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Abstract

Laser light source becomes more popular today in the projection technology. The
use of lasers in projection applications provides considerable advantages compared
to conventional projection lamps. These are, for example, long lifetime, large color
gamut, small étendue for small projection system. However, one of a major obsta-
cles that prevents lasers projection from the market is speckle. Speckle appears as
unwanted granular noise on projected images and it degrades the image quality. A
number of speckle reduction solutions have been developed in recent years. However,
speckle removal methods that can be integrated in laser projection technology are
still challenging. The objective of this PhD work is the investigation, application
and characterization of methods for speckle suppression in a real laser projection

system.

Different approaches for speckle suppression are examined in this work. The first
approach is the application of a Microelectromechanical systems (MEMS) diffuser.
The benefits of using MEMS diffuser are: less power consumption, small size, simple
drive electronics, and simplified integration within a projector. The MEMS diffuser
has random patterns that have a role as wavefront phase modulator for speckle
suppression. The device is designed based on Silicon on Insulator (SOI) MEMS
fabrication process. The design of MEMS diffuser is then theoretical calculated and
simulated. The experimental dynamic measurement of MEMS diffuser shows a well
fit with the calculation and simulation results. Speckle contrast suppression of the
diffuser is characterized. The device provides up to 43.8% of speckle suppression.
Based on the same principle, a second generation of MEMS diffuser is designed to
have larger height fluctuations with a continuous profile. The calculation, simulation

and characterization of the second generation MEMS diffuser are done. However,

il
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due to the properties of fabrication processes, a continuous profile of random patterns
can not be attained and therefore the second generation of MEMS diffuser does not

offer better speckle suppression.

The second approach for speckle suppression is a commercial phase-randomizing
deformable mirror for anti-speckle technology. The mirror can tolerate high optical
power thus it is suitable for laser projection system where high power lasers are re-
quired. The mirror comprises a continuous surface of micro mirror array that can be
individually deformed and actuated up to hundreds of kHz. Due to the deformation
of the micro mirrors, speckle contrast is reduced by the introduction of angle diver-
sity. Speckle suppression by combination of wavelength diversity and angle diversity
is measured and analyzed. The study is done both for single broadband laser and
laser array. It is shown experimentally that speckle contrast can be reduced down

to 0.04 for single broadband laser and to 0.033 for four broadband lasers array.

Finally, different speckle suppression methods such as wavelength diversity, angle
diversity, moving diffuser are applied in a real laser projection system which is built
by Projectiondesign AS. Speckle contrast of the projected images is characterized
by setting the camera to match speckle perception of human eyes. Speckle contrast
of 0.050 and of 0.038 are attained respectively for red lasers and blue lasers in the

projection system.
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Chapter 1

Introduction

1.1 Projection Displays Technology

1.1.1 Light sources for projection technology

The performance of a projection system is very much dependent on the character-
istics of the light sources. There are different available light sources for projection
technology such as lamps, light emitting diodes (LEDs) or lasers. Each of them has

different characteristics and suitability for different applications.

Lamps as projection light sources

The majority of today’s projectors use arc lamp which is also known as high intensity
discharge (HID) lamp as a light source. A HID lamp consists of a sealed envelope
containing the filled materials. HID lamps include Xenon lamp, Metal-halide lamp
and ultra high pressure (UHP) lamp [1]. Xenon lamp is a HID lamp that is filled
with the noble gas Xenon. Since Xenon is in its gaseous state at room temperature,
instant turn on/turn off with no associated warm up period is possible for Xenon
lamp. Xenon lamp has a broadband with a relatively flat profile emission in the
visible spectrum. Thus, Xenon lamp provides a good colorimetry [2]. Xenon lamp

has high brightness therefore it is used in high end large screen cinema projectors

1
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[3,4].

Another type of HID lamp is Metal-halide lamp. The Metal-halide lamp is filled
with mercury and a doping of a halide salt of a desired metal. The characteristics
and the spectrum of illumination can be varied by modifying the mixture of metal
halide in the lamps [5]. However, the metal halide lamps require long warm-up time
to get full brightness and proper color. This occurs because the metal halide salt
takes time to be heated up and fully vaporized. Moreover, due to the presence of
two or more metals in the lamps, these metals can react with the electrodes and
form compounds with lower vapor pressure than the original metal halide [6]. As a

consequence, these lamps can change color over the life-time.

The introduction of Ultra High Pressure (UHP) Mercury Hg lamp system by Philips
in 1995 is identified as a technological breakthrough for the projection market [7].
Following this launch, the UHP lamps are nowadays most commonly used in the
projection technology. The UHP lamps offer a very high luminance with a good
spectrum [8]. They are available in version from about 50W to 900W [6]. One more
advantage of the UHP lamps is long lifetime. These lamps can have lifetime of over

10000 hours which is ideal for projection applications [9].

Light Emitting Diodes (LEDs) as projection light sources

LEDs are a solid-state emitters that have been currently used as light sources in
projectors. Unlike the traditional lamps, LEDs are small and can be switched fast
so they do not need warm up time [10]. Moreover, LEDs are now available in all
colors for projection applications. The two main advantages of LEDs over UHP

lamps are colorimetry and lifetime [11].

Following [6], there are two basic mechanisms for LEDs to produce white light. In
the first mechanism, the desired wavelengths can be emitted directly from the LEDs.
Consequently, separate red, green and blue LEDs are used to build up a projector.
On the other hand, white light can be produced by converting the blue light to
the desired wavelength with a Phosphor or Fluorescent materials. Blue LEDs and

yellow Phosphor are most commonly used. A part of blue light is absorbed and

2
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excited the yellow light by the yellow Phosphor. The blue light and the excited
yellow light mix up to produce white light. Figure 1.1 shows an example spectra of
red, green, blue LEDs and white LEDs which is generated by blue LEDs and yellow
Phosphor. Unfortunately, the colorimetry of white LEDs which is made by the blue
LED and yellow Phosphor is poor. Hence, this LED is only used in the system like
cell phone displays where power consumption is paramount and poor colorimetry
can be tolerated [6]. Better color can be achieved with a mixture of green and red
Phosphors with the blue LEDs. However, these two approaches have lower efficiency

than the blue LEDs with yellow Phosphors.

(i ] [ i |

W-LED

-

400 450 500 550 600 650 700

Figure 1.1: Spectrum of red, green, blue LEDs and white LED consists of a blue
LED coated with a yellow Phosphor [10]

Due to the lack of filament, LEDs have longer lifetime than traditional lamps for
projection displays. In general, the LEDs do not fail catastrophically but their light
output decreases slowly over their operating period [12|. Typically, the lifetime
of LEDs are about 20.000 hours until the light output drop to 50% of the initial
value [13].

Although LEDs provide many advantages, still they have some limits. LEDs have
large étendue because of their large emission angle. Hence, it may be challenging for
the design of light engine to collect the light from LEDs source without cropping.
Besides, the brightness of LEDs is much lower than lamps. This prevents the use
of LEDs in the high-output projection systems [14|. However, LEDs have been
recently integrated into portable projection systems which high brightness is not

required due to the small size [1,15-17].
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Lasers as projection light sources

It has been recognized that the conventional lamps have limits both on the per-
formance and lifetime [18|. In addition, LEDs can not be used in the high output
projection systems because of low brightness. Thus, lasers are considered as a good
light source for new generation of projection systems. After being invented in 1960s,
lasers were proposed as light sources for projection use [19]. Since then, laser pro-
jectors have not come into production. This is mainly because of high cost of the
lasers compared to the lamps. Lasers do not have the same étendue limitation as
lamps or LEDs. The very low étendue of the laser would enable very high brightness
projection systems to be built with smaller microdisplays [20]. The use of lasers as
a light source in projection displays provides a smaller size of projection lens. The
maximum effective diameter of the projection lens is reduced by about 40% in lasers-
based projection system as compared to the lamps-based projection system [21]. In
addition, low divergence angle of the lasers allows the use of low cost-high aperture
number F'# number projection lenses [6]. Despite of small size and low étendue,
lasers offer very high brightness which is 5 x 10° times that of LEDs [22]. Lasers
also have longer lifetime than lamps and LEDs. It is shown in 23] that the laser’s

lifetime can exceed 50.000 hours.

A major advantage for laser projection systems is the use of lasers at selected wave-
lengths that expand the available color gamut to display [24]. With lasers projection
displays, the source is monochromatic and within broad limits, lasers of any desired
wavelength can be designed. Therefore, it is up to the designer to specify the lasers
wavelengths to be used in the projector. The choice of laser wavelengths is based on
target color gamut of the display, the availability and cost of the commercial lasers

wavelength [6].

Due to these advantages, the light sources for future projection display are believed
to be dominated by lasers. But currently, lasers have some problems that must be
overcome. The commercial lasers are still far more expensive compared to conven-
tional lamps for being used in mass-market projectors. One more factor needs to
be considered is the lasers safety. The lasers are very dangerous for human eyes if

they are looked directly. Therefore, it is important that the laser set is sealed in the

4
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projection systems chassis, no direct laser radiation is accessible.

The adoption of lasers in display applications has been limited due to the presence
of speckle. Speckle is a consequence of the high temporal and spatial coherence
property of lasers and occurs due to the interference of coherent laser light scattered
from a random phase delays such as projection screen [25]. Figure 1.2 shows images
with and without speckle effect. The original image without speckle is shown in
Figure 1.2 (a) which the fine details can be seen clearly. Figure 1.2 (b) shows an
image with speckle that appears as a random granular noise superimposed on the
intended image, and therefore it significantly degrades the observed images quality.
Hence, the suppression of speckle is an important challenge to overcome for the
application of lasers in displays technology. More details of speckle properties and

methods for speckle suppression are discussed in the next section.

(b)
Figure 1.2: Original image without speckle (a) and image with speckle (b) [26]

1.1.2 Digital mirror devices (DMD) for projectors

Digital mirror devices (DMD) is a part of the Digital Light Processing (DLP) system
which was produced by Texas Instruments (TI). Since invented in 1987, DMD has
come to dominate the projector market [27]. DMD is a MicroEletroMechanical
Systems (MEMS) device for fast reflective digital light switch. It consists of a large
number of micro-mirrors. Figure 1.3 (a) shows a DMD and an enlarge image of

micro-mirrors array is shown in Figure 1.3 (b).

