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Abstract—Underwater imaging is often affected by light scat-
tering, which leads to a significant degradation in image quality
and resolution. We propose a digital holographic microscopy
method with polarization multiplexing for underwater imaging
and descattering. Our method is based on a single laser source,
so that the reference light in different polarization states can
interfere with the object light at the same time, and the
required information can be extracted in the frequency spectrum.
Combined with the underwater image formation model, we
can achieve descattering in one step. The experimental results
demonstrate the feasibility of the approach as a leading example
combining polarization imaging and digital holography. This
method will benefit the underwater image descattering for
visualizing microplastics and other in situ imaging situations.

Index Terms—Digital holography, polarization imaging, under-
water imaging

I. INTRODUCTION

In the underwater imaging environment, the presence of
complex biological and abiotic particles, such as soil particles
and the floating excrement of marine animals, can change the
direction of the light path in the water [1], [2]. The background
light scattered in the water will be superimposed with the
imaging light path, reducing the contrast and resolution of the
imaging. In addition, the absorption of the water to different
wavelengths of light will also reduce the quality of the image,
resulting in color distortion, such as greenish and bluish, in
the image [3]. However, due to the use of a single wavelength
laser light source in a digital holographic system, the imaging
effect brought by absorption is greatly reduced and the light
scattering becomes the dominant problem of underwater imag-
ing. Digital holography combines digital image processing
with classical optical holographic technology to obtain high-
resolution amplitude and phase information of the object at
the same time [4]–[6], making it widely used in tracking small
particles, visualizing microplastics [7]–[10], etc.
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At present, to address the problem of scattering that causes
image quality reduction in the underwater environment, the
main solutions include digital image processing [2], [11], [12]
and optical system-based descattering design [13], [14]. These
methods generally include special optical devices or com-
plicated image processing steps, which either require longer
image acquisition time or have less satisfactory descattering
effects. In particular, polarization-based image recovery is
widely used because it is fast and effective [15]–[17]. How-
ever, current methods require manually rotating the polarizer in
front of the camera [15], [16] or installing a specially-designed
polarizer [17] to obtain multiple images with different polar-
ization states. In addition, to the best of our knowledge, most
systems capture spatial images and then deal with the image
descattering. The advantage of digital holographic systems
by using coherent fringes to record images with different
polarization states simultaneously for the use of underwater
microplastic descattering has not been explored yet.

In this work, we propose a digital holographic system
with polarization multiplexing that can generate the holograms
interfered by the object beam and three reference beams with
different polarization states in a single shot. Based on the
underwater image-formation model, the holograms generated
by the object beam and the reference beams can be used to
reduce the effects of scattering and thus efficiently improve
image quality under the premise of minimal computation.

II. METHODS

In the underwater digital holographic imaging system, as
depicted in Fig. 1, the light captured by the CMOS camera
contains both the object signal light and the backscattered
light. Here, we use IB(x, y) to represent the intensities of the
backscattered light, which is assumed to be governed by the
haze particle’s single scattering model [18]. It can be described
as

IB(x, y) = [1− T (x, y)] · I∞B , (1)
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Fig. 1. The underwater back-scattering model. The synthetic polarization part is a schematic diagram. The detailed system setup is shown in Fig. 3.

where I∞B equals the intensity value of the backscattered light
at infinity. T (x, y) is the transmittance of the backscattered
light [19], which is given by

T (x, y) = exp(−β · d(x, y)), (2)

where β is known as the extinction coefficient and d(x, y)
is the distance between the object and the CMOS camera
imaging plane. Here, we assume that β is distance invariant
and it is a constant for all spatial locations.

For a digital holographic system, the hologram is formed
by the interference of the object light and the reference light.
We call the summation of the light intensity of the object light
IO(x, y) and the reference light IR(x, y) as the holographic
signal light, given by

IH(x, y) = |IO(x, y) + IR(x, y)|2 . (3)

The holographic signal light intensity captured by the CMOS
camera is denoted as IC(x, y), which will also decay with the
distance at the rate of β, and has the following expression of

IC(x, y) = α · IH(x, y) · exp (−β · d(x, y)), (4)

where α is a factor to compensate for the influence of the
water absorption. Therefore, the total intensity is expressed as

I(x, y) = IC(x, y) + IB(x, y). (5)

In total, the holographic signal light can be derived as

IH(x, y) =
I(x, y)− IB(x, y)

α · (1− IB(x,y)
I∞
B

)
. (6)

The proposed method is based on the assumption of un-
derwater optical polarization state as follows, that is, the
backscattered light is partially polarized and the signal light
is unpolarized [18]. We can use the Stokes vectors S0(x, y),

S1(x, y) and S2(x, y) [20] to describe the polarization state
of the light, expressed as

S0(x, y) = I(0)(x, y) + I(90)(x, y), (7)

S1(x, y) = I(0)(x, y)− I(90)(x, y), (8)

S2(x, y) = 2I(45)(x, y)− S0(x, y), (9)

where I(0)(x, y), I(45)(x, y) and I(90)(x, y) represent the light
intensity at the polarization directions of 0◦, 45◦ and 90◦,
respectively. Note that, the value of total intensity I(x, y) is
equal to S0(x, y) [20]. To better describe the state of the
polarization, we define the polarization angle θp(x, y) and the
degree of the linear polarization Dp(x, y) with the expression
of

θp(x, y) =
1

2
arctan (S2(x, y)/S1(x, y)), (10)

Dp(x, y) =

√
[S1(x, y)]2 + [S2(x, y)]2

S0(x, y)
. (11)

According to geometric relations, the components of backscat-
tered light in horizontal and vertical directions are respectively

IBx(x, y) = IB(x, y) cos2 θB , (12)

and
IBy(x, y) = IB(x, y) sin2 θB , (13)

where θB is the polarization angle of the backscattered light
which is constant for all the pixels. In addition, these two
components can also be calculated by (7)-(9) and (11) and
given by

IBx(x, y) = I(0)(x, y)− 1

2
S0(x, y)[1−Dp(x, y)] (14)

and

IBy(x, y) = I(90)(x, y)− 1

2
S0(x, y)[1−Dp(x, y)] (15)
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Fig. 2. The workflow of our proposed method.

