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Abstract: A method of speckle suppression without any active device is expected for pico-
projectors. The effectiveness of the passive method of speckle reduction using a single multimode
fiber and a multimode fiber bundle was actually measured and theoretically analyzed. The
dependences of the speckle contrast and speckle suppression coefficient on the parameters of
multimode fiber and projection systems were investigated. Our results shown that the efficiency
of speckle suppression was limited because only the radial direction of the objective lens aperture
was used. An improvement using both of the radial and azimuthal directions of the objective lens
aperture is required.
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1. Introduction

Lasers have wide applications due to their unique properties, including high beam quality, high
brightness, narrow spectrum, ability to emit very short light pulses, and high optical efficiency
[1-3]. Portable laser projectors are a popular application of lasers, because the high beam
quality, high optical efficiency, and small waveband range of lasers can result in very small-sized
projectors that can produce high-quality color saturated images [4—7]. However, currently, the
use of laser pico-projectors poses a challenge, the main obstacle being laser speckles. When
the screen is illuminated by a laser beam, the image of the light spot is strongly modulated by
granular noise called subjective speckle [8]. The subjective speckle arises from the interference
effect of light scattering from different areas of the screen in an image system. If the speckle noise
is intense, a large speckle suppression effect is needed to obtain high-quality pictures. Speckle
contrast C is used to estimate the level of speckle noise [8].

C=o/l ey

where T is the average intensity, and o is the standard deviation of the light intensity of the image.
Typically, single-mode lasers produce images with a speckle contrast close to 0.7. The human
eye cannot distinguish speckle noise when the speckle contrast is below 0.03 [9]. Therefore,
an efficient speckle suppression method, characterized by a speckle suppression coefficient of
approximately 20, is required to obtain high-quality images. The speckle suppression coefficient
k is defined as

k=Co/C @)

where Cy and C are the speckle contrast before and after applying the speckle suppression method,
respectively. Most speckle suppression methods are based on speckle averaging by creating
many decorrelated speckle patterns. It is well known that the image of a screen illuminated by
N equal-intensity uncorrelated beams that produce uncorrelated speckle patterns has a speckle
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contrast of C = Cy/VN. It is clear that approximately 400 uncorrelated speckle patterns are
needed to obtain a speckle-free image.

Screen movement is a well-known method for decorrelating speckle patterns. However,
accordingly, a shift for 400 decorrelated patterns during the time resolution of the human eye is
needed to decrease the speckle noise to below human eye sensitivity [10-11]. Taking 1 mm as
the eye resolution on the screen, a rather large shift speed (V) of 10 m/s (i.e., 400 X 1 X 25 mm/s)
is needed to obtain a speckle-free image. In addition, screen movement is not possible for many
projector applications, and therefore, the above-mentioned solution is not technically preferable.

Speckle noise can also be decreased by reducing the coherence of the laser beam [8]. It
is possible to decrease polarization and temporal or spatial coherence to obtain the speckle
suppression effect [8,12]. Light has only two polarizations, and it can therefore produce two
uncorrelated speckle patterns which, however, fall far short of the required quantity [12]. The
wavelength bandwidth (A1) of efficient high-power lasers is not larger than 3 nm [13], and a
wavelength shift at 1.5 nm is needed to obtain an uncorrelated speckle field. Hence, it is possible
to obtain only three uncorrelated speckle fields by using a laser with the maximum possible
temporal coherence decrease. However, this number is also far less than required.

Interestingly, spatial coherence functions differently. Since the eye has a small numerical
aperture and the speckle correlation angle is determined by the size of this aperture, it is possible
to use a large numerical objective lens aperture to decorrelate beams that pass through different
parts of the objective aperture [8] and strongly decrease the speckle. It is possible to obtain many
such decorrelated laser beams, and this number is approximately equal to the square of the ratio
between the two numerical apertures, as follows:

N ~ (NApj/NAeye)? 3)

where NA,p; and NA,y. are the numerical apertures of the objective lens and the pupil of the eye,
respectively. Thus, it seems practical to obtain 400 decorrelated speckle patterns by using spatial
laser beam decorrelation.

