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Speckle Reduction in Near-field Image of Multimode Fiber
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We propose and experimentally demonstrate an effective method to reduce near-field speckle
noise at the output of a 50 um graded index multimode fiber using a short cylindrical piezoelectric
transducer (PZT) vibrating in the radial direction. The fiber was coiled as tightly as possible around
the mandrel of the PZT and a periodic stretching effect was caused by the radial oscillations of
the actuator. The output of the optical fiber using the He-Ne laser source was intensively observed
by a CCD camera. By counting all the pixels corresponding to relative intensity graded into 256
levels in the selected area and by calculating standard deviation and mean value of the intensity,
we could measure the speckle contrast and vibration effect quantitatively with reduction ratio of
pixels and line profile of the illuminated region. It was clearly observed that the characteristics
of the speckle pattern in the vibration-on state were significantly improved over that of the
vibration-off state due to time-averaged smoothing.
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I. INTRODUCTION

When a coherent light is guided along a multimode
fiber (MMF), a speckle pattern is formed at the wave-
guide output. These speckles are caused by interference
between guided modes traveling within the fiber that
result in degrading the laser beam quality in applications
of laser marking and projection display as well as in
medical surgeries. In fact, the fiber speckle patterns are
extremely sensitive to external perturbations, for
example, fiber stresses and wavelength changes of the
source [1]. Therefore, previously various attempts have
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been made to overcome the speckle problem in guided
optics. The simplest way to reduce the speckle contrast
was to increase the number of high-order modes excited
within a fiber by increasing the fiber length, the launched
NA, or the number of bends [2]. While this is effective
for smoothing speckle in conventional step index fibers,
it would not be constructive for some specialty fiber,
as higher-order modes exhibit large losses within such
fibers.

Other published techniques rely on creating some
variation in the speckle pattern and averaging it over
time. This may be done by vibrating the fiber by using
a rotating diffractive optical element [3,4], or even a
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varying magnetic field [5]. The speckle patterns could
be reduced by the phase modulation when the waveguide
is vibrated [6]. Based on this effect in addition to fiber
bending, Kajenski et al. found that the speckle patterns
can be affected by mode coupling and phase modulation
simultaneously and that modulation of speckle is dom-
inated by the phase modulation when a highly coherent
source is used [7]. Although vibrating the fiber has been
found to be a fruitful method, Kajenski's model had a
weak point in that their system was not compatible with
integrated optical circuits.

In this paper, we introduce an efficient compact-size
system to reduce near-field speckle noises in 50 um graded
index MMF using a short cylindrical piezoelectric trans-
ducer (PZT) which has been widely utilized for the phase
modulation in tomography [8]. We examined the optimized
condition minimizing speckles by adjusting different
driving frequencies of the modulation, and the effects
at the resonance were observed quantitatively with the
He-Ne laser source.

II. EXPERIMENTAL RESULTS

The schematic setup of the measurement system is
shown in Fig. 1. In this experiment, a 635 nm He-Ne
laser which is highly coherent was incident on the 50 um
standard graded index MMF, and the light was passed
through the piezo-fiber assembly and guided into the

RF signal generator

Fiber
CCD Holder

635 nm

' ' ' He-Ne laser
Objective Cylindrical
lens PZT

FIG. 1. Schematics of the experimental setup.

FIG. 2. Piezo-fiber assembly vibrating in radial direction.
2 meter-long graded index MMF of 50 um core size was
coiled 20 rounds around the mandrel of the actuator as
tightly as possible.
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CCD directly through a > 60 objective lens (NA 0.85).
Throughout the experimental process, the power of the
laser source was kept constant and external vibrations
were minimized on a floated optical table because the
beam pattern is very sensitive to perturbation along the
optical path. Actual images of vibration-off/on states
were captured by the CCD camera and quantitative
analysis was performed by counting the number of pixels
of 256-level intensity in the selected area with a National
Instrument IMAQ Vision Builder.

The mechanism of the piezo-fiber assembly is shown
in Fig. 2. The cylindrical PZT used in this experiment
was an EC-65 having radial displacement less than 0.4
um/V and produced by EDO Corporation. This product
has an outer diameter of 38 mm and 2 mm thickness
and is made of lead zirconate titanate. With this actuator,
MMEF is coiled 20 rounds around the axis of the transducer
as tightly as possible, and bonded by epoxy. Note that
if the number of coils was more than 20 there was sig-
nificant loss of light during guiding, and a fundamental
mode only at the output. By winding the fiber with a
sinusoidal driving signal, bending effect and phase mod-
ulation occur simultaneously and speckle patterns can
be time-averaged. To obtain effective time-averaged
smoothing of the multiple spatial modes in the fiber,
the phase of each mode should be varied by more than
21 on time scales faster than the response time of the
measurement system [9)].

