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Lay Abstract 

Projection display technology today has garnered a large amount of interest 

due to its vast market. The display technology has evolved alongside the 

development of various light sources for their light engines. For example, the 

technology started with the use of a conventional lamp, progressed to light-emitting 

diodes, and recently has arrived at laser sources. Laser-based projection displays 

have caught the attention of those seeking to develop display technologies due to 

many advantages for projection, thanks to the intrinsic properties of the laser. Laser 

projectors have significant benefits that include high brightness, wide colour gamut, 

long lifetime and high electrical to optical efficiency. There have been multiple 

types of laser-projector created to satisfy the requirements of the intended 

applications. A large scale and high-power laser projector will be used in 

applications requiring a big screen, large audiences, and wide-open spaces found in 

a cinema or theatre. A mini projector on the other hand will typically be used for 

home cinema, while micro-/pico-projectors are intended for personal use. Although 

laser projectors up until now have been useful, they are expensive and have safety 

concerns. Moreover, laser projectors encounter a technical problem due to the high 

coherence of the laser source. This issue is known as “speckle” noise. Speckle noise 

results in a reduction of the quality of images generated with laser-based projectors. 

Many types of research have been conducted to reduce the laser speckle noise to be 

lower than human eye perception limits. As a result, most of these speckle reduction 
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techniques are applied to large scale projectors, and a few of them have been 

successfully applied for smaller projectors, such as micro-/pico- projectors.  

Abstract 

Micro-/pico-projectors are exciting technology as they represent a core 

enabling technology for the future growth of portable devices. They are currently 

involved in many fields such as automotive, defence & aerospace, healthcare, and 

media/entertainment. Solving the issue of speckle noise in such small projectors 

has been a challenge until now, as most of the effective techniques for speckle 

suppression are not suitable for such small sizes.  

The purpose of this dissertation is exploring and applying practical solutions 

for reducing the laser speckle noise for a handheld laser projector (micro-/pico-

projectors).  

The first method is to introduce a laser source with low-level speckle noise. 

The source is designed based on end pumping of two cascaded laser crystals in the 

same cavity. The first crystal is Nd: YVO4 and the second is Nd: GdVO4 crystal. The 

output power ratio is adjusted mechanically to be 1:1. The output optical to optical 

efficiency is close to 50%. The output power at 1:1 power ratio has the lowest 

speckle noise level. The laser source is compact. Such a laser source is promising 

for micro-/pico-projectors.  

The second method is to reduce the laser speckle noise by a simple, low cost 

and compact optical method. Our novel method is to vibrate a lens with a small 
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focal length in just one dimension (1D) in front of an optical diffuser. The method 

reduced the speckle noise by 81.25% and 75.6% for laser diode (LD) and diode-

pumped solid-state (DPSS) laser sources, respectively.  

Finally, an optimisation was performed as follows: First, two laser sources 

are blended under specific conditions. Second, by adding another vibrating lens 

with a direction of vibration orthogonal to that of the first lens. Afterwards, the two 

optimisations are tested with a real pico-projector engine setup. The speckle 

contrast ratio was < 5%.  
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Chapter 1  

INTRODUCTION 

1.1 LASER PROJECTION TECHNOLOGY 

Display technology plays a vital role in our modern life. It can be used in 

many applications for different purposes which include cinemas, small meeting 

rooms, or rear projection TVs. The first use of a laser as a light source in projection 

systems appeared a few years after the demonstration of the first laser in 1960 [1]. 

Lasers introduced significant advantages to the physical characteristics of the 

projected images based on the intrinsic properties of the laser light.   

There are three main pillars for any display system: a projection device, a 

screen, and the observer. The specifications of the projection devices must satisfy 

the requirements for practical applications. For example, cinemas, have ample 

space, large audiences, and screen dimension is large. As a result, the projectors 

must provide enough illumination, better color, and better image quality. In other 

words, the power of the illumination light must be increased, which causes the size 

of the projector light engine to be significantly increased. In other applications, such 

as handheld device projectors, the projectors are characterized by their small sizes 

for personal use. Generally, any optical engine of any projector device contains an 

illumination source, optics, and display image devices.  
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ILLUMINATION SOURCE  

The illumination performance of any projector is dependent mainly on the 

nature of its light source. There are three types of light sources used in projection 

systems: lamps, light-emitting diodes (LEDs), and lasers. Any potential light source 

must contain the three essential colors (red, green, and blue colors, i.e. RGB colors) 

to form the colored images.  

Lamp as an illumination source 

Currently, most projectors on the market are based on arc lamps. Such lamps 

can cover  a wide power range from 50-900 W [2] with a reasonable life lime > 

1,000 hours [3]. 

There are two types of arc lamps that are used for projection purposes: 

Xenon lamps and Metal-halide lamps. First the Xenon lamp, which is a glass tube 

filled with high pressure noble Xenon gas [4]. Such lamps do not suffer from a long 

warm-up time, have good colourimetry [5], and high brightness. As a result, it is 

commonly used in large-screen cinema projectors [6], [7]. However, because it has 

a broad spectrum, it is necessary to use filters to extract the three prime colours; 

red, green, and blue, which causes the lumen-efficiency to be very low [8]. 

