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ABSTRACT Speckle noise in digital holography has a great influence on image quality, and one of the
reasons for the formation of speckle noise is that the degree of coherence for the reference light and the
object light is too high and unnecessary noise is introduced to the recorded hologram. In this paper, the spatial
depolarization and the temporal domain depolarization are analyzed to reduce the speckle noise. The spatial
depolarization utilizes the depolarization performance of the depolarizer. By adding a quartz depolarizer to
the object light, the linearly polarized light in the object light becomes randomly polarized light, thereby
reducing the degree of coherence with the reference light, realizing the suppression of speckle noise, and
by utilizing the characteristics of pupil parameters towards the depolarization degree, it is to realize the
control for the degree of coherence. The temporal domain depolarization uses two quarter-wave plates and
adjustable liquid crystal to realize the depolarization superposition. By controlling the phase delay of the
liquid crystal phase variable retarder, the multi-depolarization accumulation in a short time is realized, and
the experimental results show that this method preserves the detail portion of the image while better removing
speckle noise. Finally, the Non-Local Means filtering algorithm is used to make the reconstructed image
smoother. The method proposed in this paper has great applicable value for improving the image quality of

digital holography system.

INDEX TERMS Digital holography speckle noise, depolarization, quartz depolarizer, liquid crystal.

I. INTRODUCTION

Digital holography has been widely used in various fields.
It contains a large amount of information and has a large
practical value, but it also has shortcomings. There are large
speckle noises in the recorded digital holographic images,
which leads to some image quality being poor and will
have certain influence on the practical application [1]-[3].
Therefore, many scholars are also studying to reduce the
coherence of the light source with various methods to sup-
press speckle noise, such as multi-mode fiber or multi-beam
fiber coupling to provide a light source [4]. Reducing the
coherence of the light source by a motion scatterer or a phase
shifter [5], and a low-coherence light source or white light
[6] is used as a light source, and using a combination of the
above methods [7]. Multi-wavelength recording holograms
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are used to eliminate speckle noise [8], but this method is
complicated to process. A method of rotating a ground glass
piece [9] is added to the interference system to reduce the
coherence of the light source. Practice has shown that the
use of rotating frosted glass sheets can reduce the diffrac-
tion noise of the system [10]. The spatial resolution of the
system is improved due to the reduced self-coherence length.
Introducing a rotating frosted glass sheet into photorefractive
holography to remove speckle noise from the system [11]
and introduce the frosted glass sheet into a digital holo-
graphic microscope to improve the observation resolution
of biological samples [12]. In addition, the noise can be
processed by an algorithm, and the image is processed by
median filtering [13] which leads to partial loss of detail.
A pixel separation method has been proposed [14], [15], but
this method does not suppress periodic interference noise. It
is proposed to effectively suppress such coherent noise by
using optical scanning multi-view method combined with 3D
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block matching numerical filtering [16], this method takes
a long time to scan and calculate. An optimization method
combining two-dimensional empirical mode decomposition
and dual-wavelength digital holographic microscopy is pro-
posed to improve the imaging quality [17], however, its
scope of application is limited. A complex amplitude field
reconstruction scheme based on noise robust pixel super-
resolution multi-image phase retrieval algorithm is proposed
[18], which does not involve the influence of polarization
state. By rotating the polarization direction, the diversity of
polarization can effectively reduce speckle noise. However,
the method of changing the polarization direction requires
the polarization state to rotate more than 20 degrees to ensure
that the holograms are not related to each other. Therefore,
this method can not obtain a large number of decorrela-
tion holograms, and the image quality improvement method
of the reconstructed image is limited. A kind of triangular
mesh hologram uses different staggered plane carrier sets
to generate multiple holograms and display them in time
multiplexing order to eliminate speckle artifact [19]. But the
calculation time of this method is too long. Another method
is to use programmable filter in general 4-f optical structure
through digital micro mirror array device. Through selective
filtering of spectrum component [20], speckle noise can be
effectively reduced.This method requires additional camera
equipment, which leads to complex system structure. The
laser illumination system of multimode fiber bundle can also
be used to reduce speckle noise [21].However, the correlation
length of the incident laser beam increases by a factor equal
to the magnification of the optical system. Another method is
to use a piezoelectric transducer with multimode fiber [22],
the dynamically modulated fiber structure produces a time
average smoothing effect on the output field distribution in
a short time to reduce speckle. For the method of reducing
the degree of coherence, some researchers increase the fiber
between the laser and the medium. This method can effec-
tively reduce the degree of coherence of the light source. [23].
A polymer film speckle scrambler can also be used to reduce
the effect of coherence [24]. The spatial coherence of the laser
can also be reduced by rotating the diffuser in a multi-path
system [25]. The speckle free quantitative phase imaging is
realized by using the common optical path Fresnel biprism
interferometer. Some researchers also synthesize a pseudo
thermal light source to realize partially coherent light source
[28], which can illuminate the sample uniformly to reduce the
effect of speckle noise.

