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H I G H L I G H T S

• The speckle reduction module is flexible and lightweight.

• Dynamic speckles are time-averaged during the exposure time of a CCD camera.

• The most efficient speckle reduction condition is obtained.

• High-quality low-speckle projection image in a laser projector is demonstrated.
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A B S T R A C T

We propose a flexible and lightweight laser speckle noise suppression module based on the combination of a
multimode fiber (MMF) and a macro fiber composite (MFC). The mechanism underlying speckle suppression
involves the time-averaging of dynamic speckles during the exposure time of a charge-coupled device, wherein
the MFC causes MMF vibration via its fast and periodic stretching due to the piezoelectric effect. The most
efficient speckle reduction condition is realized when the MMF is vibrating in a resonant mode under the ap-
plication of the highest MFC driving voltage and a large MMF effective numerical aperture. We obtain a speckle
contrast of 0.08 when this “most efficient” speckle reduction condition is used to illuminate a diffuser. Further,
the image quality is improved when our module is applied in a projector, which makes the device a flexible and
lightweight module for speckle reduction in laser displays.

1. Introduction

It is well known that in comparison with conventional light sources,
lasers can offer the benefits of higher brightness, higher directionality,
wider color gamut, longer lifetime, etc. Lasers are widely used in di-
verse fields such as laser displays [1–3], optical coherence tomography
[4], and optical communication [5]. When a laser beam illuminates a
rough-surfaced object, interference occurs between the scattered beams
because of high coherence, which results in the formation of bright or
dark granular patterns called speckles [6]. The appearance of speckles
degrades the image quality in laser projection systems [7,8]. In general,
speckles can be reduced by the application of polarization diversity [9],
angular diversity [10–12], wavelength diversity [12,13], the use of

broadband light sources [14,15], rotating diffusers [16], specially de-
signed screens [17], etc.

When a coherent laser beam is guided into a multimode fiber
(MMF), a speckle pattern is produced at the output of the MMF because
of interference among the guided modes [18]. One speckle reduction
method at the output of the MMF involves the enhancement of the
modal dispersion of the MMF via increasing its length or numerical
aperture (NA) [19,20]. Via splitting of a laser beam into “sub-beams”
and guiding these into a fiber bundle with different fiber lengths,
speckle can be reduced by destroying the laser radiation temporal co-
herence by creating a sufficient optical path difference among the fibers
[21]. Other approaches involve the tight coiling of the MMF around a
cylindrical piezoelectric transducer block or the MMF fixed on a
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piezoelectric plate to reduce speckle. The periodic vibration of the
piezoelectric block and plate results in subsequent intensity modulation
over the MMF, and consequently, the speckles at the output of the MMF
are time-averaged and reduced during the integration time of the
human eyes [22,23]. However, while these methods are feasible for
speckle reduction, the corresponding devices suffer from problems such
as the complexity or bulkiness of the setup, which makes it difficult to
practically apply them in laser projection systems.

Against this backdrop, here, we demonstrate a flexible and light-
weight laser speckle noise suppression module that uses a macro fiber
composite (MFC) as a driver to vibrate a MMF. The vibration of the
MMF generates dynamic speckle patterns, which can be time-averaged
during the exposure time of a charge-coupled device (CCD) camera or
the human eyes. In this study, we used two types of MMFs with dif-
ferent NAs and calculated the speckle contrast ratios to compare the
speckle reduction efficiencies. The relationships between speckle con-
trast ratios and the MFC driving frequency and voltage were also stu-
died to determine the optimized driving conditions for the most effi-
cient speckle reduction. The proposed configuration was further
utilized as a low-coherence illumination light source in a projector,
which afforded high-quality projection images.

