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ARTICLE INFO ABSTRACT
Keywords: A refractive optical element (ROE), together with a lenslet integrator (LI), is designed for passive
Refractive optical element speckle reduction in laser projection displays. ROE cells create optical path differences among

Lenslet integrator
Passive speckle reduction
Laser projection displays

laser sub-beams, and consequently destroy laser temporal and spatial coherences when the
partially correlated laser sub-beams are superposed by the LI. By using the ROE and the LI,
objective and subjective speckle contrasts are reduced to 0.18 and 0.2, respectively. The
demonstrated passive speckle reduction technique does not require the use of motors, which
shows superiorities over other speckle reduction methods by changing diffuser etc.

1. Introduction

After the invention of lasers in 1960s, the work of developing more vivid and brighter mercury-free displays by red, green and blue
lasers is continuously in progress [1]. It is in recent years that the commercialization of laser displays is boosted mainly attributing to
the success of the development of high-power and low-cost laser diodes, especially for the green and red colors [2,3]. Speckle, which
results in poor image quality in laser displays, on the other hand, though has been claimed by many laser projector manufactures being
solved, problems exist for the adopted speckle reduction methods.

Changing diffuser is a typical speckle reduction technique [4-6]. Different speckles form when a diffuser is vibrating or rotating,
and thus reduces speckle by the summation of different speckle patterns. Speckle contrast can be reduced from one to 1/(2 Y2 =
(AZ/2Dvt)}? by the changing diffuser, where T represents the temporal degree of speckle reduction freedom, v is traveling velocity and
t is camera exposure period, 4, Z and D are laser wavelength, image distance and diameter of the imaging lens, respectively, and the
factor of two is attributed to the depolarization by the screen [7]. According to the aforementioned relationship, changing diffuser can
easily reduce speckle down to contrasts lower than 0.05, which are the values that speckle cannot be recognized by human eyes [8].
However, due to the finite temporal integration time of human eyes (50 ms), high-speed motors are required to actuate the diffuser,
which are bulky and noisy and cause extra electric energy consumption. In one speckle-reduced laser projection system by changing
diffuser, a micro-vibrated diffuser is used as the paper screen [9]. It is unpractical in consideration of cinema screens etc., where
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high-power actuators are demanded to vibrate the large-sized screen. A coexisting consequence for changing diffuser is light scattering
when a moving diffuser is placed within the projection system. Etendue is increased by the scattered lights, which may cause extra
optical power loss. The application of the moving diffuser within the projection system also induces the formation of compound
speckles on the screen [7]. The compound speckles have a higher contrast because the contrast of the reduced compound speckles is
determined both by the temporal and spatial degrees of speckle reduction freedom [7]. Normally, the value of the spatial degree of
speckle reduction freedom is low (lower than one hundred), which makes the compound speckles on the screen have a higher contrast
[10].

Laser linewidth broadening and wavelength diversity are another two commonly used speckle reduction methods, which are based
on the suppression of laser temporal coherence [11-15]. Laser diodes have a typical full-width-half-maximum linewidth of several
nanometers, which constrains the speckle reduction efficiency achieved by laser linewidth broadening. Wavelength diversity can be
realized by employing laser diodes with different primary wavelengths. For a single laser diode, one can also achieve wavelength
diversity by modulating its drive current, i.e., by obtain independent longitudinal modes (multimode) that arise from mode hopping
[16]; the modulation period of the laser diode drive current shall be short, specifically, within the temporal integration time of human
eyes, which in turn requires the design of high-speed electronic driver circuit. Another issue for wavelength diversity is that speckle
cannot be reduced effectively. Assuming that M laser diodes with fully uncorrelated primary wavelengths or a laser diode with M fully
uncorrelated modes are introduced, speckle can be reduced by 1/M'/2 [7]. Currently Nichia and OSRAM etc. laser diode manufactures
only supply few types of RGB laser diodes emitting different primary wavelengths, and the obtainable number of independent lon-
gitudinal modes by modulating the drive current of the laser diode is low. Therefore, the achievable maximum value of N is restricted.

In this paper, we use a refractive optical element (ROE) and a lenslet integrator (LI) to suppress laser temporal and spatial co-
herences and to reduce speckle passively. The ROE has a staircase-like structure, which introduces different optical path lengths when
laser sub-beams transmit through. The optical path differences among the laser sub-beams destroy the temporal coherence of a laser
diode, and with the help of the LI to convert a Gaussian beam profile into a uniform flat-top light distribution, the spatial coherence of
the laser diode is destroyed. This mechanism is simulated in Zemax and verified by experimental results.