Second, in Metal-halide lamps, a mixture of mercury and halide salt metal 

is used [9]. As an advantage, the illumination spectrum characteristics can be 

adjusted easily [9]. However, the use of metals inside the lamp leads to a long 

warm-up time to reach maximum brightness and proper colour. Moreover, the 
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metals inside the lamp can interact with the material of the electrodes and transform 

them into different compounds. This causes the colour to drift in the projected 

images over the lifetime of the lamp [2]. 

LEDs as an illumination source 

The development of LED technology has been very interesting. Nowadays, 

LEDs are covering all colours needed for projection. LEDs have many attractive 

attributes such as compactness, a fast switching response, and no warm up time 

[10]. Moreover, LEDs have excellent colourimetry and long lifetime [11]. 

LEDs can provide white light – which contains all three RGB colours – with 

two approaches. The first method is to utilize a combination of three LEDs where 

each one emits a single colour from the three RGB colours.  

The second method relies on turning the blue colour in to the desired colour 

with a Fluorescent (or Phosphorescent) material. For example, a blue LED can be 

combined with a yellow phosphor, but the produced white colourimetry is poor. 

Thus, such a technique can be useful for applications that need low power 

consumption, such as cell phones [2]. A mixture of blue LEDs with green or red 

phosphors is a much better solution for achieving better colourimetry. However, 

the efficiency is much lower than in yellow phosphors. Additionally, LEDs have a 

long lifetime, but the output light decreases slowly with time [12]. LEDs have a 

very impressive lifetime; it is typically around 20,000 hours until the output light 

has diminished by 50% from its original value [13]. 
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Even though LEDs can claim many advantages, they have large étendue. This is 

because the emitted light from LEDs has a broad emission angle. Thereby 

preventing any output light from escaping a light engine containing LEDs is a real 

challenge.  

Moreover, the LEDs have limited brightness, so they are not suitable for 

high lumen projection [14], but they are considered to be a probable source for 

handheld projectors where brightness can be less important than overall 

compactness [15], [16]. 

Lasers as an illumination source 

From the previous sections, it is clear that the performance and the lifetime 

of conventional lamps are limited [17]. It is also clear that the performance and 

lifetime of LEDs are significantly better than lamps. However, LEDs have power 

limitations which makes them unsuitable for high brightness projection systems. 

Lasers can provide much higher power levels with very low étendue. This 

makes lasers a proper candidate for building very high brightness projectors -the 

brightness of lasers is greater than that of LEDs by 5 × 106times [18]- with smaller 

displays [19]. Lasers need a projection lens with a smaller diameter (40% lower 

than in lamp projector [20]). This will reduce the cost of using a high aperture F-

number projection lens, as smaller lenses can be used thanks to the small divergence 

angle of the laser beam [2]. The laser has a lifetime of 50,000 hours [21] which is 

greater than the lifetime of a lamp or LED by a significant margin. The ability to 
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design any desired wavelength provides a wide colour gamut for the displayed 

image [22]. The laser source adds an advantage to projection systems in general as 

it is suitable for all types of projection applications. For example, it has sufficient 

power to meet the requirements of the large projectors used in cinema and home 

theatre, while being compact enough to be used in handheld projectors such as mini-

/pico- projectors for personal use. Figure 1-1 shows some types of laser projectors. 

 

Figure 1-1: Some types of laser projectors; (a) cinema projector [23], (b) 

mini-projector [24], and (c) pico-projector [25]. 

However, the cost of manufacturing commercial laser sources is still high 

compared to that of the conventional lamps. Additionally, direct exposure to the 

laser beam can be very harmful to the human eye, so it is a requirement not to let 

any stray light leak outside the light engine of the projector.  

 Besides the cost and safety concerns, there is also a technical issue with 

implementing laser light sources called speckle noise. Speckle noise serves to 

decrease the quality of the projected image. The origin of laser speckle is a result 

when a coherent laser light scatters and interferes randomly with itself after 

reflecting from a rough surface such as a projection screen [26]. 
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Figure 1-2 shows a projected image with and without speckle noise. As 

shown in Figure 1-2b, the output image suffers from a granular appearance of dark 

and bright patches. As a result, the image quality will be reduced significantly. 

Hence, the reduction of the laser speckle must be considered in all types of laser 

projection systems. 

 

Figure 1-2: projected image (a) without speckle noise, and (b) with speckle noise. 

OPTICAL COMPONENTS 

Generally, the optics inside the light engine play an essential role in the 

projection process. Optics add many advantages to the projected images, and in this 

section, we will explore some important optical components commonly used inside 

any laser projection system. 

The most important optical functions are mixing the RGB colours, 

homogenizing the output optical field, and adjusting the size of the output image. 
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In a laser projection system, the RGB colors consist of three separate laser 

sources that must be mixed into one laser beam to form the white light. The 

combination of the three colors is performed by using a dichroic prism (X-cube as 

shown in Figure 1-3 a), two dichroic filters (as shown in Figure 1-3b), or by using a 

three to one fiber (as shown in Figure 1-3c). 

 

Figure 1-3: illustrate the different methods for coupling the RGB lasers: a) by X-

prism, b) by dichroic filters, and c) by 3 to 1 fiber. 

Second, some optical components are used to homogenize and reshape the 

output light field inside the light engine of a laser projector, such as a light pipe or 

by using a lens array as shown in Figure 1-4.  

