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ABSTRACT The speckle phenomenon produced by coherent waves interfering with each other is undesir-
able in laser imaging systems. For each of the laser speckle reductionmethods in the literature, it is difficult to
reduce speckle to an extremely low level (<3%) and also ensure good image quality. Therefore, a compound
speckle reduction method based on the combination of a vibrating multimode fiber and a tracked moving
flexible DOE loop is proposed and demonstrated for the first time. We have experimentally demonstrated the
effectiveness of the proposed compound method, which can reduce the speckle contrast to 1.96% and obtain
good spot quality. The relationship between the time-averaging effect of the speckle patterns from a vibrating
multimode fiber and from a tracked moving DOE loop is discussed thoroughly. Our experimental results are
in good agreement with Goodman’s speckle theory. We expect that the compound speckle reduction method
we proposed will have promising potential for applications in laser imaging systems.

INDEX TERMS Flexible DOE loop, laser imaging systems, multimode fiber, speckle reduction.

I. INTRODUCTION
Lasers have been widely used in various imaging systems,
such as in projection displays and medical imaging, due to
their advantages of high brightness, a wide color gamut, high
directionality, and a long lifetime [1]–[3]. However, the prop-
agation or reflection of a highly coherent laser through an
optically rough object causes interference for the scattered
light, which results in a random light intensity distribu-
tion, known as granular speckles [4], [5]. Speckles degrade
the quality of images; therefore, reducing laser speckle has
become an urgent task.

Numerous methods have been developed for speckle
reduction in laser imaging systems [6]–[30]; according to the
different mechanisms of speckle reduction, those methods
can generally be divided into two categories: one involves
reducing the coherence of the laser, and the other is based
on speckle averaging by creating many uncorrelated indepen-
dent dynamic speckle patterns.

The associate editor coordinating the review of this manuscript and
approving it for publication was Kin Kee Chow.

The methods to reduce laser coherence include wavelength
diversity, polarization diversity and angle diversity. For wave-
length diversity, the use of laser diode arrays or a broad-
band laser is usually required to reduce speckles [6]–[8]; this
increases the cost and complexity of light sources. The use of
polarization diversity to reduce speckles is generally limited
because lasers have only two polarization states [9]. Angular
diversity is one of the most effective techniques, and speckle
reduction can be achieved by a diffractive optical element
(DOE), diffuser, multimode fiber, light pipe, etc. [10]–[16].
Using a static DOE or diffuser can only produce a finite
number of diffracted subbeams, and its speckle reduction
ability is insufficient. To use a static multimode optical fiber
or a light pipe to reduce speckles completely, a sufficient
length (approximately a few hundred meters) and a large
numerical aperture are required [17], [18].

Speckle noise can also be reduced on average by creating
many uncorrelated independent dynamic speckle patterns.
Usually, such methods can be achieved by fast vibrating
or rotating the screen [19], by projecting a moving DOE
or diffuser with phase distribution on the screen [20], [21],
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by vibrating a multimode optical fiber [22]–[24], or by using
other time-varying components such as liquid crystal on sil-
icon (LCOS) [25]. Screen movement is not preferable for
laser imaging systems, which require large shifts to reduce
speckle noise. The use of a DOE or other moving optical
elements, as reported in the literature [26]–[28], requires
mechanical movements, and it increases device volume and
power consumption. For the time-varying optical component
(LCOS), its response time is long, and it cannot produce
enough independent speckle patterns during the time resolu-
tion of the human eye.

Recently, our group proposed a flexible DOE loop based on
pseudorandom binary sequences with tracked motion, which
can effectively suppress speckles in the entire visible spec-
trum and reduce the device size in laser imaging systems [29].
This proposed method is based on concurrent mechanisms,
which are the angle diversity caused by the diffraction of
the DOE structure and the speckle time-averaging effect with
the tracked motion of the DOE loop. The material used for
the flexible DOE loop is polypropylene (PP), which has
good optical performance andmachining properties. Once the
parameters of the DOE loop are optimized and determined,
the mask can be made by photolithography and electroplat-
ing, and finally, mass production can be achieved by hot
pressing. Therefore, the manufacturing process is relatively
easy and convenient. However, although the resulting speckle
contrasts were as low as 2.8% when using a tracked mov-
ing flexible DOE loop, the imaging quality was not very
good because we did not use a laser with high coherence
and good beam quality as the light source of the imaging
system [30].

