic molecules in sea-
water, the scattering of light is far more serious than the
scattering of acoustic waves in seawater and causes the
degradation of imaging quality. Polarization imaging
technology uses the inherent parameter of light wave
polarization to properly screen the polarization state of
light, filter out scattered photons from the medium, and
retain the imaging photons of the target. Thereby the

contrast and resolution of the imaging will be improved.

Therefore, the research on the polarization characteris-
tics of the scattered light of underwater suspended par-
ticles is of great significance to the application of po-
larization imaging technology.

In 1963, Duntley S Q and Gilbert G D et al studied
the transmission characteristics of light waves in the
ocean and found a transmittance window!*! similar to
that in the atmosphere. In this window, the attenuation
of blue and green light in the 470 nm—583 nm band by
seawater is much smaller than that of other light
bands>®. This window band becomes an ideal under-
water light source. Since the constituents of underwater

environments are widely varied, there have been vari-
ous underwater scattering models. For the convenience
of study, underwater suspended particles can be usually
assumed to be spherical. Since the radius of equivalent
spherical particles in water is greater than the wave-
length of incident light, the underwater scattering model
can be equivalent to the Mie scattering model”?. There
have been several underwater optics studies based on
the Mie scattering theory in recent years''*'?. This arti-
cle uses Mie scattering theory to establish a single scat-
tering model of a single underwater scattering particle.
By studying the polarization characteristics of forward
and backward scattered light of a single underwater
suspended particle, the polarization characteristics of
scattered photons with different scattering angles are
analyzed, and the types of polarized light sources suit-
able for underwater polarization imaging are studied. At
the same time, the polarization characteristics of the
backscattering noise of the particles are analyzed to
provide a theoretical basis for the noise reduction and
restoration algorithms of underwater polarization im-
aging.

In this analysis, the impurity particles underwater are
assumed to be single spherical particles. The scattering
model is shown in Fig.1. In Fig.1, [, is the incident light,
0 is the scattering angle, S is the azimuth of the scat-
tered light, and » denotes the particle radius.
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Fig.1 The scattering model

When the plane wave hits a single spherical particle,
according to Mie theory, Eq.(1) presents the scattering
matrix on the basis of the single-scattering theory:
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where S| and S, are the scattering functions of scattering
angle 6 and represent the vertical and parallel compo-
nents of the complex amplitude function of the scattered
light respectively; they are infinite series. a=2nr/A repre-
sents the particle size parameter. The expressions of S;
and S, are as follows:
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where 7 is number of term in series. 7, and 7, indicate the
scattering angle coefficient.
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where P (cos0) is the first order 7 class of Legendre func-
tions, and a, and b, refers to the Mie scattering coefficient:
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where y (a) = \/%7-/,,-%(0!) s G)= %Hﬂ(a) )
J,,(@)yand H? («) are the Bessel function of the first
kind and Hankel function of the second kind respectively;
w' and &' are their differential. m stands for the complex
refractive index of the particle, and m=m,—im,, where m,
and m, indicates the real and imaginary parts respectively;
the real part represents light scattering by particles, and
the imaginary part refers to the absorption of light by
particles. When the imaginary part is 0, the particles have
no absorption to light.

The scattering and extinction cross sections are re-
spectively expressed as

A/Z %0
o, = £;(2n+1)(‘a”‘2 +[,[")

n

o . &)
o, = i—n;(Zn+l)Re(an +b,)

Optoelectron. Lett. Vol.17 No.4 * 0253

The scattering and extinction efficiency factors are the
ratios of scattering and extinction cross-sections to the
spherical particle geometric cross-section, respectively,
and are expressed as Qsca:asca/(n'rz), Qextzaext/(nrz).

This paper mainly analyzes the influence of particles
on the polarization characteristics of the scattered light,
so only a single particle size distribution is considered.
Therefore, on the basis of the Mie scattering theory of
spherical particles, the scattering and extinction coeffi-
cients are respectively:

b(A) = Nnr’Q., ©)
c(A)=Nmr*Q.’

where N is the number of particles per volume. The ab-
sorption coefficient is a(1)=c(1)—b(1). The single-scattering
albedo w=b/c is also an important parameter to analyze
laser transmission characteristics, and is defined as the
percentage of scattering loss in the total attenuation loss.
The complete polarization state can be expressed by
the Stokes vector S=[/, O, U, V]", where [ is the total
light intensity, QO and U represent linearly polarized
lights in two directions, and V" denotes the circularly po-
larized light. The degree of polarization (DOP)

DOP =\|Q* +U* +V* /1 is used to describe the po-

larization state of the laser. DOP=1 indicates a com-
pletely polarized light, DOP=0 represents a natural light,
0<DOP<1 signifies a partially polarized light,
DOLP =0’ +U* /1 is the linear polarization, and
DOCP=V/I denotes the degree of circular polarization
(DOCP)!P4.

Suppose the Stokes vector of the incident photon is
So=[1o, Qo, Uo, V]", then the expression of Stokes vector
S after one scattering events in seawater by photon
transmission is as follows:

S=A=)M(O)A(S)So, (7
where 6 is the photon scattering angle and M stands for
the photon Mueller matrix. The expression is as follows:

ext
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where A represents the scattering rotation matrix:

1 0 0 0
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and f denotes the angle that Stokes vectors of incident
light are rotated from the reference surface to the scat-
tering surface.