DMD is a spatial light modulator system which uses a number of micro-mirrors to

reflect incident light either onto the projection lens or onto a light absorber. The
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Figure 1.3: Digital mirror devices (DMD) (a) and a Scanning Electron Microscope
image of micro-mirror array (b)

DMD pixel is a micro-mirror that can tilt +10°. The most recent DMD has tilt angle
of £12°. The micro-mirrors have two operational states. By convention, the mirror
is referred to as the "on" state when the mirror is tilted toward the illumination.
When the mirror is tilted away from the illumination, it is referred to as the "oft"
state. The mirror in the "on" state deflects light from the lamp to the projection
lens and the mirror in the "off" state deflects light from the lamp the the light
absorber |28]. The required time for the mirror to transit from the "on" position to

the "off" position is 20us [29].

Figure 1.4: Schematic of lamps projection system (a) and LEDs laser projection
system with single DMD chip (b) [22]

Figure 1.4 shows a schematic of lamps and LEDs lasers projection system with single
DMD chip [22]. In Figure 1.4 (a), a lamp source requires a spinning color wheel and
color filter to add color to the image. The color wheel consists of multiple colors
that change the color light coming to the DMD chip. For the LEDs and lasers
projection system as shown in Figure 1.4 (b), the primary colors are created directly

and therefore a number of optical elements are significant reduced in the system. In
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addition, the lack of color wheel and color filter in the LEDs laser projection system

provides a better optical efficiency [30].

For both systems, the light from source is directed to illuminate the surface of DMD

"off" states of the micro-mirrors, the reflected

chip. Depending on the "on" or
light from the mirrors is directed either into the pupil of projection lens or away
of projection lens respectively. The projection lens collect the light from each "on"

state of the mirrors and project an enlarged image to the screen [28].

1.2 Speckle and Methods for Speckle Suppression

1.2.1 Speckle in lasers projection display

Projection technology plays an important role in modern life. The applications of
projection technology can be seen everywhere such as rear-projection televisions,
conference room projectors, home theater projectors, cinema projectors, micro pro-
jectors etc. With the advancement of the technology, the customers expect higher
quality from the projectors such as better resolution, higher brightness, more dis-
played colors and longer life-time without the need to replace the light source. Lasers
are a good candidate as an illumination light source for the projection technology.
Lasers offer a number of advantages compared to lamps or LEDs. Lasers provide
wider color gamut, better electrical to optical conversion efficiency, higher brightness

and contrast of the images and longer life-time [31,32]

However, an obstacle of lasers in imaging applications is speckle, which is a conse-
quence of the high coherence intrinsic property of the lasers [33,34]. An illustration
of speckle formation is shown in Figure 1.5. A coherent laser beam propagates to
a random surface such as projection screen which is considered to be rough on the
scale of optical wavelength as illustrated in Figure 1.5 (a). The roughness of the
screen surface causes a path difference between individual rays which corresponds
to a phase difference of the scattered laser light. As a result, a more or less ran-
dom electric field distribution is present at the surface. When an observer looks at

the laser illuminated screen, the electric field distribution is imaged onto the retina

7
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Observer
b

Rough surface \
Rough surface Coherent light Coherent light

(a) (b)

/

Figure 1.5: Hlustration of speckle formation: coherent light propagates to a rough
surface (a) and speckle formation from the scattered coherent light (b)

of human eyes, at which interference patterns are formed (Figure 1.5 (b)). As a
consequence, the observer will notice random dark and bright granular noise on the

intended images. Figure 1.6 shows an image of typical laser speckle patterns.

Figure 1.6: Image of laser speckle patterns

The speckle patterns will get smaller or larger if the head of the observer is moved
forward or backward respectively. In practice, the speckle size is determined by the
spatial resolution of human eyes which is defined as a minimum resolvable distance
between distinguishable objects in an image. In addition, the response time of the
eyes which is about 1/25s should be also taken into account in observations [35].
A slow lateral movement of the eyes corresponds to a very fast movement of the
speckle patterns. Human eyes can only recognize speckle with contrast more than

0.04 [36,37].

Consider a random rough surface is illuminated by a coherent laser beam as shown in

Figure 1.5. Each point of the illuminated surface is considered as a secondary source

8
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of scattered electric fields to the observer. The roughness of the random surface
causes the optical path difference between the individual scattered rays. Thus, the
scattered field has random phases component. In addition, the difference in the
distance to the observer, surface reflectivity and the intensity of illuminating light
field of each secondary source result random fluctuation amplitude of the scattered
field. The resultant field A at the observation point is calculated as a sum of random

phasor components [38]

N
A=A = — E a, elon (1.1)
N n=1

where A is the magnitude of the complex resultant, N is the number of random
phasor components, a,, and ¢,, are the amplitude and the phase of the nth complex
phasor components. The intensity of the wavefield [ is calculated in terms of the

scalar quantity A as

|A.)? +|A,* for an unpolarized wave

= (1.2)
|AJ? for a polarized wave
The variance of the resultant phasor equals to
N
1 a?

n=1

To evaluate the intensity fluctuation resulting from speckles in a speckle pattern,
the speckle contrast C' is commonly used, and is defined as the ratio of the standard

deviation to the mean of the intensity of the pattern, as given by

12 — 2 g
C=—"—" =—= 1.4
7 7 (1.4)
where I and o; are the mean value and the standard deviation of the intensity.

Under the assumptions that:
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1. The amplitude a,/ VN and the phase ¢,, of the nth are statistical independent
to each other and to the amplitude a,,/ VN and the phase ¢,,, provided n #m

2. The phases ¢, are all uniformly distributed on (—m, )

Speckle patterns that are generated by a large number of statistical independent
phasors N and has speckle contrast C' = 1 are named fully developed speckle. Fully
developed speckle patterns can be generated with a sufficient rough surface, has
a Gaussian height distribution and the surface is illuminated with coherent and
polarized light. The patterns with suppressed speckle have a smaller value C' and
the patterns with constant intensity (no speckled fluctuations) have the minimum

value of C, which is zero.

1.2.2 Methods for speckle suppression

For practical application of lasers in projection displays, it is imperative that speckle
noise should be reduced below the human perception limit. Human eyes would not
be able to recognize the speckle noise on the images if the contrast is less than
0.04 [37]. There are two main mechanisms for speckle suppression. Since speckle is
created by the intrinsic coherent property of the laser light, the first mechanism for
speckle suppression is to reduce the spatial or temporal coherence of the illuminating
laser light. The second mechanism for speckle suppression which is called temporal
averaging bases on the limit of the response time of human eyes which is on the
order of about 30ms [39]. Thus, the change of speckle patterns at high frequency can
reduce the visibility of the speckle patterns by temporal averaging of the human eyes.
Each mechanism has a variety of methods for speckle suppression. Each method
introduces a certain number of degrees of freedom M. In general, if N independent
methods, each with a degree of freedom M,, are used, the total number degrees of

freedom M is

M =[] M, (1.5)
The resulting speckle contrast is

10
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C = (1.6)

1
VM

1.2.2.1 Speckle suppression by the reduction of spatial and temporal

coherence of illuminating lasers

The temporal coherence of a laser is characterized by a so called factor coherence
length which is defined as the propagation distance over which a coherence wave
maintains a specified degree of coherence. Therefore, coherence length also expresses
the optical path length difference of the individual rays. The coherence length L.
is determined in terms of the laser wavelength A\ and the laser’s spectral bandwidth

SA [40]

)\2

L.=—
oA

(1.7)
If the coherence length of illuminating laser is less than the surface roughness, the
speckle contrast will be significant reduced on the projected images or even speckle
free due to the lack of distinct phase relation and the light beams are not able to
interfere anymore. Coherence length of white sunlight is approximately 1um and of
a laser diode is in the range of 500um to 1mm. A highly stabilized gas lasers has
coherence length of few hundred meters [41]. The long coherence length leads to the

visible speckle with laser light source for projection applications.
Broadband lasers illumination

The simplest approach of speckle suppression by the reduction of coherence length
is the use of broadband laser. As can be seen in the equation (1.7), the coherence
length L. is inversely proportional to the laser’s spectral bandwidth d\. Broadband
laser provides a wide spectral bandwidth and thus shorter coherence length laser
beam is attained. This means that the laser beam is less coherent. Thus, speckle

contrast is decreased.

A broadband green laser is fabricated based on a Tandem-Poled Lithium Niobiate

11
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(TPLN) crystal [42]. A spectral bandwidth of the laser is shown in Figure 1.7.
The laser has bandwidth up to 6.5nm. Due to this broad bandwidth, a low speckle

contrast of 0.041 is achieved.

-
o

=
<]

SHG power (arb.)
= 5

0.0
5250 5275 5300 5325 5350 537.5
Wavelength (nm)

Figure 1.7: Spectrum of TPLN laser at fixed temperature of 39° [42]

White light for projection displays with broad spectrum can also be generated by
the blue laser and yellow Phosphor as shown in [43]. A schematic setup of blue lasers
and Phosphor is shown in Figure 1.8. Blue lasers are coupled into optical fibers.
The output end of the optical fibers is attached to a Phosphor wheel. A part of blue
laser beam scatters out through the Phosphor layer and it is converted into yellow
light. The combination of blue laser light and the yellow light generates white light

that has broad spectrum which provides a low speckle contrast of 0.02.

BIuel\.D (20pcs)
Coupling lens |
ping | Light engine

Optical fibre \/\\‘<\\ \\
/\ = 7 s > \:\,
Heat sink [\./\\\ ; B, j

(Heat for phosphor conversion loss) SN - - -

/'/

Lamp unit
Reflection Type

LD driver

Optics — )

Phosphor
~

B

Lamp unit
Transmission Type

Figure 1.8: Schematic structure of white light generation with blue lasers with
Phosphor setup [43]

Laser emission spectrum can also be broadened up to 3.7nm for speckle reduction
by tailoring the structure of the laser [44]. An AlGalnP/GalnP quantum well on

a GaAs substrate which consists of 25 emitters is modified in the structure. A

12
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schematic structure of standard and modified lasers is shown in Figure 1.9. As
can be seen in Figure 1.9 (a), the emitters are evenly spaced on the substrate in
the standard laser structure. Under fixed controlled operation temperature, the
wavelength distribution of the emitters is uniform with a small deviation which is
less than 0.3nm. The full width at half maximum (FWHM) spectrum width is 0.8nm
for evenly spaced emitters in the structure and the correspondent speckle contrast
is 0.2. Wider spectrum is attained by unevenly spacing of the emitters as illustrated
in Figure 1.9 (b). At the small spacing region, the thermal rise is induced and the
shift of emitting wavelength is resulted. The spectrum is widened up to 3.7nm and

speckle contrast is reduced down to 0.05 by this method.

