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Abstract

Speckles in images formed by a laser beam are interference noise arising due
to coherent nature of laser radiation. As the number of projection systems
using laser light sources increases, new methods and devices appear for re-
ducing the contrast of speckle-noise and thereby suppressing it. Taking into
account the long-standing nature of the problem and the continuing relev-
ance of its solution, this review discusses modern practical methods and de-
vices—despecklers, used to reduce the speckle contrast and to achieve high
quality of projected images. The review discusses the nature of the speckles
appearance, considers their statistical properties, and describes the measure-
ment of the speckle contrast. The requirements for despecklers are consi-
dered, the most important of which are speckle suppression efficiency, sim-
plicity of design and compactness, low power consumption and low optical
loss. The characteristics of different types of despecklers, including diffusers,
devices based on electroactive polymers, optical waveguides, colloidal solu-
tions and liquid crystals, as well as orthogonal phase matrices and diffraction
gratings proposed as despeckers, are examined in detail. It is shown that des-
pecklers with decorrelation of the phase front based on the mirror deforma-
tion and optical fiber have less light losses. Electro-optical-liquid crystal des-
pecklers do not have mechanically deformable or moving elements that re-
duce the reliability and durability of operation, and are more compact and
simple in design. A comparative table of characteristics of the most effective
despecklers in which the speckle contrast is reduced to ten percent or less,
with an indication of their advantages and disadvantages, is given.
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1. Introduction

Despite the obvious advantages of laser light sources (wide color spectrum, high
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brightness, long lifetime, directivity, high optical power, etc.) in comparison
with traditional lamps and light-emitting diodes (LEDs), the presence of light
spots—speckles in the image generated by a laser prevents widespread use of
lasers in projection systems. Speckles are interference noise and arise due to the
coherent nature of laser radiation [1]. Speckle-noise reduces image quality and
the observer’s ability to see fine details in images.

Speckle-noise in the observed images can be reduced by averaging it directly
on the screen or by destroying the phase relationships in the laser beam, that is,
before projecting the images onto the screen. The averaging of the speckle
structure on the screen is achieved using a rapidly moving (for example, rapidly
rotating) light-scattering diffuser [2]. In the known development of a holo-
graphic memory [3], more uniform holographic images were observed when two
diffusers moved relative to each other.

It is clear that a screen with mechanical movement is not the best solution of
the problem. The speckle suppression device—despeckler (Figure 1(a)), based
on the destruction of phase relationships in the laser beam, seems to be more
compact and efficient, but it should have a much higher resolution—on the or-
der of hundreds and even thousands of 1/mm (due to the need for subsequent
beam expansion to screen size), and should not degrade the intensity of the laser
beam and its directivity. Such a device was originally [4] a transparent phase
mask with a random spatial distribution of the phase with a depth of the order of
7, realized using a rapidly rotating bleached photographic plate previously ex-
posed through a diffuser (usually frosted glass).

Many other methods and devices for suppressing speckle structures are known
as well that have appeared in recent years. Taking into account the continuing
urgency of the problem, below a review of modern practical methods and devic-
es is presented for effectively reducing speckle contrast in a laser image and the-
reby suppressing speckle-noise in it.

Experiments have shown that a despeckler can be recognized as effective,
which is capable of providing a speckle pattern contrast of less than 3% for still
images [5] and no more than 5% for moving images [6]. In this case the observer
does not notice the noise practically [7]. However, we will consider below the
methods and devices providing the value of speckle contrast at the level of about
10%, when the quality of the generated image is quite acceptable. This will allow
taking into account different (sometimes unknown) settings of measurement
parameters used in different devices. Besides, some methods can be still im-
proved or be of interest and unordinary for readers. A qualitative comparative

assessment of considered methods and despecklers will be given also.

2. Nature and Measurements of Speckles

2.1. Formation of Speckle Structures

Laser radiation has a high degree of temporal coherence (monochromaticity)

and spatial coherence [8] [9]. When it illuminates randomly inhomogeneous
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Figure 1. General scheme of formation and registration of interference speckle structures
in the image formed by a laser projector (a) and a simplified scheme of their observation
on the screen (b).

objects, such as, for example, a rough surface or a transparent medium with a
refractive index varying in space, as a result of the interference of laser beams,
the intensity of the reflected or transmitted wave is characterized by large spatial
fluctuations due to the overlap of many out-of-phase scattering or blurring func-
tions, each of which corresponds to its point (its heterogeneity) of the object.

In Figure 1(b) by the example of a rough surface a diagram of the formation
and observation (registration) of such fluctuations is showed. They lead to the
formation of a complex spatially spotty structure of the light field—a speckle
structure and, accordingly, to the formation of a speckle pattern in the image,
which is, in fact, speckle-noise in it.

The resulting field amplitude (Figure 1(b)) at an arbitrary observation point
P, taking into account the contribution of phase shifts Ag, and the amplitudes
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a, of each elementary wave scattered by surface or medium inhomogeneities, is
determined as

U(R)=a,exp(iap, ) = AR )exp(in(R,) M

n=1

where N is the total number of independent sources of secondary waves on the
illuminated area of a surface [10].

In this case, if the roughness or spatial inhomogeneities have a random cha-
racter over the area of the object, then the resulting interference spots will be lo-
cated randomly in the observation plane also (Figure 2). If the surface of an ob-
ject is rough on the scale of optical wavelengths (a common situation in prac-
tice), then the image looks grainy, with many light and dark spots that have no
visible connection with the macroscopic scattering properties of the object [11],
[12]. Contrast pronounced speckle structures are observed when phase shifts are
in the range of 0 ... 2m radians. It is sufficient for this, for example, that the
heights of the surface inhomogeneities are comparable to the wavelength of the
incident light.

Thus, a speckle structure is a random interference pattern, which is formed
due to mutual interference of coherent waves with a random set of intensities

and/or random phase shifts [10].

2.2. Statistical Properties of Speckles

An aggregate of a large number of elementary light sources having phases and
amplitudes statistically independent of each other is a diffuse scattering source.
It is assumed that the illuminated section of the diffuse scatterer is much larger
than the area of an individual elementary source, and the phases are uniformly
distributed in the interval (=7 ... +m). Speckle fields formed during scattering of
radiation on such diffuse scattering sources are called developed speckle fields,
and speckle structure is called developed speckle structure.

Since we do not know the detailed microscopic structure of a complex wave
front leaving a scattering object, we use statistical approach to the question of

the speckle structure properties. One of the important statistical characteristics

(a) (b)

Figure 2. An example of an image in the presence (a) and in the absence (b) of speckle
structures as interference speckle-noise (Ref. [13], Figure 10).
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of the speckle structure is the intensity distribution density I in a certain point in
the image.