An active diffuser [14—15] or diffractive optical element (DOE) [16-21] can be inserted
conjugate to the screen plane inside an optical system to decorrelate the beams that illuminate
the screen at different angles. It is also possible to switch between DOE structures that produce
uncorrelated speckle structures to obtain speckle noise averaging [17]. The general theory of the
method based on an active DOE inside an optical system was explained in our previous research
[22].

However, all these methods require mechanical displacement of the DOE or switching between
different DOE structures to decorrelate beams. Mechanical movement is best avoided as a
technical solution since it increases device complexity and volume, and is vulnerable to failure.
On the other hand, fast switching (to approximately 10 kHz) between different DOE structures is
still an unresolved problem. Thus, it is very important to find an efficient method for speckle
reduction based on passive optical elements only.

It is possible to separate a laser beam into several sub-laser beams by using a DOE or a
semitransparent mirror. Both use different optical paths for decorrelating, followed by the
provision of beams incident on the screen under the decorrelated angles [23]. However, this
method is difficult to realize for large values of N. Another solution involves using a light pipe or
multimode fiber bundle to obtain sufficiently large speckle suppression [8,24-26]. An objective
speckle arises at the far end of a light pipe or multimode fiber bundle due to the interference of a
large number fields of waveguide modes [8,24]. It was shown that by using significantly long
multimode fibers, it is possible to decorrelate the light of different waveguide modes due to the
different speeds of propagation. Thus, it becomes possible to suppress objective speckles to a
very low level. The theory for speckle contrast evaluation at the far end of a multimode fiber was
developed [8,25]. For a laser with a radiation continuum spectrum of Af, the speckle contrast can



Research Article Vol. 28, No. 5/2 March 2020/ Optics Express 6822 |
Optics EXPRESS i N \

be calculated by the formula

~1/4
(L) = (1 + 0.5(2nAfAt/\/§)2) . Af = A1/, At = L(NAY/(2nc) 4)

where L, 4, and f stand for fiber length, laser radiation wavelength, and frequency, respectively; n
and c are the fiber core refractive index and light speed, respectively; and A, Af, and At are the
wavelength band, frequency band, and decorrelated time for the laser beams, respectively. It is
not difficult to calculate that for a green laser with a wavelength band of 1 nm, it is sufficient to
use a 7-m multimode fiber with a numerical aperture of 0.3 to obtain a speckle contrast below
3.5%. It was assumed that this method can be used to obtain a speckle-free laser image without
any active optical device [25]. However, there is few experimental research to demonstrate its
effectiveness.

In the present study, a speckle suppression method without active devices was investigated. A
single multimode fiber of different lengths, a multimode fiber bundle with multiple fibers, and
a combination of a multimode fiber bundle and a DOE were adopted for speckle suppression.
Several experimental systems for laser projection were set up to measure the speckle contrast
and the speckle suppression coefficient. Using the obtained experimental results, we analyzed
and discussed the dependence of the efficiency of speckle contrast suppression on the optical
parameters of the laser projector systems, especially those corresponding to the multimode fiber
and multimode fiber bundle. To thoroughly understand the speckle characteristics, a theoretical
model was developed to explain the experimental results. The theoretical prediction was found
to be in good agreement with the experimental results. Moreover, as the theoretical model was
developed for a general multimode optical waveguide, it is valid not only for multimode fibers,
but also for other optical waveguides of different waveguide cross-section shapes.