When a laser with high coherence and good beam quality is
used as the light source, the imaging quality should be greatly
improved, but high coherence inevitably leads to high speckle
contrast. In this case, it is difficult to reduce speckles to a low
level in the whole visible band if only a tracked moving flex-
ible DOE loop is used. For this reason, a compound speckle
reduction method combining a vibrating multimode fiber and
a trackedmoving flexible DOE loop is proposed in the present
paper. When a multimode fiber is vibrated, it can not only
support the propagation of hundreds of waveguide modes to
introduce angle diversity but also generate multiple dynamic
speckle patterns to average during the time resolution of the
human eye. Therefore, the vibration of a multimode fiber can
be regarded as a means to manipulate the coherence of the
laser light source from highly coherent to partially coherent
light, which can reduce the speckle contrast and ensure good
image quality.

According to Goodman’s speckle theory [4], [5], each
speckle reduction effect from the compound speckle reduc-
tion method may be viewed as introducing a certain number
of degrees of freedom. If we have r independent mecha-
nisms for introducing new degrees of freedom, then the total
number R of degrees of freedom is simply R =

∏R
r=1 Rr ,

and the total contrast of the objective speckle is as follows:
Cobj = 1/

√
R. However, there have been few experiments

to verify the effectiveness of a compound speckle reduction
method.

The proposed compound speckle reduction method com-
bining a vibrating multimode fiber and a tracked moving
flexible DOE loop is investigated in this paper. We first
briefly introduce the theoretical methods of speckle reduction
with a vibrating multimode fiber and with a tracked moving
flexible DOE loop. Then, we experimentally demonstrate the
effectiveness of the proposed compound method, with which
the speckle contrast can be reduced to 1.96%. The effects
on the speckle contrast with both stationary a multimode
fiber and a DOE loop with a vibrating multimode fiber only,
with a rotating DOE loop only, and with a vibrating multi-
mode fiber and a rotating DOE loop together are shown and
discussed in our experiments. The relationship between the
time-averaging effect of the vibrating multimode fiber and
the time-averaging effect of the tracked moving DOE loop
is discussed in detail. Our experimental results agree well
with Goodman’s speckle theory.We believe that the proposed
compound speckle reduction method will have promising
applications in speckle-free laser imaging systems.

II. THEORETICAL BACKGROUND
A. SPECKLE REDUCTION THEORY OF A VIBRATING
MULTIMODE FIBER
When a coherent laser beam is coupled to a stationary mul-
timode fiber, speckle forms at the exit end of a multimode
fiber due to the interference among the guided modes. For a
multimode fiber with a given numerical aperture (NA), the use
of a long fiber increases the fiber mode delay difference, and
the laser speckle can be reduced to a certain level. The speckle
contrast (C) at the end of the multimode fiber with different
fiber lengths L can be calculated as follows [14]:

C (L) =
[
1+ 0.5 (2π1v)2 ×

δτ 2

3

]−1/4
, δτ =

L (NA)2

2nc
(1)

where 1v represents the Gaussian spectral profile with a 1/e
half-width, δτ is the maximum time difference between the
first-to-arrive and last-to-arrive light wave modes, n is the
refractive index of the fiber core, and c is the speed of light
in a vacuum.

Assuming that there are M guided modes propagating in
a multimode fiber, the complex amplitude field at the fiber
output can be expressed as:

A (x, y) =
∑M

m=1
am (x, y) exp [jφm (x, y)] (2)

where am and φm stand for the amplitude and phase distri-
bution of the mth mode, respectively, φm = βmL + ϕm, βm
and ϕm are the propagation constant and random phase shift
of the mth mode, respectively. Thus, the intensity of the light
output at the fiber facet can be written as:

I (x, y)=
∑M

m=1

∑M

n=1
amanexp {j [(βm−βn)L+ϕm−ϕn]}

(3)
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The quantitative measure of speckle on the fiber end is
obtained by the speckle contrast. It is defined as the ratio of
the standard deviation to the mean of the intensity [4], [5]:

C =
σI

〈I (x, y〉
=

√〈
I (x, y)2

〉
− 〈I (x, y)〉2

〈I (x, y)〉2
(4)

The output speckle intensity at the end of the fiber is very
sensitive to external vibration. When the multimode fiber is
vibrated, twomechanisms occur: phasemodulation andmode
coupling [31]. The phase modulation in the multimode fiber
is the change in the optical phase caused by the change in both
the fiber length (L) and the refractive index (n), which can be
expressed as:

∂φm

βmL
=

(
1
L
×
∂L
∂F
+

1
n
×
∂n
∂F

)
× δF (5)

where δF is the transient vibration signal applied to the fiber.
It can be seen from (5) that phase modulation is common
for all fiber modes and that there is no energy exchange
between modes. The phase modulation is caused by the exter-
nal vibration signal, which is then converted to the subsequent
intensity modulation over the multimode fiber. If the change
in the intensity modulation is faster than the resolution time of
the human eye, the speckle contrast can be effectively reduced
by averaging the speckle intensity.