In the simulation test, the particle radius is selected as
0.6—5 pm, the number of particles per volume is N=10’
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and 532 nm green light is selected for simulation. The sus-
pended particles in seawater are mainly algae plankton and
sand sediment. On the basis of Tab.1, the real part range of
algae particles’ complex refractive index is between 1.15
and 1.18, and the imaginary part range is between 0.045 and
0.07. However, the real part of sand sediment particles’
complex refractive index ranges from 1.5 to 1.53, and the
imaginary part range is between 10” and 10°">'), There-
fore, m=1.53—0.001i and m=1.18-0.071 were used to simu-
late the polarization states of scattered light with different
incident light types and different scattering angles.

Firstly, natural light is used as incident light to
simulate in Mie scattering environment. Fig.2 shows that
the DOP is not only related to the scattering angle, but
also has a great relationship with the particle size. With
the increase of particle size, the distribution of the
polarization degree of the overall scattered light changes
frequently with the scattering Angle, and the larger the
particle size, the higher the frequency of the change. In
general, the overall scattered light has a lower DOP at
the forward-scattering angle and a higher DOP at the
backscattering angle, and the DOP of forward-scattering
slightly increases with the increase of the particle radius.

DOPS [1000] M= 153 00011
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Fig.2 The scattering polarization distribution of natu-
ral light, where 0° is the incident direction

Secondly, the linearly polarized light is taken as the
incident light, and the result is shown in Fig.3. The particle
radius is 0.6 pym in Fig.3(a) and (b), and that is 5 um in
Fig.3(c). It can be seen that the DOLP of linearly polarized
is not only related to the scattering angle, but also has a
relationship with the azimuth. Both forward-scattering and
backscattering have a good polarization-preserving ability.

Optoelectron. Lett. Vol.17 No.4

Compared with the case of natural light, no matter at any
azimuth Angle, the forward-scattering light has a higher
DOLP when the incident light is linearly polarized. It’s just
the opposite of the case of natural light incident. At azimuth
0°, 90° and 180°, the change of DOLP with scattering
Angle is not sensitive. The DOLP at other azimuth angles
varies with the scattering Angle, especially in the
backscattering. As the particle size increases, the DOLP
changes more frequently with the scattering angle. When
the particle size is large, the polarization distribution
exhibits a fine-striped structure, but around the azimuth
angles of 0°, 90°, and 180°, the polarization degree is still
insensitive to changes in the scattering angle, and it can be
considered that it is independent of the azimuth angle. From
the perspective of scattering, the DOLP of backscattered
light decreases with the increase of particle size.
DOLP,S~[1,1,0,0]", 7=0.6 pm, m=1.18-0.071
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Fig.3 The scattering polarization distribution of line-
arly polarized light with azimuth variation, where 0° is
the incident direction
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Considering that the azimuth angle in actual situations
is generally fixed and the particle radius may change
continuously, three azimuth angles: 15°, 30°, and 60° are
selected as the representative for simulation to analyze
the variation of the polarization degree of scattered light
with the particle size and scattering angle. Fig.4(a)—(c)
in turn gives the distribution of the overall scattered light
polarization degree at these three azimuth angles. It can
be seen from the figure that the overall scattered light has
a high degree of polarization at the forward scattering
angle, close to linearly polarized light. However, the po-
larization degree distribution at the backscatter angle
changes frequently, and has little relationship with the
change of particle radius, but it changes significantly
with the azimuth angle.
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Fig.4 The scattering polarization distribution of linearly
polarized light, where 0° is the incident direction
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Finally, the right-handed circularly polarized light and
the left-handed circularly polarized light were used as the
incident light source for simulation. The simulation re-
sults are shown in Fig.4. It can be seen from Fig.4(a) and
(b) that as the particle size increases, DOCP changes
more frequently with the change of the scattering angle,
but this change mainly occurs in the side scattering,
while the forward scattering and the back scattering the
backscattered DOCP is basically unchanged. By com-
paring Fig.4(b) and (c), it can be seen that either
left-handed or right-handed circularly polarized light is
used as the incident light source, the backscattering is
different from the rotation polarity of the incident light,
that is, the backscattered circularly polarized light has the
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Fig.5 The scattering polarization distribution of cir-
cularly polarized light, where 0° is the incident direc-
tion
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opposite direction, but it is still circularly polarized in
nature, so forward scattering And backscatter both have
good polarization retention. Compared with linearly po-
larized light, circularly polarized light has a stronger po-
larization maintaining ability.

In this study, an underwater photon’s scattering is
simulated on the basis of a method combining Mie scat-
tering theory. This paper has comprehensively analyzed
the effect of suspended particles on the underwater po-
larized light polarization characteristics. The research
shows: When the incident light is natural light, most of
the scattered light is partially polarized light. The DOP
of scattered light is very low at the forward-scattering
angle, which increases with the increase of the scattering
angle, but changes frequently with the increase of the
particle size. When the incident light is linearly polarized,
the DOLP of the scattered light is related to the azimuth
Angle. The DOLP of forward-scattering and backscat-
tering is very high, and only when the azimuth Angle is
far away from 0°, 90° and 180° will there be a small
DOLP and it also changes frequently with the increase of
particle size. When circularly polarized light is used as
the incident light, both the forward-scattering and the
backscatter polarization are high, but the polarization
rotation of the backscattered light is reversed. The DOCP
is largely unaffected by particle size. Therefore, when
using underwater polarization imaging technology, an
active circularly polarized light source can be used to
improve the quality of received image.
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