The problem is to define what factor is the standard
of speckle strength. Physically, speckle of the fiber output
means dark pixels in the circular region. Strong speckle
showing high contrast, therefore, will result in large
deviation of intensity in the selected area. On the other
hand, weak speckle, that is to say uniform output beam,
will have small deviation. Hence we can think the stand-
ard deviation of intensity as the uniformity of the beam.
If the amplitude of radial oscillation increases, the phase
modulation effect will be increased and will show reduced
speckle pattern. Therefore the time-averaged smoothing
effect will maximize the reduction of speckle at the
resonant driven frequency. The lowest resonant frequency
in radial vibration can be evaluated according to the
reference [10], and the PZT, thus, will have the frequency
near 24 kHz. Therefore the measurement was considered
in the frequency range from 22 to 26 kHz to find the
lowest resonant frequency with 10 volt peak to peak.
By taking all the images at the modulation frequency
range with increment of 0.01 kHz controlled by the func-
tion generator (Agilent 33120A), we obtained a total
of 401 images with all the other experimental conditions
fixed. Analysis for each picture was performed over the
exact same spatial region. For the circular area of 18,980
pixels, Vision Builder counted the number of pixels and
calculated the standard deviation and the mean value.
The resultant plot of the standard deviation and mean
value of intensity are shown in Fig. 3. Fig. 3-(a) shows
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FIG. 3. (a) Standard deviation of intensity as a function
of frequency between 22 and 26 kHz. (b) Mean value
of intensity as a function of frequency for the same range.

FIG. 4. Captured images through CCD camera for
(a) the vibration-off state and (b) the vibration-on state
at the resonant frequency of 24.16 kHz. The contrast of
the image was greatly relieved for (b).

that the maximum speckle reduction occurred at 24.16
kHz, which is the lowest resonant frequency of the PZT
to radial direction. It is interesting that the shape of
Fig. 3-(b) is roughly turned upside down. This phenom-
enon can be contributed to the removing of optical power
loss due to speckle disturbance.
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FIG. 5. (a) Logarithmic scale of the number of pixels

as a function of intensity. (b) Reduction ratio for all
range of intensity based on the result of (a).

In order to check the vibration effect, captured images
of the vibration-off/on states at the resonant frequency
of 24.16 kHz are shown in Fig. 4. We see speckle noise
with high contrast in Fig. 4-(a), on the other hand, the
speckles are reduced by the vibration, and the contrast
between bright and dark region is relieved by time-
averaged smoothing in Fig. 4-(b).

Even though the effect of radial oscillation can be
confirmed by the naked eye, we analyzed all the pixels
in the selected area to investigate the effect quantitatively.
18,980 pixels in the green circular line of Fig. 4 were
analyzed and note that exactly same location was also
observed to obtain the data of Fig. 3. By grading that
pure black color has an intensity of zero and that white
color has an intensity of 255, the intensity of the output
beam can be identified among 256 levels. After acquiring
all data, the intensity was rescaled from zero to unity.
The result of this quantitative comparison between
vibration-off and -on states is plotted in Fig. 5-(a) by
counting the number of pixels for all 256-graded intensity.
Based on this data, the reduction ratio could be achieved
by dividing the difference of the number of pixels corre-
sponding to each intensity between two states into the
number of pixels of the vibration-off state. Therefore
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FIG. 6. Line profile of the output beam for the remarked
as green line in Fig. 4 for both normal and vibrating states.
Disordered line somewhat modified flatly at the illuminated
region.

the reduction ratio means how many pixels corresponding
to the intensity vanished or increased. The result of this
calculation is shown in Fig. 5-(b). An apparent difference
is shown in the figure that dark pixels were removed
and bright pixels were increased by the oscillation of
the actuator; the dark pixels weaker than intensity of
0.3 were almost all removed and the ratio decreases until
0.5. The numbers of pixels are commonly conserved or
slightly increase in the range from 0.5 to 1.

We easily guess that the line profile of the fiber output
at the normal state will have a jagged form. The goal
of this study is to make such an unstable beam profile
more uniform. According to above result of the experi-
ment, it is expected that the piezo-fiber assembly would
mitigate this unstable profile into pulse shape or Gaussian
type. The measurement was taken at the line in Fig.
4, and the result is shown in Fig. 6. You can see that
the line profile somewhat changed as a form with reduced
noise, especially at the position near 50, 125, and 150
where the homogeneity of the beam was greatly improved
and therefore the output image became more flat-topped.

III. DISCUSSION AND CONCLUSION

We have experimentally studied the effective speckle
noise reducing method in 50 um graded index MMF
using phase modulation and mode coupling with a piezo-
electric actuator oscillating in the radial direction. Speckle
noise has generally been used in optical signal processing
and there have been experiments to measure only the
spatial coherence function of the laser beam qualitatively
by comparing experimental images with theory [11].
However, in this paper, quantitative analysis of speckle
reduction was investigated for the first time by digital
images using a CCD camera with the National Instrument
IMAQ Vision Builder. The analysis was restricted to
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near-field region to find a potential as a beam homoge-
nizer in the area of fiber laser marking applications. It
was shown that the proposed method can reduce speckles
significantly especially for the pixels having extremely
low intensity due to phase modulation by radial oscillation
of actuator.

Although we could not achieve the perfectly flat beam
type, the authors found ample potential of the beam
homogenizer which can be developed as an integrated
circuit owing to its considerably reduced mechanical size
of operation. Because time-averaged smoothing depends
on the performance of the piezoelectric actuator, the
reduction ratio and the homogeneity of the beam will
be surely improved with larger oscillation amplitude by
adopting higher performance of piezoelectric material
or by using an RF signal amplifier to raise the driven
voltage.

Further investigations on far-field speckle patterns
are being pursued by the authors as well as for other
types of optical fibers such as a hard polymer cladding
optical fiber. We expect that the proposed speckle
reduction technology would find viable applications in
fiber laser marking systems.
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