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ABSTRACT We study laser speckle reduction by light pipes, and we propose a new method to improve its
efficiency. Proof-of-concept refractive optical elements (ROEs) with a staircase-like structure are introduced
before a holographic diffuser to split a laser beam into laser sub-beams. Optical paths of the laser sub-beams
after transmitting through the ROEs are different, and these partially correlated (or uncorrelated) laser sub-
beams are added in intensity basis because of the folded mirror reflections by the light pipe. Thus, laser spatial
coherence is suppressed, which helps to reduce speckle. We demonstrate this method in a simplified laser
projection system, where subjective speckle contrast is reduced from 0.33 to 0.24 before and after introducing
a two-dimensional ROE, respectively. Comparing with other improved speckle reduction methods by light

pipes, the proposed method is motionless and simpler.

INDEX TERMS Speckle reduction, light pipe, refractive optical element.

I. INTRODUCTION

With the development of high-power and low-cost laser
diodes (LDs), especially for green and red colors, laser dis-
play industry grows fast during the past years [1], [2]. The
advantages of using LDs as illumination light sources in
displays are obvious, for example, laser displays having wider
color gamut and higher brightness [2]. But speckle, on the
other hand, exists and is a problem in laser displays. In order
to improve image quality, speckle reduction is required in
laser displays. Speckle reduction can be realized by polar-
ization diversity [3], [4], wavelength diversity [5], [6], and
time-average of different speckle patterns [7]-[15], etc. How-
ever, these speckle reduction methods are either insufficient
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or cause tradeoffs. For example, polarization diversity can
only reduce speckle by 1/4!/2, where depolarization of the
projection screen can provide the first two degrees of speckle
reduction freedom [3], and the other two degrees of speckle
reduction freedom can be obtained by rotating the polar-
ization orientation of LDs [4]; wavelength diversity is con-
strained by the choice of LD wavelengths. Currently, LD
modules with six-primary or nine-primary wavelengths can
be achieved by using LDs with different wavelengths pur-
chased from Nichia and Necsel [16], [17]. LD modules with
more primary wavelengths require the customizations of laser
design and fabrication, which are costly; time-average of
different speckle patterns is commonly used and is effi-
cient for speckle reduction. For example, dynamic diffrac-
tive optical elements (DOEs) made of polydimethylsiloxane
are used for speckle reduction [15]. The dynamic DOEs
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employ switchable diffraction gratings to generate different
speckle patterns, where independent controlling electrodes
are required for driving the diffraction gratings. The problem
for speckle reduction achieved by time-average of different
speckle patterns is that actuators or motors are required to
drive the device, which are normally noisy and increase the
complexity of the projection system.

Light pipes are essential optical devices in projection dis-
plays to homogenize light [18]. Besides this function, we find
that with the enhancement of the modal dispersion among
the guided wave modes by increasing the working numerical
aperture and/or the length of a light pipe, laser speckle at the
exit facet of the light pipe can be reduced. Similar speckle
reduction mechanism employed in another kind of optical
waveguide: a step-index optical fiber has been well studied
[19], [20]. In [19], the authors investigated the conditions
to achieve speckle contrast ratio equaling to 0.01 at the exit
facet of the multimode fiber, where the light source was a LD
having a Gaussian spectral profile with 1/e half wavelength
of 1 nm; as an example, the required length of the multimode
fiber was 5 m when the numerical aperture of the multimode
fiber was 0.8 [19]. The same level of speckle contrast ratio
at the exit facet of light pipes is unachievable, because the
length of light pipes in projection displays typically ranges
from tens to hundreds millimeters, i.e., the length of light
pipes is too short. In order to further reduce speckle, placing a
changing diffuser before light pipes and vibrating or rotating
light pipes have been used [21]-[24]. However, these time-
averaging methods have the tradeoffs as we have explained
above.