2. Design and simulation

In projection displays, a uniform rectangular illumination light field is needed. This requirement can be accomplished by using an
optical homogenizer such as a light pipe based on multiple total internal reflections or a LI based on the principle of Kohler illumination
[17]. When the sizes of microdisplay panels are large, cross-sections of light pipes are approximately the same as the sizes of the
microdisplay panels, which consequently demand light pipes having very long lengths to obtain good light field homogenization.
Under such a circumstance, homogenizers using Lls are preferred because they are more compact.

Fig. 1 shows simulation model in Zemax, which is also consistent with experimental setup for objective speckle measurement. A 50
mW multimode laser diode with thermal-controlled mount is used as illumination light source. The driving current and working
temperature of the laser diode are constant values of 150 mA and 20 °C, respectively. The central wavelength of the laser diode is 1 =
520 nm. The laser beam is collimated by a freeform lens embedded inside the thermal-controlled mount. The collimated circular laser
beam is expanded by a beam expander to 40 mm in diameter. An adjustable iris is employed to change the effective laser beam
diameter ranging from 5 mm to 35 mm, where the largest laser beam diameter is determined by the working area of the lenslet arrays.
A ROE is placed closely after the iris. We have used a LI composed of a pair of lenslet arrays and an auxiliary lens for light field
homogenization purpose. There are 10 x 13 lenslets for the lenslet array, where each lenslet has a focal length of fi4 = 38.1 mm, a
width of Wi4 = 4 mm, and a height of H 4 = 3 mm. The lenslet arrays and the auxiliary lens are arranged in a standard style to obtain a
uniform flat-top light distribution by the superposition of laser sub-beams determined by the lenslets [17]. A sandblasted glass diffuser
is placed at the focal plane of the auxiliary lens, where the focal length of the auxiliary lens is f4;, = 100 mm. Therefore, the width and
height of the homogenized flat-top beam profile are Wgr = far X Wra/fra = 10.5 mm and Lpr = far, X Hpa/fia = 7.9 mm, respectively
[17]. A charge-coupled device camera is used to capture objective speckles, where the exposure time of the camera is changed
accordingly to make sure that the image sensors work in their linear region when the diameter of the iris is adjusted. In order to make
the size of objective speckles significantly larger than camera pixel size, the distance from the diffuser to the camera is set as 1000 mm.

ROE fabrication has been reported elsewhere [18,19]. In brief, two groups of glasses are assembled along orthogonal directions
onto a transparent glass substrate by ultraviolent glue. The lengths of the glasses are the same, which are 80 mm. In order to match
with the 4 mm x 3 mm lenslet planar dimensions, widths of the horizontally and vertically posited glasses are designed as 4 mm and
3 mm, respectively. The heights of the two groups of glasses are different, varying from 0.5 mm to 6 mm with an even increment of
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Fig. 1. Simulation model and experimental setup for objective speckle measurement, where the colored lines shown in the figure represent different
parts of the laser beam. LD: laser diode, TCM: thermal-controlled mount, BE: beam expander, ROE: refractive optical element, LI: lenslet integrator.
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0.5 mm for the vertically aligned group and from 6.5 mm to 58.5 mm with an even increment of 6.5 mm for the horizontally aligned
group. Therefore, we obtain staircase-like structures with heights ranging from 0 mm to 64.5 mm, where the heights between two
adjacent ROE cells have an even increment of 0.5 mm. Here, it should be known that the optical axis in Fig. 1 passes through both the
centers of the sixth row and sixth column ROE cell and the sixth row and sixth column lenslets.

We have used sequential mode in Zemax to calculate the optical path differences produced on the diffuser among the laser sub-
beams, where the refractive index of the glasses is defined as 1.46. Fig. 2 presents simulation results before and after introducing
the ROE, where the effective laser beam diameter is set as 35 mm. Here, the reference laser sub-beam is the one passing through the
optical axis.

As shown in Fig. 2, the mean optical path differences between two adjacent laser sub-beams are 10 um and 228 um before and after
introducing the ROE, respectively. Thus, we can conclude that the optical path differences among the laser sub-beams are improved
after introducing the ROE.

3. Experimental results and discussions
3.1. Objective speckle

We have used experimental setup shown in Fig. 1 to measure objective speckles. Fig. 3 shows experimental results about the re-
lationships between objective speckle contrast C and the equivalent number of independent speckle patterns N, and the diameter of the

iris before and after introducing the ROE. Objective speckle contrast C and the equivalent number of independent speckle patterns N,
are calculated by using [7].

c- €]
o
—_ Cb ’
Ne - (a) ) (2)

where <I> and o represent the mean value and standard deviation of speckle intensity, respectively, and Cp and C, are objective
speckle contrasts before and after speckle reduction, respectively.