Il. THEORETICAL ANALYSIS AND SIMULATION

A. SPECKLE NOISE ANALYSIS

Digital holography is a hologram obtained by recording inter-
ference images of reference waves O(x, y) and object waves
R(x, y) by the principle of interference. The total light inten-
sity of CMOS recording is given as follows:

Iy (x,y) = 10 (x,y) + R (x, y)|?
= 00* + RR* + OR* + O*R (1)
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Using the principle of holographic diffraction reproduc-
tion, the image is reconstructed by computer, and the image
is restored by the conjugate light of the reference light, and
the reproduction light of hologram is expressed as follows:

Uc(x,y) =Cx, ) Ig(x,y)
= COO* + CRR* + COR* + CO*R  (2)

where COR* contains the wavefront information of the
object, but the holographically recorded light source has a
high coherence, which makes the light wave have different
scattering effects on different objects when it is reflected
on the surface of the object. A speckle pattern develops if
the height variations of the rough surface are larger than the
wavelength of the light, Speckles result from interference of
light scattered by the surface points. The phases of the waves
scattered by different surface points fluctuate statistically due
to the height variations. If these waves interfere with each
other, a stationary speckle pattern develops. Moreover, most
of the recorded objects are rough objects. The surface of the
rough object is equivalent to a variety of reflection elements
that react differently to the beam. Random phase elements
are added to the reflected light field, and these random phase
elements interact with each other to produce a set of random
phases. For these random phases, the transmittance of the
object is discussed as follows:

t(r)y=f@r)n(r) 3

where f (r) is the object information in the ideal state , n(r) is
the random phase carried. Set the reflectivity of the object
to be f (xo, Yo, 20), the object wave can be represented as
follows:

0 (x.)
2
= D" (0,30, 20) 1 (o, Yo, 20)expli=—n (o, Yo, 20)]
@

where ZT”n (x0, Y0, z0) is a random phase difference due to
the undulations on the surface of the object itself. Then the
conjugate image of the object reproduced by the hologram
can be expressed as follows:

E(x,y)
2
= A" f (x0, 50, 20) ' (x0, Yo, ZO)CXP[iTn/ (x0, ¥0, 20)]
®)

the intensity of the conjugate image is expressed as follows:

I =E@x,y)E"(x,y)
= A2 (o, 0. 20) % |1 (x0. 30, 20)°| = Bloln  (6)

where [ is the ideal object light intensity and 7, is the speckle
intensity.
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FIGURE 1. Quartz depolarizer structure.

B. SPATIAL DOMAIN DEPOLARIZATION ANALYSIS

From the analysis of the previous section, it is possible to
obtain a large amount of speckle caused by light wave scat-
tering due to the high coherence degree of the light source
and the roughness of the object surface, and finally the holo-
graphic surface is imaged. When the image is reconstructed,
the speckle is modulated by the diffraction calculation of the
holographic fringes to each diffraction order, so that speckle
noise appears on the reconstructed image, and the quality of
the image is lowered. Therefore, the speckle noise can be
reduced by reducing the coherence degree of the two inter-
fering beams. Therefore, the use of a quartz depolarizer in
the object light can effectively reduce the coherence degree.
The characteristics of the depolarizer are analyzed below.