2. Experimental setup

To evaluate speckle suppression efficiency using a multimode fiber in a laser projector, we should
measure the speckle contrast in the image of the screen illuminated by the laser beams that pass
through the fiber. The far end of the fiber should be placed in the optical plane conjugate to the
screen to obtain an image of the fiber end on the screen. We used a single multimode optical fiber
and a multimode fiber bundle in the experiments, whose optical schemes are shown in Figs. 1
and 2. In the experiment with a single multimode fiber (see Fig. 1), we used a fiber with a core
diameter (d) of 1 mm and a numerical aperture (NAy) of 0.37. In Figs. 1 and 2, Sy, §3, S3, S4, and
S5 stand for the distance from the converging lens to the front end of fiber (fiber bundle), the
distance from the back end of fiber (fiber bundle) to the objective lens, the distance from the
objective lens to the screen, the distance from the screen to the camera lens, and the distance
from the camera aperture to the photodiode array matrix, respectively. D,, D3, and D4 stand for
the aperture of camera lens, the aperture of the lens which converges light to the front end of
fiber (fiber bundle), and the aperture of the objective lens, respectively. We measured the speckle
suppression effect for the fiber lengths (L) of 2, 4, 7, 10, and 15 m. The input beam should
excite the multimode regime to allow multiple propagation modes for speckle suppression. The
numerical aperture of the input beam in this case excites the waveguide modes that propagate
in a cone angle corresponding to the numerical aperture of the incident beam. We changed the
diameter of the diaphragm aperture D to excite the propagation modes in different numerical
aperture ranges. The relatively small distance from the fiber back end to the objective lens results
in a change in the area of the objective lens, which is filled with light, and therefore changes the
numerical aperture of the incident beam on the screen. It should be noted that due to the unideal
ends of the fiber and the fact that the fiber is twisted in rings of a diameter of approximately 300
mm, the output numerical aperture can differ from the input numerical aperture of the beam for a
fiber. Therefore, we also measure the numerical aperture of the output beam from the fiber.
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Fig. 1. Optical scheme for measuring the speckle suppression efficiency using a single
multimode optical fiber with different fiber lengths L and different diaphragm diameters
(D1). S =45mm, S =62 mm, S3 =1810mm, S4 = 1580 mm, S5 =25 mm, and D, = 1 mm.
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Fig. 2. Optical scheme for speckle suppression efficiency measurement by a multimode
fiber bundle with L =400 mm, S; =125 mm, S =62 mm, S3=1500 mm, S4 = 1600 mm,
Ss=25mm, D; =25mm, Dy =1mm, D3=25mm, and D4y=51 mm. (a) Fiber bundle
excited by a quasi-collimated laser beam, and (b) every fiber in the bundle excited by a cone
of diffracted beams from the 2D DOE based on the Barker code with code length M = 13.
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For the short fiber (L =400 mm), we also use a fiber bundle with a regular hexagon shape
and tightly packed fibers without gaps. The diameter of each fiber is 25 pm with a numerical
aperture NAy of 0.25, and the total bundle diameter is 5 mm. The experimental setup for this
case is shown in Fig. 2(a). The size of the light beam is decreased to the size of the fiber bundle
by a lens. Since the laser spot is many times larger than that in the case of a single fiber, the
input light for every fiber within the bundle is a quasi-collimated laser beam with little change in
the incident angle from fiber to fiber, in accordance with the ray propagation direction of the
converging beam focused by the first lens.

We use the third optical scheme shown in Fig. 2(b) to excite the multimode regime in every
fiber within the fiber bundle. The collimated laser beam is refracted by the first lens and then
scattered by the DOE on the transparent plate before it illuminates the fiber bundle. The DOE
breaks up the converging beam into a cone of divergent beams. The second lens creates an image
of the DOE at the front end of fiber bundle. The light that passes through the DOE excites a
wide spectrum of modes in every fiber within the fiber bundle due to the diffraction orders of
the spectrum fields. A 2D DOE structure based on the Barker code with a code length (M) of
13 is used in our experiments to excite a large number of diffraction orders. The DOE has an
elementary cell size (T) of 6 um and a period size of 78 pm. The width of the beam divergence
after the DOE can be estimated as sinf = A/T, and therefore, the mode spectrum in optical fiber
should be excited in the same range of the numerical aperture.