As shown in Fig. 3, the initial objective speckle contrast is 0.77 for the iris diameter of 3 mm. The planar dimensions of the lenslets
are 4 mm x 3 mm, and the widths of the horizontally and vertically posited glasses to compose ROE are 4 mm and 3 mm, respectively,
thus there is no spatial integration when the diameter of the iris is 3 mm because the effective laser beam only transmits through a
single lenslet and a single ROE cell. In this situation, no speckle reduction mechanisms are introduced except the depolarization caused
by the diffuser. In theory, if the diffuser can fully depolarize scattered lights, the initial speckle contrast shall be 1/21/2 = 0.71 because
of the two degrees of speckle reduction freedom provided by the diffuser depolarization [7]. The obtained initial speckle contrast of
0.77 can be attributed to partial depolarization of the diffuser. When the diameter of the iris is increased, objective speckle contrast
starts to decrease, where objective speckle contrast is reduced more rapidly with the ROE and the LI than only with the LI. For the
largest iris diameter of 35 mm, the minimum objective speckle contrasts are 0.32 and 0.18 before and after using the ROE, respectively.
This is in agreement with the simulated optical path differences presented in Fig. 2, where optical path differences are greatly
improved by introducing the ROE.

In Fig. 3, it can also be found that the equivalent numbers of independent speckle patterns N, are improved by using the combi-
nation of the ROE and the LI, where the maximum values are 5.6 by using the LI and 17.7 by using the ROE and the LI in Fig. 3. The
superposition of N speckle patterns results in a speckle contrast C, equaling to
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Fig. 2. Simulated optical path differences produced on the diffuser among the laser sub-beams (a) before and (b) after introducing the ROE.
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Fig. 3. Relationship between objective speckle contrast and the equivalent number of independent speckle patterns and the diameter of the iris
before and after introducing the ROE.
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where p;; is the correlation coefficient of the ith and jth speckle patterns, and I; and I; are the light intensities of the ith and jth speckle
patterns, respectively [20]. When larger optical path differences are introduced by the laser sub-beams, the correlation coefficients of
the speckle patterns produced by these laser sub-beams decrease, and the speckle contrast of the superposed speckle image becomes
lower. In principle, if all the laser sub-beams transmits through the ROE and the lenslets are uncorrelated, the equivalent number of
independent speckle patterns N; shall be [18].

(=5)°
S @

where I, is the light intensity of the nth speckle pattern, and N is the number of uncorrelated laser sub-beams. When the iris diameter is
35 mm, the effective laser beam illuminates sixty-one ROE cells and the corresponding lenslets entirely, and thus the value of N; shall
be larger than sixty-one. There are mainly two aspects making the equivalent numbers of independent speckle patterns obtained from
experiment being lower than expectations, i.e., Ne < N;. Firstly, the minimum optical path differences among adjacent laser sub-beams
are shorter than the coherence length of the laser diode, where the laser diode has a coherence length of about 350 pm [18]. The
spectrum of the multimode laser diode has a number of longitudinal modes with narrow bandwidth, which makes the formation of a
number of peaks within the envelope of the absolute value of the complex degree of temporal coherence [21]. As shown in Fig. 2(b),
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Fig. 4. An example to explain the superposition of laser sub-beams transmitting through the ROE and the LI (a), and the scattering property of the
diffuser. ROE: refractive optical element, LI: lenslet integrator.
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the mean optical path difference between two adjacent laser sub-beams is 228 um after introducing the ROE. The mean optical path
difference between two adjacent laser sub-beams is comparable to the coherence length of the laser diode, and the absolute value of the
complex degree of temporal coherence is low when the ROE is used. Therefore, the temporal and spatial coherences of the laser diode
are partially destroyed by the optical path differences brought by the laser sub-beams. Secondly, the laser sub-beams illuminates the
diffuser along different directions, and the scattering angle of the diffuser is very small, which together make laser sub-beams have
unequal contributions to speckle reduction. Fig. 4(a) schematically shows an example when two laser sub-beams transmit through the
ROE cells and the LI, and Fig. 4(b) shows the scattering angle measurement result of the diffuser.