In many fields of physics, and in optics in particular, one has to deal with
complex random variables, which are the sum of many small “elementary” com-
plex contributions. The role of such complex numbers is often played by the
so-called phasors [12], which characterize the amplitude and phase of the dis-
turbance of a monochromatic or quasi-monochromatic wave.

The total complex wave amplitude (resulting phasor), formed due to scatter-
ing on a set of small independent scatterers, is the sum of random phasors and is

defined as:

A= Ae’ = LZ'{ a e 2)
where a, is the amplitude, and ¢, are the phases of each elementary wave, N is
the number of complex contributions (complex phasors).

To simplify the analysis, the following assumptions are made [14]:

o The amplitude a, and the phase ¢, of a specific elementary wave are statisti-
cally independent of each other.

o The amplitude a, and the phase ¢, of any elementary wave are statistically
independent of the amplitudes and phases of all other elementary waves
(uncorrelated).

o The phases are evenly distributed in the interval (—m, 7).

The intensity /and the amplitude A are related as follows:
| = A? (3)

when Nis infinite, the joint probability density function of amplitude and phase

can be expressed as:

A A
Py, (A0)= exp| — . 4
wo (A.0) 2no? p( ZO'ZJ @
Then the probability density function of the amplitude is the Rayleigh distri-
bution:
A A?
P.(A)=—¢exp| - 5
W (A)=— p[ ZGZJ (5)
Considering that

20)= P ()G 53 1) ®

the corresponding probability density function of the intensity for 7> 0 can be

represented as:

i (I):geXp(_ 2;2 j 2} - 2:;2 eXp[_ 2¢I72j @)

The values of this distribution are easy to find by direct integration, and a re-

sult is
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1"=(25%) q! (8)

It can be seen that the average intensity | is equal to 2o,. Therefore, the

equivalent statement is that the g-th result is defined as follows:
19=T9q!, 9)

and the probability density function can be rewritten as:

ool 1)

Speckles with such intensity distribution are called fully developed speckles.
Dispersion and standard deviation of the intensity for the current case are de-

termined as

12=21%, ot =21%, o, =1. (11)

An important characteristic of speckles, characterizing the degree of noise in a

speckle pattern (speckle structure), is speckle contrast, which is defined as the

ratio of the standard deviation of intensity fluctuation to the mean value of the
intensity C= o/</> [1]. Differently,

C=

g (12)
|
that is, the speckle contrast characterizes the depth of spatial modulation of the
scattered radiation and shows how strong the intensity fluctuations in the
speckle sample are compared to the average intensity.
In this case, the signal-to-noise ratio is the reciprocal value of the speckle con-

trast and is defined as:

=—=— (13)

Speckle contrast values range from 0 to 1 (or from 0% to 100%). Therefore, at
C = 1, the intensity fluctuations of the fully developed speckles are of the same
order of magnitude as the average value. In practice, developed speckle fields
with the maximum possible value of speckle contrast are observed when wide
laser beams are diffracted on a highly rough surface or a strongly scattering
transparency [10]. For fully developed speckles, the signal-to-noise ratio is also
1.

2.3. Measurement of Speckle-Noise

Depending on the optical scheme for observing speckle patterns, objective and
subjective speckles are distinguished [10]. An objective speckle pattern is formed
in free space and can be recorded if a photographic film or the CCD matrix itself
(without a lens) is placed in the observation plane. In this case, the formed
speckle pattern depends on the geometry of the scheme and the coherent radia-
tion wavelength. The diagram of the formation of an objective spectrum pattern

is shown in Figure 3(a).
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Figure 3. Optical schemes for the formation of an objective speckle pattern (a) and sub-
jective (b).

A subjective speckle pattern occurs when a scattering surface is displayed on a
screen due to an optical system. Thus, if we photograph a speckle picture with a
camera, we will get a subjective picture, since its parameters will already depend
on the lens of the camera. In this case, the detailed structure of the subjective
speckle pattern depends on the parameters of the imaging optical system and its
location. The optical scheme of the formation of a subjective spectrum pattern is
shown in Figure 3(b).

When the same CCD is used, and a size of objective and subjective speckles is
the same, the speckle contrast measured in the image plane, is in good agree-

ment with that when measured in free space [7] [15].

2.4. Methods for the Formation of Uncorrelated Speckle
Structures

If a rough surface is illuminated by coherent light, the intensity distribution in

DOI: 10.4236/0pj.2020.1010023

225 Optics and Photonics Journal


https://doi.org/10.4236/opj.2020.1010023

I. Kompanets, N. Zalyapin

the resulting speckle pattern depends on the properties of the rough surface, the
direction of incidence and observation of the laser beam, the temporal and spa-
tial coherence of radiation, as well as on the polarization and phase distribution
of the light wave field scattered by the object [16]. If at least one of the parame-
ters changes instantly or sequentially, the speckle-noise can be reduced.

For M uncorrelated speckle structures, the contrast of the resulting speckle
pattern can be reduced in accordance with the law C = o-/ (I > = ]/N [1], and
uncorrelated speckle structures can be obtained from a given object by means of
selection on time, space, frequency or polarization. Table 1 shows various me-
thods of speckle reduction (suppression) through the instantaneous and sequen-
tial formation of uncorrelated speckle structures.

When creating time-varying independent speckle patterns, one should take
into account the integration time of the human eye, which is about 30 ms. Dur-
ing measuring speckles, the camera integration time should be comparable to

the eye integration time.

3. Methods and Devices for Suppressing Speckles
3.1. Despecklers of Electromechanical Type

3.1.1. Moving Diffusers
Consecutive uncorrelated speckle patterns can be created by a moving (often ro-
tating) diffuser-scatterer through which a laser beam passes. This is the earliest
and most widely used speckle suppression method. Such diffusers can generate
many uncorrelated speckle patterns. Reduction of contrast and suppression of
speckles is achieved in them by averaging speckle structures temporarily.

In 2013, a despeckler was announced, which was an optically rough diffuser
with a certain scattering angle [18]. It rotated, and due to the different areas of
the diffuser exposed to illumination, different phase functions were superim-

posed on the light beam. The higher the roughness of the diffuser or the higher

Table 1. Methods for the formation of uncorrelated speckle structures [7] [17].