GaAs
AlGalnP/GalnP emitters Substrate  A|GalnP/GalnP emitters

LS

Laser emission Laser emission

(a) Standard (evenly spaced) (b) Modified (unevenly spaced)

Figure 1.9: Schematic structure of standard-evenly spaced laser (a) and of
modified-unevenly spaced laser (b) [44]

Random laser illumination

Another approach to reduce the coherence length of laser light source for speckle
suppression is the use of random laser. As well known, the convention laser trap the
light in the cavity which is made of two mirrors. The light is bounced back and forth
between the two mirrors and the lasing can only occur at the resonance frequency.
Consequently, the emitting laser beam is highly coherent. For a random laser, the
light is trapped by a disordered material medium. By multiple scattering of the
light in the cavity, a random laser emits its light at many different frequencies and
therefore less coherent laser beam is attained by random laser as compared to the
conventional laser [45-47|. An efficient speckle suppression is attained by the use of
random lasers [48,49]. Speckle images with a conventional coherent laser beam and
with a random laser beam are shown in Figure 1.10. While speckle is clearly visible
with conventional coherent laser beam in Figure 1.10 (a), speckle is significantly

suppressed with a random laser beam in Figure 1.10 (b).
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(a) (b)

Figure 1.10: Speckle images of a conventional coherent laser beam (a) and of a
random laser beam (b) [4§]

Multiple wavelengths of illuminating lasers

Speckle contrast can also be reduced by using multiple wavelengths of illuminating
lasers. Each wavelength produces speckle patterns that become uncorrelated when

the difference in wavelength A\ satisfies [31]

1\
2/ 2w oy,

[AN = (1.8)
where ) is the mean wavelength and o), is the standard deviation of the screen
surface height. The multiple wavelengths can be provided by one laser source that
emits multiple spectral lines as demonstrated in [32]. A frequency-converted green
laser is used for speckle suppression demonstration. The laser has spectrum with
three spectral lines that have nearly equal intensity and separation of about 0.5nm.
The laser enables speckle contrast reduction with a factor of V3. The multiple wave-
lengths for speckle suppression can also be attained by using different independent

lasers light sources as shown in [50-53].
Optical fiber

Spatial coherence of laser light can be destroyed by temporal coherence with the
use of optical fiber. Figure 1.11 shows illustration of optical fiber bundle for speckle
suppression which is shown in [54]. The light source is split into many separate
beams which are coupled in an optical fiber bundle. The optical bundle consists of
a large amount of optical fibers with different lengths. The difference in length of

the optical fibers has to exceed the coherence length of the income laser beam. This
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results a diverse of optical path delay of the beams. Thus, the laser beam at the

output becomes less coherent.

Input Output

Figure 1.11: Illustration of optical fiber bundle for speckle suppression

The spatial coherence of laser light can be decreased by multimode optical fiber.
Theoretical approach of speckle suppression by multimode optical fiber is presented
in [40,55]. The multimode fiber arises from the differences among the group velocities
of the modes. This results in a spread of travel times and results in the broadening
of a light pulse as it travels through the fiber. Consequently, the light becomes
less coherent at the output of the fiber. Speckle patterns in the multimode fiber is
affected by the length of the fiber L. With Gaussian spectrum light source, speckle

contrast at the output of multimode fiber is calculated as [40]

_1
1 w2 L2 (NA AN 2

C—— |14 =04
28 G n3 A2

(1.9)

where N A is the numerical aperture of the fiber, n; is the reflective index of the
fiber’s core, A is the central wavelength of the laser and A\ is calculated in terms

of 1/e half-width of the laser spectrum Av and speed of light ¢ as

B Av)\?
¢

AN (1.10)

Ferroelectric Cell

One method for speckle suppression by using an electrooptical cell which is fill with
smectic Ferroelectric Liquid Crystal (FLC) is demonstrated in [35]. The central
mass of FL.LC molecules is periodically ordered along long axes of the molecules. The

molecules have their initial polarization. When a voltage is applied, the polarization
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is changed according to the direction of the electric field. Consequently, a spatial
deformation of the FLC and corresponding to random variations in the refractive
index in the FLC is generated by applying pulse wave voltage to the cell. This results
a random change in spatial phase of the passing light. Hence, the laser beam is less
coherent and speckle is reduced. It is demonstrated that 50% of speckle reduction

can be achieved by this method.

1.2.2.2 Speckle suppression by temporal averaging

This is one of the most common approach for speckle suppression by generating
time-varying speckle patterns to superimpose upon the amplitude image [56]. The
time-varying speckle patterns are generated due to the movement of optical structure
such as moving diffuser, moving lens array or moving screen. If the speed of change
is beyond the recognition level of human eyes, speckle contrast would be averaged

out.

Vibrating diffuser

The vibrating diffusers are frequently used for speckle reduction in projection display
technology. By the vibration of the diffusers, the degree of temporal coherence is
destroyed and this leads to the reduction of speckle contrast. Coherence theory
approach of a laser beam passing through a moving diffuser is presented in [57].
Vibrating diffuser for speckle suppression in pico-projector application is presented
in [58]. Figure 1.12 shows the setup layout. There are two diffusers which are placed
just before and after the light pipe. In order to avoid the blur projected images,
only the first diffuser before the light pipe is vibrated horizontally by a Voice Coil
Motor (VCM) oscillator. With frequency 100H z, the vibrating amplitude is 0.5mm.
The vibrating diffusers can be found with different divergent angles (5°,10°,30°). It
is proven that better speckle contrast is attained with larger divergent angles of the
diffusers. Speckle contrast of 0.0281 with divergent angles of 30° for both diffusers

is demonstrated by this method.

The diffuser can have pure sinusoidal vibration as shown in [59]. The glass diffuser

which is shown in Figure 1.13 is activated by a tuning fork. It is explained theo-
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Figure 1.12: Layout of speckle suppression by vibrating diffuser in
pico-projector [58|

retically if the vibration of the diffuser is pure sinusoidal, the temporal degrees of
freedom becomes extremely large. Therefore speckle contrast depends mainly on the
spatial degree of freedom K which is determined by the ratio of the projection lens
numerical aperture and the observer eyes numerical aperture. The value of K can
be in a range of 500-10000 for typical projection lens [40]. By using this method,

speckle contrast is brought down to 0.034 experimentally.

Figure 1.13: Glass random diffuser

Colloidal dispersion

Speckle suppression by using a colloidal dispersion is presented in [47]. The motion
of colloidal particles at room temperature acts as a moving diffuser. Due to the

motion of the colloidal particles, uncorrelated speckle patterns are generated and
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thus speckle contrast is reduced. A colloidal solution that consists of TiOy was used
for the measurement in the paper. The TiOs particles have radius of 205nm. A
sketch of laser beam from a single mode optical fiber (SMF) illuminates the colloidal
solution is shown in Figure 1.14. The fiber tip is at a distance L from the bottom
of the cuvette and the thickness of colloidal solution in the cuvette is t. From the
experimental measurement, the paper shows that lower speckle contrast is attained
with the increase of L. Unfortunately, the increase of L leads to the decrease of the
transmission light intensity. Speckle contrast of 0.032 is achieved with L = 5mm in

the paper.

white
SMF paint

t 62. lL

Figure 1.14: Schematic of colloidal solution which is illuminated by a laser with
single mode optical fiber [47]

Rotating diffuser

The temporal average of speckle patterns can also be achieved by the rotation of dif-
fusers. Speckle suppression by rotating diffuser in Liquid-crystal-on-silicon (LCOS)
laser projection system is investigated in [60]. The divergent angle of the diffuser
is between 0.5° to 1°. This method shows a speckle suppression from 0.2 to 0.05 in

the LCOS system.
Rotating lens array

A rotating lens is used for speckle reduction in [61] by creating angle diversity. Figure
1.15 shows a schematic illumination optics with rotating lens array. The rotating
lens array is placed in front of the rod integrator. Thus, various incident angles of
laser beams propagate to the rod integrator after passing through the lens array.

Significant speckle suppression is realized by this method.

18



Trinh Thi Kim Tran: Speckle suppression in laser projection displays

o Rod integrator
Projection  Field lens

lens
¢ Relay lens Laser

P

Figure 1.15: Schematic illumination optics with rotating lens array [61]
Light modulator

Another approach to generate time-varying speckle patterns is the use of light mod-
ulator. Light modulator can be diffractive optical elements (DOE) which is investi-
gated for speckle suppression in [62,63]. Figure 1.16 shows an illustration of DOE.
The coming light is split into different diffractive orders which is denoted as 0, 1
in the Figure 1.16. The thickness of cells modulator has to satisfy h (ng — 1) = \/2
where A is the wavelength of laser and ng is the reflective index of the modulator’s
materials. Speckle contrast is reduced by the vibration of the DOE which creates
different phase shifts for different diffrative orders.

Figure 1.16: Illustration of diffractive optical element [62]

An application of dynamic diffractive optical element (DDOE) for speckle reduction
is presented in [64,65]. Figure 1.17 shows a schematic drawing of DDOE which
consists of one or several spatial light modulator (SLM) gratings. When the SLM

gratings are activated, an income laser beam is split into several diffractive beams by
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the deform of the polymer layer. These diffractive beams create time varying speckle
patterns through angle and spatial diversity and this helps to reduce speckle. The
speckle patterns are independent if there is no overlapping areas between the diffrac-
tive beams on the diffuser. The SLM gratings can have different angles of diffraction
due to the difference in angle of the electrodes on the SLM gratings. Number of in-
dependent speckle patterns are introduced by the DDOE can be calculated in terms
of the number of SLM gratings m

M =2m (1.11)

However, the number of SLM gratings can be used in the system is limited since the

overlapping of diffractive beams may happen with the increase of number of SLM

grating.
Laser  Prism s Brir .
beam | Static
T diffuser
£ Substrate
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Figure 1.17: Drawing of dynamic diffractive optical element [65]
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1.2.3 Research Focus

The solution for speckle suppression is very important for the applications of laser
projection displays. Despite of much effort and significant progress in recent years,
approaches for speckle suppression that can be used in real projection system is still
a challenge. This PhD work is focused on the development of practical methods
and solution for speckle suppression for the Digital Micromirror Device (DMD)
laser projector. There are two main tasks in the project. The first task is the
investigation of speckle suppression methods and the second task is the application

and characterization of speckle suppression methods in a laser projection system.
Study 1: Investigation of speckle suppression methods

Different approaches for speckle suppression by destroying the spatial and temporal

coherence of lasers are investigated:
1. Vibrating diffuser-Journal paper 1 and Conference paper 2

A vibrating MEMS diffuser with random phase modulator for speckle suppression is
designed, calculated, simulated and characterized. Due to the sinusoidal vibration of
the diffuser at high frequency, time-varying speckle patterns are generated. These
time-varying speckle patterns are averaged by the limit of spatial and temporal

response time of human eyes which is about 30ms.
2. Deformable mirror-Journal paper 2 and draft of Journal paper 3

A commercial phase-randomizing deformable mirror for anti-speckle technology is
studied for speckle suppression. The mirror comprises of continuous surface of mir-
rors array that can be individually deformed and actuated up to hundreds of kHz.
The mirror provides high reflection efficiency over the range of visible wavelengths
and can tolerate high optical power. Due to the randomly distributed deformation
at high frequency, many uncorrelated speckle patterns are produced and this leads

to the reduction of speckle contrast in the projected image.

