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Abstract: The coherent noise always exists in digital holographic microscopy due to the laser source,
degrading the image quality. A method of speckle suppression using the dynamic speckle illumi-
nation, produced by double-moving diffusers, is presented in digital holographic microscopy. The
space-time correlation functions are theoretically analyzed from the statistics distribution in the
doubly and singly scattered system, respectively. The configuration of double-moving diffusers is
demonstrated to have better performance in speckle suppression compared with the single diffuser
and moving-static double diffusers cases. The experiment results verify the feasibility of the approach.
The presented approach only requires a single shot interferogram to realize the speckle reduction,
accordingly it has the potential application in real-time measurement.

Keywords: speckle suppression; dynamic speckle illumination; double-moving diffusers; digital
holographic microscopy

1. Introduction

Digital holographic microscopy is a powerful technique for quantitatively measuring
the three-dimensional (3D) morphology of transparent samples such as biological cells [1-3].
The laser source, as a coherent illumination, causes the holographic imaging to suffer from
the coherent noise. The coherent noise or grain speckle is mainly introduced by undesired
diffraction and multiple reflections from the dust particles, scratches and defects on and in
the optical elements, thus seriously degrading the imaging quality [4].

The typical speckle suppression uses a temporal integration of different speckle pat-
terns. These multiple holograms with uncorrelated speckle patterns may be obtained
by using illumination angle diversity [5,6], wavelength diversity [7], polarizations di-
versity [8,9], shifting object [10] or hologram aperture [11], and rotating diffuser [12,13].
Among these, the speckle illumination through rotating diffusers is often employed due to
its simplicity, in which the shorter spatial coherence length can prevent the interference
caused by unwanted diffractions [12-17]. The static or dynamic speckle illumination has
been studied to reduce coherent noise in the last few years. The static speckle illumination,
however, performs multiple measurements to retrieve high quality imaging [14], thus
restricting its application in the dynamic measurement. The dynamic speckle field illumina-
tion through single moving diffuser [15,16] or double diffusers with a static and a moving
state [17] only requires a single shot recording to realize the coherent speckle suppression.

In the paper, a dynamic speckle illumination coupled with double-moving diffusers
is proposed in digital holographic microscopy. When the double diffusers are rotated
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fast enough within the camera exposure time, large number of speckle patterns can be
generated during the single acquisition. The spatial correlation properties and the temporal
correlation properties are analyzed theoretically from the space-time correlation function
of double diffusers and single diffuser, respectively. It is demonstrated by the results of
simulations and experiments that the doubly scattered system, made up of two moving
diffusers, provides better speckle suppression performance compared with the single
diffuser or moving-static double diffusers system.

2. Theoretical Analyses
2.1. Space-Time Correlation Function

The transmitted light fields are scattered twice in the doubly scattered system. The
speckle fields induced on the observation plane obeys K-distributed or Gaussian-distributed
statistics in the certain condition. The optical schematic of rotating double diffusers is
illustrated in Figure 1. Dy and D, are two diffusers around the optical axis with angular
speeds of w and wy, respectively. A laser, with 1/¢? intensity radius of wy and wavelength
A, is scattered by two diffusers apart from distance d. Then the scattered fields are imaged
onto the observation plane through a thin lens with diameter 24y and focal length f, i.e.,
1/f =1/d;+1/d,. When speckle fields obey K distribution in the doubly scattered system,
the space-time correlation function of the speckle intensity at the observation plane is
derived as [18]:

(I(p1, ) I(p2, t + 7)) =To+T1(p1, p2, w1T,v) +T2(p1, p2, waT,v)

(1a)
+T12(p1, p2, w1 T, WaT, V)

where the angled brackets denote an ensemble average, I(p,t) is the speckle intensity at
position p and time ¢, T is the time difference between the captures of the two intensities.
The I'y, I'1, I'; and I'y; are expressed as in Equation (1a), respectively:
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Speckle intensity consists of four terms. Iy is a constant term. I'; and I', represent
the separable effects arising from D; and D, respectively. They are either a constant or a
fluctuation depending on the motion of diffusers. Whereas I'i; represents the combined
effect of the motions of the two diffusers. The several parameters are defined as:

width of the point spread at plane D,

@
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k is the wavenumber by k = 27/A. The parameter N is used to explain the physical
meaning of v. The v is a critical parameter affecting the correlation function of the doubly
scattered speckle, in which its range is from 0 to 1 due to N is an integer greater than 0.