In this paper, we study speckle reduction by light pipes,
and we propose a motionless and simple method to improve
its efficiency. The main contents of the paper are orga-
nized as follows: firstly, holographic diffusers with different
diffusing angles 6; are used to simulate the influence of
the working numerical aperture of the light pipe on objec-
tive speckle reduction, and we investigate objective speckle
reduction by employing light pipes with different lengths
Ly p. Secondly, by assembling glasses with different heights,
three kinds of proof-of-concept refractive optical elements
(ROEs) with a staircase-like structure are fabricated, namely
one-dimensional ROE aligned in the horizontal direction
(ROEpH), one-dimensional ROE aligned in the vertical
direction (ROE py) and two-dimensional ROE (ROE;pp).
We place the ROEs before the holographic diffuser, and the
diameter of a laser beam is adjusted to make the change of the
number of laser sub-beams divided by the ROEs. Thus, after
capturing objective speckles formed on a sandblasted glass
diffuser which is placed closely after the exit facet of the light
pipe, the improvement of objective speckle reduction with the
helps of the ROEs is studied. Thirdly, we demonstrate the
improvement of subjective speckle reduction with the help
of the ROE;p in a simplified projection system. Comparing
with the time-averaging methods, the method presented in
this paper is motionless and simpler, making it more suitable
for speckle reduction application in laser displays.
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FIGURE 1. The proof-of-concept ROEs with the staircase-like structure are
fabricated by assembling glasses. The schematic (a) and the real image
(b) of the ROEs.

Il. DEVICE FABRICATION AND EXPERIMENTAL SETUP
The proof-of-concept ROEs with the staircase-like structure
are fabricated by assembling glasses. Figure 1 shows the
schematic and the real image of the fabricated ROEs. A piece
of glass is cut into two groups of glasses, where the individual
glass has the same length of 18 mm and the same width
of 1 mm. The heights of these two groups of glasses are
different, varying from 0.5 mm to 2.5 mm with an even
increment of Adipg = 0.5 mm and from 3 mm to 15 mm
with an even increment of Adipy = 3 mm, respectively.
Sidewalls of the glasses are polished using grinding process.
As shown in Figure 1, the thin and thick groups of glasses
are assembled by gluing with UV resin in the horizontal and
vertical directions, respectively, where an 18 mm x 18 mm
x 2.5 mm glass substrate works as the supporting structure
in between them.

Figure 2(a) schematically shows the experimental setup for
objective speckle measurements, and Figure 2(b) illustrates
the relationship among the dimensions of the ROE,p (square
region in dark gray color, 6 mm x 6 mm), the diameter of
an exampled aperture of the iris D;,s (circular region within
the red line), and the entrance facet of the tapered light pipe
(square region in green color, 4 mm x 4 mm). As shown
in Figure 2(a), a collimated laser beam generated from a LD
(L520P50 from Thorlabs) with a multiline spectrum and the
central wavelength at A, = 520 nm is expanded as a 30 mm in
diameter circular laser beam by a beam expander. The driving
current of the LD is 150 mA, and the working temperature
of the LD is maintained at 20°C using a thermoelectrically
cooled mount. An iris with laser-engraved scales (SM1D12C
from Thorlabs, the diameter of the circular aperture varies
from Dj;s = 1 mm to Dj4; = 12 mm) is placed after the
expanded laser beam to redefine the laser beam diameter.
In laser projection displays, a weak-scattering holographic
diffuser is usually employed to improve the homogenizing
effect of light pipes by placing it closely before the entrance
facet of light pipes [20]. In our experiments, the ROEs are
placed before the holographic diffuser, followed by a tapered
light pipe. A sandblasted glass diffuser is placed closely after
the exit facet of the tapered light pipe, and objective speckles
formed on the sandblasted glass diffuser are captured by a
charge-coupled device (CCD) camera. In order to correctly
capture speckle images, the exposure time of the CCD camera
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FIGURE 2. Schematic of experimental setup for objective speckle
measurement (a) and the relationship among the dimensions of the
ROE,p, the diameter of an exampled aperture of the iris, and the
entrance facet of the tapered light pipe (b).