3. Speckle suppression by wavelength diversity-Conference paper 1
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The dependence of speckle contrast on the driving condition is studied. The lasers
are driven with continuous wave as well as pulse wave with different duty cycles and
driving currents. In addition, wavelength diversity for speckle suppression by the

use of different independent laser sources is also characterized and analyzed.

Study 2: Application and characterization of speckle suppression meth-

ods in laser projection system-Conference paper 4

A laser/Phosphor projection system is built by Projectiondesign AS. The system
uses high power red and blue lasers. The Phosphor is used to generate the green
light due to the high price of the green lasers. By using of blue lasers as excitation
source, yellow light is attained when the blue light passes through the Phosphor.
Thus, green light is produced by the combination of yellow light and blue light.

As using laser sources, the projection system has speckle problem. Different methods
for speckle suppression are applied in the system such as angle diversity, wavelength
diversity, moving diffusers. The speckle contrast of the speckle suppression methods

in the projection system is examined.
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Chapter 2

Summary of Research Work

2.1 Microelectromechanical (MEMS) diffuser for

speckle suppression-First generation

Journal paper 1

Figure 2.1: Packaged chip mounted on PCB for external connections

Speckle suppression by temporal averaging is the most used approach for speckle sup-
pression. This method reduces speckle contrast by producing time varying speckle
patterns within the integration time of human eyes. Despite of much effort and
significant progress in recent years for speckle suppression by temporal averaging,
current implementations of this method in a real projector are in themselves quite
bulky requiring a comparative large optical system. As a solution to the minia-
turization challenge, a MEMS moving diffuser with random reflective pattern for
speckle suppression is investigated. Figure 2.1 shows a MEMS diffuser device. The
device is attached to a chip carrier which is mounted on a printed circuit board

(PCB) for external power connection. The MEMS technology is used due to its
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benefits such as less power consumption, smaller size, simple drive electronics, and

simplified integration within a projector.

2.1.1 Device Design and Description

Device Description

The fabrication of the device was done by MEMSCAP in their multi-project-wafer
service using Silicon on insulator Multi-User MEMS Process (SOI-MUMPs). The
device consists a device layer on top of a buried oxide layer and handle layer. The
device layer in which the moving mass, comb fingers and the springs are formed have
a thickness of 25um. The buried oxide layer between the silicon device layer and
handle-wafer substrate provides a good electrical insulation between the structures

and the substrate.

Figure 2.2 (a) shows top-view of the MEMS diffuser device with the moving mass
suspended by four folded flexure springs and the two comb-drive transducer struc-
tures. The close-up of the spring and the comb-drive structure pictures are shown
in Figure 2.2 (b) and Figure 2.2 (c) respectively. The comb-drive structure has a
design of 6um of fingers width and the designed gap between the fingers is bum.
The surface of the moving mass has metal reflecting layer with random height dis-
tribution (Figure 2.2 (d)). All the dimensions of the diffuser device are shown in

Table 2.1.

Table 2.1: Designed structure dimensions

Description Dimension
Device layer thickness h 25um
Proof mass dimensions 3.5mm x 3.5mm

Width of the fingers 6um

Gap between the fingers d Sum

Length of the fingers 160pum

Initial finger overlap 80um
Number of fingers at each side of the mass n 159

The top surface of the moving mass has a reflective metal layer which consists
of a Chromium (Cr) adhesive layer and a Gold (Au) layer with random height

distribution. The random patterns have a role as wavefront modulator for speckle
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Figure 2.2: Top-view of the MEMS diffuser device (a), zoom in of the spring (b),
comb-drive structure (c¢) and the random patterns on top of the mass (d)

reduction given in. The random reflective patterns of the diffuser consists of pseudo-
random pixelated square patterns of height variation that are micromachined on the
surface of the diffuser. The random patterns have pixel size of 4um x 4um. This
size was chosen under consideration of design rules of MEMSCAP. Figure 2.3 (a)
shows a top-view picture of the random patterns which was captured by white light
interferometer. The height difference of the random patterns was measured to be

500nm as shown in Figure 2.3 (b).
Spring Design

For this MEMS diffuser device, the two most important dynamic properties are the
resonance frequency and displacement amplitude of the moving mass. These two
components mainly depend on the thickness of the structure, the gap between the

transducer fingers and the stiffness of the spring. Since the thickness of the structure
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Figure 2.3: Top-view of random pattern on top of the moving mass (a) and height
measurement of random pattern step (b)

and the minimum gap of transducer fingers are fixed by the fabrication process, the
design of the spring is therefore the main focus of the design procedure. The quad
folded flexure structure is used for the spring design to have linear response to avoid
any harmonics in the motion of the diffuser. A sketch of the structure is shown in
Figure 2.4 (a). The aim of spring design is to make it more compliant along the
z-direction for in-plane movement and highly stiff along the z-direction to avoid
the out of plane movement. The stiffness of the spring in the z-direction and the

z-direction are given by

k., = 2Ehw?® ( ! ) (2.1)

Lip+ Lig + Lip

1
k, = 2EBwh’ 2.2
() 22
Where E is the Young’s modulus, w is the width of spring beam, h is the thickness

of the structure, Lgp, Lag, Lop are the length of the spring beams as shown in

Figure 2.4 (b).

For projection systems with DMD chip, the frame rate range is 30-60Hz. The frame
rate defines the number of images which are displayed in a second by the projection
system. That means the time for one frame is from 33.3msec to 16.6msec. The
motion of the diffuser is cyclic, thus the same speckle pattern is generated after one

cycle. Consequently, the resonance frequency of the diffuser should be higher than
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Figure 2.4: Quad folded flexure spring beam structure (a) and spring dimension (b)

the frame rate value in order to have necessary speckle reduction within one frame
time. Besides, if the resonance frequency is too low, the springs are too soft and may
cause bending under the weight of the mass. Hence, the resonance frequency of the
diffuser is designed to be 300Hz. It means that one moving cycle would be completed
in 3.33msec which is smaller than the frame time. The designed dimension of the
spring is shown in Table 2.2. The calculated stiffness of one spring in the z-direction

and in the z-direction are k, = 0.888N/m and k, = 11.33N/m respectively.

Table 2.2: Designed dimensions of the spring

Spring length  Dimension

Lap 1065.m
LCD 965,um

Residual stress characterization

By using white light interferometer, the deformation of the springs and the curvature
of moving mass are estimated. The departure from a flat surface of the mass and
the springs causes change in the behavior of the MEMS device, for example the
measured resonant frequency and vibration amplitude would be different from the
simulated values. The curved surface is due to the residual stress in different layers in
the fabrication process. In order to determine the deformation caused by the stress,
the stress simulation using Coventor’'s MEMSMech module is done. Figure 2.5 (a)
shows the simulated deformation of moving mass under the residual stress. From
the simulation, it can be seen that the stress causes displacement at the center
of the mass. White light interferometer measurement is done in a real device to

determine the curvature and the displacement in the z-direction of the moving mass.
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The displacement in the z-direction along the y-direction of the mass is shown in
Figure 2.5 (b). The result shows 10.5um of z-displacement of the mass and the

8.9um more at the center compare to the edge of the mass.
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Figure 2.5: Curvature of moving mass due to the residual stress determined by
CoventorWare simulation (a) and white light interferometer measurement (b)

2.1.2 Dynamic Characterization

Resonance Frequency Characterization

In order to have a large displacement of the moving mass, the MEMS diffuser is
driven at the resonance frequency. A stroboscopic interferometer method is used to
determine the dynamic properties such as the resonance frequency, vibration mode
shape and amplitude. By measuring the displacement of the moving mass with a

frequency sweep, the resonance frequencies are determined. Figure 2.6 shows the
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measurement of resonance frequency of two device samples. The measured resonance

frequencies are 298.1Hz and 298.6Hz which are quite close to the designed value
300Hz.
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Figure 2.6: Resonance frequency determination

Displacement Waveform Characterization

For speckle suppression, it is important that the displacement of the moving mass
has a pure sinusoidal in-plane motion so that the introduced temporal degree of
freedom becomes extremely large [59]|. Therefore, the displacement waveform of the
moving diffuser is estimated by measuring the displacement in time of the moving

mass at resonance frequency. A plot of measured displacement with fitting curve is

shown in Figure 2.7.
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Figure 2.7: Displacement of moving mass at resonance frequency

The measured displacement is fit to the equation

x (t) = mosin (wt — @) + 11 (2.3)
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with parameters x, = 55.97um, x; = 3.913um and ¢ = 7/2 . The displacement is
well approximated by the sinusoidal waveform. The offset of 3.913um is caused by

the resolution of the camera.

2.1.3 Speckle contrast suppression characterization

Speckle contrast suppression is characterized for two different setup: freespace ge-
ometry setup and light pipe geometry setup. A narrow bandwidth He-Ne red laser
with 4mW power and wavelength of 633nm is used for the measurement. After
passing through two polarizers for the control of polarization and the intensity of

the transmitted beam, the laser beam is reflected by the vibrating random surface

of the MEMS diffuser device with an angle of 45°.