2. Structure of MFC

MFCs, which are used as advanced actuators and sensors, offer the
benefits of compact size, high performance, flexibility, and reliability
[24]. The MFC used in the study was manufactured by Smart Material
Corp. (type: M8514-P2). Fig. 1(a) schematically illustrates the structure
of the MFC, which consists of three primary components: piezoceramic
rods made of lead zirconate titanate, a pair of thin polyimide films (top
and bottom) etched with conductive electrodes, and two layers of ad-
hesive matrix material. In order to improve the damage tolerance and
flexibility relative to the monolithic ceramic, the aligned rectangular
piezoceramic rods (bonded by adhesive matrix material) are sand-
wiched between the layers of adhesive matrix material and polyimide
film. The electrodes are affixed to the film, which transfers the applied
voltage directly to the ribbon-shaped rods. The adhesive material bonds
the actuator components together. Depending on the poling direction,
MFCs are classified as d33 and d31 types. In d31 type MFCs, the poling
direction and the electric field are perpendicular to the piezoceramic
rod orientation [25]. As shown in Fig. 1(b), the poling direction and the
electric field are along the z-axis, and the piezoceramic rod orientation
is along the x-axis. Consequently, the d31 piezoelectric effect is utilized
here. When an electric field is applied, the rods yield a longitudinal
deformation due to the d31 piezoelectric effect. The MFC generates vi-
brations owing to its resulting contraction and relaxation when it is
driven by a variable voltage such as a sinusoidal waveform. Fig. 1(c)
shows the prototype of the packaged MFC, whose overall length and

width are 100mm and 18mm, respectively. Further, the device thick-
ness is 0.3mm.

From Fig. 1(c), the high portability and handling ease of the device
appears obvious. Considering the advantages and properties of the
MFC, it forms an obvious candidate for application as an actuator to
induce vibration in MMFs toward the realization of a flexible and
lightweight speckle noise suppression module.

3. Theory and experimental setup

3.1. Speckle reduction theory

Speckle contrast ratio C is normally utilized to characterize the
speckle effect. Speckle contrast ratio C is defined as [6]
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where I, < I> , and σ represent the speckle intensity, mean value, and
standard deviation of the speckle intensity, respectively.

We used two types of MMFs with different NAs in our experiments,
which were designated as fiber A and fiber B. The two fibers are made
of different materials, where fiber A is an unjacketed plastic fiber with
acrylic core, and fiber B is a jacketed quartz fiber with silica core. The
specifications of fibers A and B are listed in Table 1.

Because of modal dispersion in a MMF, the phases of the modes at
the output of the MMF are different, which results in a time difference
between the earliest and last-to-arrive signal components of the MMF.
This time difference Δτ can be defined as [6]
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where L, NAe, and n1 represent the length, effective numerical aperture,
and refractive index of core of the MMF, respectively, and c the speed of
light in vacuum.

When a laser is coupled into the MMF, the speckle contrast ratio C at
the end of the stationary MMF can be expressed as [20]
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where Δν represents the Gaussian spectral profile with 1/e half-width.
From Eqs. (2) and (3), it is obvious that the speckle contrast reduces

with increase in the time difference Δτ of the stationary MMF. In par-
ticular, as the modal dispersion is increased, some modes cannot in-
terfere at the output of the MMF because the laser radiation temporal
coherence may be lost, which results in a reduction in speckle contrast.

Upon assuming that M modes are guided into the MMF, each of
these modes will propagate along the MMF with a specific propagation
constant. The guided modes are very sensitive to the external

Fig. 1. (a) Structure of macro fiber composite (MFC). (b) MFC longitudinal deformation due to d31 piezoelectric effect upon application of driving voltage. (c) Facade
and side face of packaged MFC.
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environment. Under changing environmental conditions such as MMF
vibration, the power change in the ith guided mode, ΔPi, can be ex-
pressed as

∑= −
=

P h P PΔ ( ),i j

M
ij i j1 (4)

where Pi and Pj represent the powers of the ith and jth guided modes,
respectively. Further, hij denotes the coupling coefficient between
modes i and j. In this regard, Kajenski et al. [26] have proposed a model
to study the mode coupling in a fiber. If mode coupling occurs in the
vibrating section of the fiber, the coupling coefficient can be expressed
as

= ⎧
⎨⎩

⎡
⎣
⎢

− ⎤
⎦
⎥

⎫
⎬⎭

h a K L
π

L β β
ωt1

2
cos

( )
4

cos(2 ),ij ij
j i2

2

(5)

where a and ω denote the amplitude and frequency of vibration, re-
spectively, L the length of the fiber, Kij a constant, and βi and βj the
propagation constants of modes i and j, respectively.

According to Eq. (5), the mode coupling coefficient hij is propor-
tional to the square of the amplitude a2 of vibration. A change in the
mode coupling coefficient results in a power change in each guided
mode. Assuming that the total optical powers of all guided modes are
equal over a certain integration time, these powers will be redistributed
at the output of the MMF, which reduces the speckle noise. The greater
is the change in the power of each mode, the smaller is the achieved
speckle contrast [27]. Taking into account the number of all guided
modes M, the speckle contrast at the output of the MMF can be written
as [18]
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where τ denotes the time delay between guide modes, δτ the time dif-
ference between the ith and the (i− 1)th guided modes, and γ the
complex degree of temporal coherence of the exciting source field.
From Eqs. (4)–(6), it can be inferred that the mode coupling coefficient
hij and number of guided modes M simultaneously influence the speckle
contrast.