The structure of the quartz depolarizer is shown in Fig. 1.
It is composed of two left and right spin quartz crystals with
the same structure angle. The spinning properties of the two
quartz crystals must be opposite.

In the Fig. 1, B becomes the structural angle, Z axis is the
optical axis’ propagation direction, and O is the center of the
pupil; let an electric vector get through the left side length of
the crystal OA = d; and get through the right side length
of the crystal AB = d,. Since the light propagates along
the optical axis in the depolarizer, the depolarizer acts as a
activizer, and its Mueller Matrix can be expressed as:

1 0 0 0
10 cos2¢p sin2e 0

M = 0 —sin2¢ cos2¢ O )
0 0 0 1

where ¢ = oL is the optical rotation angle, « is the optical
rotation power of the substance

The numerical value is related to the wavelength o = %n,
An is the birefringence of quartz and X is the wavelength, L
is the distance of light passing through the quartz crystal.

Since the depolarization effect of this property is realized in
the spatial, the average Mueller Matrix for M is first obtained
by integrating in the pupil range M = [ Mdxdy.

b
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For cos2¢ and sin2¢ there are integrals in the range of the
pupil, which are expressed as follows:

Ji(f)

1
(cos2¢)y = - fZ cos (fx + b) dxdy = 2cosb

®
(sin2@)y = % fz sin (fx + b) dxdy = ZSianIf(f)

where b = 2a(dy — dy), J1(f) is a first-order Bessel function.
Then the Mueller Matrix of the depolarizer can be expressed
as follows:

1 0 0 0
J J
B 0 2cos lf(f) 2sinblT(f) 0
M = ©)]
J J
0 —2sinb 1) 2c0s1T(f) 0
0 0 0 1

When the included angle between the polarization direction
of the incident beam polarization and the X-axis is 6, Let
Sin, Sour represent the Stokes vector of the input and output
beams, respectively, then S,,; is expressed as follows:

Sout = Msin
! 0 0 0
J J
0 2cos 1) 2sinb1—(f) 0 c0;2 0
= J J i
0 —2sinb LAY " 2cos el ) 0 $in20
f f 0
L0 0 0 1
B 1
J
2c0s(p — 20719 go
- ), |~ S] (10)
—2sin(b — 20 ) 2
$3
L 0

It can be seen from Eq. 10 that after a linearly polarized
beam of a certain section is perpendicularly incident on the
quartz depolarizer, because each incident point passes di, do
differently, the emergent light will get mixed light with dif-
ferent electric vector vibration directions, achieving the effect
of depolarization, and at the same time achieving the purpose
of reducing the degree of coherence.

The degree of polarization for the emergent light can be
obtained by the definition of the degree of polarization:

v Ji(H) ‘
f

2 2 2
_ St s34sp”

So
J1(452 7 Rtanp)
4%71Rtanﬂ

P

Y

It can be seen from Eq. 11 that for one-wavelength
laser and a certain quartz depolarizer, A, An, 8 are certain,
the degree of depolarization depends on the pupil radius
R. The numerical calculation for the relationship between
the pupil radius R and the depolarization degree is shown
in Fig. 2. By changing the polarization state emitted from the
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FIGURE 2. Relationship between Degree of polarization and pupil
radius R.
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FIGURE 3. Temporal domain depolarization module structure.

object light beam, it can achieve different degrees of coher-
ence with the reference light and achieve spatially adjustable
degree of coherence.

C. TEMPORAL DOMAIN DEPOLARIZATION ANALYSIS
The temporal domain depolarization realizes the variable
phase delay by adjusting the signal input of the liquid crystal,
and in combination with the front and back two 1/4 wave
plates, it is to form a temporal domain depolarization module,
as shown in Fig. 3, when a beam of linearly polarized light is
incident perpendicularly on the 1/4 wave plate, the included
angle between the polarization direction of the incident beam
polarization and the fast axis of the wave plate is 45°, and the
light beam is decomposed into two components which are the
fast axis and the slow axis vibrations. The phase amplitudes
are all equal, |E,| = Egcost = |Es| = Epsing = ﬁ/2E0.
When the liquid crystal is loaded by the swept-frequency
signal, the emitted light produces a phase retardation amount
of §. At this time, the two vibration components are given as
follows:

E, = ﬁEoSin(‘L' +6)
2 (12)

2.
E, = TEosmr

Liquid crystal is a kind of positive and single axis photo-
electric material, which has the characteristics of changing
the potential energy of molecules to the lowest state, and the
characteristics of forced orientation arrangement of external
electric field [27]. When the potential energy of the liquid
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FIGURE 4. Refractive index ellipsoid of liquid crystal.

crystal molecule is the lowest, it means that the direction
of the liquid crystal molecule is the same as that of the
field line of the external electric field. Fig. 4 is Fresnel’s
refractive index sphere, in which n, = n, = ng (ordinary
light refractive index), n, = n, (unusual light refractive index,
and there is n, > n,)z axis is the optical axis (symmetry
axis), ko is the beam direction, and the plane with ko as the
normal cuts the curve [ through the center of the refractive
index ellipsoid. In the liquid crystal molecule, the optical
axis direction is the long axis direction of the molecule.
Therefore, when a beam of light is incident on the liquid
crystal molecule, the polarization direction of the outgoing
light can be determined according to its incident angle and
polarization direction.

If the beam ky is parallel to the z-axis, the curve [ is circular
in the x — y plane, and the refractive index of a liquid crystal
is ng, and the polarization direction of the incident light will
not change after passing through the liquid crystal.

If the beam kg is incident along the x-axis, then the curve
L is an ellipse on the y — z plane, its short axis is ng, and
its long axis is n.. After the incident light passes through the
liquid crystal, due to the difference between the x-axis and
the y-axis direction, it will become elliptical polarized light.

If there is an angle 6 between the ky and z axes of the
incident light, then the curve [ is an ellipse on the inclined
plane, its short axis is ng and its long axis is ne. The formula
is as follows:

2.2
oM,

nZ cos? 0+n2 sin? 6

ner (0) = (13)
where n, < ney (6) < n,, the polarization direction of the
incident light will be changed after passing through the liquid
crystal.

When the frequency of the applied electric field changes,
the dielectric constant of the liquid crystal will change. At the
same time, these changes will cause the change of birefrin-
gence in the liquid crystal layer. Thus, as shown in formula
(12), when light propagates along the liquid crystal, the phase
difference é gradually increases. Non linearly polarized light
after depolarization is formed by superposition of compo-
nents in two directions.

After loading different signals on the liquid crystal, differ-
ent phase delay amounts § can be obtained. When passing
through the 1/4 wave plate again, the component propaga-
tion speed on the fast axis is faster, and the components in
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FIGURE 5. Polarization diagram of Poincare sphere.

the two directions are superimposed to form non-linearly
polarized light after the depolarization.The signal generator
is used to frequency sweep the liquid crystal, in order to
continuously change the phase delay amount generated by
the liquid crystal, so that the linear polarization achieves
different depolarization effects in the temporal domain. The
polarization state of incident light and emergent light can be
simulated by the Poincare sphere as shown in Fig. 5.

What is different from the spatial domain depolarization is
that, the polarization state in this mode is always in a state
of change, and various types of depolarization patterns are
recorded, and the obtained information is more comprehen-
sive. Based on the statistical characteristics of speckle noise,
the holograms recorded in multiple polarization states have
independent speckle noise, and the holograms recorded after
sweeping is expressed as follows:

I=BlyU1+L+...+1,) = Il (14)

where Iy is the ideal object light intensity, g is the average
coefficient, I, I» . . . I, are independent of the multiplicative
speckle noise, I’ is the averaged speckle noise, which can be
known by the principle of non-coherent superposition. The
speckle effect of the hologram will be weakened.

This experimental system does not require additional
mechanical operation, the liquid crystal responds quickly, and
the depolarization effect can be achieved by adjusting the
input signal of the signal generator, and the error generated
for the entire optical system is negligible.