For the projection lens, the light will be launched from one side of the lens 

and will be received from the other side. According to the divergence angle of the 

input light, multiple reflections should happen inside the light pipe. Each reflection 

will form an imaginary image on the edge of the light pipe; the integration of such 

images will create a homogenized optical field [27]. The cross-sectional area of the 

light pipe can take many forms, such as circular, hexagonal, or rectangular. In other 
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cases, the geometry of the entrance and the exit of the light pipe may be different 

in order to reform the shape of the output light field. 

The lens array is composed of a matrix of micro lenses. Typically, a pair of 

lens arrays are combined with a condenser lens to homogenize the laser light output 

field. Such a combination can also reshape the light field to fit the geometry of the 

projection pattern. The first lens array is used to transform the incident light field 

into many sub-focused beams. The second lens array will collimate each sub-

focused beam to be parallel with one another. The condenser lens will integrate and 

focus all the parallel rays on to a specific area. Thus this area contains a 

homogenized light field that is ready to be projected by a projection lens [28].   

A projection lens is used for projecting the images, controlling the focusing, 

and adjusting the size of the output image on a screen. The specifications of the 

projection lens (such as a focal lens and the diameter of its aperture) differ 

according to the type of application the projector was intended for. 

 

Figure 1-4: a) light pipe illumination system, and b) lens array illumination 

system [29]. 
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DISPLAY PATTERN  

The output projected images from laser projectors depend on four key 

technologies; digital light processing (DLP), liquid crystal display (LCD), liquid 

crystal on silicon (LCoS), and laser beam-steering (LBS). The technology of LBS 

is commonly used in Pico projectors. 

DLP display technology  

The most crucial part of DLP systems is digital mirror devices (DMD). The 

DMD is a micro-opto-electromechanical system (MOEMS) device. Figure 1-5 

shows a DMD chip. As shown in Figure 1-5, the chip surface is comprised of a 

rectangular array with a large number of microscopic mirrors. Each mirror has a 

connection with a pixel in the image that will be displayed. In Figure 1-5, each 

mirror can rotate ± 10-12° by tiny suspension system underneath. The DMD is a 

spatial light modulator. All the mirrors have two modes of operation, an "on" and 

"off" state. In any state, the laser beam is shining on the DMD chip surface and the 

reflected beam is projected on a screen through a projection lens. In the "on" state, 

the mirror face is on an angle enabling it to reflect the laser light through the 

projection lens, and the opposite happens in the "off" state [30]. The time taken for 

switching is about 20 µs from "on" to "off" [31]. Figure 1-6 shows a simple light 

engine of a laser projector that is DMD based. In projectors based on lamp 

technology, a color wheel and color filters must be included to define the color on 

the image. On the other side, in LED or laser projectors, the RGB primary colours 
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are generated at the same time, so there is no need for a colour wheel or filters, 

resulting in a high optical efficiency [32]. 

 

Figure 1-5: (a) DMD chip, (b) enlarged image for the DMD chip surface, and (c) 

enlarged mechanical actuation system under the micromirror [33]. 

 

Figure 1-6: A typical Pico-projection light engine [34]. 

LCD display technology 

In such technology, the light passes through the polysilicon LCD panel; 

therefore, it is identified as a transmissive technology. The LCD panel is 

constructed from two transparent polarized sheets. The two sheets are sandwiched 

together, and the gap between them is filled with a liquid containing crystals with 

rod-shaped. The panel contains millions of tiny cells, the opacity of each cell can 

be controlled by a digital electrical signal. When the cell is opaque then it will 

block the light from passing through the cell, by this concept, any image can be 
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constructed. This technology requires using a polarized light. When an electric 

signal applied to the crystals, it causes them to rotate the plane of polarized light. 

This mechanism of switching ON and OFF states can introduce 256 shades of 

grey (8-bit processing)[35]. Figure cc shows a laser projector engine based on 

laser phosphor technology. The red and yellow colors are generated from passing 

a blue laser light through a phosphor wheel, while the blue color is from another 

separate blue diode laser. Each color will be directed to pass through a separate 

LCD panel. The images from each panel are combined with a prism, resulting in a 

single image with up to 16.7 million colors.  

 

Figure 1-7: Laser projector based on laser Phosphor technology and 3LCD panel 

technology. 

LCoS display technology 

LCoS technology is a hybrid from the technology of LCD and DLP at the 

same time [36]. In an LCD, the modulation of light occurs by changing the 

polarization state of a nematic liquid crystal inside a glass panel by applying a 

certain amount of electric voltage. As a result, some light passes through, and the 

rest will not according to the polarization state of the light. In DLP technology, the 
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modulation of light occurs by controlling the amount of reflected light from 

millions of micro-mirrors. The combination between the principle of operation of 

LCD an the DLP let the LCoS to introduce more contrast by increasing the depth 

of black and white in the projected image. Figure 1-8 shows a real image for the 

LCoS panel and a schematic diagram for its internal structure. 

 

Figure 1-8: (a) LCoS module [37], and (b) schematic diagram for LCoS panel 

structure [38]. 

LBS display technology 

The technology of LBS is widespread in laser pico-projectors.  In this technology, 

each pixel of the image is formed one by one and line by line (using a raster scan 

motion). The raster scanning is performed by the direct scanning of the laser beam 

via fast scanning MEMS. (The RGB colors are controlled individually at each 

point). The LBS technology is affordable and assures a small size for its optical 

engine. Moreover, the LBS does not need a projection lens, so it is termed by a 

focus-free technology. Figure 1-9 shows an image of the MEMS mirror and a 

conventional setup for the optical engine based on LBS technology. Table 3-1 

shows a comparison between the three display technologies: DLP, LCoS, and LBS.  
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Figure 1-9: (a) Laser beam scanning Bi-axial MEMS Mirror Platform [39], [40], 

(b) schematic diagram for pico-projector based on LBS [40].  