Decorrelation object

Temporal coherence

Broadband light source;
Many light sources of different wavelengths

Instant averaging Sequential averaging

Dynamic wavelength variation (e.g. tunable laser)

Using a spatially expanded light source;
Dividing a light source into spatially incoherent sub-sources by

Spatial coherence breaking temporal coherence; Movement (scanning) of a coherent light spot
Simultaneous illumination of different areas of the object with

several incoherent light sources

Wave field direction

directions

Polarization

Phase front

Simultaneous illumination with multiple light sources of different

Splitting a light source into two temporary incoherent tracks with
linear polarization changes

Dynamic changing the angular spectrum

Dynamic changing the state of polarization

Dynamic diffuser;
Vibrating multimode fiber
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the rotation speed, the greater the temporary degree of freedom M. By choosing
a suitable diffuser scattering angle, the speckle contrast was reduced to 4%.

In [19], a rectangular homogenizing light tube was proposed in the path of the
illuminating optics of the projector, which, like a rotating diffuser, rotates to
create a variety of angles. Thus, it was possible to achieve a speckle contrast
7.5%.

A despeckler similar in principle [20] consists of two diffusers rotating in op-
posite directions with different angular velocities, and a spatial filter limiting
opening the cone of scattering and speckle decorrelation.

Power Technology, Inc. [21] also offers on a market the simple “IQ7 laser
speckle reducer” in the form of a rather long tube (Figure 4(a)), in which a ho-
mogeneous diffuser is placed that scatters the beam into an angle of 1°, 10” or
20° for different applications. Speckle suppression is available in the wavelength
range from 405 to 808 nm.

Suppression of speckles in such systems is accompanied with a deterioration
in the quality of the light beam and an increase in its divergence. In addition,
purely mechanically moving devices are less reliable and durable, and are diffi-
cult to be compact.

A vibrating diffuser is more compact (Figure 4(b)). It is located in the inter-
mediate plane of the image and vibrates in a purely sinusoidal mode with a fre-
quency of about 100 Hz and an amplitude of about 60 pm [22]. As shown theo-
retically, in this mode, the temporal degree of freedom M becomes infinity, and
a low speckle contrast is achieved (C = 3.4%). However, if the diffuser has
non-sinusoidal movement or is not positioned exactly in the intermediate plane,

the speckle suppression performance is significantly degraded.

3.1.2. Electroactive Polymers
The company Optotune (Switzerland) proposed a speckle suppression method
[23], brought to commercial use in the form of the LSR (The Laser Speckle Re-
ducer) despeckler (Figure 5). It uses a diffuser that is periodically displaced in
space for a short distance.

The diffuser is mounted on an elastic membrane made of electroactive poly-
mer, which contracts and thickens, depending on the presence of voltage on the

electrically conductive coatings attached to it, and thereby moves the diffuser

(a) (b)

Figure 4. (a) Despeckler by power technology, Inc. with a homogeneous diffuser [21]; (b)
Despeckler with a vibrating diffuser (Ref. [22], Figure 2).
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Figure 5. Despeckler LSR-5-17 from optotune (Ref. [23], Figure 1).

forth and back. A different speckle pattern is generated for each individual dif-
fuser position. During the integration time, the superposition of speckle struc-
tures results in homogenization of the observed light pattern [15].

Electroactive polymers are known as “artificial muscles”. Flexible electrically
conductive surfaces are attached to the top and bottom of a thin elastomeric
film. When voltage is applied to the electrodes, they both attract each other and
thus compress the elastic film (Figure 6).

The maximum reduction in speckle contrast achieved with an LSR is deter-
mined by its optical system. The greatest reduction occurs at high frequencies
and high vibration amplitudes, in high-resolution diffuser samples and at long
integration times. As in all methods with diffusers, the increase in the divergence
of the laser beam should be within acceptable limits, and this increase is more
significant for very shallow diffuser structures. The efficiency of LSR application
increases with decreasing a diffuser surface roughness, since the smaller the
grain size, the more completely uncorrelated images are within the diffuser
swing. Unfortunately, as the roughness size decreases, the laser radiation diver-
gence increases.

Table 2 shows the characteristics of Optotune LSR despeckers [24]. For
LSR-5-17 with an oscillation frequency of 280 Hz, an amplitude of 600 um, a di-
vergence of 20°, a roughness size of about 9 um, and an integration time of 10

ms, the speckle contrast value was no more than 2% [23].

3.2. Fiber Based Despecklers

3.2.1. Using the Multimode Optical Fiber and Piezoelectric Vibrator

One of the effective ways to obtain time-consistent uncorrelated speckle struc-
tures is the use of multimode optical fibers. The superposition of contributions
from different fiber modes on the output surface forms a speckle pattern that
can change over time as a result of fiber bending or vibration. The paper [25]
describes a technique for reducing speckle contrast in multimode fibers using a
piezoelectric vibrator (Figure 7) and investigates factors affecting the speckle
contrast: the diameter and shape of the fiber core, fiber bend radius, vibration
frequency, time of speckle pattern registration by a camera, etc.

Table 3 summarizes the characteristics of the multimode fibers used for this
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Figure 6. Electroactive polymer in the absence (a) and in the presence (b) of an electric
voltage at the electrodes (Ref. [23], Figure 3).
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000 %
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Figure 7. Scheme of despeckler operation based on multimode optical fiber and piezoelectric vibrator (Ref.
[25], Figure 1).

Table 2. The main characteristics of the despeckler LSR-5-17 [24].

Dimensions, mm 17 x17 x 3.8
Weight (only LSR/with electronics), g 1.44/2.55
Power supply unit (micro-USB interface), Vpe, V 5
Power consumption (with standard electronics), mW 310
Electrode capacity, pF 75
Working temperature, ‘C -30... +85
Speckle structure contrast, C, % 2

Table 3. Characteristics of the used multimode fibers [25].

Fiber  Coresize, yum Cladding diameter, ym NA Fiber type
A 115 200 0.22 Silica core/Silica cladding
B 210 300 0.57 Silica core/Polymer cladding
Hept: 1
o 250 350 0.57 cplagona’ core

Silica core/Polymer cladding

D 480 500 0.50 Plastic Optical Fiber

study. Fibers A, B, and C had a round core, while the fiber C had a polyhedral
core. The size of the 7-angles fiber core C was measured through the diameter of
the inserted circle.

For fiber A, the dependences of speckle structures on the vibration frequency,
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as well as on the conditions of the laser beam incidence and the fiber bending
radius, were investigated. Figure 8 shows the dependence of the speckle contrast
on the vibration frequency. The excitation frequency was varied from 0 to 23
kHz. The highest efficiency (about 14% and 10%) of speckle suppression was
achieved at frequencies of 3 and 20 kHz, which corresponds to the resonant fre-
quency of the basic and higher orders, respectively.