Another mechanism is that coupling occurs between the
guided modes when a multimode fiber is vibrated. The vari-
ation in the power of the mth mode can be expressed as:

1Pm =
∑M

n=1
hmn(Pm − Pn) (6)

wherePm andPn represent the initial power of themth and nth
modes, respectively. M is the total number of guided modes,
and hmn is the coupling coefficient between modes m and n.
If the change rate of the coupling coefficient hmn is increased
in a random manner by external vibration, the average power
of the speckle intensity is increased and the speckle contrast
is reduced.

B. SPECKLE REDUCTION THEORY OF THE TRACKED
MOVING FLEXIBLE DOE LOOP
It has been shown that the application of a moving DOE
can not only generate multiple diffraction orders for angle
diversity but also generate the time-varying speckle patterns;
thus the speckle contrast can be effectively reduced [32].
In general, the application of one-dimensional (1D)DOE pro-
vides a comparatively small effect in speckle reduction. The
approximate estimated speckle contrast is expressed as [33]:

C1D ≈

√
2

9Ncode
(7)

where Ncode is the code length of a pseudorandom binary
sequence in a single period of the DOE. It has been demon-
strated that the usage of two-dimensional (2D) DOE is more
effective in speckle reduction than 1D DOE. A simplified

formula for the speckle contrast of a 2D DOE with code
length Ncode is given as [34]:

C2D = CxCy ≈
2(

3
√
3Ncode

) (8)

The flexible DOE loop with tracked motion can be
regarded as a dynamic 2D DOE structure in real time by
overlapping a double-sided moving 1D DOE. The DOE loop
we made is composed of three 1D-DOE parts with different
inclination angles (45◦-1ϕ, 45◦, 45◦ + 1ϕ, 1ϕ �45◦),
which are rolled up in a loop. The 1D-DOE structure is a
periodic M sequence code that has a code length of Ncode
and a period T0 = Ncode × T with elementary unit width
T . When the DOE loop moves around the rotating spindle
in a tracked motion by the motor, three groups of different
inclination pairs appear in the front and back of the DOE
loop. After the laser beam passes through the DOE loop,
the speckle contrast can be effectively reduced by angle
diversity and by averaging multiple different speckle patterns
during the time resolution of the human eye. The detailed the-
oretical analysis and derivation can be found in our previous
publications [30], [35].

III. EXPERIMENTAL SETUP
First, to evaluate speckle reduction efficiency using a vibrat-
ing multimode fiber, it is necessary to measure the speckle
contrast of the screen image illuminated by laser beam
through the vibrating fiber. The exit end of the fiber should be
placed in the optical plane conjugate to the screen to obtain
an image of fiber end on the screen. Fig. 1 shows the exper-
imental setup for measuring the speckle reduction efficiency
using a vibrating multimode fiber. In the experiment, we used
a step-index multimode fiber with a core diameter of 1 mm,
fiber length of L = 2 m, and numerical aperture of 0.37.
In Fig. 1, S1, S2, S3, S4 and S5 are the distance from the
convergent lens to the incident end of the fiber, from the exit
end of the fiber to the objective lens, from the objective lens
to the screen, from the screen to the camera lens and from
the camera lens to the photodiode array, respectively. D1, D2,
D3, and D4 represent the aperture of the diaphragm, the lens
that converges and couples light into the incident end of the
fiber, the objective lens, and the camera lens, respectively.
The vibrator is a self-made loud speaker-based modulator,
and a segment of the fiber is fixed on the vibrator, which is
driven by the controller, so that the multimode fiber is forced
into vibration. We can change the input numerical aperture of
the laser beam by adjusting the diameter of diaphragm D1 to
excite the multiple propagation modes in the multimode fiber
for speckle reduction.

Fig. 2 shows the experimental setup for measuring the
speckle reduction efficiency using the combination of a
vibratingmultimode fiber and a trackedmoving flexible DOE
loop. The difference from Fig. 1 is that partially despeckled
light emerging from a vibrating multimode fiber is then inci-
dent on the moving flexible DOE loop. The DOE loop used in
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FIGURE 1. Experimental setup for measuring the speckle reduction efficiency using a vibrating multimode fiber. D1 =15.18mm, S1 =60mm,
D2 =25mm, S2 =62mm, D3 =51mm, S3 =1500mm, D4 =1mm, S4 =2100mm, and S5 =25mm.