IIl. EXPERIMENT AND RESULTS

The off-axis optical path of the experimental light path is
shown in Fig. 6(a) and 5(b), where in Laser is a laser light
source with a wavelength of 532 nm; PBS is a polarizing
beam splitter, which acts as a beam deflection; M1, M2 are
plane reflectors; BS is a beam splitter; ND is an optical
rotating gradient sheet for adjusting the intensity of reference
light; BE1, BE2 are beam expansion collimation modules, the
objective lens size is 10x, the aperture size is 20um; and the
DQ used for spatial depolarization is a quartz depolarizer. The
temporal domain depolarization uses two 1/4 wave plates and
a liquid crystal wave plate Liquid; CMOS is used to record
holograms with a pixel of 1280x 1022 and each pixel has a
size of 5.3x5.3 (um); Object is a dice with a length, width and
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FIGURE 6. Experiment system (a) Spatial domain depolarization
experiment system,(b) Temporal domain depolarization experiment
system and (c),(d) is physical light path of (a) and (b).

FIGURE 7. Frequency domain image and reconstructed image (a)
traditional system recording hologram frequency domain image and (b)
object original reconstruction image,(c) spatial depolarization system
recording hologram frequency domain image and (d) object final
reconstruction image.

height of 10 mm equally. The recording distance is 0.45 m,
and the included angle between the reference light and the
object light is 5°. The PC is a workstation-level computer,
and the corresponding physical light path diagram is shown
in Fig.5(c) and 5(d).

Firstly, the original hologram in the absence of quartz
depolarizer is recorded by the optical path of the spatial. The
spectrum is calculated by PC as shown in Fig. 7(a). The image
of the object is reconstructed by the angular spectrum method
as shown in Fig. 7(b). Since the reconstructed image carries
strong speckle noise, an equivalent number of looks (ENL)
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FIGURE 8. 3D display in frequency domain and normalized values of
pixels (a) and (b) is 3D display of Fig. 7(a) and (c),(c) and (d) is normalized
value of red section pixels of Fig. 7(b) and (d).

is introduced as a criterion for determining image quality as
follows:

mean 2

) 15)

ENL = (
sta
where mean is the mean value of the pixel size of the image,
sta is the standard deviation. ENL is an index to measure the
relative intensity of the speckle noise of an image. The larger
the ENL, the more obvious the speckle noise and the worse
the overall image quality.

It can be seen from Fig. 2 that the depolarization effect
is very obvious when the pupil radius is greater than 5 mm.
Therefore, when the depolarizer is added to the optical path,
which makes the illumination spot radius greater than 5 mm,
and then the hologram after the height depolarization is
recorded, and the spectrum is obtained after the processing.
The spectrogram and reconstructed image obtained after pro-
cessing are shown in Fig. 7(c) and (d). The ENL for Fig. 7(b)
and (d) are calculated to be 0.7204 and 0.9998 respectively.
From the results of ENL and Fig. 7(c) and (d), the quality of
the reconstructed image after depolarization is significantly
better than the original reconstructed map, and the edges of
the image are also clearer.

From the aspect of frequency analysis, the spectrum dia-
grams of Fig. 7(a) and (c) and the spectrum Fig. 8(a) and
(b) after visualization three-dimensional processing, it can
be seen that there is a large crosstalk among the zero-order
item, the object item and the conjugate item in the frequency
domain of the hologram recorded without the depolarizer,
which will bring a larger speckle noise to the reconstructed
image, however, the interference among the three items in the
frequency domain of the hologram recorded by the depolar-
izer is significantly reduced, and the influence brought about
by the reconstruction is smaller; secondly, it can be seen
from the section lines Fig. 8(c) and (d) of the reproduced
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FIGURE 9. Quartz depolarizer micro-displacement.

FIGURE 10. Reconstructed image with sequential micro-displacement.

object image that the latter has less noisy points and the pixel
distribution is more uniform, and a certain denoising effect is
obtained.