The efficiency of reducing the speckle contrast using a multimode fiber de-
pends on the mode of the light beam propagation in it. There were two types of
modes: meridional and oblique. The meridional modes in a fiber are associated
with the passage through its central axis. The oblique modes propagate through
the fiber on helical trajectory, without passing through its central axis. Accor-
dingly, both modes of rays propagation were considered: through the center of
the fiber (meridional modes) and with an offset of 50 um from the center of the
core (oblique modes).

Figure 9(d) and Figure 9(e) show speckle patterns and linear intensity pro-
files in them with vibration switched on for the conditions of the beam propaga-
tion through the center of the fiber and with its displacement, respectively. The
vibration frequency was set at 20 kHz. Speckle-noise was more efficiently sup-
pressed when the beam was displaced from the center as compared to the condi-
tion of its incidence into the center of the fiber.

Figure 9(c) and Figure 9(f) show speckle patterns and linear intensity pro-
files in them under the condition of light beam incidence into the center of the
bent fiber with vibration on and off, respectively. The minimum speckle contrast
achieved in this experiment was 0.091.

The efficiency of speckle-noise suppression was also evaluated for various
types of fibers, the results of which are shown in Table 3.

Figure 10 shows speckle patterns and linear intensity profiles in them for

0.6
0.5 |
0.4
0.3

0.2

Speckle Contrast

Exposure time ; 3 msec
01 f Input NA: 0.10 (center incidence)
’ Fiber bending : Radius 25 mm, 3 turn

0 1 1 1 1
0 5 10 15 20 25

Frequency [kHz]

Figure 8. Dependence of speckle contrast on vibration frequency (Ref. [25], Figure 3).
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Figure 9. Speckle patterns of the near field and linear intensity profiles in them for fiber
A [25]. The profiles are highlighted within a circle framed by white dashed lines. Speckle
contrasts are calculated within this circle (Ref. [25], Figure 2).

various types of fibers. Near-field patterns were observed for the multimode fi-
ber B with a core diameter of 210 um and a numerical aperture NA = 0.57. For
the input of the laser beam, the NA value was 0.10.

Fiber B, like A, had a round core and was wound into 1 ring with a bend ra-
dius of 35 mm. The observed diagrams for vibration off and on conditions are
shown in Figure 10(a) and Figure 10(d), respectively. Speckle-noise is well
suppressed by vibration, since an almost flat profile surface is obtained. Like the
fiber A, the near-field speckle pattern had a flat top profile only when bending
was applied to the fiber.

For multimode fiber C with a heptagonal core, the observed patterns and
intensity linear profiles for vibration off and on are shown in Figure 10(b) and
Figure 10(e), respectively. Speckle-noise is well suppressed by vibration. Un-
like the fibers A and B with a round core, a flat top profile was obtained with-
out bending fiber C. The same effect can be expected in other fibers with a
non-circular core, such as square core, rectangular core, pentagonal core, hex-
agonal core, etc.

Figure 10(c) and Figure 10(f) show the output diagrams of a plastic optical
fiber without vibration and with vibration, respectively. Speckle-noise was effec-
tively suppressed by vibrating the fiber.

Although plastic fiber has a high speckle reduction ability, it is not suitable for
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Vibration
OFF
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Figure 10. Output speckle patterns and linear intensity profiles in them for different
types of fibers. Profiles are highlighted within a circle framed with white dashed lines.
Speckle contrasts are calculated within this circle (Ref. [25], Figure 5).

the purpose of effective reducing the speckle contrast. The first reason is the
large numerical aperture. Due to the high sensitivity of such fibers to stresses,
modes were mixed in them, and the numerical aperture of the output beam be-
came almost equal to the numerical aperture of the fiber. However, higher out-
put numerical aperture requires higher NA optics, which is more complex and
expensive. The second reason is the high losses in optical signal transmission in
a plastic fiber, much higher than in a quartz fiber. There is also a third reason,
which is that, a plastic fiber can only be used at low laser power because its
heating and low thermal stability.

The speckle contrast value obtained using the round fiber was 0.056, and us-
ing the heptagonal core fiber was 0.067. However, in opinion of the authors, a
fiber with a non-circular core shape can be more effective in reducing speckle
contrast, since it does not require the use of the fiber bending effect and, thereby,
allows creating a more compact despeckler.

It should be noted that often even small turbulences in the air surrounding the
fiber, or insignificant changes in its temperature, are enough to change the

speckle pattern on the output surface.

3.2.2. Suppression of Speckle-Noise Using the Multimode Fiber and
Macrofiber Composite

In [26], a speckle-noise suppression method was proposed using a flexible and
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lightweight laser module based on a combination of multimode fiber (MMF)
and macrofiber composite (MFC). For the experiment, two types of fiber were
selected with the characteristics shown in Table 4, as well as a macro-fiber
composite (Figure 11) manufactured by Smart Material Corp. (type: M8514-P2)
serving as a driver for the MMF vibration.

Macrofiber composite (Figure 11) consists of three main components: piezo-
ceramic rods made of lead zirconate titanate, a pair of thin polyimide films (top
and bottom) with etched conducting electrodes, and two layers of adhesive ma-
trix material.

In order to increase damage resistance and flexibility with respect to mono-
lithic ceramics, aligned rectangular piezoceramic rods (bonded with a matrix
adhesive) are sandwiched between layers of an adhesive matrix material and a
polyimide film. The electrodes are attached to a film that transfers the applied
voltage directly to the strip rods. The adhesive binds the drive components to-
gether. When voltage is applied to the electrodes of the device, the device is
compressed due to the piezoelectric effect. The MFC generates vibrations as a
result of the periodic contractions and stretches.

The experimental setup with a low coherent light source and using a combi-
nation of MMF and MFC is shown in Figure 12. A laser diode with a center wa-
velength of 520 nm is used as a source of laser radiation. Behind it, a linear pola-
rizer for adjusting the light intensity is placed. The laser beam inputs into the
MMEF through a fiber optic connector with a glass lens of 4.6 mm focal length. A
diffuser is installed just after the MMF exits for additional light scattering.

Table 4. Specifications for two types of multimode fiber (MMF) with different numerical
aperture (NA) [26].

Refractive index of

Fiber Length,m Core diameter, um Fiber diameter, pm NA core/cladding
A 0.4 1470 1500 0.51 1.492/1.402
B 0.4 400 970 0.22 1.457/1.439

(a)

M Electrodes Adhesive matrix material
B Polyimide films M Piezoceramic rods

Figure 11. (a) Structure of macrofiber composite (MFC). (b) Shrinkage of MFC upon ap-
plication of constant voltage. (c) Front and side surfaces of the packaged MFC (Ref. [26],
Figure 1).
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Figure 12. Schematic of an experimental setup with a combination of multimode fiber (MMF) and
macrofiber composite (MFC) (Ref. [26], Figure 2).