The speckle fields scattered by double diffusers obey Gaussian distribution in the limit,
in which the decorrelation rate of Gaussian distribution is faster that of K distribution. For
the comparison, when speckle fields obey Gaussian distribution, the normalized space-time
correlation function for the doubly scattered system is expressed as [19]:

olp bt ) = QAT ) it5)
_ I'p(puprwitwet,v)
= T
402
[1+v—(1—v)cos(w17—wzr)]2 ®)

2
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X exp{— p%[1+v—(1—v)1cos(a;21'r7w127)]2 }

To compare the speckle suppression result, the space-time correlation function for
singly scattering speckle is presented. If the incident laser directly illuminates the second
diffuser, then w; = 0. The space-time correlation function for single diffuser at the
observation plane is given by:

He1(p1, pa, w2t) = <I(p1't)I(r?f{;?;fﬁéﬁfg)(;(pZ’tH))

©)

(p2—p1 cos wrT+Rp; sin wzr)z

= e 3

It is seen that the space—time correlation function for single diffuser is mainly affected
by pz in Equation (9). However, for double diffusers, it is also influenced by the parameter
v in Equation (8). Thus, the parameter v is a control means for K or Gaussian distribution
in the doubly scattered system.



Photonics 2021, 8, 276

40f12

In the next section, the spatial and temporal correlation properties are discussed for
single diffuser and double diffusers in the condition of various parameter v and angular
speeds, respectively.
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Figure 1. Optical schematic of doubly scattered system.

2.2. Spatial Correlation Property

To analyze the spatial correlation function of double speckle fields, that is, explore the
relationship between two speckles in different positions at the same time, setting 7 =0 in
Equation (1a) and the normalized spatial correlation function for K-distributed statistics in

the doubly scattered system is derived as:
Ap? Ap2
+vexp ——z + exp ——Z (10)
P2 P2
where Ap = p, — p.

Set the same condition in Equation (8), the normalized spatial correlation function for
Gaussian-distributed statistics in the doubly scattered system is obtained by:

A 2
ux(|Ap]) = vexp [(1 *”)TZ
2

2

2
ua(I6p]) = exp(—’iji) (1)

It is clear that the parameter v determines the shape of K-distributed speckles. Assum-
ing A = 633 nm, 4y = 10 mm, d, = 150 mm, thus p, = 3.02 pm. According to Equations (10)
and (11), the relationship of spatial correlation function y(|Ap|) with the spatial difference
|Ap| is illustrated for various values of the quantity v, as shown in Figure 2. The solid lines
and dotted line represent K speckle and Gaussian speckle cases, respectively. It is shown
that the parameter of v plays an important role for K distribution. The spatial correlation
function of K-distributed speckles is gradually close to that of Gaussian-distributed speck-
les with the decrease of the quantity v, as seen in Figure 2a. The K-distributed statistics
can be replaced with the Gaussian statistics when v is less than or equal 0.01, as shown in
Figure 2b.

2.3. Temporal Correlation Property

The temporal correlation of double speckle fields is to analyze the speckles relationship
in the same position at different time. Setting p; = p» = p in Equation (1a), the normalized
temporal correlation function for K-distributed statistics in the doubly scattered system is
expressed as:
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Figure 2. Relationship of spatial correlation function p(|Ap|) with the spatial difference |Ap| for various values of v.
(@) 0.0l <v<1;(b)v <0.01.

The normalized temporal correlation function for Gaussian-distributed statistics in
the doubly scattered system is obtained from Equation (8) by:

ug(|pl, wit, wot,v)

Ta(JplwrT,waT,0)
Lo

4v?
[140—(1—v) cos(wy T—w)T)]?

(13)
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14
X exp{ - p%[1+v—(1—v) cos(w1T—wyT)]

It is shown that the temporal correlation function is related to the angular velocities of
double diffusers except parameter v. Based on the typical values in Figure 2, the rotating
velocity relationship of double diffusers is set as w17 = 0.5w, T, wy # 0, wy # 0. According
to Equations (12) and (13), the relationship of temporal correlation function with the value
of w,T is plotted for various values of the quantity v, as shown in Figure 3. The solid lines
and dotted line represent K speckle and Gaussian speckle cases, respectively. It is seen that



Photonics 2021, 8, 276

6 of 12

the curves of K-distributed speckles and Gaussian-distributed speckles nearly coincide
when v is less than or equal 0.01, which corresponds with the conclusion draw from the
spatial correlation function.