From the above results, it can be concluded that the addi-
tion of the depolarizer in the object light path has a significant
inhibitory effect on the speckle noise, and different degrees
of coherence have different effects on the speckle suppres-
sion effect, the relationship characteristics between the pupil
radius and the degree of depolarization of the quartz depo-
larizer can be used to achieve different degrees of coherence.
In practical applications, it has very high adaptability to situ-
ations requiring different degree of coherence and has simple
structure. Therefore the experimental analysis has been done
for this characteristic, on the basis of the above structure, the
quartz depolarizer is slightly displaced, as shown in Fig. 9.

After the above experiment, the micro-displacement oper-
ation of the depolarizer is performed, and the pupil radius is
gradually reduced. The fractionatedly recorded hologram is
analyzed, and 5 results from the maximum pupil radius to
the minimum pupil radius are recorded, the corresponding
reconstructed images are shown in Fig. 10. ENL of the recon-
structed map is calculated separately in contrast with the ENL
of the original reconstructed map, as shown in Table 1. From
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TABLE 1. ENL of reconstructed image.

Img. final a b c d original

ENL 0.7204 0.7344 0.7907 0.8594 0.9741 0.9998
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FIGURE 11. Temporal domain depolarization processing image (a)
Frequency domain image of temporal domain depolarization system,
(b) Reconstruct image, (c) 3D display of (a) and (d) is normalized values
as in the same line position as in Fig. 7.

the results, it can be seen from the results that after the pupil
radius is sequentially reduced, the ENL of the reconstructed
image also increases with it, and the speckle noise increases.
The essential reason is that the depolarization effect is also
reduced due to the reduction of the pupil radius, resulting in
an increase in the degree of coherence. Speckle noise is gener-
ated due to higher degree of coherence, which degrades image
quality, which is consistent with previous theoretical analysis.
Therefore, the structure of the adjustable coherence degree is
advantageous for studying objects of different materials.

The above analysis can achieve the denoising effect of the
reconstructed image obtained by the depolarizer achieving
the spatial depolarization, and the depolarizer has different
degrees of denoising effect corresponding to different posi-
tions. Then the optical path is adjusted to the temporal domain
depolarization optical path for shooting and recording, the
output of the signal generator is connected to the positive
and negative poles of the liquid crystal wave plate, turn on
the sweep frequency function, set the 5V sinusoidal carrier.
The frequency range is set to 1 kHz to 10 kHz continuous
sweep-frequency, the scan time is 10 seconds, and the CMOS
recording time is 10 seconds. The recorded hologram is pro-
cessed by PC to obtain a spectrogram and a reproduced image
as shown in Fig. 11(a) and (b).The frequency domain 3D
display and the corresponding reconstruction image’s section
line diagram are shown in Fig. 11(c) and (d).

Compared with the original spectrum Fig. 7 (a),
the zero order term in the spectrum after temporal domain
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depolarization has been weakened to a large extent, and the
interference to the object term has been very small. From
the three-dimensional visualization of spectrum in Fig. 11 (c)
and Fig.7 (a), it can also be seen intuitively that the temporal
domain depolarization can significantly reduce the crosstalk
of the three parts in the frequency domain. Compared with
the original reconstruction Fig 7 (b), the speckle noise in the
temporal domain depolarized reconstruction image is well
suppressed, which greatly improves the overall quality of
the image. It can be seen from section line Fig 11 (d) and
Fig 8 (c) that it is almost difficult to distinguish the light and
shade changes of the image from the section line figure of the
original reconstruction map, while the section line figure of
the temporal domain depolarization reconstruction map well
reflects the edge information of the object itself. The calcu-
lated ENL is 0.7307, which is much lower than the original
0.9998. It just accords with the noise reduction model of the
experimental system, and also confirms the accuracy of the
experimental results.

Compared with spatial depolarization, the effect of spec-
trum Fig 11 (a) and figure 6 (c) is almost the same, both
of them can suppress the interference of zero order term to
object information. Furthermore, compared with the three-
dimensional visualizations of spectrum Fig 11 (c), Fig 8
(a) and (b), the temporal domain depolarization not only
suppresses the interference of the zero level term, but also
has a small impact on the frequency-domain information
of the object term, while the space domain depolariza-
tion suppresses the interference of the zero level term,
at the same time, it also suppresses the frequency-domain
information of the object term. This is because the tem-
poral domain depolarization is the overall homogenization
in time, which makes the incident linearly polarized light
depolarize, and the polarization state of the outgoing light
changes uniformly; while the spatial domain depolariza-
tion is the random depolarization of the linearly polarized
light of different micro elements in space, and the outgo-
ing light is obtained by the superposition of some random
polarization states, so the overall uniformity is poor. This
may lead to the lack of information of hologram obtained
by spatial depolarization compared with that of temporal
depolarization.