In both optical schemes shown in Fig. 2, the objective lens creates an image of the far end of
the fiber on the screen. A camera is used to capture the picture of the light spot on the screen to
evaluate the speckle level.

We use a green laser diode (LD, PL 520B1) and a blue laser diode (PL 450B) from OSRAM
as sources of coherent illumination in the experiments. The radiation spectrums of the green and
blue LDs are shown in Fig. 3. It is clear that the full spectrum ranges of both diodes are of a
similar width, approximately 2 nm. However, the spectrum of the green LD is slightly wider than
that of the blue LD.
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Fig. 3. Radiation spectrums of the lasers used in the experiments with the (a) green LD (PL
520B1) and (b) blue LD (PL 450B).

It should be noted that the laser diodes do not have a stabilization driving circuit, and we do
not use vibration isolation in our experiments. Therefore, the speckle contrast measurement
shows slow variation in terms of time (approximately + 20%). Since the light spot is small due
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to the small fiber cross-section, we produce five photos of light spots on different places on the
screen (using screen shifting) to test the statistical averages for more accurate speckle contrast
evaluation.

3. Experimental results and discussions

The dependence of the speckle contrast on the multimode fiber length for the green and blue LDs
is shown in Fig. 4 for different input beam apertures (NAi,). The speckle contrast for the green
LD (Fig. 4(a)) decreases rapidly with the increase in the numerical aperture at first, and then,
it reaches saturation when the fiber length exceeds 7 m. The speckle contrast decreases faster
for larger numerical apertures and smaller fiber lengths, which is in good agreement with the
theoretical results reported in [25]. The experiment reaches saturation faster with the increase in
the fiber length for large NA;,, and larger NA;, values provide a higher speckle suppression effect.
The speckle contrast for the blue LD (see Fig. 4(b)) shows similar performance; however, the
speckle contrast decreases more slowly with the increase in the fiber length, and the saturation
occurs later. This can be well explained by the fact that the blue LD has a narrower radiation
waveband.
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Fig. 4. Dependence of speckle contrast of the image on the screen on the fiber length for
different diameters of aperture D using the optical scheme shown in Fig. 1 for (a) the green

LD and (b) the blue LD.
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Fig. 5. Dependence of speckle suppression coefficient of the image on the screen on the
fiber length for different diameters of aperture D using the optical scheme shown in Fig. 1
for (a) the green LD and (b) the blue LD.

It should be noted that even for large fiber lengths (L = 15 m), the speckle contrast is large,
and it appears as if one should not expect a large gain in speckle suppression effect with further
increase in the fiber length due to the saturation.
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Figure 5 shows the dependence of the speckle suppression coefficient k on the fiber length
for the green LD (see Fig. 5(a)) and the blue LD (see Fig. 5(b)). The speckle suppression
coefficient rises rapidly with the increase in the fiber length and reaches saturation for a large
fiber length. The speckle contrast coefficient is larger for higher NA;, when the fiber length is
small. However, it is almost the same for large fiber lengths. In spite of the large fiber length, the
speckle suppression coefficient k does not exceed 3.5.

Figure 6 shows the dependence of the speckle contrast on NAj, for different fiber lengths. The
speckle contrast decreases rapidly with the increase in the numerical aperture for small fiber
lengths. For the green LD with large fiber lengths, we obtained practically the same speckle
contrast, independent of NA;,. For the blue LD, the speckle contrast was significantly larger for
two smaller values of NAj, (D; =1 and 2 mm), even for large fiber lengths.
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Fig. 6. Dependence of speckle contrast of the image on the screen on the diameter of the
aperture D (for different input numerical apertures) with different fiber lengths using the
optical scheme shown in Fig. 1 for (a) the green LD and (b) the blue LD.