FIGURE 2. Experimental setup for measuring the speckle reduction efficiency using the combination of a vibrating multimode fiber and a tracked
moving flexible DOE loop. D1 =10.5mm, S1 =60mm, D2 =25mm, S2 =85mm, D3 =51mm, S3 =1500mm, D4 =1mm, S4 =2100mm, S5 =25mm, and
S6 =62mm.

our experiment is composed of the three 1D-DOE parts with
different inclination angles, which in turn are 44◦, 45◦, and
46◦. The 1D-DOE structure is a periodic M sequence code
that has a code length ofNcode =15 and a period T0 = Ncode×

T with an elementary unit width of T = 4µm. The DOE
structure depth is 530nm to ensure effective speckle reduction
in the visible light range. The laser beam from the DOE loop
is projected to the screen through the objective lens, and a
camera is used to capture the picture of the light spot on the
screen to evaluate the speckle contrast. The camera objective
lens has a focal length of S5 =25mm, the diameter of the
input diaphragm of camera is D4 =1mm, and the photodiode
has a transverse size of 5.8µm. For accurate evaluation of
the speckle contrast, we select the five different positions in

the image captured by the camera to calculate the mean and
standard deviation of the intensity.

IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. SPECKLE REDUCTION WITH A VIBRATING MULTIMODE
FIBER
To verify the speckle reduction efficiency of a vibratingmulti-
mode fiber, we use a green laser and a red laser as the sources
of coherent illumination in Fig. 1. Green (λ = 520 nm),
and Red (λ = 640 nm) lasers were used in the experiments,
and the linewidth of both lasers are rough approximation as
2 nm. The vibrator is driven at a frequency of 400Hz, and the
voltage is set at 1 VPP (peak to peak). The camera exposure
time is set to 60ms for all the measurements.
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TABLE 1. The speckle patterns and their 1D Intensity distributions are shown when the laser light passes through the static multimode fiber and the laser
light passes through the vibrating multimode fiber for green and red lasers.

First, the initial speckle contrast values of the green and
red laser lights are tested to be 39.38% and 53.49%, respec-
tively. Then, the speckle patterns and their 1D intensity
distributions are shown in Table 1 when the laser light
passes through the static multimode fiber and the laser

light passes through the vibrating multimode fiber for the
green and the red lasers. The speckle contrast value is
shown in the upper right corner of each speckle pattern.
1D intensity distribution is extracted from the red dashed
line.
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FIGURE 3. The relationship between speckle contrast and driving
frequency when the camera exposure time is 60 ms and 100 ms,
respectively.

When the laser light passes through a static multimode
fiber with a length of 2m, the speckle contrast is first reduced.
However, the speckle contrast value does not fit well with (1)
and is usually larger. The reason is that the speckle in the
image on the screen is a compound speckle, which includes
not only the objective speckle due to mode interference in
a static multimode fiber but also the subjective speckle due
to the light scattering on the screen. When the vibration is
applied to the multimode fiber, the speckle contrast of output
patterns can be further reduced, which can be clearly seen
from the magnitude of the 1D intensity fluctuation before
and after the vibration in Table 1. The speckle reduction
coefficient is different for the green laser (C1/C2 =1.93) and
red laser (C3/C4 =2.12) because the spectrum of the green
laser is slightly wider than that of the red laser used in the
experiment, which makes the initial speckle contrast of the
green laser smaller than that of the red laser.

When the vibration is applied to the multimode fiber,
the speckle contrast of the green laser is only 4.62%. Com-
pared with the red laser, the objective speckle value of the
green laser is closer to the subjective speckle value. The
compound speckle in the image on the screen is clamped by
the subjective speckle, so the speckle reduction coefficient of
the green laser is smaller than that of the red laser.

Since the drive voltage of the vibrator we used is at most
1VPP and the driving frequency is adjustable, the effect of the
driving frequency on speckle reduction is also investigated.
The relationship between speckle contrast and driving fre-
quency is shown in Fig. 3 when the camera exposure time
is 60ms and 100 ms, respectively.