TABLE 1. Dimensions of the tapered light pipes.

Length: Width and height of Width and height of
L;p (mm) entrance facet (mm) exit facet (mm)

50 4x4 8 x8

100 4x4 8x8

140 4x4 & x5

is adjusted to make the CCD sensors working in their linear
region. The distance from the sandblasted glass diffuser to the
CCD camera is 600 mm.

Table 1 lists the dimensions of the three types of tapered
light pipe used in our experiments, where they are categorized
by the length of the tapered light pipe Lrp. The entrance
facets of these light pipes have the same widths and heights
of 4 mm x 4 mm. From Figure 2(b), we can find that when
the diameter of the aperture of the iris equals to Djj; ~ 6 mm,
the redefined laser beam can cover the whole entrance facet
of the light pipe. In our experiments, we adjust the diameter
of the aperture of the iris varying from D;;; = 1 mm to
Djyis = 6 mm to study the speckle reduction efficiency. The
ROEs are moved horizontally and vertically, thus, the over-
lapping region of the ROEs with the aperture of the iris
and the entrance facet of the light pipe changes, and we
can obtain speckle reduction with the helps of the ROE|pyg
(Adipg = 0.5 mm), ROE |py (Adipy = 3 mm) and ROE>p
(Adyp = 0.5 mm).
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FIGURE 3. Relationship between the diffusing angle of the holographic
diffuser 64 and the objective speckle contrast ratio C.

IIl. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. SPECKLE REDUCTION BY LIGHT PIPES

By using the optical setup shown in Figure 2(a) after remov-
ing the ROEs, Figure 3 presents the experimental results
about the relationship between the diffusing angle of the holo-
graphic diffuser 6; and the objective speckle contrast ratio C.
The three types of tapered light pipes listed in Table 1 are
employed to investigate the effect of the change of the length
of light pipes Ly p on speckle reduction. We have used holo-
graphic diffusers with diffusing angles 6, of 5°, 10°, 15° and
20° (full width at half maximum). The diameter of the iris
aperture has a constant value of D;,;; = 1 mm.

From Figure 3, we can find that with the increase of the dif-
fusing angle of the holographic diffuser 6, objective speckle
contrast ratio C decreases for the three types of tapered
light pipe; it can also be found that light pipes with longer
lengths reduce speckle more efficiently than the shorter ones
at the same diffusing angle of the holographic diffuser 6.
These observations can be explained in consideration of the
modal dispersion in another kind of optical waveguide: a step-
index multimode fiber [19]. For the step-index multimode
fiber, the temporal pulse spreading §t caused by the modal
dispersion equals to:

_ Lymr (NA)ypur
2ncoreC

st 1)
where Lyyr, NAyyr and ne,p represent the length, numer-
ical aperture and refractive index of the core of the step-
index multimode fiber, respectively, and c is the speed of
light in vacuum [19]. Consider a LD having a multiline
spectrum, where the individual lines in the spectrum have
Gaussian profiles with 1/e half widths of AA, the center-to-
center spacing between the lines equals to AAg, and the LD
spectrum is modulated by a Gaussian envelop function with
a 1/e half width of AA., laser beam generated by the LD is
coupled into the step-index multimode fiber. The square of
speckle contrast ratio Cyyr at the exit facet of the step-index
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multimode fiber can be written as [19], [25]
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and m and n represents the mth and nth spectrum lines of the
LD, respectively.

According to (2) and (3), the square of speckle contrast
ratio Cyyr at the exit facet of the step-index multimode fiber
is inversely proportional to the temporal pulse spreading §t.
Thus, one can suppress speckle by increasing the temporal
pulse spreading 87, i.e., by increasing the length Lysr and/or
numerical aperture NAyyr of the step-index multimode fiber
based on (1) [19].