Table 1-1: comparison between the display technologies [36]. 

 

 

 

 

Technology DLP LCoS LBS 

Key features 

Reflective imaging 

technology using micro 

mirrors. 

 

RGB color delivered 

sequentially. 

Reflective imaging 

technology using liquid 

crystal. 

 

RGB-colors delivered 

simultaneously. 

Image scanning 

technology using directed 

laser beams. 

 

RGB color delivered 

simultaneously. 

Advantages 

Compact & small size. 

High contrast. 

No color degradation. 

High resolution. 

No rainbow effects. 

Smooth pixel edges. 

Focus free 

Low power consumption. 

Small size. 

Disadvantages 
Rainbow effect.  

Sharp pixel edges. 

Larger size.  

Potential color 

degradation. 

Laser is expensive.  

Speckle. 

Eye safety. 
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1.2 SPECKLE AND METHODS TO REDUCE 

LASER SPECKLE 

In 1960 and after introducing the first CW HeNe laser, the scholars noticed 

an unusual phenomenon when they illuminated some objects with highly coherent 

light from a laser beam: a peculiar and granular pattern would appear. Moreover, it 

was clear to them that such chaotic and disordered granular shapes have no apparent 

relationship with the macroscopic attributes of the illuminated object. These unique 

configurations came to be known as “laser speckle.” Figure 1-10 illustrates a 

typical image for laser speckle.   

 

Figure 1-10: An image collected after illuminating a rough object by a coherent 

light. 
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Laser speckle originated from the high coherency of the laser light [42]. In 

the wavelength scale of the laser light (𝜆 ≅ 0.5 𝜇𝑚), the microscopic attributes of 

the illuminated surface for an object become an important factor to consider. Thus, 

the surface structure on the microscopic scale is considered as a “rough” surface 

with random phase distribution. After coherent light is transmitted or reflected from 

such a rough surface, a secondary source of many coherent wavelets is formed. 

These output coherent wavelets are superimposed and interfere to form a random 

phase intensity distribution on the image plane. The human eye retina collects this 

information with an exposure time of 1/25 seconds (the human eye response time) 

and forms the laser speckle patterns. 

Figure 1-11 shows the speckle formation mechanism; when a coherent 

electromagnetic wave (such as laser beam) illuminates a rough surface, each 

illuminated point on the surface act as a secondary spherical wave source (based on 

the diffraction theory). The output scattered light field is a result of the produced 

wave from each point. When the surface roughness is high enough to create a path-

length difference with more than one wavelength, this leads to phase changes > 2π 

and the resultant light amplitude (or intensity) varies in a random way. 
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Figure 1-11: Speckle formation mechanism. 

MATHEMATICAL DESCRIPTION ON LASER SPECKLE 

In the context of the previous section, the scattered field of speckle noise 

can be expressed statistically by the sum of random phasor elements [43]. The 

resultant of the output field 𝑿 is represented by the summation of 𝑁 number of 

random phasors elements at the observation point as: 

 

𝑿 = 𝑋𝑒𝑗𝛩 =
1

√𝑁
 ∑ 𝑥𝑛

𝑁

𝑛=1

𝑒𝑗𝜙𝑛  (1 - 1) 

where 𝑋 is the magnitude of the complex resultant, 𝑥𝑛 and 𝜙𝑛 are the amplitude 

and phase of the 𝑛th complex phasor element. 

The wavefield intensity 𝐼 is determined as: 

 
𝐼 =  {

|𝑿𝑥|2 + |𝑿𝑦|
2

in case of unpolarized wave

|𝑿|2           in case of polarized wave
 (1 - 2) 

The variance of 𝑿 is: 
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𝜎2 =
1

𝑁
∑

𝑥𝑛
2

2

𝑁

𝑛=1

 (1 - 3) 

To describe the variation of intensity in a speckle pattern quantitatively, the speckle 

contrast ratio (SCR) is used. The SCR is defined as: 

 

𝑆𝐶𝑅 =  
𝜎𝐼

𝐼 ̅
=  

√𝐼2̅ − 𝐼2̅

𝐼 ̅
 (1 -  4) 

Where 𝜎𝐼 is the standard deviation and  𝐼 ̅is the mean intensity of the output 

pattern. This quantitative description of the speckle by SCR is valid under the 

following assumptions: 

A. The amplitude and phase for any specific complex phasor element are 

statistically independent. 

B. The amplitude and phase for any two complex phasor elements are 

independent. 

C. The distribution of a random phase (ϕn) is uniformly distributed over 

(−π, π). 

When the SCR = 1, this means that the speckle patterns are fully developed. 

In this case, the speckle patterns consist of a large number (𝑁) of independent 

phasors. When coherent polarized light illuminates a surface with enough 

roughness and the texture heights follow a gaussian distribution, then the output 

speckle patterns will be fully developed. When the SCR < 1, this means that the 

speckle noise is reduced. When the SCR = 0, this means that the patterns have 

constant intensity, and the SCR has been minimized. 
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TYPES OF LASER SPECKLE  

There are two main types of laser speckle (as shown in Figure 1-12): (a) 

objective and (b) subjective speckle [44]. Both laser speckles are classified by 

determining the propagation method of laser light.  