As shown in Fig. 4(a), the angle of incidence of the mth laser sub-beam can be calculated approximately by 6, = tan ™ (mHpa/far),
where m are integers ranging from — 6 to 6. Therefore, the angles of incidence of the laser sub-beams are varying from — 10.2° to
10.2°, respectively, and the angles of incidence between the mth and (m+1)th laser sub-beams have an interval of about A6 = 1.7°.
According to Eq. (4), when uncorrelated speckle patterns are summed, the equivalent number of independent speckle patterns is
influenced by the intensities of individual speckle patterns. If the intensities of the superposed uncorrelated speckle patterns are not
equal, speckle reduction becomes less efficient, and the equivalent number of independent speckle patterns is lower than the number of
the superposed uncorrelated speckle patterns. In Fig. 4(b), we can find that the diffuser has a full-width-half-maximum scattering angle
at about 10°. Therefore, when the laser sub-beams illuminate the diffuser along different directions with the angles of incidence
ranging from — 10.2 to 10.2°, the contribution of each laser sub-beam on the superposed speckles that are perceived by the
4.76 mm x 3.57 mm sensing area of the camera are unequal. Because of the aforementioned two aspects, the equivalent numbers of
independent speckle patterns obtained from experiment are lower than expected values.

Another observation from Fig. 3 is the saturations of objective speckle contrasts and the equivalent number of independent speckle
patterns when the diameter of the iris is very large. This result can also be explained by the scattering angle measurement presented in
Fig. 4(b). When the diameter of the iris becomes larger, the contributions of the light intensities from the newly introduced laser sub-
beams on the camera become weaker because these laser sub-beams have larger absolute values of angles of incidence on the diffuser.
The camera perceives less light intensities from the outer laser sub-beams, and thus the decreasing rate of objective speckle contrasts
and the increasing rate of the equivalent number of independent speckle patterns become saturated.

3.2. Subjective speckle

A laser projection system using an ultra-short throw lens is designed to demonstrate speckle reduction realized by the ROE and the
LI Fig. 5(a) shows the laser projection system, and Fig. 5(b) and 5 (c) present subjective speckle images before and after introducing
the ROE, where the iris diameter is 35 mm.

In Fig. 5, similar optical setup as Fig. 1 is adopted before a transparent plastic. The transparent plastic is placed in the plane where
homogenized optical field is generated by the LI. A letter “S” is painted on the transparent plastic, which is projected by the ultra-short
throw lens to a screen. The charged-coupled device camera is mounted with an imaging lens to capture subjective speckles, where the
imaging lens has a focal length of 75 mm, and the distance from the imaging lens to the screen is 100 mm to record subjective speckles
properly.

Subjective speckle contrasts are calculated by using Eq. (1), where these values are 0.33 for Fig. 5(b) and 0.2 for Fig. 5(c).
Comparing with the corresponding objective speckle contrasts, these values are higher. The differences between objective speckle
contrasts and subjective speckle contrasts can be explained by compound speckle theory [7,22]. Besides the speckles formed on the
screen, there are other existing interferences and speckles in the laser projection system shown in Fig. 5(a) because of the imperfect

LD with BE ROE LI  Transparent Screen UST lens
TCM Iris plastic with “S™

Fig. 5. Speckle reduced laser projection system (a), and subjective speckle images before (b) and after introducing the ROE. LD: laser diode, TCM:
temperature-controlled mount, BE: beam expander, ROE: refractive optical element, LI: lenslet integrator, UST: ultra-short throw.
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smooth surface of the transparent plastic. The speckles formed on the transparent plastic are enlarged by the ultra-short throw lens
onto the screen, and thus we can observe small-sized speckles lying inside large-sized speckles in Fig. 5(b) and 5 (c), i.e., compound
speckles. Because [(S+ T + 1)/2ST]1%/2 is always larger than T*/2, the speckle contrast of a compound speckle pattern is always higher
than that of the speckle pattern where first speckles form [7,22].

One should know that in a real laser projector, the transparent plastic in Fig. 5(a) can be replaced by display chips such as a digital
micromirror device or a liquid crystal on silicon. In this situation, the subjective speckle contrast in Fig. 5(b) and 5 (c) shall be more
close to objective speckle contrasts obtained in Fig. 3 under the same iris diameter.

4. Conclusions

In conclusion, we have demonstrated a passive speckle reduction method for laser projection application using a ROE together with
a LL Both objective speckle and subjective speckle are investigated before and after using the ROE. Experimental results show the
combination of the ROE and the LI can effectively reduce speckle, and speckle reduction efficiency can be improved by introducing
more partially correlated laser sub-beams with the ROE and LI cells. In comparison with other speckle reduction techniques such as a
changing diffuser, the proposed passive speckle reduction method does not require motors to drive the diffuser, thus, it has zero electric
energy consumption. In order to reduce speckle more effectively, the ROE and the LI can work together with other independent speckle
reduction mechanisms, e.g., wavelength diversity, to obtain lower speckle contrasts.
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