Light pipes are similar optical waveguides with step-index
multimode fibers, where speckles form because of the inter-
ferences of the guided waves that travel along different optical
paths due to multiple reflections and add up in phase basis.
There are three speckle formation mechanisms in Figure 2(a),
i.e., speckles caused by the holographic diffuser, the tapered
light pipe and the sandblasted glass diffuser. The objec-
tive speckle contrast ratios C shown in Figure 3 are the
compounded values caused by these three factors. Because
the holographic diffuser and the sandblasted glass diffuser
are static, they have no contributions to speckle reduction;
speckle reduction is attributed to the increase of the temporal
pulse spreading §7 of the tapered light pipe. When the dif-
fusing angle of the holographic diffuser 6,4, i.e., the working
numerical aperture of the taped light pipe and the length of
the taped light pipe Ly p, are increased, the temporal pulse
spreading 6t caused by the modal dispersion in the tapered
light pipe increases, and consequentially, speckle is reduced
referring to (1) and (2) for the step-index multimode fiber.

~ 20% optical power is found to be lost after introducing
the ROEs. This is mainly because of the reflections occurring
between air and glass interfaces and the defects introduced by
the UV resin during the glass assembling process. By using
antireflection coatings and improving the glass assembling
process, the optical power loss after introducing the ROEs
can be minimized. During the experiment, additional opti-
cal power loss is observed when the diffusing angle of the
holographic diffuser 6, increases. The critical angle of the
tapered light pipes is 180 x sin™! (1/nzp) / 7 = 180 x
sin~! (1/1.52) / = =~ 41°, where the light pipes are made
of N-BK7 whose refractive index equals to nzp = 1.52 at
Ac = 520 nm wavelength. Though the total internal reflection
condition for the guided lights inside the tapered light pipe
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is always satisfied, more lights are reflected at the entrance
facet of the tapered light pipe (the air/N-BK?7 interface) when
the diffusing angle of the holographic diffusers 6, increases
according to the Fresnel equations [26].

If we replacing the ROEs in Figure 2(a) by static DOEzs,
lower objective speckle CRs are expected to be obtained com-
paring with the experimental results presented in Figure 3
(without ROEs or DOEs). This is because the working numer-
ical aperture of the taped light pipe is increased by the DOEs,
which in turn increases the modal dispersion in the tapered
light pipe and reduces speckle. However, one should know
that additional optical power loss will be caused by the
DOEs because of the diffracted laser beam. ROEs, on the
contrary, have no such problem, where the laser beam quality
is maintained.

B. IMPROVEMENT OF SPECKLE REDUCTION USING THE
ROEs

Our first step is to demonstrate and compare the improve-
ments of speckle reduction by the ROEpy (Adipy =
0.5 mm), ROE|py (Adipy = 3 mm) and ROE,p (Adyp =
0.5 mm) for the same holographic diffuser with a 6; = 5°
diffusing angle and the same Lyp = 50 mm long tapered
light pipe. Figure 4 shows the objective speckle contrast
ratio C and the equivalent number of independent speckle
patterns Ny, when the diameter of the aperture of the iris Djy;s
changes, where we have also conducted experiments without
the ROEs for comparison. The value of N,y is obtained by

Nexp = (Co/CroE)’ )

where Cop and Cgrpp represent objective speckle contrast
ratios without and with the ROEs, respectively. The rea-
son that we introduce the equivalent number of indepen-
dent speckle patterns N,y is to compare this value with the
equivalent number of independent laser sub-beams Neory
determined by the number of ROE cells inside the working
area of the ROE:s (i.e., the diameter of the aperture of the iris).

From Figure 4, we can find that the objective speckle
contrast ratio decrease with the increase of the diameter of the
aperture of the iris Dj,s. For the condition without using the
ROEs (hollow square-dash line), this trend can be explained
by the influence of the working numerical aperture of the
tapered light pipe on the temporal pulse spreading §7 and the
speckle contrast ratio using (1) to (3). In cases after intro-
ducing the ROE py (hollow up triangle-solid line), ROE|py
(hollow down triangle-solid line) and ROE;p (hollow square-
solid line), the spatial coherence of the LD is destroyed
because the temporal coherence of the LD is suppressed after
bringing optical path differences among the laser sub-beams
defined by the ROE cells [3]; a larger value of D;, intro-
duce more laser spatial coherence suppression, and hence the
objective speckle contrast ratio decreases with the increase of
the diameter of the aperture of the iris Djys.