Speckle pictures are captured by a CCD camera without an imaging lens at-
tached. The CCD camera has a resolution of 1280 x 1024 pixels with a pixel size
of 52 pm x 5.2 um. The multifunction generator generates sinusoidal voltages
that are amplified by the high-voltage amplifier for driving the MFC and cause
the fiber to oscillate periodically.

The dynamic speckle patterns generated by the MMC vibration were averaged
over the exposure time by the CCD video camera or the observer’s eye (reaction
of 30 ms).

The frequency dependences of the speckle contrast for fibers A and B are
shown in Figure 13. The excitation voltage was fixed at 100 V. The excitation
frequency of the MFC was varied in 10 Hz intervals in the range from 0 to 200
Hz. Although higher resonant frequencies can also be used, the typical inertia
time of the eye is ~30 ms (corresponding to 33.3 Hz), and all speckle patterns
created to reduce speckle contrast had to be used within one MFC working pe-
riod.

The highest efficiency of speckle suppression was achieved at resonance fre-
quencies of about 20 Hz and about 80 Hz in the fiber A and at 60 Hz and 120 Hz
in the fiber B. To evaluate the efficiency of speckle suppression depending on the
control voltage, frequencies of 80 Hz for the fiber A and 120 Hz for the fiber B
were chosen. Experimental dependences of speckle contrast and efficiency of
speckle suppression on the control voltage for the fibers A and B are shown in
Figure 14.

From the point of view of speckle suppression, the most effective excitation
conditions were the following: 80 Hz, 150 V for the fiber A and 120 Hz, 150 V
for the fiber B. Under these conditions, the speckle contrast decreased from 0.43
to 0.08 for the fiber A and from 0.48 to 0.19 for the fiber B. Consequently, the
most efficient fiber was the fiber A, which had a higher numerical aperture.

3.3. Despecklers Displaying Orthogonal Functions

In [27], a speckle suppression method was described using a space-time phase
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Figure 13. Relationship between the speckle contrast ratio and the excitation frequency of the macrofiber

composite (Ref. [26], Figure 3).
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Figure 14. Relationship between speckle contrast (black line), speckle reduction efficien-
cy (blue line), and macrofiber excitation voltage (MFC) for fiber A (circles) and fiber B
(triangles) at optimized frequencies (Ref. [26], Figure 4).

light modulator, for example, a liquid crystal one, which is a matrix of separately
addressable liquid crystal cells. When controlling the electric voltage using a
specially developed computer program, such a spatial light modulator (SLM) in
real time can display various orthogonal matrices of phase shift of 0 and n cor-
responding to the Hadamard, Walsh or other orthogonal functions [27] [28]
[29].

An example of a phase mask corresponding to the Hadamard matrix is given
in [29] [30] and is shown in Figure 15. Here, in the matrix elements (pixels),
conventionally painted in black, there is no phase shift, and in the unpainted
ones it is equal to T, or vice versa.

The formation of the Hadamard matrix and the reduction of speckle contrast

were demonstrated [31] on a laser projection display with Grating Light Valve
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(GLV)—a one-dimensional spatial light modulator based on MEMS and with a
scanner—galvanometer mirror for obtaining a two-dimensional image of 1080 x
1920 pixels on the screen. A diffuser was also used in the intermediate plane of
the image to reduce the contrast of speckles. In this configuration, the value of
the contrast of speckle structures was reduced to 8%.

The formation of binary phase matrices and their use for suppressing speckles
was also tested in [32] [33]. To simplify the fabrication of matrices and control
electronics in [13] the two-dimensional binary Hadamard phase matrix was re-
placed by two one-dimensional binary phase matrices located next to each other.
To prove the concept that the effect on light did not change, binary phase codes
were etched in the glass. The result of the experiments was a decrease in speckle
contrast to a level of 9%.

At present, purely phase modulation of light, which is in great demand in ho-
lographic applications, is most easily accomplished in SLMs-transmission type
liquid crystal microdisplays using the electro-optical effect of controlled bire-
fringence [34]. For example, the company HOLOEYE [35] offers a GAEA mi-
cro-display with a format of 3840 x 2160 pixels, with a pixel pitch of 3.74 pm
and an image change rate of 30 Hz. Phase only SLMs PLUTO and LETO with a
format of 1920 x 1080 pixels (HD) and a step of 8.0 and 6.4 um respectively have
the frequency of 60 Hz. Reflective micro-displays based on the LCoS structure
(liquid crystal on a silicon substrate with control microcircuits manufactured in
it) have similar parameters in resolution, but a significantly higher (up to 120
Hz) frequency of image change.

It should be admitted that the use of an electro-optical medium, divided onto
light modulation channels (pixels), with an electronic addressing device for each
channel, 7e. in fact, a whole display (microdisplay), strongly complicates and in-

creases in price the optical speckle suppression system. Because of decreasing the
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working aperture (due to the presence of control electronic elements and the
gaps between matrix elements) the light losses in such a device are quite large.
Moreover, the periodic structure of the matrix introduces distortions of the wave
front of coherent light, resulting in distortion of the image on a screen. Elec-
tronic control of the spatial light modulator is also a separate complex problem.

Therefore, such a despeckler did not receive practical use.

3.4. Despecklers Using Mirrors

3.4.1. Phase-Randomized Deformable Mirror

Irish company Dyoptyka has developed phase randomized deformable mirror
technology to improve illumination uniformity and reduce speckle contrast and
other unwanted interference effects that can be observed in laser-illuminated
displays [36].

The appearance of a deformable mirror in inactive and active states is shown
in Figure 16. To create randomly distributed surface deformations and ensure
their consistent behavior over time, an electronic control system based on mul-
tilayer piezoceramic elements is used. The deformable mirror substrate can be
silicon or glass. The mirror coating is made of silver or dielectric (for higher ref-
lectivity, but its cost increases significantly). Typical deformations of the mirror
surface are <1 pm in amplitude) and >100 kHz in frequency. Speckle contrast is
further reduced by the deformable mirror due to angular separation.

For digital cinema projectors, the company has developed deformable mirrors
with an active area of about 40 x 60 mm?, which can withstand up to 100 W of
continuous optical power without destruction. A deformable mirror with an ac-
tive area of about 3.0 x 4.5 mm® and a power consumption of <30 mW has been
developed for accompanying and built-in pico projectors. Piezoelectric actuators
with a nominal service life of 100 thousand hours are used. The 99% reflectivity

in the visible wavelength range was achieved using a dielectric mirror coating.