3.2. Experimental setup

Fig. 2 schematically shows our experimental setup to realize a low-
coherence illumination light source using a combination of the MMF
and MFC. A laser diode (LD, L520P50, Thorlabs) with 520 nm central
wavelength is used as the laser light source. A linear polarizer is posi-
tioned after the LD to adjust the light intensity. The laser beam is
coupled into the MMF through a fiber coupler with a coupling lens
whose focal length is 4.6mm. A diffuser made of sandblasted glass is
positioned immediately after the MMF output to further scatter the
light. The objective speckle patterns are captured by a CCD camera
without a mounted imaging lens. The CCD camera has a resolution of
1280×1024 pixels, with the pixel size being 5.2 μm×5.2 μm. Here
we note that the MMF can be considered as a slack rope, with the two
ends of the MFC glued firmly to the MMF with epoxy adhesive. A
multifunction generator generates sinusoidal voltages, which are am-
plified by a high-voltage amplifier to drive the MFC and induce periodic
vibration in the MMF.

In the study, the working temperature of the LD was maintained at
30 °C by means of a temperature-controlled mount, and the working
current of the LD was set to 80mA. Because speckles are sensitive to
ambient influences such as external disturbances and background light,
we placed the system on a stable optical table in a dark room to
minimize the effects of these factors. The exposure time of the CCD
camera was set at 30 ms, which is similar to the integration time of the
human eyes. We captured speckle patterns for the two types of MMFs at
different MFC driving frequencies and voltages. Here, we note that the
configuration indicated by the dotted rectangle in Fig. 2 before the
diffuser can be treated as a low-coherence illumination light source.

4. Experimental results and discussions

4.1. Effects of MFC driving frequency on speckle reduction

The relationship between the speckle contrast ratio and the MFC
driving frequency is shown in Fig. 3. Error bar was given by calculating
the standard deviations of the speckle contrasts of multiple measure-
ments. Because the maximum working voltage of the MFC is 360 V
under unipolar driving, and the high-voltage amplifier in our lab can
generate an output voltage ranging from−150 V to 150 V (we note that
the driving voltage “α V” refers the 0-to-α V peak-to-peak voltage in our
study, where α denotes a constant.), we fixed the sinusoidal driving
voltage at 100 V in consideration of the reliability of the high-voltage
amplifier. The MFC driving frequency was varied from 0 to 200 Hz at
10 Hz intervals. The main reason for the driving frequency of the MFC
being stopped at 200 Hz is that the typical integration time of human
eyes is ~30ms (~33.3 Hz). Because the speckle reduction mechanism
of this method is by generating different speckle patterns and summing
them together during the integration time of human eyes, the driving
frequency of the MFC should be no less than ~33.3 Hz in order to use

Table 1
Specifications of two types of multimode fibers (MMFs) with different numer-
ical apertures (NAs) considered in study.

Fiber Length (m) Core diameter
(μm)

Fiber
diameter (μm)

NA Refractive index of
core/cladding

A 0.4 1470 1500 0.51 1.492/1.402
B 0.4 400 970 0.22 1.457/1.439

Fig. 2. Experimental setup to realize low-co-
herence illumination light source. A laser diode
(LD) emits a beam whose intensity is adjusted by
a linear polarizer. The polarized light is coupled
into a multimode fiber (MMF) through a fiber
coupler with a coupling lens to illuminate a dif-
fuser. A macro fiber composite (MFC) is driven
to induce periodic vibrations of the MMF, and
objective speckle patterns are captured by a CCD
camera without a mounted imaging lens.
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all the generated different speckle patterns during one working period
of the MFC. Therefore, resonant frequencies of the MMF larger than and
closing to ~33.3 Hz are preferred, and higher resonant frequencies are
not necessary though they can also be used. Speckle reduction was
investigated under these driving conditions.