1
n Solid line :
K distribution
Dotted line:
0.8 (Gaussian distribution
B
y 0.6
2.l ! I ={
g v=0.8
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e-..
= 04r
=
=,
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2
Figure 3. Relationship of temporal correlation function with the value of w, 7 for various values of v.

In a word, the K-distributed statistics can be replaced with the Gaussian statistics
when v is less than or equal 0.01 by spatial correlation property and temporal correlation
property, respectively. The Gaussian distribution is adopted because it has advantages such
as faster decorrelation rate and lower space-time correlation property. When v is 0.01, N is
calculated as 99, which will provide a reference for the diffuser selection in the experiment.
Only selecting diffusers with suitable speckle numbers, the double speckle fields obey
the Gaussian distribution with better performance in speckle suppression. Therefore, the
comparison of speckle suppression is all performed among single diffuser, static-moving
double diffusers, double-moving diffusers in the condition of v = 0.01.

The work mode of double diffusers with static and moving states is considered with
respect to two-moving diffusers, because their speckle reduction results are different.
Setting wy = 0, and the normalized temporal correlation function for static and moving
speckles is given as [18]:

_ {I(p)I(p))—To—T
u(lpl, wit,0,v) = SESE 02
= 21—coswyT
= 1o €Xp [_2(1 —v)p p%l} ”
1—coswqyT
, eXp {—4(1—v)pzm]

4v
+m [14+v—(1—v) cos w1 T]?

It is proved that the speckles temporally obey Gaussian statistics in double diffusers
with static and moving states regardless of the value of v.

According to Equations (9), (13) and (14), the temporal correlation functions are
plotted in three different diffusers cases when v = 0.01, as shown in Figure 4. It is clear that
the doubly scattered speckles decorrelate faster than the singly scattered speckles. This
is related to adding a second diffuser and the control parameter of v in double moving
diffusers case. Furthermore, the period of the correlation function is used for comparison.
For the single diffuser and static-moving double diffusers cases, the function period is
still 2t. Nevertheless, the period is enlarged to 47 for double-moving diffusers case,
which is determined by the diffuser with slower rotational speed. The speckle patterns
produced outside the period are replicas of those in the period, which do not improve the
speckle suppression result in the averaging process. Therefore, the two moving diffusers
configuration can obtain more independent speckle patterns compared with the single
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diffuser and moving-static double diffusers cases, due to the faster decorrelation rate and
larger function period.
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Figure 4. Temporal correlation functions in three different diffusers cases when v = 0.01. (a) Temporal correlation function
curve; (b) Enlarged region labeled in Figure 4a.

3. Experiments
3.1. Experimental Setup

The experimental setup is an off-axis Mach-Zehnder interferometric microscope con-
figuration using two moving diffusers as the dynamic speckle illumination, as shown
in Figure 5. A He-Ne laser source illuminates the double rotating diffusers through the
expander and L1. The diffusers are mounted in dc motors to realize the automatic rotation,
generating the dynamic speckle fields. The linear-polarized laser is split two orthogonal-
polarized beams by a polarization beam splitter (PBS), which enter the reference branch
and the object branch, respectively. The object beam and the reference beam go through
the same optical elements in each branch due to the shorter coherent length, in which
the two matching microscopic objectives (MO) are the magnification of 20 and numerical
aperture of 0.45. In order to carefully match, the object platforms are placed with and
without sample in object arm and reference arm, respectively. The half-wave plate is used to
adjust the intensity of two arms. The two beams combine in the beam splitter (BS) and the
produced hologram is captured by CMOS. The dynamic speckle field illumination enables
to reduce the coherent length of laser source, effectively suppressing the speckle noise.