Figure 7 shows the dependence of speckle contrast C and speckle suppression coefficient k£ on
NA;, for the blue LD with a fiber length 15 m when the distance from the camera to the screen
is 200 mm (equivalent to a significant increase in the numerical aperture of the camera). Both
parameters have similar dependences on NAj, for large distances to the camera (see Figs. 5 and
6). However, saturation is reached at higher speckle contrasts and smaller speckle suppression
coefficients.

—_— 2
0 5 10 15 20 D,(mm)

Fig. 7. Dependence of speckle contrast C (solid line) and speckle suppression coefficient k
(dotted line) on the aperture D for fiber length L = 15 m using the optical scheme in Fig. 1
for the blue LD, but the distance from the screen to the camera (S4) is 200 mm.

For the fiber bundle of length 400 mm and without the DOE (see the optical scheme in
Fig. 2(a)), we obtained values of 0.2 for C and 2.3-2.6 for k for the green LD, and corresponding
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values of 0.3 and 1.86 for the blue LD. When using the DOE to excite the multimode regime in
every fiber of the bundle (see the optical scheme in Fig. 2(b)), we obtained values of 0.17 and
3.27 for C and k, respectively, for the green LD and the corresponding values of 0.25 and 2.53 for
the blue LD.

Figures 8 and 9 show the intensity distributions of the images on the screen for the green LD
and blue LD, respectively, for different fiber lengths. From the presented intensity distributions,
the speckle noise is obvious even when using a fiber as long as 15 m.
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Fig. 8. 2D laser intensity distribution (upper panel) and 1D intensity distribution (lower
panel) of the image on the screen with the green LD, (a) L=2 m, C=0.150; (b) L=4 m,
C=0.156; (¢) L=15m, C=0.139. D; =10 mm for all fiber lengths.
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Fig. 9. 2D laser intensity distribution (upper panel) and 1D intensity distribution (lower
panel) of the image on the screen with the blue LD, (a) L=2 m, C=0.248; (b) L=4 m,
C=0.285;(c) L=15m, C=0.156. D; =10 mm for all fiber lengths.

Figure 10 shows the relation between the input numerical aperture NA;, and the output numerical
aperture NAoy of the laser beam for different fiber lengths with the green LD (Fig. 10(a)) and blue
LD (Fig. 10(b)). Figure 10 clarifies that during beam propagation along the fiber, the numerical
aperture of the beam changes. The numerical aperture of the beam increases initially with the
increase in fiber length. For an initially small NA;,, NAoy: is always significantly larger than
the initial value for all fiber lengths. The largest increase is noted for the fiber length of 4—7 m.
Increase in the fiber length beyond this point results in a decrease in NAqy, especially for beams
with large input numerical apertures. The change in the numerical aperture of the laser beams
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denotes a transformation from one mode to another mode during the mode propagation in the

multimode fiber.

NA, @ N,
0.30 | 0250 — L (b)
A———a { = [=2m f - »
—7=2m i 0.225 ® [—4m A
| —— A
—® [=4m )l == b 1 A [=Tm g
025 a | 0200 »
A—[=Tm S | g———9 2 v L=10m - v
v L~10m A s ® I=15m| J/
*—-15 4 " —4 23
00 L=15m & '/ *
. A% 0.150 By
71 o/ -
v /A 1 L4 ~AT
y P -+— — o o 0125 » s ]
_o7 - ¥ /"
0.15 2 —X a
Y5 e 0.100 - /4
¥ e e _ L | * :
el ~a 0.075 K.
0.10 4
*e
o0s0 L
T T = 0.00 0.05 0.10 0.15 020 025 3
0.00 0.05 0.10 015 0.20 N NA,,

Fig. 10. Dependence of output fiber beam aperture NAoyt on the input fiber beam numerical
aperture NAj, obtained during speckle suppression measurement.