The speckle contrast ratios show a peak-and-valley variation as a
function of the MFC driving frequency for both fibers A and B.
Meanwhile, from Eqs. (4) and (5), we can infer that the deformation
amplitude of the vibrating MMF influences the mode coupling coeffi-
cient, which is closely related to the speckle contrast. The MMF is
forced into vibration by the MFC, and in terms of the vibration strength
of the MMF, the MMF segment’s vibration in the absence of the MFC is
slight, which can be considered as stationary relative to the case when
the MMF is connected to the MFC. Here, we note that only at the forced
vibration frequency equal to the natural frequency of the MMF can the
MMF reach the largest deformation (this driving frequency is the re-
sonant frequency). From the figure, we note that the first two most
efficient speckle suppression windows exist at ~20 Hz and ~80Hz in
fiber A and at ~60Hz and ~120Hz in fiber B. According to the prin-
ciple of our speckle reduction method, vibration of the MMF results in
the redistribution of optical powers at the output of the MMF, and
hence, speckle patterns at the diffuser can be time-averaged over the
exposure time of the CCD camera. The effective time-average of the
speckle patterns corresponds to the power of each mode being varied on
a time scale faster than the exposure time (30ms) of the CCD camera.
Therefore, we paid specific interest that the speckle contrast existed
whenever the MFC driving frequency is greater than the driving fre-
quency fi=1/30 kHz≈ 33.3 Hz. Thus, we focused on the speckle
suppression window corresponding to ~80Hz in fiber A. For con-
sistency, we also studied the second most efficient speckle reduction
window at ~120 Hz in fiber B. Here, we remark that the vibrating MMF
can be considered as a free-free beam, whose resonant frequency f is
given by [28]
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where kn is a coefficient of the nth resonant mode, E, I, ρ, and A re-
present the Young’s modulus, second moment of area of the cross-sec-
tion, density, and cross-sectional area of the beam, respectively, and Lb
the length of the beam. In our study, the lengths Lb of the two beams
(different vibrating MMFs, 100mm) are identical. Because the two
types of fibers are made of different materials, the Young’s moduli E and
densities ρ of the two beams are different. In addition, the second
moments of area I and cross-sectional areas A are also unequal for the
two beams due to the different fiber diameters. The resonant frequency
for the beam when using fiber A is different from that when using fiber
B, and it is determined by the abovementioned factors.

From Fig. 3, we note that when the MFC driving voltage is fixed at
100 V, the speckle contrasts reduce from Coff=0.43 to Con=0.10 at
80 Hz for fiber A and from Coff=0.48 to Con=0.22 at 120 Hz for fiber

B. The most efficient speckle reduction situation corresponds to when
the MMF is vibrating in a resonant mode. Here, we chose 80 Hz and
120 Hz as the optimized driving frequencies for fibers A and B, re-
spectively, to suppress speckle noise.

4.2. Effect of MFC driving voltage on speckle reduction

In the next study phase, the driving frequency generated by the
multifunction generator was fixed to the optimized value, and a sinu-
soidal driving voltage was amplified by means of the high-voltage
amplifier to drive the MFC. Considering the ability of the high-voltage
amplifier in our lab, the maximum driving voltage of the MFC was
stopped at 150 V in this measurement. Fig. 4 shows the relationships
between the speckle contrast ratio, speckle reduction efficiency, and the
MFC driving voltage.

From Fig. 4, the stationary speckle contrast when using fiber A
(Coff=0.43) is lower than that when using fiber B (Coff=0.48) without
vibration. In our study, the diameter of the laser emitted from the LD
is ~ 3mm measured by means of a beam profiler, and the coupling lens
has a 4.6mm focal length, the effective numerical aperture is
NAe= n0×sinθ=1× ((3/2)/((3/2)2+ 4.62)1/2)≈ 0.31, where n0
represents the refractive index of air, this NAe is smaller than the actual
NA of fiber A but larger than that of fiber B from Table 1, thus, the
effective NAes of fibers A and B are NAe=0.31 and NAe=0.22, re-
spectively. According to Eqs. (2) and (3), the lengths of fibers A and B
are identical, the time difference Δτ in fiber A is larger than that in fiber
B. Therefore, a lower speckle contrast can be produced in fiber A re-
lative to fiber B. We also note that the speckle contrast exhibits an

Fig. 3. Relationship between speckle contrast ratio and the macro fiber composite (MFC) driving frequency. The first two most efficient speckle suppression windows
are observed at (a) ~20 Hz and ~80Hz in fiber A and (b) ~60 Hz and ~120 Hz in fiber B when the fibers are vibrating in resonant modes.