(®)

Figure 16. External view of a deformable mirror in inactive (a) and active (b) states (Ref.
[36], Figure 6).
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Surface deformations are within the elastic deformation of the mirror substrate
and coatings and do not cause damage. The polarization of the radiation is also
conserved.

The main characteristics of the Dyoptyka despeckler are shown in Table 5.
This device provides a speckle contrast value of about 3%.

3.4.2. MEMS-Mirror with Two-Dimensional Beam Deflection
To create uncorrelated speckle structures due to angular decorrelation, a mirror
is used [37], which reflects light beams at different angles (Figure 17). In es-
sence, it is a galvanometer-type microelectromechanical system (MEMS) with a
deflected compact and lightweight output mirror. The reflected laser beam hits a
random diffuser and is additionally mixed in the “light tube”, which results in
the appearance of independent speckle patterns, and, as a consequence, suppres-
sion of speckles.

A photo of a prototype MEMS mirror with a two-dimensional deflection of
the reflected laser beam and its design are shown in Figure 18. Its size is 16 mm
x 16 mm x 12 mm. With the help of this device, the speckle contrast value of

4.58% was achieved.

3.5. Using Colloidal Dispersion

In [38], a decrease in speckle-noise is achieved due to the generation of uncorre-
lated speckle structures when a laser beam passes through a cuvette with a col-
loidal solution of particles TiO, (Dupont Ti-Pure R-900, radius 205 nm) in a

Table 5. Main characteristics of the Dyoptyka despeckler [36].

Dimensions, mm 3.0x4.5
Voltage, V 5
Power consumption, mW 100
Working temperature, "C -40... +85
Speckle structure contrast, C, % 3
Diffuser _ | ) Lens \
Light pipe
MEMS mirror
t
1
t
2 >
: 7
Laser beam Computer CCD Screen
‘ :
LD 0

Figure 17. Scheme of operation of a despeckler based on a MEMC mirror (Ref. [37], Fig-
ure 8).
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Figure 18. Photo of a prototype two-dimensional MEMS mirror (right) and its compo-
nents (Ref. [37], Figure 4).

water. The particle density is 2 x 10" cm™. Such a solution acts as a diffuser
moving without external energy. Really, due to Brownian motion in a solution at
room temperature, uncorrelated speckle structures are generated rather quickly
(for about 1 ps).

The external view of the setup with the cuvette and its diagram are shown in
Figure 19. In order to minimize losses during the propagation of radiation
through the colloidal solution, the sides of the cuvette are covered with a thick
layer of white paint, which is highly reflective and has little absorption. To deliv-
er a laser beam (wavelength 532 nm) deep into the colloidal solution, a sin-
gle-mode optical fiber is used, providing a transmission of more than 90%.

Speckle contrast measurements are made as follows. The laser beam is input
from the free space into the colloidal solution from above, and in general, the fi-
ber tip is placed at a distance L from the cuvette bottom, and the total thickness
of the solution in the cuvette is ¢ (Figure 19(d)). The scattered laser radiation is
collimated by the objective (Figure 20(a)) and falls on a detector (CCD camera).

With the single-mode fiber tip at the top of the solution, the light is scattered
mainly at the top part of the cuvette (Figure 19(a)). When the tip is immersed,
radiation is visible in the lower part of the cuvette and on the sides (Figure
19(b)). With deep delivery of radiation into the colloidal solution, a strong radi-
ation output is observed through the bottom of the cuvette (Figure 19(c)). Due
to multiple scattering in a colloidal solution, the angular distribution of scattered
radiation emitted through the cuvette bottom is similar to the distribution of
radiation from a Lambert source.

Speckle patterns were recorded at different distances from the cuvette bottom.
Based on the contrast of the speckles, the number of independent speckle pat-
terns and the decorrelation time were determined as a function of L (Figure
20(d), Figure 20(e)). Without colloidal solution, the observed speckle contrast
was C = 0.34. The use of a colloidal solution made it possible to reduce the
speckle contrast value to C=0.032 at L= 5 mm.

Thus, the Brownian motion of colloidal particles results in both rapid tempor-

al changes in the laser beam and angular diversity, which makes it possible to
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Figure 19. Photographs of a transparent glass cell with a colloidal solution of TiO, par-
ticles in water (a, b, ¢) and a scheme of the setup operation (d) (Ref. [38], Figure 1).
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Figure 20 (Ref. [38], Figure 2). (a) Scheme of the experimental setup used to measure
speckle contrast; (b) Speckle pattern in the absence of colloidal solution in the cuvette; (c)
Speckle pattern in the presence of a colloidal solution in the cuvette; (d) Measured speckle
contrast as a function of the distance L between the fiber tip and the cuvette bottom; (e)
Number of speckle patterns M versus L.

rapidly reduce the speckle contrast to 3.2%. A significant advantage of using a
colloidal solution for speckle-noise reducing is that there is no need for external
power. However, to ensure stable operation over many years of service, it is ne-
cessary to control the chemical composition and electrostatic charge of the par-
ticles. In addition, a despeckler based on the use of colloidal solutions is quite

difficult to make compact.

3.6. Despecklers of Electro-Optical Type
3.6.1. Polymer Stabilized Nematic Liquid Crystal (PSLC) Twist Cell

In the work of Taiwanese scientists [39], a method for suppressing speckle-noise

using a liquid crystal (LC) stabilized by a polymer network with a high initial
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optical transmittance was proposed. For this, they used four samples of LC cells
with twist molecule orientation. These samples were obtained by mixing nematic
LC with photocurable biphenyl methacrylate monomers (OC) of various con-
centrations. Samples I (a concentration of 3 wt% OC), II (5 wt% OC), and III (7
wt% OC) were standard LC cells of 7.5 pm thick with transparent ITO electrodes
and a rubbed layer polymerized polyimide (orienting layer) on glass plates. In
addition to them, there was also a sample IV twist cell (a concentration of 5 wt%
OC) where LC was in a wedge-shaped gap with dimensions of 4.5 and 8 um on
different sides of the cell.

A polymer network is required to stabilize and/or blocking LC molecules at
different orientations in the layer (with different optical states), as well as to re-
duce the switching time and operating voltage. When a voltage was applied, a
large depth of light modulation was obtained due to light scattering caused by a
mismatch between the refractive indices of the reoriented LC layer and the po-
lymer network. In essence, it is an electric field-activated diffuser that is switched
off by switching off the voltage.

Figure 21 shows an experimental setup for studying light modulation in PSLC
cells, which includes a light source, lenses, a light modulating cell with a voltage
generator, and a measuring unit with a spectrometer.