Figure 11 shows the dependence of laser beam loss in the fiber for different initial apertures for
a fiber length of 7 m for the green LD. The curve in Fig. 11 shows that after propagation along
the fiber, higher modes propagating at a large angle to the fiber axis show large losses, resulting
in the decrease of the numerical apertures of beams with large initial numerical apertures (see
Fig. 10). Due to the mode transformation during propagation in the multimode fiber, the theory
describing speckle statistical properties at the far end of the fiber needs to be amended.
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Fig. 11. Dependence of laser beam loss on input numerical aperture for a fiber length of 7
m for the green LD (calculated from image intensity).

4. Theoretical model and explanation

The speckle in the image on the screen is a compound speckle since it is a superposition of the
objective speckle due to mode interference and the subjective speckle due to light scattering on
the screen. To highlight the objective speckle, we took photos of the light spot on a fast-moving
screen when using a 15 m long fiber. Figure 12 shows the comparison of the photos of the moving
and static screens for the green and blue LDs. The fast-moving screen strongly suppresses the
subjective speckle, and the image is modulated only by the objective speckle. It is clear from
Fig. 12(a) and 12(b) that the objective speckle at the far end of the fiber has a very low value
of C (< 0.01), which is in full agreement with the theoretical prediction [25]. Thus, the mode
transformation (transformation of one mode into another during propagation along the fiber) does
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not noticeably influence the speckle suppression effect at the far end of the fiber. However, the
speckle on the static screen is large and almost comprises the subjective speckle only. As per the
obtained experimental results, speckle suppression on the static screen has a considerably low
efficiency compared with that at the far end of a fiber. It is evident that the effect is not due to the
small numerical aperture of the objective lens since the ratio of the apertures of the objective
lens and camera lens is large (NAouw/NAin =~ 30). This aspect can decrease the speckle to below
3% according to our previous analysis and as per [8]. Thus, a different principle applies for the
speckle suppression mechanism at the far end of a fiber compared with that in the image on the
screen illuminated by beams that have passed through the fiber.
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Fig. 12. Field intensity distributions for a fast-moving screen orthogonal to the optical axis
((a) and (b)) and for a static screen ((c) and (d)) for the green LD (left panel) and the blue
LD (right panel) using the optical scheme shown in Fig. 1. (a) Green LD (C < 0.01); (b)
Blue LD (C < 0.01); (¢c) Green LD (C =0.13); (d) Blue LS (C=0.15).

The speckle suppression at the fiber requires a decorrelation of the waveguide mode field at the
end of the fiber; in other words, the difference in the optical paths between the two modes should
be equal to or larger than the decorrelation length of the laser beam. To obtain the decorrelation
of speckle patterns created by two beams for the image on the screen, a path difference larger
than the decorrelation length of the laser beam is also required. Additionally, the laser beams
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should propagate at an angle larger than the angular size of the camera aperture (diameter of
the human eye’s pupil) when seen from the screen. Therefore, to find the condition for speckle
suppression in this case, we should identify the conditions of the modes involved to create the
decorrelated speckle patterns.

We suppose that the waveguide is fabricated by a homogeneous dielectric with refractive index
n and that the laser travels along the z-axis. The field of the regular waveguide mode can be
written as follows:

@(x,y,2) ~ f(x, y)exp(=iyz) %)

where x, y, and z stand for the axes in the Cartesian coordinate system, and f(x,y) is the eigen-

2 A 2 5
function of differential equation % + % = —kf(x,y) with a special boundary condition,

which depends on the type of waveguide. y; = /k?n? — (ki)2 is the wavenumber of the i-th

mode, and ki is the transverse wavenumber of the i-th mode, which is an eigenvalue of the
Laplace equation for a waveguide. The difference in the propagation speeds of these modes
results in the decorrelation of the field of waveguide modes, which is defined by the dispersion of
v;. According to the theorem in [27], the wavenumbers of the waveguide modes homogeneously

fill in the 2D space of the wavenumbers, and the density of modes (o(k, )) linearly increase with
dN(K')
dk;

arise in the transverse wavenumber (ki)§ that is, p(k,) = : ki, where N (ki) is the number

of modes with a transverse wavenumber smaller than k.