Fig. 4. Relationships between speckle contrast (black line), speckle reduction
efficiency (blue line), and the macro fiber composite (MFC) driving voltage for
fiber A (circles) and fiber B (triangles) under the optimized frequencies. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)
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overall decrease with increase in the driving voltage for both fibers A
and B. Here, it is noteworthy that in both cases, the speckle contrast
ratios show saturation trends; this can be attributed to the MFC special
strain characteristic. The relationship between the MFC strain and
driving voltage shows nonlinear: when the MFC is subjected to low
driving voltages, its strain is approximately proportional to the driving
voltage, and the MFC strain tends to saturation due to the saturation
polarization of the piezoelectric rod as the driving voltage increases
[29]. These properties firstly lead to greatly increased deformation of
the MMF, which then tends to saturation; this explains the resulting
trend of speckle contrast ratio in Fig. 4. Moreover, the speckle reduction
efficiency of fiber A is obviously greater than that of fiber B at the same
driving voltage. Here, we define speckle reduction efficiency as
(Coff− Con)/Coff. From Eqs. (4)–(6), in addition to noting that the
change in the mode coupling coefficient hij results in reduced speckle
contrast, we also note that the speckle contrast C is also inversely
proportional to the number of guided modes M. The number of modes
supported by a MMF is given by M≈ πd(NAe)/λ [6], where d and λ
represent the MMF core diameter and the wavelength of the laser light,
respectively. The NAe and core diameter d of fiber A are larger than the
corresponding ones of fiber B, thus modes in fiber A outnumber the
modes in fiber B. Therefore, the larger number of modes propagating in
fiber A affords greater speckle reduction efficiency. Here, we remark
that the optimized driving conditions are 80 Hz, 150 V for fiber A and
120 Hz, 150 V for fiber B.

4.3. Discussion

Fig. 5 shows the speckle patterns captured by the CCD camera in the
no-vibration and vibration scenarios under optimized driving condi-
tions for the two fibers; the significant speckle reduction between the
two scenarios is clearly visible even with the naked eyes. The speckle
contrasts reduce from Coff=0.43 initially to Con=0.08 for fiber A and
from Coff=0.48 initially to Con=0.19 for fiber B under the optimized
conditions.

From Fig. 5(a) and (c), we note that the speckle size formed on the
CCD camera when using fiber B is larger than that when using fiber A

with the MFC turned off. The relationship between the speckle size
(diameter) Ds and diameter Dc of the coherence light corresponding to a
circular region on the diffuser can be expressed as Ds≈ 1.2λs/Dc, where
s denotes the distance between the diffuser and the CCD camera [30]. In
our setup, the distances s=0.37m are identical for fibers A and B.
Because the diffuser is positioned immediately beyond the MMF output,
the smaller core diameter of fiber B relative to fiber A results in a
smaller diameter Dc of coherence light on the diffuser, which generates
a larger speckle size on the CCD camera.

In a previous study, it has been reported that when individual
speckle reduction mechanisms are compounded, speckle contrast C can
reduce from C=1 to C=1/Ns

1/2, where Ns=(1/C)2=∏Ni represents
the total degree of speckle reduction freedom, and Ni the speckle re-
duction freedom introduced by the ith speckle reduction mechanism
[7]. In our study, the factors contributing to speckle reduction included
the modal dispersion Nd of the stationary MMF, the time-averaging
effect Nt of the vibrating MMFs during the exposure time of the CCD
camera, and the independent orthogonal polarizations Np due to mul-
tiple scatterings of the diffuser. Under the optimized driving conditions,
the total degree of the speckle reduction freedom Ns were Ns=(1/
Con)2= (1/0.08)2≈ 156 for fiber A and Ns=(1/Con)2= (1/
0.19)2≈ 28 for fiber B. The temporal degree of speckle reduction
freedom due to MMF vibration during the exposure time can be cal-
culated as Nt = (Coff/Con)2, and in our study, these results were Nt

= (0.43/0.08)2≈ 29 for fiber A and Nt = (0.48/0.19)2≈ 6 for fiber B.
Here, we find that the factors Nd×Np=Ns/Nt=(1/Coff)2 are
Nd×Np=(1/0.43)2≈ 5 for fiber A and Nd×Np=(1/0.48)2≈ 4 for
fiber B, wherein Nt > Nd×Np in the two fibers. These results indicate
that the time-averaging effect due to the vibrating MMFs during the
exposure time of the CCD camera is the dominant factor among the
three individual speckle reduction mechanisms. In future, we plan to
optimize the combination of the MMF and the MFC and use other re-
sonant frequencies and different types of MFCs to reduce speckle more
efficiently.