Table 6 for all PSLC cell samples shows the minimum values of transmission
and contrast of speckle patterns, maximum values of the modulation depth and
the rate of speckle-noise reduction, as well as the applied voltage values corres-
ponding to them.

The results showed (see Figure 22(a) and Table 6) that the highest efficiency

AC
Spectrometer

ﬁber tip /

Ll LZ
DH-2000- :
0 0=
P

SLC project area

Figure 21. Experimental setup for studying light modulation using a PSLC cell at differ-
ent values of the control voltage (Ref. [39], Figure 3).

Table 6. Minimum transmission (7} ; ), maximum modulation depth (A7, ), minimum

max

speckle contrast (C,;,), maximum speed of speckle noise reduction (a,,,), voltage pro-

in

viding minimum transmission (V,, 7, ), and voltage providing minimum speckle con-
trast (V,, gnin) [39]-

Sample T % ATpo % Vi Toine V Coin Q> % Voo G V
I 43.0 42.8 5 0.050 47.6 3
il 35.3 47.6 7 0.043 54.7 6
I 40.0 39.2 10 0.052 54.7 6
v 38.1 44.8 10 0.025 74.7 10

DOI: 10.4236/0p;}.2020.1010023

241 Optics and Photonics Journal


https://doi.org/10.4236/opj.2020.1010023

I. Kompanets, N. Zalyapin

100 Fo) ) —O—Sample I
e ) =O=Sample 17
~ 80 IR=8= —/—Sample 11T
o\° b —A—Sample IV
: 60 : N o—8
L AN _pg-o-
==
(c) ' —_——
D b g kxR
40 N =g o o g = NONNEY NN
& : A/A B~o<g
~ |
o : / Voltage(V)
N~ 20 - VI 95 4 8
*-k-¥// ~
- * 590 fsfr:‘;i)”i":j‘% (o8o-
0locmcd Sos) T READ
0 2 4 6 8 10
Voltage(V)
(a)
0.10
e 0.08 _ea;‘—i
= 2 *—k— ’B—O‘D

< 0.06F e _g-o50~
~ 0.04 _%:ams:ez: = :t!_g,‘_e_‘
O 0.02[ 3 ompery, | ¥ F A AEy

80 I (b) : “* *
3 60} =
S 40} B

*—k— S-a-0—g
8 20} ¥

0 2 4 6 8 10
Voltage(V)
(b)
Figure 22. Dependences of light transmission, modulation depth, contrast of speckle
structures and rate of reduction of speckle-noise on the voltage applied to the PSLC cell
(Ref. [39], Figures 3, 5): a) Dependences of light transmission (7) and modulation depth

(AT); (b) Dependences of the contrast of speckle structures (C) and the rate of reduction
of speckle noise (a).

of speckle-noise suppression (with a speckle contrast value of about 0.025) at low
applied voltage values (<10 V) was achieved in a wedge-shaped LC cell.

Paper [39] does not provide information on the mass-dimensional parameters
of an experimental despeckler based on a PSLC cell. However, taking into ac-
count the current level of development of LCD-based devices and the characte-
ristics of the LCD despeckler described in the next section, it can be assumed
that such a despeckler is rather compact. The disadvantage is the limited tem-

perature range (0 ... +60°C).

3.6.2. Electro-Optical Cell with a Ferroelectric LC

To suppress speckle-noise at the P.N. Lebedev Physical Institute a method was
proposed using an electro-optical cell with a ferroelectric liquid crystal (FLC),
injtially with a helical (spiral) structure [40] [41], and then with a helix-free
structure [42] [43] [44], when the original helical structure was suppressed com-
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pletely by introducing chiral impurities possessing opposite sign of optical activ-
ity.

In both types of FLC cells effective suppression of speckle-noise was, when
specially formed bipolar two-frequency electric pulses were applied. Short-term
application of an electric field to the FLC resulted in the formation of a structure
of transition domains—spontaneously ordered regions, at the boundaries of
which light scattering occurs. As a result of light scattering in the bulk of the
FLC layer, structures with a random distribution of refractive index gradients
were formed, which are the cause of spatially inhomogeneous (over the beam
cross section) phase modulation of a laser beam and phase relation destroy in it
[40]. Note that short-term light scattering with a duration of less than 50 ps is
not sensitive to the eyes, does not distort the structure of images, does not affect
their perception, and light losses are insignificant (less than 5%).

Relative to FLC with helix structure, helix-free FLC provided such advantages
[42] as the absence of distortions in the spectral composition of modulated light
radiation and the absence of light scattering when the electric field is turned off.
In addition, in helix-free FLC the effect of spatially inhomogeneous phase mod-
ulation of light was much less inertial.

In the despeckler prototype with a helix-free FLC the following material pa-
rameters were: spontaneous polarization P; = 40 nC/cm?, rotational viscosity Yo
= 0.7 Poise, tilt angle of molecules in smectic layers ®, = 23° (at the temperature
of 20°C), temperature range of existence of ferroelectric (chiral smectic C*)
phase from 2°C to 75°C [43]. The thickness of electro-optical cells varied from
10 to 20 microns. Increasing the layer thickness to 18 - 20 microns and choosing
a control mode with a bipolar pulse duration corresponding to different maxima
of light scattering [44], allowed not only to reduce the contrast of speckle struc-
tures to 0.07 (Figure 23), but also to increase the modulation frequency of the
phase delay to 2 kHz (with an increase in the control voltage to 60 - 65 V).

A higher value of speckle contrast when using a helix-free FLC may be due to
less accurate settings of the measurement parameters. It is important that a
well-developed technology makes it possible to vary the size of the FLC despeck-
ler aperture from fractions to several square centimeters with a thickness of 1 - 2
mm, including the control chip. Unfortunately, the despeckler, like all LCD de-
vices, has limitations in the operating temperature range (approximately from
zero to +60°C).

3.7. Despecklers Based on the Use of Diffraction Gratings

In a few works the possibility of using diffraction gratings for speckle averaging
was investigated [7]. Obtained results on the reduction of speckle contrast and
other characteristics cannot be classified as practically significant, but the me-
thods used are interesting and will be briefly described below.

In [45], dynamic diffraction gratings were made of an electroactive polymer

that could be electrostatically activated. When light diffracted on several gratings
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Figure 23. Control voltage, modulation of the phase delay and distribution of radiation
intensity in the cross section of the laser beam behind the FLC cell in the absence of a
control voltage at the cell electrodes (despeckler is off) and in the presence (despeckler is
on) (Ref. [44], Figure 11): (a) Oscillograms of the control voltage (lower) and phase delay

modulation; (b) The distribution of the radiation intensity in the cross section of the laser
beam behind the FLC-cell.

of different frequencies (Figure 24), independent speckle patterns of different
diffraction orders varying in time on angle and space, were averaged on the CCD
camera during its integration time. The resulting speckle contrast of 0.37 was li-
mited because of insufficient interaction length of the electric field and the me-
dium, due to large light losses.