For the multimode waveguide with a circular cross-section (multimode fiber), the decorrelation
areas, which depend on transverse wavenumbers, have cylindrical symmetry. The waveguide
mode with transverse wavenumber k', radiates from the end of the fiber in the direction along
angle 6 (defined by sin § = k, /k), and almost all of the radiation intensity is concentrated within
a small angle of Af = A(2a) around the cone surface, as shown in Fig. 14, where a is the radius
of the multimode fiber. Therefore, the decorrelated modes radiate from the fiber end to create
circular decorrelated areas (areas between the dashed circles, as shown in Fig. 13(a)) in the space
of the transverse wavenumber. The red spot in Fig. 13 represents the camera aperture. The area
between two red concentric circles tangential to the red spot is the decorrelated area that produces
the decorrelated speckle pattern in the image on the screen taken by the camera (see Fig. 13(b)).
We can calculate the amount of decorrelated speckle patterns () in the image on the screen as
follows:

N = NAbm/(ZNAcm) (6)

where NApm, and NA., are the numerical apertures of the beam from the fiber end and the camera,
respectively. The intensity of radiation from the areas that produce decorrelated speckle patterns
is proportional to their surface between the red circles in Fig. 13(b), and therefore, the intensity
linearly increases with the distance to the objective aperture center (see Fig. 13(b)). Thus, the
speckle contrast can be calculated approximately by a sum of N independent speckle patterns,
and the intensity of each pattern linearly changes from 0 to the maximum value. The speckle
suppression coefficient in the method based on using N uncorrelated speckle fields [25] can be

calculated by
N [N
- ) 2
k= Zi:l L/ Zi:l & @

where [; is the intensity of the i-th speckle pattern. Using Egs. (6) and (7) and the fact that the
intensity of the laser beams producing uncorrelated speckle patterns increases linearly with the
distance from the beam axis (considering the number of areas i, counting from the beam center; see
Fig. 13(b)), it is easy to obtain the speckle suppression coefficient (k = \/3 - NAp, /(4 - 2NA:))
for the method with the passive multimode fiber. Then, we can estimate the maximum speckle
suppression coefficient using the fact that the maximum numerical aperture of the beam radiated
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from the fiber end was approximately 0.28 and the camera aperture diameter was 1 mm. Therefore,

k= 3NApn/(BNAem) =3 -52-028-2-84/(8-D>-S3) ~ 3.4 (8)

The theoretical estimation matches well with the experimental results (see Fig. 5). It should be
noted that the theoretical estimation was obtained using only the assumptions that the optical
waveguide is homogeneous dielectric and multimodal in nature; that is, its transverse size is
considerably larger than the laser radiation wavelength. Therefore, this method should be valid
for multimode waveguides with any cross-sectional shape.

[uminated Areas of objective lens
area that produce
uncorrelated speckle o~
patlem <

Aperture of
objective lens

Camera
aperture Camcra
aperture

(a) (b)

Fig. 13. Schematic diagram of the aperture of the objective lens, illuminated area, aperture
of the camera, and decorrelated areas. (a) Aperture of the objective lens with the illuminated
area (colored yellow), where the dashed circles separate decorrelated areas and the red spot
denotes the aperture of the camera. (b) Illuminated aperture of the projector lens, aperture
of the camera, and areas that produce decorrelated speckle patterns.

Multimode

fiber end

Fig. 14. Schematic diagram of the cone of radiation from the end of the fiber for high-order
modes of the multimode fiber.