For freespace geometry setup, the reflected laser beam from the MEMS diffuser is
imaged on a transparent random surface by an objective lens with a focus length
f = 50mm with unit magnification. The random diffuser is made from glass and has
a 120pm-grit sandblasted surface. Finally, the beam reached the Charge Coupled
Device (CCD) camera where the speckle image is captured without any imaging
lens. The resolution of the CCD camera is 640 x 480 pixels and each pixel has a

dimension of 5.6um x 5.6um.

For light pipe geometry setup, the reflected laser beam from the MEMS diffuser
is scattered by a stationary random plate to initially homogenize the beam. The
scattered beam is then passed through a rectangular light pipe for further beam
homogenization by the multiple reflection of the light beam at the walls of the light
pipe. The light pipe has a cross section of 7mm x bmm and a length of 40mm.
Further laser beam homogenization is done by placing another stationary random
surface plate at the other end of the light pipe. The speckle image is captured by a
CCD camera which is equipped an imaging lens. The imaging lens has focal length
of f = 75mm. In order to increase the magnification of the captured images, a

extended tube with a length of 75mm is used.

A MEMS device is driven at the resonance frequency for speckle suppression char-

acterization. The displacement of the moving mass is controlled by changing the
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driving voltage. The result of speckle contrast measurement for freespace geometry
setup is shown in Figure 2.8 (a). Taking the speckle contrast value when the diffuser
is stationary as the reference value, the maximum speckle contrast suppression at

maximum displacement (5V° AC bias-25V DC bias) is 43.8%.
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Figure 2.8: Speckle contrast measurement of freespace geometry setup (a) and light
pipe geometry setup with aperture number F'#11 and aperture number F#32 (b)

For the light pipe geometry, speckle suppression characterization is performed with
two different aperture-number F'#11 and F'#32 of the imaging lens controlled by an
iris inside the camera lens. Since speckle size depends upon the F'# of the imaging
camera, thus by varying the aperture-number F'#, the speckle size is changed. With
higher F'# number, the iris of the imaging lens becomes smaller and the speckle size
becomes larger. Up to 26.8% and 26.3% of speckle contrast suppression are achieved
with 10V AC bias and 11V DC bias for F#11 and F#32 respectively. A plot of
measured speckle contrast with the change of bias voltage for light pipe geometry is
shown in Figure 2.8 (b). At a fixed AC bias voltage and F'#, speckle contrast value

is largest with the stationary diffuser. By increasing DC bias, the displacement
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amplitude increases leading to a reduction of speckle contrast. However, speckle
contrast shows an inflection point at 10V AC bias. It reaches a minimum value
at 11V DC' bias, then starts increasing as the DC bias is increased further. At
small bias, the movement of diffuser has sinusoidal wavefront which is the critical
condition for maximum speckle contrast reduction. Thus, speckle contrast reduces
with the increase of displacement amplitude and reaches to the minimum values at
DC11V and AC10V bias. If the applied DC bias is too large, the random surface
diffuser starts hitting the end-stop. Hence, the displacement is no longer sinusoidal
and the speckle contrast therefore increases. Images of speckle pattern for free space
geometry setup without speckle suppression and with speckle suppression by moving

diffuser are shown in Figure 2.9.

Figure 2.9: Speckle images for freespace geometry of stationary diffuser (a) and of
moving diffuser (b)

2.1.4 Demonstration of speckle suppression by MEMS dif-

fuser in a laser projector

Conference paper 2

In order to demonstrate speckle suppression by the MEMS diffuser, speckle con-
trast suppression in a commercial projector is investigated. Figure 2.10 shows the
setup of the demonstration. A blue Nichia NDB7675 with optical power of 1.4W
at 1.2A of driving current is used for the demonstration. The laser is driven at
fixed temperature of 25°C'. The demonstration is built on a F25X+ wide projector
from Projectiondesign AS. The laser beam is illuminated on the surface of MEMS
diffuser. After passing through the optical systems of the projector, the picture is
imaged on a screen. For speckle contrast calculation, the speckle images are captured

by a CCD camera which has 1600 x 1200 pixels and the pixel size is 4.4um x 4.4um.
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The camera is equipped with an imaging lens that has focal length of 50mm and the
aperture number F'# is 16. The MEMS diffuser is driven at the resonance frequency
by applying sinusoidal AC' and DC' voltage to the comb-drive transducer structure.
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Figure 2.10: Experiment setup for demonstration

By fixing the DC voltage at 5V, the AC voltage is varied from 0V to 10V. This
corresponds to a displacement of +56.5um of the moving diffuser. The result of
speckle contrast measurement is shown in Figure 2.11. With stationary diffuser
(at 0V AC bias), the value of speckle contrast is 0.4708 which is smaller than the
theoretical value 0.707. This is resulted by less coherent laser beam due to the wide
spectrum bandwidth. Speckle contrast reduces to 0.3070 at 10V AC' bias. This is

equal to 34.8% of speckle reduction.

0.5

o
~
O

0.4-

Speckle Contrast

AC Bias [V]

Figure 2.11: Speckle contrast with the change of AC bias

Images of the projected picture on the screen without speckle suppression and with
speckle suppression are shown in Figure 2.12 (a) and Figure 2.12 (b) respectively.

In order to have an image of full screen, a Nikon camera with 50mm focal length of
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image lens is used for the capture. The exposure time is 1/3s and aperture number

F# is 1.8.

Figure 2.12: Images from the projector without speckle suppression (a) and with
speckle suppression (b)

2.2 MEMS diffuser for speckle suppression-Second

generation

2.2.1 Motivation

The design, characterization and demonstration of first generation of MEMS diffuser
for speckle suppression is presented in the section 2.1. It can be seen that the speckle
reduction performance of our MEMS diffuser is not as good as achieved in [59].
There are two main reasons that affect the speckle suppression performance of the
MEMS diffuser. Firstly, a diffuser that was used in [59] has continuous height profile
while the MEMS diffuser has two-level binary height profile. For a reflected light,
the phase fluctuation is wrapped in the interval (0,27). Hence if the diffuser with
continuous surface profile has large height fluctuations, the autocorrelation function
of the reflected wave is narrower than the autocorrelation function of the surface
height [38]. In such case, the coherence area of the reflected wave becomes much
smaller than the correlation area of the random diffuser. However, in our case with a
two-level binary diffuser, the auto-correlation area of the reflected wave is of similar
size as that of the surface height, resulting in less speckle reduction as compared to

the case when diffuser has continuous height profile.
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Secondly, in the case of binary two-level random diffuser in the reflection geometry,
if the height difference between the two levels is \/2, the reflected wave phase profile
becomes flat diffracting light only into zero order. The autocorrelation function of
the reflected wave is no more a narrow-peaked function but significantly broadens,
making it inefficient for speckle reduction. Thus, the difference in height of the
two levels of the random diffuser should be optimized in order to have high speckle
reduction efficiency. However, the surface height variations profile of the random
pattern is limited by the fabrication process of MEMSCAP which is 500nm of height

difference.

For further investigation of speckle suppression by MEMS diffuser with random pat-
terns, a new generation of MEMS diffuser device is designed. In the new generation
of MEMS diffuser device, the height difference of the two levels random patterns is

increased for reduced surface roughness correlation length of the diffuser.

2.2.2 Design

There are two different designs for the second generation of MEMS diffuser device.
The first design which is noted as "design A" has the same structure as of the first
generation MEMS diffuser device. The largest diffuser displacement of this design is
75um. For further speckle suppression efficiency, another design which is named as
"design B" is modified to have displacement up to 150um. In order to attain large
displacement of the diffuser, the design of the springs is changed. The simulation of
springs at largest displacement of both designs are shown in Figure 2.13. As shown
in Figure 2.13 (b), dummy structure is added to the springs design to avoid over

etching during fabrication process due to large opening area.

2.2.3 Characterization

The devices are fabricated by SINTEF based on MEMS process on SOI wafer. The
wafer has 2um of buried oxide (BOX) layer and 25um thickness of the device layer.
In the first generation of MEMS diffuser, the random patterns are formed on top of

the moving mass by two metal deposition steps. In the second generation of MEMS
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Figure 2.13: Spring design at maximum displacement for design A (a) and for
design B (b)

diffuser, the random patterns are generated by the reactive ion etching (RIE) directly
to the surface of device layer. In the final step of fabrication process, a 100nm layer
of Aluminum is deposited all over the device for optical reflection. An image of the
MEMS diffuser device of the design A from the top view is shown in Figure 2.14 (a)
and a closed up spring image of the design B is shown in Figure 2.14 (b).

Figure 2.15 (a) shows the top view of the random patterns that have thickness about
3.6um. A continuous surface is expected for better speckle suppression. Therefore, a
sidewall of random pattern is plotted for both first generation and second generation

of MEMS diffusers for comparison. The side wall slope angle v as shown in the Figure
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(a) (b)

Figure 2.14: Topview images of MEMS diffuser design A (a) and spring of the
design B (b)

2.15 (b) is used for the comparison. The side wall slope angle of first generation
MEMS diffuser device « is 18.7° while this angle of second MEMS diffuser device is
9.3°. It can be concluded that the vertical side wall random patterns of the second

generation MEMS diffuser is steeper than that of the first generation.

The stroboscopic method is used to determine the resonance frequencies of the two
designs. The dynamic characterization is done for two devices of the design A and
one device of the design B. Since the design A has the same structure as of the first
generation of the MEMS diffuser, it is expected to have the same resonance frequency
as the first generation of the MEMS diffuser. As shown in Figure 2.16 (a), the two
devices of the design A have resonance frequencies of 289.4Hz and 289.8Hz. This
value is slightly lower than the resonance frequency of the first generation of MEMS
diffuser which is 298.1Hz. The difference of resonance frequency can be explained by
the difference of spring stiffness. The two generations of MEMS diffuser devices are
fabricated by two different processes. The different parameters in the RIE process
causes different over etch of the spring beam. This leads to the change of spring
stiffness and causes the difference in resonance frequency. Another reason causes the
change in spring stiffness is the stress of the metal layer. For the second generation,
an Aluminum layer is deposited on the whole device for optical reflection. The high
temperature of the deposition process caused the stress in the metal layer. This
internal stress may cause a small change on the spring stiffness. The difference in
displacement amplitude of the two generations is a result of different applied voltage.

For the first generation, the device is measured by applying 5V DC bias and 10V
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Figure 2.15: Random surface patterns of second generation MEMS diffuser (a) and
side wall of the first and second generation MEMS diffuser (b)

AC bias while 4V DC bias and 10V AC bias of driving voltage are used for the

measurement of second generation MEMS diffuser.