It can also be found from Figure 4 that for a constant value
of Djis, the speckle contrast ratio when using the ROE|py
(hollow down triangle-solid line) is lower than that when
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FIGURE 4. Objective speckle contrast ratio C and equivalent number of independent speckle
patterns Nexp with the change of the diameter of the aperture of the iris by introducing the
ROE;px(Adipy = 0.5mm), ROE;py (Adypy = 3mm) and ROE;p(Ad,p = 0.5 mm). We have
also conducted experiment without using the ROEs for comparison. The holographic diffuser
has a diffusing angle of 4 = 5°, and the length of the tapered light pipe is L;p = 50 mm.

using the ROE|py (hollow up triangle-solid line), and the
lowest speckle contrast ratio is obtained after introducing the
ROE;p (hollow square-solid line). The multiline spectrum
of the LD is measured by a spectrometer (Aryelle Butterfly
bought from LTB), and we find that the Gaussian envelop
function modulating the spectrum has a 1/e half width of
AXx, = 0.77 nm. The coherence length of the LD L. can
be calculated as L. ~ A2/ A, = 520° / 0.77 = 3.5 x
10° nm [27]. Consider the height difference of two adjacent
ROE py cells is Ad = 0.5 mm, and the ROE py is made
of fused silica with the refractive index of ngor = 1.46 at
520 nm, the optical path difference caused by two adjacent
ROEipy cells is Adopp_1py = Adipu X (MROE -Nair) =
0.5 x (1.46 - 1) = 0.23 mm, where ng; is the refractive
index of air. Because Adopp_1pu < L., the laser sub-beams
defined by the ROEpy cells is partially correlated; when the
ROEpy is used, the optical path difference caused by two
adjacent ROEpy cells is calculated as Adopp 1py = 1.38
mm, which is larger than L., which means that the ROEpy,
in principle, can fully destroy the spatial coherence of the
LD [3]. Therefore, the introduction of ROE py is more effi-
cient than ROE|py for the improvement of speckle reduction
by light pipes, i.e., we can obtain lower speckle contrast
ratio when using the ROE py than the ROE|py as shown
in Figure 4. As for the reason that the lowest speckle contrast
ratios are achieved by using the ROE;p in comparisons with
the introductions of the ROE |py and ROEpy in Figure 4,
it is straightforward because more numbers of ROE cells that
generate partially correlated laser sub-beams are introduced
when using the two-dimension ROE: ROE,p than the one-
dimensional ROEs: ROE;pyg and ROEpy.
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In Figure 4, one can see that the equivalent number of
independent speckle patterns Ny, (solid up triangle-solid
line, solid down triangle-solid line and solid square-solid
line) increase when the aperture of the iris becomes larger.
This is because the equivalent number of independent laser
sub-beams Nyjory changes with the aperture of the iris.
Calculation of N0y can be achieved by using the following
procedure. For example, consider the introduction of the
ROEpy, Figure 5 schematically presents the relationship
among the dimensions of the ROE|py (6 mm x 6mm),
the aperture of the iris D;,;; and the entrance facet of the light
pipe (4 mm x 4 mm).