Fig. 5. Speckle patterns with macro fiber composite
(MFC) (a) turned off, with speckle contrast ratio
Coff= 0.43, and (b) turned on under the optimized
conditions (80 Hz, 150 V), with speckle contrast
ratio Con=0.08 for fiber A and with MFC (c)
turned off, with speckle contrast ratio Coff= 0.48,
and (d) turned on under the optimized conditions
(120 Hz, 150 V), with speckle contrast ratio
Con=0.19 for fiber B.
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5. Application in laser projector

Next, to verify the feasibility of our speckle reduction module in
laser projection displays, we set up a simplified projection system [8].
In order to achieve greater speckle reduction, we used fiber A in the
proposed configuration as a low-coherence illumination light source in
the simplified projection system. The conceptual diagram of this setup
is shown in Fig. 6.

In the setup, the low-coherence light emerging from the proposed
configuration is homogenized by means of a diffuser and a light pipe to
illuminate a digital micromirror device (DMD) through a relay lens. The
modulated light is directed to a screen through a projection lens. A CCD
camera with a mounted imaging lens that has the equivalent function of
human eyes is used to capture the projection images, wherein the lens is
adjusted to ensure that it always focuses the image on the screen. In our
study, to increase the brightness of the projection images, the working
current of the LD was set at 150mA and the linear polarizer was ad-
justed to ensure maximum light transmission. The distances between
the screen and projection lens and between the CCD camera and the
screen were set to 0.7m and 1.2m, respectively. The other conditions
were the same as those corresponding to Fig. 2. The above-mentioned

optimized driving conditions (80 Hz, 150 V) were applied to the MFC to
investigate the speckle reduction effect in the laser projector. Fig. 7
shows the resulting projection images and the relationships between the
grayscale of the cross section of the projection image and the CCD
camera pixel in the vibration-off state and the vibration-on state.

When the MFC is in the vibration-off state, the image exhibits strong
speckles (Fig. 7(a)), whereas the image shows barely any speckle when
the MFC is turned on (Fig. 7(b)). The white horizontal stripes appearing
in the enlarged area in Fig. 7(b) correspond to the details of the rough
screen captured by the CCD camera. From the results, we can verify that
the MMF vibration forms the dominant principle underlying this
speckle reduction system, and the less fluctuated grayscale line shown
in Fig. 7(d) indicates that the output beam becomes increasingly uni-
form with MMF operation. Our results further indicate that the pro-
posed speckle reduction method using a combination of the MMF and
the MFC is feasible and that our flexible and lightweight module can be
easily integrated in the proposed low-coherence illumination light
source in laser projection displays to suppress speckle noise.

Fig. 6. Low-coherence illumination light source
used in simplified projection system. The low-
coherence light illuminates a digital micromirror
device (DMD) though a diffuser, light pipe, and
relay lens. The modulated light is guided to the
screen by means of a projection lens. The pro-
jection images are captured by a CCD camera
with a mounted imaging lens.

Fig. 7. Projection images before (a) and after (b)
introducing the MFC vibration under the opti-
mized driving conditions. Relationships between
the grayscale of the cross section of the projec-
tion image (red dotted lines in (a) and (b)) and
the CCD camera pixel in the vibration-off state
(c) and the vibration-on state (d). (For inter-
pretation of the references to color in this figure
legend, the reader is referred to the web version
of this article.)
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6. Conclusions

We experimentally studied the performance of a flexible and light-
weight speckle reduction module based on the combination of a MMF
(two types: fibers A and B with different NA values) and a MFC, wherein
the MFC was used as a driver to vibrate the MMF. The consequent re-
distribution of powers at the output of MMF resulted in speckle re-
duction at the diffuser. Moreover, the speckle patterns were captured
and speckle contrasts were calculated for analysis. We achieved the
most efficient speckle reduction when the MMF was vibrating in a re-
sonant mode and the MFC driving voltage was maximal. Under these
conditions, the speckle contrasts reduced from 0.43 to 0.08 for fiber A
and 0.48 to 0.19 for fiber B. Further, we used the proposed low-co-
herence illumination light source in a laser projection display, and in
the resulting high-quality projection images, speckles were hardly
visible. In future, we plan to determine a more efficient speckle re-
duction configuration by optimizing the MFC. We believe that our
flexible and lightweight speckle reduction module can be extended to
many laser application fields.
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