L, A2

|

PBS MO,

M;

% TL,
Ls

Object flatform
without sample

; Object flatform

with sample

MO,

M,

|| cvmos

BS

Figure 5. Experimental setup of doubly scattered system. M: reflector, L and TL: lens, A /2: half-wave
plate, D: diffuser, PBS: polarization beam splitter, MO: microscopic objective, BS: beam splitter,
P: polarizer.
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3.2. Comparison of Speckle Suppression Results for Single Diffuser and Double Diffusers

The experiment uses two diffusers with grit 1500, diameter 2 inch and thickness
2 mm to generate the dynamic speckle fields, in which 1500 grit means speckle grain
number. In the condition, the speckle fields produced by double diffusers obey the Gaussian
distribution. When two diffusers, mounted in two dc motors, are rotated at certain velocity,
the region of the sample experiences random walk of time varying field amplitudes and
phases. Thus, the speckle intensity on the image plane varies with time. A large number of
speckle patterns are averaged out in the camera exposure time, resulting in the coherent
noise suppression.

As an example, a transparent step is selected as the experimental specimen. The
experiments are performed in two cases, that is, a single rotating diffuser and two rotating
diffuses. The typical rotational speed of the diffuser is about 600 rpm. A series of sampled
holograms are captured at various exposure times, respectively. Furthermore, the corre-
sponding amplitudes and phases of the step are obtained by the numerical reconstruction
algorithm. To make a better comparison, a uniform rectangle region of step is chosen
to estimate the speckle suppression performance. The parameter of the reconstructed
amplitude standard deviation (SD) is introduced, i.e.,

M N s
)y Z(xm,n_x>

7=\ M N (15)

where x represents the amplitude distribution, X is its mean value, and M and N are the
pixel number of row and column of the selected region, respectively. With the exposure
time variation from 0 to 0.2 s, each reconstructed amplitude SD is calculated for single
diffuser and double diffusers cases. Their data and fitted curves are shown in Figure 6.
It is shown that the fitted curves of amplitude SD decrease gradually as the exposure
time increases. The amplitude SD obtained in two rotating diffusers case is smaller than
that in single rotating diffuser obviously. Their amplitude SD is averagely reduced by
25% at the same exposure time. It is demonstrated that the single shot interferogram, by
adding a second diffuser, can achieve the better speckle suppression effect in decorrelation
rate and independent speckle patterns, which accords with the theoretical analyses and
simulation results.

0.3

+ Sampling point(double)
—Fitting curve(double)
—Fitting curve(single)

+ Sampling point(single)

Amplitude standard deviation

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 016 0.18 0.2
Exposure time/s

Figure 6. Comparison of fitted curves of amplitude standard deviation in single diffuser and double
diffusers cases.

3.3. Comparison of Speckle Suppression Results for Various Diffuser Grits in Doubly Scattered System

It is demonstrated that the smaller v is, the larger N is in Section 2. The K distribution
is closer to Gaussian distribution with N increase for double speckle fields. When the value
of N is larger than 99, the speckle fields is viewed as the Gaussian distribution. However,
various N, that is various diffuser grits, also affect the speckle suppression results in the
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Gaussian-distributed filed. The comparison curves of reconstructed amplitude SD for
600 grit and 1500 grit diffusers are presented in doubly scattered system, as shown in
Figure 7. The two diffusers rotate at 600 rpm. It is seen that the SD fitting curves possess
the downward trends with respect to exposure time change from 0 to 0.2 s. The speckle
suppression for double diffusers with 1500 grit is better than that for double diffusers with
600 grit. This is attributed to more different speckle patterns of 1500 grit diffusers in an
exposer time.

0.3
+ Sampling point(1500grit)
0.25 —Fitting curve(1500grit)
~——Fitting curve(600grit)
= Sampling point(600grit)
0.2

0.15

0.1

Amplitude standard deviation

0.05

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Exposure time/s

Figure 7. Comparison of fitted curves of amplitude standard deviation for 600 grit and 1500 grit
diffusers in doubly scattered system.

3.4. Comparison of Speckle Suppression Results for Various Rotational Speeds in Doubly
Scattered System

Apart from the influence of diffuser grit number, the rotational speed of double
diffusers is also related to the speckle suppression. The faster rotational speed is, the shorter
corresponding exposure time is. When the hologram is captured in an exposure time,
the more independent speckle patterns can be averaged with respect to faster rotational
speed, which results in better performance in speckle suppression. The comparison of
reconstructed amplitude SD is carried out for 1500 grit diffusers at 300 rpm and 600 rpm in
doubly scattered system as shown on Figure 8. The two fitting curves decrease with the
increase of exposure time. If the exposure time exceeds a period, the speckle patterns are
only replicas of those in the period, which cannot reduce the speckle noise. It is obvious
that the speckle suppression result for 1500 grit diffusers at 600 rpm is better than that for
1500 grit diffusers at 300 rpm. Therefore, the rotational speed of 600 rpm and the exposure
time of 0.1s are adopted as the experimental condition.