It is obvious that the current method used only the radial direction of the aperture of the
objective lens to suppress the speckle. Thus, this is a 1D method and provides an effect similar to
that obtained by using a 1D DOE to suppress the speckle [18]. Therefore, further increase in the
fiber length will not provide a considerable speckle suppression effect. To obtain a considerably
larger speckle suppression, a large increase in the objective lens aperture is needed. According to
our theoretical analysis, a very large objective lens aperture (several hundred times larger than the
numerical eye aperture) is needed to suppress the speckle to below that perceivable by the human
eye, which is practically impossible to realize. Therefore, the method needs to be modified by
using the azimuthal direction of the aperture to significantly improve the efficiency of speckle
suppression.

In addition, we clarify some peculiarities of using fibers as multimode waveguides. According
to the theory of scalar approximation fields, the modes propagating along the fiber in the z
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direction can be presented in the cylindrical coordinate system as

#(p, ¢, 2) = exp(=iymnz) exp(ing)Ju(k Lum - p), p<a )

where p =/x2 + y2, ¢ =tan™!(y/x), a is the radius of the fiber, and n and m denote the number
of waveguide mode field oscillations in the azimuthal and radial direction, respectively. The
amplitude of the spatial spectrum radiated from the far end of the fiber can be estimated (without
taking into account the mode field disturbance at the fiber end, which is small for multimode
fibers) as follows:

Flk, ky) ~ ﬁ 201" exp(ing) - [Js1 (k Lam@)In(ko@) = Jn(knm@ns1 (p@)] (10

Lnm ~— *p
and the resulting intensity of the spatial spectrum is
a 2
|F (ke k)P ~ @705 Kk cump) Ik p)pdpl|”™ = 1(k,) an

where k, and k, are the x and y components of the wave vector of the laser radiation, respectively,

and k, = 4/ k2 + k)2 Then, the width of the radiation peak can be estimated by [28].

0, m#l

ol [(1 o ) Ja(amp) + (J,’.(amp)f”

f((; Jn(amp)n(aip)pdp = (12)

a
0
provided that a,, is a solution of equation J,(@na) + bJ,(ana) = 0. Since the distance between
the two adjacent solutions «,, and a,,+] is approximately equal to n/a, the radiation will lie
between two close cones with a maximum angle of 6,4, = sin™! (k_,,,/k) to the optical axis, and
the angle between these two cones is AG = 1/(2a), as shown in Fig. 14.

The theoretical analysis for the modes’ fields validates the general assumption made above.
The radiation field patterns of the multimode waveguides used to derive Eq. (10) can be applied
to estimate the speckle suppression coefficient of the method with passive multimode waveguides
having arbitrary cross-sections.

5. Conclusions

A speckle suppression method without active devices was investigated. A single multimode fiber,
a multimode fiber bundle, and a combination of a multimode fiber bundle and a DOE were used
in our experiments for speckle suppression. The obtained experimental results were adequately
analyzed and discussed, especially for single multimode fibers.

The experimental results obtained by using the passive multimode fiber showed that in spite of
a considerably long fiber length of 15 m, the method was not sufficient for speckle-free laser
projection. A theoretical model was developed for explaining the experimental results, and the
theoretical analysis showed that the current method resulted in a circular area of decorrelation in
the space of the transverse wavenumber. Therefore, only the radial direction of the aperture can
be used for the speckle suppression mechanism. In this case, even using very long fibers and
illumination from a wideband LD does not provide a solution for speckle-free laser projection
since very large numerical apertures of the objective lens (several hundred times larger than the
size of the human eye’s pupil) will be needed to obtain speckle-free images. Thus, a modified
method using both the radial and azimuthal directions of the aperture is required to create
speckle-free images in the future research.

The dependence of the efficiency of speckle suppression on the optical parameters of the laser
projector systems, especially the parameters of the multimode fiber, were obtained and discussed
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in this paper. The experimental results were well explained by the theoretical analysis. Moreover,
the developed theoretical model applies for a general multimode optical waveguide. Thus, this
model is valid not only for multimode optical fibers, but also for other optical waveguides with
different waveguide cross-section shapes.
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