It can also be seen from Fig. 11 (b) and Fig. 7 (d)
that the reconstructed image in Fig. 11 (b) is very smooth
while speckle is suppressed. While the reconstruction image
in Fig. 7 (d) suppresses the speckle, the uneven spot appears
in the image. From the comparison of ENL between the
two, ENL of Fig 11 (b) is 0.7307 and Fig 6 (c) is 0.7204.
It is because of the contribution of dark spots in the spatial
depolarization reconstruction that the calculated value of ENL
is better. Compared with Fig 8 (d) and Fig 11 (d). All of
them can distinguish the edge information of the object, while
Fig 11 (d) has a smoother change in the pixel value of the
information part of the object, while Fig 8 (d) has more abrupt
changes. Therefore, on the whole, the details of time domain
depolarization denoising are better preserved.

VOLUME 8, 2020



T. Du et al.: Suppression of Speckle Noise in Digital Holography With Spatial and Temporal Domain Depolarization

IEEE Access

‘ ® ‘H‘ \NIWY
| ‘{‘ * }

| |

i
il |

500 600 700

FIGURE 12. (a) Reconstructed image after NLM denoising and (b) is
normalized values as in the same line position as in Fig. 7.

In order to verify the effectiveness of the two schemes in
reducing speckle artifacts, the speckle contrast value is used
to quantify the measured speckle [20]. Speckle contrast is
determined by

SC=— (16)

(I)

Where (I) and o represent the average values of the intensity
and standard deviation of the captured image, respectively.
The speckle contrast of the original reconstruction image
Fig.7 (b) is 63.9%, The speckle contrast of the reconstructed
image Fig7. (d) obtained by spatial depolarization is 49.8%
and the speckle contrast of the reconstructed image Fig.11 (b)
obtained by time domain depolarization is 46.6%. Therefore,
the effectiveness of the two schemes can be proved by the
reduction of speckle contrast.

Next, image processing algorithm is used to further denoise
Fig. 11(b), and Non-Local Means(NLM) denoising is used.
The result of processing is shown in Fig. 12(a). Compared
with the processed Fig. 11(b), the speckle noise can be better
suppressed and the image can be displayed more smoothly.
At the same time, the normalized values graph of sectional
pixel is shown in Fig.12(b). Compared with Fig. 10(d), it can
be seen that the edge information is more obvious, and the
pixels of the object information part are relatively more con-
tinuous, which shows that the reconstructed image has higher
smoothness.

IV. CONCLUSION

In general, adding a quartz depolarizer to the object light
path changes the polarization state for the outgoing beam of
object light in the spatial, thereby reducing the effect on the
degree of coherence for the object reference, thereby reduc-
ing speckle noise and improving image quality. The spatial
depolarization method has compact structure, easy to imple-
ment, and highly cost-effective, and is suitable for traditional
digital holographic structures. Moreover, it only needs to per-
form micro-displacement on the quartz depolarizer to realize
the function of adjusting the degree of coherence, which is
suitable for object shooting of different materials. On the
other hand, by adding the quarter-wave plate and the change
of the polarization state for the liquid crystal generation
time, the hologram of multi-state interference is recorded,
which can reduce the coherence degree and reduce the noise,
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and record more object information in different polarization
states. The temporal domain depolarization method does not
require additional mechanical operations, and records a large
amount of information and has good stability. From the exper-
imental results, it can be concluded that compared with the
traditional digital holographic structure, the two structural
schemes significantly reduce the speckle noise, and the tem-
poral domain depolarization reserves the object details better.
In the next work, we will study the effect of using USAF test
pattern images on the minimum resolution, so that researchers
can understand it more easily.
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