In [46] the method for suppressing speckle structures was demonstrated based
on using a relief light modulator (RLM) for fast generation of a sequence of in-
dependent dynamic diffraction gratings. Technically, RLM as a speckle suppres-
sor is an assembly of two dielectric plates with a gas gap, which should not be
less than the nano-relief created on the surface of an elastic-viscous (gel) layer
(Figure 25).
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Figure 24. Side and top views of polymer diffraction gratings with three types of elec-
trodes (Ref. [7], Figure 3).

2

bias

cont

Figure 25. Scheme of the Relief Light Modulator (Ref. [46], Figure 1): 1—glass prism;
2—glass substrates; 3—solid electrode; 4—dielectric deformable gel-like layer of thickness
dwith dielectric constant €1; 5—air gap of width 1 with dielectric constant £2; 6—grounding
electrodes; 7—control electrodes; Uj;,,—constant bias voltage; U, ,—control voltage; #is
the spatial period of the relief.

Modulation of light is carried out due to the diffractive nano-relief created on
the surface of a thin transparent dielectric layer at the appearance of pondero-
motive forces in it when an electric voltage is applied. In the case when there is
no electric voltage on electrodes, the gel-like layer does not change its shape
(remains flat) and all incident rays are reflected from it as from a flat mirror.
When a control signal is applied, a sinusoidal grating is formed on the gel-like
layer, and the rays are diffracted on it according to the light diffraction law. Un-
fortunately, this type of despeckler also has large light losses and cannot be
compact due to operating the diffraction grating only for reflection. In addition,
the Doppler wavelength change and fatigue of the grating material are noticeable
in the RLM.

Problems can also be foreseen when using another polymer medium, not dy-

namic and thin, but bulk (the thickness is significantly greater than the wave-
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length), in which many diffraction gratings with different wave vectors are
formed not electrically, but by light. A device based on a photopolymer medium
is proposed for speckle suppression in [47]. This medium changes the refractive
index when illuminated by a laser beam. By means of a deflecting device and
lenses forming laser beams converging and diverging at an arbitrary angle, nu-
merous speckle images are recorded in the medium in the form of superimposed
phase holograms. According to the associativity property of holograms, when
the laser beam passes through the photopolymer medium, it is automatically
“cleaned” of speckles.

Such a despeckler (beam shaper—beam corrector, as the authors called it)
does not require control and can even serve as a matrix for replicating new
products by pressing. However, it also has significant drawbacks: introducing
additional noise from superimposed holograms; the criticality of speckle con-
trast to the exact compliance of the wavelength and angle of beam incidence; dif-
ficulties in creating a compact device and the problem of “fatigue” of the photo-

polymer medium during operation.

4. Conclusions

The search for methods of suppressing speckles in recent years has become es-
pecially relevant in connection with works of leading electronic companies (LG,
Samsung, etc.) that develop the holographic displays and laser video projectors,
both large-screen theatrical and compact pico-projectors placed inside a mobile
phone and projecting video images (including television) onto a desktop or wall
screen.

We considered above many methods and devices, which can effectively sup-
press speckle-noise and provide thereby for the observer an acceptable quality of
images formed by a laser (with speckle contrast < 10%). In particularly there
were analyzed a vibrating diffuser; an electroactive polymer (elastic membrane)
moving the diffuser; an optical fiber deformed by a piezoelectric vibrator; a mir-
ror with phase randomization deformed by piezoceramic elements; a micro-mirror
deflected in an electromechanical system; polymer and photopolymer medium; a
colloidal solution with dispersed particles. As well we considered possible use
of electro-optical-liquid crystal despeckers based on a light-scattering twist cell
with a nematic LC stabilized by a polymer network and based on a cell with
the ferroelectric LC implementing spatially inhomogeneous phase modulation
of light.

The main characteristics of the described despecker developments for their
comparison and assessing are summarized in Table 7. The number of crosses
qualitatively indicates the value of the considered characteristic for a particular
despekler. Fewer crosses along with less contrast magnitude are obviously pre-
ferable. However, it should be taken into account also that in different applica-
tions of despeckers, the significance of one or another characteristic may differ

essentially.
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Table 7. Characteristics of the developed despeklers.

Operation mechanism and Light scattering Fhase Combined Light deflection
type of despeckler Shifting diffuser ~ Switch-on Colloidal ~ Opticalfiber Deformable mirror EO cell with .
Characteristics: LSR-5-17 diffuser PSLC  solution  and vibrator Dyoptyka helix-free LC MEMS mirror
Dimensions and weight XX X XXX XX XX X X
Power consumption XX X - XX XX X X
Light losses XX XX XX X X X XX
Complexity of electronics XX X - XX XX XX XX
Complexity of optics XXX XXX XXX XX XX X XX
Temperature requirements - XXX XX - X XXX X
Difficulties in commercializ. X XX XXX XX X XX XX
Speckle contrast value, % 2 2.5 3.4 5.6 3 7 4.6

The data in Table 7 indicate great progress in the development of efficient
despeckers. Note that despeklers have advantages that do not have mechanically
deformable or movable elements usually complicating the design, increasing di-
mensions and reducing the reliability and durability of operation.

Of the considered despeckers with high efficiency of speckle-noise suppres-
sion, only devices from the companies Optotune (a diffuser on an electroactive
polymer) and Dyoptyka (phase deformable mirror) have been brought to com-
mercial use. Their speckle contrast values are 2% and 3%, respectively; these de-
vices are compact, have low light losses, and they have no problems with oper-
ating temperature.

The developments of devices for suppressing speckle-noise based on the def-
lected mirrors and optical fibers are also effective. Despekers based on LCD cells
have the same indicators. They also have low power consumption, low light
losses and are compact, but they have limitations in temperature range. There is
an interesting device based on a colloidal solution with dispersed particles,
which does not require external energy and, accordingly, electronics for control
at all, but it is difficult to make it compact and stable for a long time.

Table 7 does not contains speckle suppression devices by means of phase ma-
trices implementing orthogonal functions and diffraction gratings based on po-
lymer and photopolymer media, since their further development was not. Nev-
ertheless, their description in the review is given specially for indication of the
variety of the proposed physical methods and their development.

The problem of obtaining speckle-free images formed by a laser beam has
been around for about 40 years. However, the data presented in the review indi-
cate that this problem cannot be considered solved, and in the future one can
expect the appearance of other methods and new materials and devices for

speckle suppression.
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