As shown in Figure 5, when the aperture of the iris Djyg
is adjusted, the values of the areas of the laser sub-beams
(A—>, A_1, Ag, A1 and Aj) defined by the ROE|py cells
vary, which results in the change of the ratio among them.
Table 2 lists the normalized value of the area of the laser
sub-beam A, the equivalent number of independent laser sub-
beams Npeory, and the equivalent number of independent
speckle patterns N,,;, obtained from Figure 4. The equivalent
number of independent laser sub-beams Nypeory is calculated
by the assumption of summing M independent speckle pat-
terns with different mean intensity 7, such as [28]

M 12 4 m
(=) /v
m=1

m=1
Niheory = 1/ C?
theory — s

Cq &)

Q)

where the individual speckle patterns have a speckle contrast
ratio equaling to one, and C; and I, represent speckle contrast
for the summed speckle image and the mean intensity of
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FIGURE 5. Schematic of the relationship among the dimensions of the ROE;py (6 mm x 6mm),
the aperture of the iris D;y, and the entrance facet of the light pipe (4 mm x 4mm). The aperture
of the iris varies from D;;s = 1 mm to D;;s = 6 mm. In the figure, we present two examples
about the obtained laser sub-beams are presented when Dj,;s = 4 mm and D;;;5 = 5 mm, where
the laser beam is divided into five laser sub-beams with the values of areas equalingto A_,,

A_;.Ap. Ay and A;.

the mth speckle pattern, respectively. It is obvious that C;
is influenced by the ratio among the mean intensities of
the individual speckle patterns according to (5). Because the
mean intensity of the mth individual speckle pattern 1,, is
determined by the area of the mth laser sub-beam A,,, and
the laser beam emitted from the LD is expanded uniformly,
we can rewrite (5) into

M M
Co=(>_A > An ©)
m=1 m=1

Therefore, the equivalent number of independent laser sub-
beams Nyjeory can be obtained from (6) and (7) after knowing
the normalized value of the area of the laser sub-beam A.
From table 2, we can find that Ny, increases signifi-
cantly when D;,;s is changed from Dj,;; = 1 mm to Dy =
4 mm, and the increase rate of Nyeory becomes slower from
Di,is = 4 mm to Dj,;; = 6 mm. Comparing with the change of
the equivalent number of independent speckle patterns Ny,
when Dj, is increased for the ROE py presented in Figure 4
(solid down triangle-solid line), the trend obtained experi-
mentally is consistant with theoritical expection. In table 2,
we can also find that the value of Ny, is lower than that
of Nipeory for the same Djy;s ranging from Djy = 2 mm to
Dj,is = 6 mm. This is because in the procedure of calcu-
lating Nypeory, We have assumed that the M speckle patterns
are independent. However, because the speckle reduction
mechanisms by introducing light pipes and ROEs are similar
(correlated), i.e., both by suppressing the spatial coherence
of the LD using the reduction of the temporal coherence of
the LD [3], where the modal dispersion and the staircase-like

1/2
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TABLE 2. Lists of the normalized value of the area of the laser sub-beam:
A, the equivalent number of independent laser sub-beams: Nypeq

based on (6) and (7) and the equivalent number of independent speckle
patterns: Nexp obtained from Figure 4. The ROE used here is ROE;py.

Diameter

of  the 4

aperture

of  the

iris: Dy A2 A, Ao A A Nthemy Nexp
(mm)

1 0 0 1 0 0 1 1.02
2 0 032 1 032 0 2.23 1.94
3 0 0.7 1 0.7 0 291 242
4 023 086 1 0.86 023 3091 3.26
5 044 1 1 1 044 444 33
6 0.5 1 1 1 0.5 4.57 342

structure introduce temporal pulse spreading (optical path
difference) in light pipes and ROEs, respectively, the validity
of this assumption is not held, especially when the speckle
reduction mechanism by light pipes becomes more dominate.

The degeneration of the speckle reduction efficiency using
the ROEs because of the correlated light pipes can be further
explained by increasing the working numerical aperture (the
diffusing angle of the holographic diffuser 6;) and length of
the light pipe Lrp, i.e., by enhancing the speckle reduction
mechanism by light pipes. Figure 6 shows these degenera-
tions, where the ROE,p is used.
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FIGURE 6. Objective speckle contrast ratio C and equivalent number of independent speckle
patterns Nexp with the change of the diameter of the aperture of the iris by introducing the ROE,p,
where the diffusing angle of the holographic diffuser 64 and the length of the tapered light pipe

L, p are changed. We can find that the speckle reduction efficiency using the ROE,p degenerates
when the effect of light pipe on speckle reduction is enhanced by increasing 64 and L;p.