0.3
* Sampling point(600rpm)
0.25 —Fitting curve(600rpm)
) —Fitting curve(300rpm)
* Sampling point(300rpm)
0.2

Amplitude standard deviation

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Exposure time/s

Figure 8. Comparison of fitted curves of amplitude standard deviation for 1500 grit diffusers at
300 rpm and 600 rpm in doubly scattered system.
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In conclusion, the experiment is performed for 1500 grit diffusers at 600 rpm in doubly
scattered system. The hologram captured in exposure time of 0.1 s experiences frequency
filtering and numerical reconstruction. The step phase reconstructed is depicted in Figure 9.
The 3D phase profile is distributed in the range of 200 x 200 pixels, as shown in Figure 9a.
The phase is extracted along the central line of the step in Figure 9b. The 2D profile is
displayed in Figure 9c correspondingly. It is seen that the surface fluctuation of the phase
is small, and the profile of step is estimated as 5.5 rad.

w
8
g

N T S
Phase(rad)

& o & = .

pixel 3 . . . " . "
0 0 20 40 60 80 100 120 140 160
pixel

(b) (c)

Figure 9. Reconstructed phase of step. (a) 3D profile; (b) Extracting phase along the central line; (c) 2D profile.

4. Discussion

In order to realize dynamic measurement, the speckle suppression is carried out
only by a single-shot camera capture. Thus, this method of manual rotating diffuser is
unavailable. The experiment utilizes two diffusers mounted in the motors to complete
automatic rotation. If the sufficiently independent speckle patterns are obtained in an
exposure time, the speckles can be reduced after temporal averaging. However, the motors
generate vibrations in the motion. The speckle appears in the different patterns accordingly.
However, this does not affect the speckle suppression results because the speckle reduction
is the averaging process for different speckle patterns. The speckle grain number of
diffusers is more, and the speckle patterns may be different when the diffuser vibrates
slightly. Furthermore, if the vibrations are large, they will bring unnecessary noise to the
image quality. The diffuser requires the suitable rotational speed to reduce vibrations
caused by motors. The relationship between the speckle contrast and the rotational speed
of diffuser is analyzed. The speckle contrast is related to the speckle intensity, as [20]:

80Az
—_— 1
Co \/ 73 forDT (16)

where z represents the distance between the diffuser and the pupil, fj is the rotational
velocity, r is the radius of diffuser, D is the pupil diameter, and T is the exposure time.
Assuming r =254 mm, D = 10 mm, z = 10 mm, T = 0.1 s, thus the speckle contrast result is
as shown in Figure 10. It is shown that the speckle contrast gradually reduces with respect
to the increase of rotational velocity. When the rotational velocity is larger than 600 rpm,
the reduction trend of speckle contrast slows down. In the experiment, the rotating speed
of 600 rpm, therefore, it not only reduces the speckle contrast, but decreases the vibrations
influence produced by motors.
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Figure 10. Relationship of speckle contrast with rotational velocity.

5. Conclusions

A dynamic speckle illumination method by rotating double diffusers is presented in
digital holographic microscopy. The double diffusers, mounted in two dc motors, rotate
at certain velocity to generate the large number of decorrelation speckle patterns. They
are averaged out in single-shot exposure time, resulting in the coherent noise reduction.
From the spatial correlation function and the temporal correlation function, the theoretical
analyses and simulations are performed for double speckle fields, respectively. The K-
distributed speckles and Gaussian-distributed speckles nearly coincide when v is less
than or equal 0.01, in which the Gaussian distribution has faster decorrelation rate and
lower space-time correlation property. When the statistics property obeys the Gaussian
distribution, it is demonstrated that the double-moving diffusers configuration can obtain
more independent speckle patterns compared with the single diffuser and moving-static
double diffusers cases, due to the faster decorrelation rate and the larger function period.
The experiments are carried out in single diffuser and double diffusers, various diffuser
grits, and various rotational speeds, respectively. The experimental results verify the
double-moving diffusers system has better performance in speckle suppression for diffusers
with more grit number at faster rotational speed. The approach realizes the reduction in
coherent noise only by the single-shot camera capture. This may be applied in the dynamic
process records of behavior, growth, and destruction for biological cells.
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