Combining (12)-(13) and (14)-(15), IBx(x, y) can be ob-
tained by

IBx(x, y) =
I(0)(x, y)− 1

2S0(x, y)[1−Dp(x, y)]

cos2 θB
(16)

Then, we can get the total light intensity I(x, y) as

I(x, y) =
IB(x, y)

η ·DpB
, (17)

where DpB is the polarization degree of the backscattered
light. η is used to guarantee that IB(x, y) will not be greater
than S0(x, y). The value of η is between 1 and 1/DpB [18]. By
combining (7), (17) and (6), the descattered image IH(x, y)
can be obtained. The workflow chart is shown in Fig. 2.

III. EXPERIMENT

The setup of our proposed system is shown in Fig. 3.
In this system, after being expanded by the beam expander
(BE), the laser is divided into three laser beams with the
same polarization state with a light intensity ratio of 2:1:1
through two non-polarized beam splitters (BS1 and BS2).
However, after going through the BS3, the intensity of the
three reference beams and the object beam will be the same.
We use three linear polarizers (LP1, LP2 and LP3) with 0◦, 45◦

and 90◦ in three reference beams to apply the corresponding
polarizations. A water tank, which contains seawater, is placed
in the optical path of the object beam. The three reference
beams and one object beam are merged again by BS6, and
the digital holograms are recorded by the CMOS camera in
a single shot. There are two neutral density filters (NDF) in
the setup to adjust the intensity ratio of the two beams. In
addition, a microscope objective (MO) is placed between the
beam splitter BS6 and the CMOS camera to pre-amplify the

sample. In most of the off-axis holographic experimental setup,
the MO is placed between the beam splitter and the object,
and the spherical wave introduced by MO directly overlays
with the object light, resulting in the wavefront error recorded
in the hologram [21]. However, in our experimental setup, the
reference light and object light are amplified simultaneously,
and this common wavefront setting eliminates the spherical
wavefront error, thus reducing the aberration introduced by
the MO.

The wavelength of the laser beam is 632.8 nm. The CMOS
camera is Allied Vision Mako-507b with a resolution of
2464(H)× 2056(V ) and 3.45 µm pixel size. The experiment
object is USAF 1951. We use the normalized variance of
gray value distribution (VAR) [5], [22] to be the evaluation
matrix to determine the focus plane of the hologram and the
refocusing distance is 1.2 mm. An automatic spatial filtering
method [23] is used to extract the different spatial frequency
components of the spectrum separately. Then, by applying
inverse Fourier transform to the filtered spectral components,
we can obtain the unwrapped phase images. The embedding
plugin DLHM in the open-source software ImageJ [24] is used
for phase unwrapping.

IV. RESULTS

A USAF 1951 is placed underwater as a test object. Its
hologram is shown in Fig. 4(a). We also recorded its hologram
in the air (Fig. 4(b)) as a control group to observe the effects
of water scattering. We can see that in the underwater envi-
ronment, the scattering in water will make part of the fringe
information lost, and the retained fringes become blurred. In
addition, as shown in Fig. 4(a) region C and region D, bubbles
in the water will obscure part of the fringe information.
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Fig. 3. Experimental setup of the synthetic polarized underwater digital holographic imaging system.

(a)

(b)

Fig. 4. (a) The recorded hologram, where the sample is placed underwater.
(A: selected local descattering areas; B: enlarged fringe patterns; C and D:
scattering influences on the hologram.) (b) The recorded hologram, where the
sample is placed in the air.

To evaluate the descattering performances of the proposed
method, we choose a local area (Fig. 4(a): A) of the USAF
1951 and apply the proposed method. We use the average
energy function [25] to evaluate the results numerically, given
by

Ēg =
1

MN

M∑

x=1

N∑

y=1

(
|Gx(x, y)|+ |Gy(x, y)|

)
, (18)

where M and N represent the total number of pixels in the x

and y directions of the image, and Gx(x, y) and Gy(x, y) are
the gradients of the sampling point in the x and y directions
respectively. The average energy function can measure the
number of details in the image. The larger the value, the more
details there are. As shown in Fig. 5, the value of Ēg increases
from 1.1379 without descattering to 1.209 for Fig. 5(c), which
is closest to the average energy value of the phase image in
the air. This indicates that the image quality of the phase
image is dramatically improved after the processing of the
proposed descattering method. We also show the performance
of several advanced descattering methods based on the haze
particle’s single scattering model and polarization as Fig. 5(d),
Fig. 5(e) and Fig. 5(f). However, as highlighted by the yellow
arrows, some details are missing in the descattering process,
as evidenced by their values of Ēg dropping to 1.1475, 1.1533
and 1.1419, respectively. In addition, the phase value of the
cross-section highlighted by the red dashed line of Fig. 5(c)
is much smoother than other methods.

V. CONCLUSION

In this paper, we present a digital holographic imaging
system with polarization multiplexing for underwater image
descattering. This method can accomplish the descattering of
the underwater phase image in a single shot with high image
quality. By using polarization multiplexing, the details of the
phase images are preserved. We expect this method will benefit
the underwater image descattering for the microplastics [26]–
[28]. It is also a good demonstration of the combination of
polarization imaging [29] and digital holography.
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