Figure 2.16 (b) shows the resonance frequency of the design B. The device exhibits
resonance frequency at 359.1Hz. Only small voltage is applied to the device. At high
driving voltage, the movement of the diffuser is no longer dominated by in-plane
movement but the out of plane movement appears. The out of plane movement
causes the stiction of the comb fingers as shown in Figure 2.17 and this leads to

short circuit. The diffuser can not move any more.
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Figure 2.16: Resonance frequency of the design A (a) and of the design B (b)

2.2.4 Speckle contrast suppression characterization

As a large displacement of diffuser can not be attained by the design B because
of stiction problem. Only the design A is used for speckle suppression characteri-
zation. Freespace geometry is used for speckle measurement. The device is driven
at resonance frequency and speckle images are captured with different displacement
amplitude which is controlled by applied voltage. Speckle contrast measurement for
the first and the second generation of MEMS diffuser are both plotted in Figure 2.18.
Because the second generation of MEMS diffuser is driven at resonance frequency
so smaller value of applied voltage is need to attain the maximum displacement. By
varying the applied voltage from 0V to 11V, speckle contrast reduces from 0.791
to 0.545 for the second generation of MEMS diffuser. This corresponds to 31% of
speckle contrast is reduced while up to 43% of speckle contrast reduction is achieved

for the first generation of MEMS diffuser. Lower speckle suppression efficiency of
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Figure 2.17: Stiction of comb fingers of the design B at high driving voltage

the second generation MEMS diffuser is possibly caused by the less side wall slope

of random patterns of the second gerenation of MEMS diffuser.
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Figure 2.18: Speckle contrast measurement with the change of applied bias

2.3 Deformable mirror for speckle suppression

2.3.1 Introduction

A commercial phase-randomizing deformable mirror for anti-speckle technology was
used for the study [66]. It comprises of a continuous surface of mirrors array that can
be individually deformed and actuated up to hundreds of kHz. Inactive deformable

mirror is shown in Figure 2.19 (a). The mirror is coated with Silflex for high op-
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tical reflection efficiency over the range of visible wavelengths. When the mirror is
activated, the coming light beam is reflected with maximum divergence angle of 2°.
Figure 2.19 (b) shows deformable mirror in active with randomly distributed sur-
face deformation. Due to the randomly distributed deformation at high frequency,
many uncorrelated speckle patterns are produced. Thus, the speckle contrast of the

projected image is reduced.

Figure 2.19: Deformable mirror with elliptical active area, deformable mirror
inactive (a) and deformable active (b) [66]

2.3.2 Speckle characterization for single laser

Journal paper 2

Experimental results

The experiment is setup as shown in Figure 2.20. The laser is driven in continuous
mode at fixed temperature of 25°C'. An absorptive neutral density filter is used
to attenuate the transmittance light so that it does not saturate the CCD camera.
The initial laser beam is then split into two equivalent intensity beams by a non-
polarizing beam splitter. The reflected beam is steered to a spectrometer and the
transmitted beam is extended by a lens before propagating to the deformable mirror
to avoid the damage of the mirror by high power density. The reflected beam from
the mirror is focused and imaged on to the first diffuser. The scattered laser beam
passed through a light pipe which has a second diffuser placed at the output face of

the light pipe for beam homogenization. The measurement is done with two setups
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Figure 2.20: Experiment setup

of the camera. For free space geometry, the camera without imaging lens is used to
capture the speckle images. For imaging geometry, the camera is equipped with an

imaging lens that has focal length f of 50mm and fixed aperture number F'#.
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Figure 2.21: Speckle contrast measurement for blue Nichia NUB802T laser

The measurement is done for red and blue semiconductor laser diodes with a relative
broad emission spectrum. The blue laser diode is the Nichia NUB802T laser with
output power of 2.3W at current of 2A. The speckle contrast is measured by varying
the driving current. A plot of measured speckle contrast for the blue laser with the
change of driving current from 220mA to 2A is shown in Figure 2.21. The free space
and imaging geometries setups show a small difference in speckle contrast values.
When the mirror is inactivated, speckle contrast values change from 0.586 to 0.099
for free space geometry and from 0.614 to 0.115 for imaging geometry. It can be

seen that speckle contrast reduces efficiently with the increase of driving current.
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(a) (b)

Figure 2.22: Speckle images of the blue laser for imaging geometry at driving
current of 24 with inactive mirror (a) and with active mirror (b)

--Inactive mirror-Free space
— Active mirror-Free space
----Inactive mirror-Imaging
--= Active mirror-Imaging

%
g
o
(=}
@)
) _—
- Rl S
34 B
202
wn

0.1

200 300 400 500 600 650

Current [mA]

Figure 2.23: Speckle contrast measurement for red ML501P73 laser

The activation of the mirror introduces a good speckle reduction. When the mirror
is activated, speckle contrast drops down to 0.095 for the free space geometry and
to 0.084 for the imaging geometry at the driving current of 220mA. At 2A of driving
current, the speckle contrast value is 0.04 for both geometry setups. The images of
speckle with inactive mirror for the imaging geometry at current 2A are shown in
Figure 2.22 (a). When the mirror is activated, speckle is reduced as shown in Figure

2.22 (b).

A red broad area laser Mitsubishi ML501P73 is used for the experiment. The laser
provides 0.5WW CW of output power at 6560mA. A separate collimating lens with
focal length of 3.3mm is used to make the laser beam parallel. Speckle contrast
measurement with the change of driving current from 200mA to 650mA for the red
laser is plotted in Figure 2.23. With inactive mirror, speckle contrast reduces from
0.473 to 0.221 for free space geometry and from 0.492 to 0.22 for imaging geometry.
With the active mirror at 200mA drive current, speckle contrast for free space and

imaging geometries are 0.097 and 0.101. At driving current of 650mA, the speckle
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(a) (b)

Figure 2.24: Speckle images of the red laser for imaging geometry at driving
current of 650mA with inactive mirror (a) and with active mirror (b)

contrast is 0.063 for free space geometry and 0.066 for imaging geometry. Speckle
images for the imaging geometry at driving current 650mA are shown in Figure
2.24. Tt can be seen that there is speckle reduction with active mirror Figure 2.24

(b) compare to speckle image with inactive mirror Figure 2.24 (a).

Discussion

Speckle is reduced by introducing independent speckle patterns N. For analysis, a

reduction factor is defined as

R=+VN (2.4)

In this experiment, three different mechanisms for speckle reduction have been ap-
plied. The first method is the polarization diversity which gives polarization re-
duction factor R,. The second method of speckle reduction is the angle diversity
Rq which is provided by the deformable mirror. Finally is the wavelength diversity
method R, which is given by the spectrum widening of the lasers. The maximum

speckle reduction factor for the system is

R = R,RoR, (2.5)
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Speckle suppression by the polarization diversity

The diffusers scatter the light in the two orthogonal polarizations. The amount of
speckle reduction depends on the degree of polarization of the light in the speckle
patterns. For a fully depolarized speckle, the degree of freedom that is achieved by
the polarization diversity is N, = 2. Therefore, an automatic v/2 factor of of speckle
reduction is obtained. The polarization reduction factor R, of the polarization
diversity can be determined from the experimental results in term of the speckle

contrast at the threshold current when the mirror is inactive Cr,in

1
B Clmin

R, (2.6)
Because speckle contrast value between free space and imaging geometries is small,
only speckle contrast for free space geometry is used for the calculation. The cal-
culation result is shown in the Table 2.3. The polarization speckle reduction factor
R, is /2.9 for the blue laser and /4.5 for the red laser. These values are higher
than the theoretical value which is R, = v/2. The reason for this is the lasers do
have some spectrum width broadening even at the minimum driving current. The
minimum driving current is slightly higher than the threshold current. Therefore, a
number of independent speckle patterns are introduced by the wavelength diversity

due to the finite spectrum width of the laser.

Table 2.3: Calculation of speckle reduction factors R for free space geometry

Speckle reduction factor Blue laser Red laser

R, V2.9 V45

— Cimi
Ra,,,, = Sinin 6.2 4.9
Ro,,, = Sl 2.5 3.5
Omaz CAmaa: ’ '
— CImin
R)\inactive - Crmas 6 2]'
— Camin
Ry, = Samin 2.4 15

Speckle suppression by the angle diversity with the deformable mirror

Speckle contrast is reduced by the generation of time varying phase patterns which

will effectively destroy the spatial coherence. The speckle reduction factor by the
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angle diversity is the ratio between of speckle contrast when the deformable mirror

is inactive C; and active C'4 at the same driving current

_CI

RQ—O_A

(2.7)
As shown in the Table 2.3, the speckle reduction factor at minimum driving current is
Romin = 6.2 and at maximum driving current is Rge: = 2.5 for the blue laser. For
the red laser, speckle reduction factor at minimum driving current is Roin = 4.9
and at maximum driving current is Raome: = 3.5. It can be seen that there is
difference in speckle reduction factor by angle diversity at maximum current and
minimum current for the blue and the red lasers. The mirror provides a higher Rq

at low current than at high current.
Speckle suppression by the wavelength diversity

Speckle contrast depends on the spectral bandwidth of the illuminating light source.
For a broadband laser, more modes are excited in the laser at higher driving current.
These different modes propagate independently and therefore cause the incoherence
of the laser beam. Due to the incoherence of the laser beam at the high current
driving regime, the speckle contrast is reduced as shown in the experiment. Speckle
contrast is calculated in terms of spectrum bandwidth as

C=|1+2%(n—1) (%”)2 (%)1 K (2.8)

where ) is the central wavelength, 7 is the negative of the center frequency, n and oy,

are the refractive index and the root mean square surface roughness of the diffusers.

The speckle reduction factor by the wavelength diversity is expressed as

(2.9)

By adjusting the driving current from the threshold to the maximum, the speckle
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reduction factor with the inactive mirror Ryipective = 6 1S estimated for the blue
laser. When the mirror is active, the speckle reduction factor by wavelength diversity
Ryaetive goes down to 2.4. Lower speckle reduction factor R is achieved by the red
laser. The values of speckle reduction factor for the red laser are Ry;nactive = 2.1

with the inactive mirror and Rygetive = 1.5 with the active mirror.