Figure 1-12a shows the formation of objective speckle. The laser light will 

propagate freely in the space after being transmitted or reflected from an optically 

rough surface. In the objective speckle, all elements from the illuminated objective 

plane contribute to form a point on the image plane. The rough object has a random 

phase. As a result, arbitrary interference will exist at the plane of the image and 

form speckle. Figure 1-12b shows the formation of subjective speckle. The laser 

light propagates through the imaging system. The term subjective is used as the 

speckle pattern’s structure relies on the viewing system parameters, such as the 

aperture size or the position of the imaging system.   A finite area from the objective 

plane forms each point on the image plane through the point spread function (PSF) 

area of the imaging system. Each finite area on the image plane has a random phase. 

Thus, this will cause arbitrary interference. This random interference causes 

intensity variation on the image plane, which is defined as speckle. 
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Figure 1-12: (a) objective and (b) subjective laser speckle formation [45]. 

Practically, there are many components that contribute to laser speckles. 

One of the vital elements is the material that the projector screen is made from. The 

screen is regarded as a very rough surface because the laser light has to be diffused 

with a large viewing angle. Some other optical components such as diffusers and 

multimode fibers inside the optical engines of a laser projector also introduce 

random phases. Such elements are used for light field homogenizing. 

SPECKLE IN LASER PROJECTION DISPLAY  

From the previous discussions, it was evident that using a laser as a light 

source in projection systems is superior to lamps and LEDs. Lasers offer much 

higher resolution, higher brightness, a better color gamut, and longer lifetime than 

lamps and LEDs. However, the high cost, safety issues, and some image quality 

issues that arise due to speckle are still the main disadvantages of laser-based 
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display technology. The main reason for the decrease in the output projected image 

quality is due to laser speckle.  

Many types of research were performed to reduce the laser speckle, but the 

focus was on larger laser projectors such as laser cinema projectors. It is necessary 

to investigate factors outside of laser speckle reduction performance, such as optical 

efficiency, size, power consumption, reliability, and cost.  

In large scale projectors such as cinema projector, many researchers were 

able to optimize all these parameters with different methods. However, little 

research has been conducted to find a suitable and optimized solution for handheld 

laser projectors such as mini-/pico- projectors. Such small projectors have become 

very important recently, and they are involved in many applications such as rear-

projection televisions, near projection devices, in mobile projectors, and the 

automotive industry. These laser projectors have a small and compact optical light 

engine, so finding effective methods for reducing laser speckle is still a challenge. 

HUMAN SPECKLE PERCEPTION THRESHOLD FOR STILL IMAGES 

FROM A LASER PROJECTION SYSTEM 

A high quality and cost-efficient projection display solution can only be 

labelled as such if the laser speckle phenomenon goes unnoticed to a human 

observer. Therefore, it is imperative the value at which this phenomenon becomes 

otherwise unnoticeable to the human eye is known before a laser-based display 

system can be designed. 
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Fortunately, laser speckle has been widely studied and the human 

perception limit has been determined to be a sufficiently low speckle contrast ratio. 

Although the topic is generally debated some published results suggest that a 

speckle contrast ratio below 2% [2] or even 4% [46] would be sufficient such that 

a human observer would not notice any speckle patterns. The latter publication 

derived 4% as the lower limit based on intensity variations and speckle patterns 

being slightly different in terms of human perception. Another study then suggested 

that based on this fact a lower limit of approximately 3% would be sufficient [47]. 

The discrepancy in the lower limit to speckle contrast ratio can be attributed 

to the complexity of the experimental setup and the many variables involved. For 

example, to perform a standardized speckle measurement one must consider the 

resolution of the human eye at the objective plane, viewing distance between the 

observer and the screen, viewing angle, luminance, image status (fixed or video), 

etc. 

In a normal experiment, 40 – 100 participants are selected to describe their 

perception of speckle patterns in an image. The participants are subject to multiple 

viewing angles, distances, levels of luminance, etc. The experiments are then 

conducted under dark and light room conditions. In conclusion, the threshold of 

human speckle perception is then choses at the point which less than 25% of the 

participants observe the speckle patterns [48], [49]. According to [50]–[53], the 

human eye cannot sense the speckle noise when the speckle contrast is lower than 

5%. 
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PRINCIPLE OF SPECKLE REDUCTION 

According to Goodman [44], [54], under the most ideal condition, the mean 

intensities of all N independent speckle patterns are the same, thus the SCR is 

reduced from 1 to R−1, where R = √N and is defined as the factor of reduction. If 

mean intensities for the independent speckle patterns in speckle-noise reduction 

process are not the same, however, reduction of the speckle will be introduced but 

in lower efficiency. Thus, if R1, R2′R3′ ⋯ , RN are all independent reduction 

methods then the total reduction is R < R1R2R3 ⋯ RN [55]. 