As shown in Figure 6, at a constant diameter of the aperture
of the iris Djs, the largest value of Ny, is almost always
obtained when the smallest diffusing angle of the holographic
diffuser 6; = 5° and the shortest length of the light pipe
Lrp = 50 mm are used (solid square-solid line); while, the
combination of the largest diffusing angle of the holographic
diffuser 6; = 20° and Lyp = 50 mm provides the lowest
value of Ny, (solid right triangle-solid line). From Figure 6,
we can also find that by using the same holographic diffuser
with a diffusing angle of 6; = 5°, the lowest value of
Nexp corresponds to the condition when Ly p = 140 mm at
a constant diameter of the aperture of the iris Djys (solid
hexagon-solid line). Based on these experimental results, it
is clear that the improvement of speckle reduction with the
helps of ROEs is affected by the parameters of the light pipe
(working numerical aperture and length).

C. DEMONSTRATION OF THE IMPROVEMENT OF SPECKLE
REDUCTION USING THE ROE2D IN A SIMPLIFIED LASER
PROJECTION SYSTEM

For the demonstration of the method in a simplified projection
system, Figure 2(a) is modified by removing the sandblasted
glass diffuser, and we put a transparent glass with a stamped
Chinese character closely after the exit facet of the light pipe.
A focal length of f, = 60 mm and F-number of F#, =
5.6 projection lens magnifies the Chinese character onto a
painted white screen. The distance from the projection lens to
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FIGURE 7. Subjective speckle images before (a) and after (b) introducing
the ROE,p, in a simplified laser projection system. The diameter of the
aperture of the iris is Djjs = 6 mm, the diffusing angle of the
holographic diffuser is 64 = 5°, and length of the light pipe is

Lyp = 140 mm.

the painted white screen is Z, = 240 mm. Subjective speckles
formed on the painted white screen are captured by the CCD
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camera mounted with an imaging lens. The focal length of
the imaging lens is f; = 35 mm, and the F-number of the
imaging lens has a constant value of F#; = 22. The distance
from the imaging lens to the painted white screen is Z; =
120 mm. Figure 7 shows the projected images before and
after introducing the two-dimensional ROE: ROE;p, where
Djyis = 6 mm, 6; = 5° and Ly p = 140 mm.

Subjective speckle contrast ratios are calculated by choos-
ing the uniform illuminated areas in Figure 7 (the enlarged
areas), which are Cpefore = 0.33 and Cyper = 0.24 before
and after introducing the ROE,p, respectively.

IV. CONCLUSION

In this study, we have investigated speckle reduction by
light pipes, and we have introduced the ROEs to improve
its efficiency. The proof-of-concept ROEs were fabricated by
assembling polished glasses with different thickness. After
introducing the ROEs, a laser beam was divided as partially
correlated (or uncorrelated) laser sub-beams, and the light
pipe added up the speckle fields generated from the laser sub-
beams in intensity basis. We have studied speckle reductions
under different experimental conditions. We found that the
efficiency of the improvement of speckle reduction by light
pipes using the ROEs degenerated when the working numer-
ical aperture and the length of the light pipe were increased.
The proposed method was demonstrated in a simplified laser
projection system, where its feasibility was verified. The
speckle reduction method presented in this paper is motion-
less and simpler, making it superior to other methods such
as by time-averaging different speckle patterns. In future,
we plan to fabricate ROEs with smaller cell dimensions by
using microfabrication process; thus, we can divide a laser
beam into more numbers of partially correlated (or uncorre-
lated) laser sub-beams, and the efficiency of the improvement
of speckle reduction by light pipes using the ROEs is expected
to be optimized.
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