It can be seen that better speckle contrast suppression by wavelength diversity is
achieved by the blue laser. Since the blue laser has higher power than the red laser
and it can be driven at higher current than the red laser. More modes are excited in
the blue laser at high current and this leads to the more broaden of the spectrum.
The Equation 2.8 indicates that the wider spectrum width dv, the lower of speckle
contrast value is. A plot of the spectrum width at 20% of the maximum light
intensity for the blue and the red laser with the logarithm scale current is shown in
Figure 2.25. The spectrum width changes from 0.2nm at 220mA to 2.02nm at 2A
of driving current for the blue laser. The spectrum width of the red laser at 200mA
driving current is 0.665nm and the spectrum width is 1.06nm at maximum driving

current 650mA.
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Figure 2.25: Spectrum of the blue laser Nichia NUB802T and of the red laser
ML501P73
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2.3.3 Speckle characterization for laser array

Draft of Journal paper 3

Speckle suppression by the deformable mirror characterization is also done for laser
array. Different number of lasers and different types of lasers are used for the
investigation. The experiment setup is the same as shown in Figure 2.20 but only

free space geometry is used for the measurement.

Experimental results

The blue laser Nichia NUB802T is used for the measurement. The laser has optical
output power of 2.3W at 2000m A driving current. The dominant central wavelength
of this laser at 2000mA driving current is from 455nm to 470nm. Speckle contrast
is measured at different driving currents for one and two lasers as shown in Figure
2.26. When the mirror is inactivate, the speckle contrast values are 0.641 and 0.304
for one laser and two lasers respectively at the minimum driving current. Speckle
contrast reduces with the increase of driving current. At 2000mA driving current,
the speckle contrast is 0.119 for one laser and 0.098 for two lasers. Speckle contrast is
further reduced by the active mirror by adding extra degree of freedom through angle
diversity. For one laser, speckle contrast is 0.126 at 220mA and 0.04 at 2000mA
when the mirror is active. Speckle contrast is 0.044 at 250mA and 0.033 at 2000m A

for the two lasers with the active mirror.

The same measurement is done for another type of blue laser Nichia NUBSO1E.
This laser has higher threshold current. At 2300mA driving current, the laser has
power of 3.4W and the central wavelength is from 440nm to 455nm. The result is
plotted in Figure 2.27. When the mirror is inactive, the speckle contrast is 0.46 at
280mA for one laser. This value reduces to 0.115 at 2000mA. For the two lasers
with inactive mirror, the speckle contrast is 0.15 at 300mA and 0.066 at 2000mA.
When the mirror is activated, speckle contrast is 0.055 at 280mA for one laser and
0.045 at 300mA for two lasers. At 2000mA of driving current, the speckle contrast

value is the same for both cases 0.035.
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Figure 2.26: Speckle contrast measurement for one laser and two lasers NUB802T
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Figure 2.27: Speckle contrast measurement for one laser and two lasers NUBSO1E
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The measurement is repeated for the four lasers setup. Two different setups of the
lasers are used for the measurement. The first setup is four lasers NUB802T and the
second setup is a combination of two lasers NUB802T and two lasers NUBSO1E. The
results are plotted in Figure 2.28. When the mirror is inactive, the speckle contrast
is 0.225 at 250mA and it reduces to 0.06 at 2000mA for four lasers NUB802T. In
the case of two lasers NUB802T and two lasers NUB80O1E, speckle contrast with
inactive mirror is 0.094 at 300mA and 0.045 at 2000mA. When the mirror is active,
speckle contrast is 0.045 there is a small difference in speckle contrast for both
setups. Speckle contrast is 0.045 at 250mA for four lasers NUB802T and 0.04 at
300mA for the combination of two lasers NUB802T and two lasers NUB801E. The
speckle contrast value is the same for the two setups which is 0.033 at 2000mA

driving current.
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Figure 2.28: Speckle contrast measurement for four lasers NUB802T and
combination of two lasers NUB802T and two lasers NUBS0O1E

Discussion

The main difference in speckle suppression of laser array and single laser as presented
in the previous part is speckle suppression by wavelength diversity. Thus, only
speckle suppression by wavelength diversity is discussed here. In this experiment,
speckle contrast is reduced by spreading line widths of the laser light sources and
by using different laser sources that have different central wavelengths. Figure 2.29
shows the laser spectrum for the two lasers setup with different driving current.

It can be seen that the two independent laser sources have a slight difference in
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Figure 2.29: Spectrum of 2 lasers NUB802T (a) and spectrum of 2 lasers
NUBSO1E (b) with the change of driving current

their central wavelengths. As the driving current increases, the central wavelength
of the lasers shifts towards longer wavelength and the spectrum becomes wider.
The plot of laser spectrum width at 20% of maximum light intensity for one and
two lasers is shown in Figure 2.30. For one laser NUB802T, the spectrum width is
0.2nm at minimum driving current 220mA and it goes up to 2.02nm at 2000mA of
driving current. At minimum driving current 280mA, the spectrum width of one
laser NUBS801E is 0.36nm. At 2000mA driving current, the width of the spectrum is
1.69nm. The laser spectrum is even broader with two lasers. The spectrum width is
0.86nm for two lasers NUB802T at 250m A driving current while this value is 4.27nm
at 2000mA driving current. For two lasers NUB8O1E, the width of the spectrum
changes from 1.02nm to 3.23nm when the driving current increases from 300mA to
2000mA. The introducing of broader spectrum of the two lasers explains the better

speckle suppression by wavelength diversity.

Wider spectrum of lasers can be attained with the four lasers and therefore speckle
contrast is further reduced. A plot of calculated spectrum width is shown in Figure

2.31. For the four lasers NUB8SO2T, the spectrum width is 1.15nm at 250mA and
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Figure 2.30: Total spectrum width of one and two lasers at 20% maximum light
intensity

4.82nm at 2000mA driving current. Four lasers with two different types of laser
can provide better speckle contrast reduction. The broader of laser spectrum is one
of the reasons for better speckle contrast reduction in this case. At 250mA driving
current, 1.25nm of spectrum width is introduced by the combination of two lasers
NUBS02T and two lasers NUB801E. It can be seen that the difference in spectrum
width between the two cases of four lasers is small at low driving current. The
difference of spectrum width is bigger at high driving current. The spectrum width
is up to 6.73nm at 2000mA for the two lasers NUB802T and two lasers NUBSO1E

setup.
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Figure 2.31: Total spectrum width of four lasers NUB802T and two lasers
NUBS802T and two lasers NUBSO1E at 20% maximum light intensity

In addition, the correlation of speckle patterns is an another reason that the com-
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bination of two lasers NUB802T and two lasers NUB801E provides better speckle
contrast reduction compare to the four lasers NUB802T. The speckle patterns from
two independent light sources that have lasing wavelength at A; and Ay become in-
dependent to each other only when the difference in wavelength of the light sources

satisfies

22

AN > Do (2.10)
where A\ = |y — \1| is the wavelength difference of the two beams, A = (\; + \y)/2
is the average wavelength and oy, is the standard deviation of surface roughness. Fig-
ure 2.32 shows spectrum of four lasers NUB802T and spectrum of the combination
of two lasers NUB802T and two lasers NUB8O1E at 2000mA driving current. It can
be seen that the spectrum of four lasers NUB802T are added up together. Conse-
quently, the condition to achieve uncorrelated speckle patterns is not fulfilled. Thus,
the speckle contrast reduction of four lasers of the same type NUB802T is not as

good as the speckle contrast reduction of the combination of two lasers NUB802T

and two lasers NUBKO1E.

12000 -4 lasers NUB802T '
—2 lasers NUB802T and 2 lasers NUBSO1E {
10000
> 8000
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Figure 2.32: Spectrum distribution of 4 lasers NUB802T and 2 lasers of NUB802T
and 2 lasers of NUBSO1E at 2000mA of driving current
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2.4 Application and characterization of speckle sup-

pression methods in laser projection system

Conference paper 4

A laser projection system platform is built at Projectiondesign AS. The hybrid solu-
tion which is a combination of lasers and Phosphor is chosen for the laser projection
system. Because of the high price of the green lasers, Phosphor is used to generate
the green light by the use of blue lasers as an excitation source. The system consists
of 6 blue laser banks from Nichia (each laser bank has 8 individual laser diodes), 74
red lasers from Mitsubishi, and 8 blue laser banks from Nichia for Phosphor excita-
tion source. Each blue laser bank has an output power of 30W while each red laser
has an output power of 0.5W in continuous driving. Figure 2.33 shows simulation
of laser beam with optical system of the projection system by Zemax. This is a
single DMD chip projection system which can provide about 10 000 lumen. The
projection system is shown in Figure 2.34 (a) and the system in running the red

lasers is shown in Figure 2.34 (b).

Figure 2.33: Zemax simulation of the laser/Phosphor projection system

Speckle contrast of the projection system is characterized. There are many methods

for speckle suppression that are applied in the system. Each source in the array
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(b)

Figure 2.34: Laser projection system (a) and the system running in the red lasers

(b)
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Figure 2.35: Spectrum of the blue lasers (a) and spectrum of the red lasers (b)

generates separate speckle patterns which add together. If the distance between the
sources are large enough, these superimposed speckle patterns will be uncorrelated.
Thus, speckle contrast is reduced due to the difference of the illumination angle.
In the projection system, the distance between the lasers on the laser bank is 1em
to introduce speckle suppression by angle diversity. Angle diversity for speckle
suppression is also achieved by the use of and optical elements that scatter light in

the system.

Another method for speckle suppression in the projection system is wavelength di-
versity which is introduced by using a number of independent laser sources. The
independent laser sources have a slight difference in wavelength themselves and this
offers the broadening of the light source spectrum. Figure 2.35 shows the spectrum
of blue and the red lasers array. Full width of half maximum spectrum bandwidth

is bnm for the blue lasers array and 2nm for the red lasers array.

A commercial moving diffuser is inserted into the system for further speckle suppres-

sion. The moving diffuser has diffusion angle of 4.2°. The diffuser has oscillation

56



Trinh Thi Kim Tran: Speckle suppression in laser projection displays

frequency of 300Hz and the displacement amplitude is between 200um — 300um.
The measurement is done in the focus condition which means the camera is fo-
cused on the screen. Since the aperture number F'# determines the average size of
the speckles patterns in relation to the area of the camera pixels, the F'# number

matched to human pixel size to avoid spatial averaging is 67|

TA,
1.17)2

F# = (2.11)
where A, is the camera pixel area and A is the wavelength of laser source. By
matching the equation (2.11) to the clear aperture of the human visual system

3.2mm, the focal length of imaging lens is

/(32 x1073)%7A4,
/ _\/ 1.17)2 (2.12)

From the Figure 2.35, the central wavelengths at 452nm for the blue laser array and
642nm for the red laser array are used for the calculation of focal length and F'#
for the camera lens. The setup of the camera lens for the measurement is shown in
Table 2.4. The focal length and F'# of the lens are 35.9mm and 11.2 for the red
laser. For the blue laser, these values are 51mm and 16.