As previously stated, the key to performing speckle reduction is to generate 

independent speckle patterns. Any speckle pattern can be modified by manipulating 

the three primary parameters for the illuminating laser light: wavelength, 

polarization, and angle. To generate independent laser speckle patterns, a 

diversification for the previously mentioned light parameters must exist. Most of 

the reduction methods are relay on three method, i.e. wavelength diversity (Rλ), 

polarization diversity (Rσ), and spatial (angular) diversity (RΩ). The reduction by 

the three methods can be expressed by [56]: 

 SCR =  (RλRσRΩ)−1 (1 - 5) 

 

Based on the interference phenomenon, each wavelength will have a unique 

speckle pattern. When projecting two lasers with two different wavelengths 

(λ1 ≠ λ2) on a screen, the speckle patterns of both lasers are uncorrelated when the 
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average relative phase shift formed by the screen surface is ≥ 2π. It is possible to 

achieve the wavelength diversity by many methods: a) developing a broadband 

lasers, the increase of the spectral linewidth (𝛥𝜆) of the illuminating laser will 

reduce the speckle noise according to Rλ = √Δλ ∕ δλ where δλ is the wavelength 

separation, b) using a pulsed laser, as Δλ =  λ2/cΔτ, c is the light speed and Δτ is 

the laser pulse width, in that method Δτ has to be small to increase Rλ, this can be 

done by generating very narrow laser pulses using Q-switching techniques, by 

decreasing the laser pulse width the peak power will be very high and this might be 

harmful for the human eye. Because of the a safety precautions, this method is 

rarely to be used in projection purposes, c) by using more than single laser for 

illumination, and the minimum wavelength separation is δλ = λ2 ∕ 2x, where x is 

the average height of the screen surface, d) a combination from (a) and (b). 

In spatial (angular) diversity (RΩ) method, the N independent patterns are 

generated by sequential illumination of the 𝑁 sub-resolution areas on the detector 

resolution spot within an ~30 or 50 msec integration time (to mimic the integration 

time of the human eye). These independent patterns can be considered as 

overlapping on intensity bases (as they are generated within human eye integration 

time) on retina, which provide an averaged light field with reduced SCR.  A 

considerable 𝑅Ω can be achieved by time-varying components such as 

vibrating/rotating diffuser, rotating light pipe, tunable liquid lenses, 

vibrating/rotating screen, and rotating lens array. 
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The ideal SCR reduction of overlapping N independent speckle patterns 

with equal intensity should be N−
𝟏

𝟐 . However, this case will not be valid here as the 

𝑅Ω is dependent on the geometrical optics of the system [44] and there will be a 

saturation of speckle reduction even when N is very large. This limitation must be 

considered because it will not help to decrease the SCR below the human eye limit 

to recognize the speckle noise. Thus, it is very important to add other methods to 

achieve SCR lower than 5%.  

When a laser beam with certain polarization is illuminating a depolarized 

surface (such as most of the white printing paper), the polarization will be 

scrambled because of multiple scattering. Some unique surface will keep the 

polarization constant, so 𝑅𝜎 in this case will equal to unity. The output speckle 

configurations are independent and uncorrelated because their polarization is 

orthogonal to each other. In this case, the value of 𝑅𝜎 is equal to √2. In another 

situation, if a single laser beam is divided into two rays, each portion is with 

different coherent length (this can be done by delaying the optical path of one of 

them) or using two different lasers with different coherent lengths and shining them 

on a depolarized screen, as a result, the value of 𝑅𝜎 will be equal to 2, not √2. This 

is because of the four generated speckle configurations are independent. In some 

projection applications such as 3D projection, it is not allowed to use such 

technology because it depends on maintaining the polarization of the laser beam 

constant. 
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SPECKLE SUPPRESSION METHODOLOGIES 

Speckle noise is an intrinsic property of the laser beam, so it can be reduced 

by modifying the origin of the laser emission itself to generate a laser beam with 

low speckle noise. The speckle can also be reduced by other optical methods 

external to the laser source as well. Usually, to introduce a SCR lower than 5%, a 

combination of both methods will be highly recommended. According to this, we 

can classify the methods as: I) modifications inside the laser source, and II) 

modifications outside the laser source (or optical modifications).  

I. Laser speckle reduction by modifying the laser source 

 The speckle is reduced in [57] by broadening the output emission spectrum 

of a AlGaInP/GaInP quantum well laser source. This is produced by introducing 

unequally spaced wells. The AlGaInP/GaInP quantum well on a substrate from 

GaAs contains 25 emitters. The emitters are designed to be unevenly spaced on the 

substrate. The thermal rising on the small spaced region will cause into a shift in 

the emitting wavelength. The output spectrum form that designed structure is 3.7 

nm. The resultant SCR is 0.05 from that method. 

 The emission can be broadened in diode pumping solid state (DPSS) lasers 

by using Tandem-Poled Lithium Niobite (TPLN) crystal as a second harmonic 

generator inside a DPSS laser cavity [58]. The output spectral bandwidth is 36 times 

broader than the periodically poled case. The output band width is 6.5 nm, and the 
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resulting SCR is 0.041 which is one-seven of the conventional approach for a laser 

projection display.  

The speckle noise can be reduced by blending multiple wavelengths with a 

slight wavelength difference between them [59], [60]. This will generate a degree 

of wavelength diversity. As a result, the speckle will be reduced.  In [61], a 

combination of 4 laser emissions (531 nm, 532 nm, 541 nm, and 543 nm) was used. 

The 532 nm and 543nm emissions were from a diode pumped Nd: YVO4 crystal and 

the 531 nm and 541 nm emissions were generated by a Nd: GdVO4 crystal by using 

second-harmonic nonlinear crystals and the proper mirror coating. When 

combining this output with another speckle reduction method, the SCR will be 

5.6%. 