The laser used is a green laser, and the driving frequency
varies from 20 Hz to 550 Hz. As shown in Fig. 3, as the driv-
ing frequency increases to approximately 50 Hz, the speckle
contrast decreases rapidly. When the driving frequency is
greater than 50 Hz, the speckle contrast is in the small fluc-
tuation range. There is a slight difference in speckle contrast
between exposure times of 60 ms (black curve) and 100ms

FIGURE 4. The speckle patterns captured by the camera for four different
states. (a) Both the multimode fiber and the DOE loop are stationary,
(b) the multimode fiber is vibrated and the DOE loop is stationary, (c) the
multimode fiber is stationary and the DOE loop is rotated, (d) the
multimode fiber is vibrated and the DOE loop is rotated.

(red curve). This can be explained by the fact that the mech-
anism of speckle reduction by a vibrating multimode fiber
forms different speckle patterns, which are then averaged
during the exposure time of the camera. When the exposure
time is longer, more speckle patterns can be generated, and
the speckle contrast is lower. The driving frequency should
be greater than the reciprocal of the exposure time to use
all different speckle patterns during one period of vibration.
Therefore, we choose the driving frequency of the vibrator
greater than 50Hz based on the experimental results shown
in Fig. 3.

B. THE COMPOUND SPECKLE REDUCTION METHOD
In this section, the compound speckle reduction method by
the combination of a vibrating multimode fiber and a tracked
moving flexible DOE loop is presented. The optical scheme
for speckle reduction using the proposed method has been
shown in Fig. 2.

Fig. 4 shows the speckle patterns captured by the camera
with four different states: (a) both the multimode fiber and the
DOE loop are stationary, (b) the multimode fiber is vibrated
and the DOE loop is stationary, (c) the multimode fiber is
stationary and the DOE loop is rotated, and (d) the multimode
fiber is vibrated and the DOE loop is rotated. When the mul-
timode fiber is vibrated, the vibrator is driven at a frequency
of 400Hz, and the voltage is set at 1 VPP. When the DOE
loop is rotated, the motor speed is set to 16.7 mm/s. In the
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FIGURE 5. The 1D intensity distributions of speckle patterns, corresponding to the ones in Fig. 4, are shown for
four different states. (a) Both the multimode fiber and the DOE loop are stationary, (b) the multimode fiber is
vibrated and the DOE loop is stationary, (c) the multimode fiber is stationary and the DOE loop is rotated, (d) the
multimode fiber is vibrated and the DOE loop is rotated. The light intensity distributions are extracted from the
red dashed line shown in Fig. 4.

experiments, a green laser is used, and the camera exposure
time is set to 100 ms for all the measurements.

It can be found from Fig. 4 that a reduction in speckle
contrast is achieved when the multimode fiber is vibrated
and the DOE loop is stationary, which is approximately the
same as the reduction in speckle contrast achieved when the
multimode fiber is stationary and the DOE loop is rotated.
Therefore, the vibrating multimode fiber and the rotating
DOE are both very effective in the speckle reduction. More-
over, the maximum speckle reduction is achieved by com-
bining a vibrating multimode fiber and a rotating DOE loop.
Therefore, a laser imaging systemwith extremely low speckle
contrast (the speckle contrast is 1.96%) can be achieved with
the proposed compound speckle reduction method.

The 1D intensity distributions are plotted in Fig. 5 for each
of the corresponding speckle patterns shown in Fig. 4. The
light intensity distributions are extracted from the red dashed
line shown in Fig. 4.

As can be seen from Fig. 5, the intensity fluctuation is
significantly decreased when the multimode fiber is vibrated
and the DOE loop is rotated as compared to when both
the multimode fiber and the DOE loop are stationary. The
above results further indicate that the proposed compound
speckle reduction method by the combination of a vibrating
multimode fiber and a tracked moving flexible DOE loop is
feasible and effective.

C. DISCUSSION
There are multiple speckle formation mechanisms in our
experimental setup, as shown in Fig. 2. It is assumed that
the speckle formation mechanisms before the objective lens
belong to the objective speckle and that the speckle caused
by screen scattering is the subjective speckle. The compound
speckle on the screen captured by the camera can be written
as follows [14]:

C =

√
R+ K
2RK

=
1
√
2

√
1
R
+

1
K

(9)

where the factor 2 is introduced by the two independent
orthogonal polarizations, R represents the total degree of
objective speckle reduction freedom, and K is the subjective
speckle reduction freedom. The value of K can be simply
calculated when the objective lens is almost filled [5]:

K =
�p

�i
=

( D3
2S3
D4
2S4

)2

=

(
S4D3

S3D4

)2

=

(
2100× 51
1500× 1

)2

=5098

(10)

where �p is the solid angle subtended by the objective lens
aperture D3 = 51 mm and �i is the solid angle subtended by
the camera lens aperture D4 = 1 mm, with both solid angles
measured from the screen. S3 =1500 mm and S4 =2100 mm
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TABLE 2. Characteristics of the speckle reduction methods for their comparison and evaluation.

are the distances from the objective lens to the screen and
from the screen to the camera lens, respectively.