Table 2.4: Focal length and Aperture number F'# of the lens for the measurement

Laser array Central wavelength Focal length  Aperture number F'#

Red 642nm 35.9mm 11.2
Blue 452nm 51mm 16

Speckle contrast is measured with the change of distance between the camera lens

and the screen d. As shown in [67], speckle contrast decreases by a factor

Qro‘ Qro'
\/N:,/ﬁoc D,j/dg (2.13)

where (2,,,, is the solid angle between the projector and the screen, 2, is the solid

angle subtended by the entrance pupil of the detector to the screen and D is the

aperture of the camera.
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The lasers are driven in pulse wave condition. The red lasers are driven at the
current of 1A and the duty cycle is 33% while the blue lasers are driven at a current
of 2.5A and the duty cycle is 25%. The speckle contrast suppression characterization
result is shown in Table 2.5. Speckle contrast is measured at 25¢m, 60cm and 90cm
distance d from the screen to the camera lens. For the blue laser, speckle contrast is
measured with the change of distance d from 60cm, 71em and 140cm as can be seen
in the Table 2.6. For both cases, speckle contrast reduces as the observed distance
d increases. This is in agreement with theory which is shown in Equation (2.13).

Lower speckle contrast is attained by the activation of moving diffuser.

Table 2.5: Speckle suppression by moving diffuser for red lasers array

Distance [cm| Speckle contrast Speckle contrast

diffuser off diffuser on
25 8.94% 8.44%
60 5.95% 5.28%
90 5.66% 5.04%

Table 2.6: Speckle suppression by moving diffuser for blue lasers array

Distance [cm| Speckle contrast Speckle contrast

diffuser off diffuser on
60 11.87% 11.47%
71 11.18% 11.03%
140 5.19% 3.87%
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Chapter 3

Conclusion and Future work

The main focus of this PhD work is the investigation, application and characteriza-
tion of practical speckle suppression methods for laser projector. The first approach
for speckle suppression is MEMS diffusers with random patterns on top of the moving
mass for temporal averaging of speckle contrast. It is important that the movement
of the diffuser has a pure sinusoidal in-plane motion to have extremely large degree
of temporal diversity. Therefore, dynamic characterization is done for the determi-
nation of resonance frequencies and displacement waveform. From the experimental
characterization, the MEMS diffuser performs sinusoidal displacement. Speckle con-
trast suppression is analyzed for both free space geometry and imaging geometry.
The MEMS diffuser offers up to 43.8% and 26.8% of speckle suppression for free
space and imaging geometries respectively. Speckle suppression by MEMS diffuser
is also demonstrated in a commercial projector by using laser as a light source. The
demonstration shows a significant speckle suppression of 34.8% on the projected

images.

Speckle suppression of the first generation of MEMS diffuser performance is limited
by the two-levels binary profile of the random patterns and the fix height difference
of the two levels. The second generation of MEMS diffuser is designed and simulated
to increase the height difference of random patterns with a continuous height profile.
Dynamic and speckle suppression characterization are done. However, a continuous
profile of random patterns can not be fabricated due to fabrication process proper-

ties. As a consequence, the second generation of MEMS diffuser does not perform
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better speckle suppression than the first generation of MEMS diffuser.

Speckle contrast suppression of a commercial deformable mirror is studied with a
combination of wavelength diversity by the use of single broadband lasers or laser
array. The deformable mirror which consists of micro mirror array provides angle
diversity to reduce speckle contrast. Low speckle contrast of 0.04 is attained for the
single broadband laser by the combination of two methods. Lower speckle contrast
value which is 0.033 is provided by the use of an array of broadband lasers. It is
also shown experimentally that the use of lasers that have sufficient difference in

wavelength offers better speckle suppression.

The practical application and characterization of speckle suppression methods in a
laser projection system are performed. A various of methods for speckle suppression
have been used in the laser projection system such as the use independent broadband
lasers for wavelength diversity, distance between of the lasers for angle diversity and
the use of moving diffuser for time varying speckle patterns generation. A very
low speckle contrast projected images are attained by the combination of different

methods for speckle suppression in the laser projection system.

Better speckle suppression by MEMS diffuser is possible by the optimization of
fabrication process to attain a continuous surface of random patterns. In addition,
the device can be redesigned to have larger area of moving mass so that the device

can handle more power of the laser beam.

The use of more independent lasers in the projection system offers better speckle
suppression by providing angle diversity and wavelength diversity. It is shown the-
oretically and experimentally that the lasing wavelength tends to shift toward the
longer wavelength at high temperature. Thus, the lasers can be driven at differ-
ent temperature to have broader bandwidth of lasers spectrum. The wavelength
diversity can also be provided by using lasers that have slightly different central
wavelength. High power lasers are required for high brightness projection system.
Consequently, it is important for further investigation of speckle suppression module

that can tolerate high optical power in the system.
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Summary of Papers

Journal papers

1. Design, Modeling and Characterization of a Microelectromechanical

Diffuser Device for Laser Speckle Reduction

In this paper, a method for speckle suppression using MEMS diffuser device is
presented. The device consists of random reflective patterns on top of a moving
mass which is actuated for in plane vibration by electrostatic push-pull comb drive
structure. The device is driven by the push-pull driving configuration in order to
attain a pure sinusoidal vibration of the diffuser. The random patterns acts as
a wavefront phase modulator. Due to the movement of the diffuser, the spatial
phase of the incoming laser beam is varied thus time-varying speckle patterns are
produced. These time variation of the speckle patterns are averaged due to the limit
integration time of the human eyes; hence the speckle noise in the image is reduced.
The speckle contrast measurement is performed with two different geometries which
are freespace geometry and light pipe geometry. From the initial value, the speckle

contrast is reduce by 43% for free space geometry and 26.8% for imaging geometry.

2. Speckle Reduction in Laser Projection using a Dynamic Deformable

Mirror

This paper presents an approach for speckle reduction due to the angle diversity

which is produced by dynamic deformable mirror. The dynamic deformable mirror
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comprises of continuous micro-mirror array that can be individually deformed up to
hundred of KHz. When the mirror is activated, many uncorrelated speckle patterns
are produced due to the randomly distributed deformation of the micro-mirrors at
high frequency. This leads to the reduction of speckle contrast in the projected
image. Speckle suppression characterization are performed for red, blue broad-band
lasers and green narrow band laser. Speckle contrast is brought down to 0.04 for
broad band blue laser, 0.063 for broad band red laser and 0.09 for narrow band green

laser.

3. Speckle Reduction in Laser Projection Displays through Angle Diver-
sity and Wavelength Diversity-Draft

The speckle reduction for single laser through angle diversity using a dynamic de-
formable is presented in the previous paper. Further investigation of the effect of
laser spectrum width by the use of multiple lasers on speckle reduction is discussed
in this paper. Measurement of speckle contrast with and without angle diversity
effects which is provided by deformable mirror is also performed for two and four
lasers setups. The speckle contrast is also measured for both the same laser type or
different laser types in the setup. Better speckle contrast suppression is provided by
using multiple independent laser sources compared to single laser. Besides, it is also
shown in this paper that the use of four lasers with a combination of two types of
lasers offers better speckle contrast reduction than four lasers with the same type.
Additional speckle contrast reduction is achieved by using a dynamic deformable

mirror.
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Conference papers

1. Speckle Reduction Characterization of High Power Broad-area Edge

Emitting Lasers

The investigation the speckle contrast reduction of high power broad-area edge-
emitting red and blue lasers is performed. The speckle contrast is measured with
different driving conditions. It can be observed from the measurement that the
speckle contrast reduces with the increasing of pulse duration and pulse amplitude.
The highest speckle contrast reduction that can be achieved with the red and the
blue lasers are 27.9% and 10.4% respectively. The reduction of speckle contrast with
the increasing of pulse amplitude and pulse duration is due to less coherence of laser

beam as a result of more excited modes in the laser at higher current.

2. Demonstration of Speckle Reduction in a Laser Projector by Micro-

electromechanical Diffuser Device

A demonstration of MEMS diffuser for speckle reduction in a commercial projector
is presented in this paper. The demonstration is built on a F2 SX+ wide projector
from Projectiondesign AS. A blue laser Nichia NDB7675 with optical power 1.4W
is used as a light source for the projector. The laser is driven at 1.2A4 at constant
temperature 25°C". The laser beam is illuminated on the random surface of MEMS
diffuser. The reflected beam from the diffuser is focused on the optic systems of the
projector. After passing through the projector’s system, a picture with laser light

source is imaged on the screen by the projection lens for the characterization.

When the diffuser is at the stationary position, the speckle contrast value of the
projected image is 0.4708. When the diffuser is activated to have displacement of
+56.5um, the speckle contrast brought down to 0.3070. This corresponds to 34.8%

of speckle reduction.

3. A Survey of Speckle Reduction Methods in Laser Based Picture

Projectors
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An overview of speckle suppression methods that have been reported in the literature
is presented in this paper. Speckle noise in laser projection technology can be
reduced by using time-sequential creation of many independent speckle patterns.
Human eyes have integration time in the range of 30ms — 60ms. By creating many
independent speckle patterns that varies with time quickly, the speckle is reduced.
The time varying speckle patterns can be generated by polymer dynamic diffraction
grating, moving diffuser, vibrating mirror, rotating microlens array. Speckle can
also be reduced by the creation of many independent speckle patterns which can be
provided for example: by the use of array of independent lasers, the use of multimode
optical fiber, broad spectrum laser, etc. The choice of speckle reduction methods
depends on the choice of lasers sources and the architecture of the laser projector

system.

4. Design aspects for high lumne DLP Laser /Phosphor Projector

The design and demonstration of a laser Digital Light Projector is presented in
the paper. The laser demonstration system was built on a single chip DMD. The
projector consists of 48 Nichia blue lasers and 74 red lasers from Mitsubishi. A
Phosphor wheel was excited by the by the 8 blue laser banks from Nichia to get
yellow color. Each laser bank has 8 individual laser diodes. The laser projector
system provides about 10000 lumen. The speckle contrast characterization for the

projection system is also presented in the paper.
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