The speckle noise can also be reduced by decreasing the coherence length 

of the output laser. In random laser cavities, the active medium is made from a 

disordered material. The light is trapped inside the laser cavity, while will then 

undertake multiple scattering events, and this will create a laser emission at 

different frequencies which will decrease the coherency of the output emitted laser 

light [62]. 

The SCR is reduced by a factor greater than 2 via generating multiple 

independent longitudinal laser modes from a diode laser by modulating the driving 

current [63].  
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Another modification of DPSS laser sources has been performed in ref. [64]. 

A layer of microspheres (with 80 μm diameter) is inserted inside a plane-plane 

resonator. The active medium is a Nd: YAG crystal.  The resonator will generate a 

combination of gaussian and fractal transverse modes in the output laser emission, 

as shown in  Figure 1-13b. By optimizing the cavity structure, microsphere 

diameter, and by adding an appropriate second harmonic nonlinear crystal, a many 

parallel-multi-microbeam, each microbeam has a unique intensity (phase) 

distribution. Thus, a spatial diversification (by a combination of these different 

output phases) will produce an output free from laser speckle [65]. 

 

Figure 1-13: Hybrid micro laser resonators. A) Cross-sectional diagram (not to 

scale) of one configuration of the hybrid optical resonator. B) Images of some 

transverse modes associated with a sphere-stabilized micro laser [64]. 

II. Laser speckle reduction by optical systems 

Most of these methods involve introducing a great number of independent 

speckle patterns within the human eye integration time. This was performed by 

introducing a time varying component to the of the laser path.  
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In [66], vibration of one or more optical diffusers can reduce the laser speckle to 

2.80%. The diffuser can also be rotated to reduce the SCR as shown in ref. [67], 

[68].  

In [69], the reduction of the speckle was performed by a weak scattering 

static diffuser (WSSD). The WSSD is constructed from a transparent microfluidic 

chip (from polydimethylsiloxane (PDMS)), the chip was filled by poly (methyl 

methacrylate) (PMMA) nanoparticles. The liquid which contains the nanoparticles 

from PMMA will be dispersed by a piezoelectric micropump through built-in micro 

channels. Figure 1-14a shows the microfluidic chip, and Figure 1-14b shows a 

proposed projection setup to measure the SCR. The lowest SCR is 0.04. 

 

Figure 1-14: Illustration for a) microfluidic device, and b) the test setup for the 

device [69]. 

In [70], a rotation of the light pipe component can suppress to the speckle 

noise to be lower than 5%.  

A diffraction optical element (DOE), in 1D [71] or 2D [72] form, on a loop 

of flexible film can reduce the speckle noise. The entrance light is diffracted into 
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different orders (denoted as 0, ±1) as in Figure 1-15. The thickness of the cell 

modulator must satisfy h (n0  −  1)  =  λ/2 where 𝜆 is the wavelength of laser and 

n0 is the material of the modulator index of refraction. The minimum SCR is < 

2.6% as reported in ref.[71], [72]. 

 

Figure 1-15: demonstration of DOE [62] 

When light passes through a multimode fibre (MMF), the time taken by the 

light to move inside the fibre until reaching the end is determined by the 

propagation time. The longest time for propagation occurred when the light rays 

totally reflected inside the core of the fibre, which happens when the light was 

reflected at a critical angle from the interface between the core and cladding of the 

fibre. In [73], the MMF was used in the projection system, and the resulting SCR 

was 4.7%.  

In [51], the speckle noise can be reduced by changing the focal lens of a 

tunable liquid lens. The liquid lens is constructed from two layers of an elastic 

polymer membrane as shown in Figure 1-16. A voice coil actuator can apply force 

to the elastic membrane which will change the curvature of the membrane. The 

change of the curvature will change the position of the focal point of the lens. In 
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Figure 1-17, the laser will pass through a tunable lens and then it will be projected 

on to an optical diffuser.  

By applying a repetitive electrical signal on the voice coil actuator, it will 

modulate the output spatial phase of the laser beam after the optical diffuser. 

Eventually, the SCR after using the test setup in Figure 1-17 will be lower than 

0.05  [51]. 

 

Figure 1-16: Illustration of the liquid lenses operation and construction [74]. 

 

Figure 1-17: Schematic diagram of a projection system based on liquid lenses 

[51]. 
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In [75], the speckle noise is reduced by  using a deformable mirror shown 

in Figure 1-18.  

The deformable mirror is a mirror which is controlled by selectively 

deforming the surface of the mirror. The mirror surface is made of an elastic 

membrane (elastic polymer). The deformation is applied by deploying many 

independent voice coil actuators beneath the membrane surface. The rate of change 

of these actuators is in the range of kHz. As a result, the vibration of such actuators 

at high speed will generate different phases for the mirror surface. As a result, the 

reflected laser light from such mirrors will have many uncorrelated speckle 

patterns. Thus, the integration of such patterns will reduce the SCR in the projected 

image in a projection system to 0.0236 [76].   