According to (9), the total degree of objective speckle
reduction freedom can be obtained as follows:

R =
1

2C2 − 1
K

(11)

The total degree of objective speckle reduction freedom
from the four states in Fig. 4 can be calculated by the speckle
contrast from the experimental data and the calculated K
value in (10):

R(a) =
1

2C2
(a)−

1
K

=
1

2×(0.1226)2− 1
5098

=33.5 (12a)

R(b) =
1

2C2
(b)−

1
K

=
1

2×(0.0497)2− 1
5098

=210.8 (12b)

R(c) =
1

2C2
(c)−

1
K

=
1

2×(0.0436)2− 1
5098

=277.3 (12c)

R(d) =
1

2C2
(d)−

1
K

=
1

2×(0.0196)2− 1
5098

=1747.7 (12d)

The physical meaning of (12a) can be interpreted as the
degree of speckle reduction freedom for the angle diver-
sity of a static multimode optical fiber and a static DOE
loop. Reference [36] shows that angle diversity and speckle
time-averaging effects are two independent speckle reduction
mechanisms obtained by introducing new degrees of free-
dom. When the multimode fiber is vibrated and the DOE
loop is stationary, the degree of speckle reduction freedom for
the time-averaging effect of the vibrating multimode fiber is
calculated as:

R1 =
R(b)
R(a)
=

210.8
33.5

= 6.3 (13a)

Similarly, the degree of speckle reduction freedom for the
time-averaging effect of the rotating DOE loop is calculated

as:

R2 =
R(c)
R(a)
=

277.3
33.5

= 8.3 (13b)

The degree of speckle reduction freedom for the
time-averaging effect of the vibrating fiber and the tracked
moving DOE loop is calculated as:

R3 =
R(d)
R(a)
=

1747.7
33.5

= 52.2 (13c)

Therefore, the total degree of compound objective speckle
reduction freedom for the time-averaging effect is equal to the
product of the speckle reduction degree of each method, i.e.,
R3 ≈ R1×R2 (52.2≈ 6.3×8.3). This is well confirmed by the
calculated result of the compound objective speckle reduction
degrees of freedom according to Goodman’s speckle the-
ory mentioned in the seventh paragraph of the Introduction
Section.

The main characteristics of the speckle reduction meth-
ods for comparison and evaluation purposes are summarized
in Table 2. It mainly includes the following four schemes:

1) Compound method based on a vibrating multimode
fiber and a tracked moving flexible DOE loop;

2) Tracked moving flexible DOE loop only [29];
3) Compound method based on a micro-scanning mirrors

and multimode fibers [37];
4) Colloidal solution with dispersed particles [38].
The number of plus signs qualitatively indicates the value

of the considered characteristic for a particular speckle reduc-
tion method. Less speckle contrast values with fewer plus
signs are obviously preferable. In the case of a comprehensive
consideration of speckle contrast and other parameters such
as system size, power consumption, complexity and manu-
facturing cost [39], [40], our proposed compound speckle
reduction method based on the combination of a vibrating
multimode fiber and a tracked moving flexible DOE loop
is relatively superior, and thus has significant advantages in
reducing speckles in laser imaging systems.
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V. CONCLUSION
In this study, the speckle reduction method by a vibrating
multimode fiber was first experimentally investigated. When
a multimode fiber is vibrated, the speckle pattern changes
due to phase modulation and mode coupling, and the speckle
contrast can be reduced by angle diversity and the time
averaging of the speckle patterns. The influence of the vibra-
tion frequency on the speckle reduction was also analyzed.
Moreover, further speckle reduction was achieved by the
combination of a vibrating multimode fiber and a tracked
moving flexible DOE loop. This reduces the speckle contrast
to 1.96%, which is extremely low and cannot be perceived by
human vision. Meanwhile, a laser with high coherence can be
used with the proposed compound speckle reduction method
to obtain the higher imaging quality. Therefore, we expect
that the compound speckle reduction method we proposed
will show good performance and high efficiency in applica-
tions related to laser imaging systems.
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