 

 

 

 

 

 

 

Figure 1-18: real image for deformable mirror a) under  no control, and b) under 

control [77]. 
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1.3 RESEARCH OBJECTIVES 

MOTIVATION 

While many speckle reduction techniques can be used to reduce the speckle 

noise, it is still a challenge in the case of mini- or pico- laser projectors. The 

brightness and size limits of such projectors are significant issues in the field of 

personal or mobile laser projectors. Hence most conventional laser speckle 

reduction methods are not suitable for mini- or pico- laser projectors due to the size 

limitations. Moreover, the cost is very important factor to help in commercializing 

handheld laser projectors, thus finding an affordable and practical solutions is still 

a challenge. 

OBJECTIVE 

The objective of this PhD work is investigation, application and 

characterization of methods for speckle suppression in a field of handheld laser 

projection system (mini- and pico- projectors).  

OUTLINES 

In general, any optical engine of any laser projection system is composed of 

a laser source followed by, in order, optics (RGB color combiner, homogenizer, 

and relay or field lenses), image generator module, and a projection lens. In our 

work, two different approaches are examined for speckle suppression. 
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I. The first approach (Chapter 2 & First published paper) depends on the 

concept of wavelength diversity: 

This is achieved by modifying the design of the laser source to generate 

multiple output lasing wavelengths from the same laser cavity. The benefits of 

using multi-output lasering wavelengths at the same time from the same source 

are low speckle noise, increasing the optical efficiency, small size, and 

simplified integration within a projector. The DPSS laser with a single active 

medium usually emits a single wavelength laser with a narrow linewidth. The 

high coherence of the output laser will increase the speckle noise effect. The 

multi-output wavelength from a DPSS laser has a role of increasing the overall 

linewidth of the output emission by blending all the output lasers together. The 

dual output emission is the most preferable type from multi emission laser, as 

the output power level in dual-mode emission can be controlled to a certain 

degree depending on the production technique it. DPSS lasers that utilize 

cascaded active mediums are preferable. It can be tailored to generate specific 

output wavelengths at the same time without any mode competition inside the 

same cavity with a wavelength difference more than 1 nm. The output power 

can be controlled mechanically to let the ratio of the output power at each 

wavelength equal to 1. This is also very important from the point of speckle-

noise reduction, because when the power ratio is close to 1, the SCR will be 

multiplied by factor 1/√2.  
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  In Chapter 2, the cavity is designed based on end pumping two 

crystals; the first crystal is Nd: YVO 4 and the second one is Nd: GdVO4. The 

cavity parameters have been optimised to achieve a high optical efficiency, 

compact structure, high stability, and low SCR laser source. The output lasers 

from the cavity were in the NIR band (1062.4 nm and 1063.8 nm) with optical-

to-optical (O-O) efficiency 37% and 48% for parallel and perpendicular 

polarisation, respectively. So, they need a uniquely designed PPLN crystal to 

serve as a second harmonic crystal to generate green laser light for projection 

applications. 

II. The second approach (Chapter 3 & Second published paper) for speckle 

suppression is considered an optical solution by introducing the concept of 

angular diversity for anti-speckle technology: 

Our new method was based on vibrating a simple lens (with small focal 

length) in front of a green laser source. A commercial CD/DVD pickup lens 

module is used to vibrate the lens from 30 Hz to 130 Hz in a one direction (1D), 

then followed by a diffuser, beam homogeniser, and projection lens. The laser 

beam scans the lens' curvature; thus, the laser beam is deflected to form a bright 

line on the optical diffuser. Each point on the bright line on the diffuser will be 

considered as an uncorrelated pattern. The integration of these patterns under 

the human eye integration time reduces the speckle noise. This provides small 

size, low noise, low power consumption, simple drive electronics and simplified 

integration within a projector. The study is performed by using a single DPSS 
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laser (at 532 nm) and a single laser diode (LD) (at 520 nm). The device 

(vibrating lens and diffuser) provides up to 20.1% and 41.7% of speckle 

suppression for a DPSS laser and LD, respectively. The overall speckle 

reduction efficiency of the system (vibrating lens, diffuser, light-pipe, and 

projection lens) is 75.6% and 81.25% for the DPSS laser and LD laser, 

respectively. It is shown experimentally that speckle contrast can be reduced to 

0.15 for a single DPSS laser and to 0.07 for LD. Although the reduction 

efficiency is high, the output SCR is still higher than the human eye perception 

threshold for speckle noise (0.05). 

III. The third approach (Chapter 4 & third published paper) is considered as an 

optimization for the second approach: 

  Eventually, different speckle suppression methods such as wavelength 

diversity and angular diversity are applied in a real laser pico-projection system 

. The wavelength diversity is achieved by blending 532 nm with 520 nm, and 

the angular diversity is performed by vibrating two lenses in two perpendicular 

directions (2D). The study has been done for the green laser because it is the 

most sensitive colour to the human eye. A speckle contrast of 0.04 is attained 

for combined green lasers in the projection system. 

1.4 THESIS ORGANIZATION 

This section is summarizing the contents of each chapter in this 

dissertation: 
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• Chapter 1 sheds light on the background behind the subject of this 

research, the objectives' outlines, and the general overview of the thesis' 

order. 

• Chapter 2 presents an overview of the technique of end-pumping of solid-

state lasers (EPSSL) for two-cascaded laser crystals (2CLC). The main 

topic is about increasing the O-O efficiency of the EPSSL for 2CLC. The 

output of our modified design results in increasing the O-O efficiency by 

20 %. The instability of the output power was 0.4% showing a great 

performance for the output laser. The output SCR is reduced as well from 

70% to 53.9%. Our design is promising as a compact laser source for small 

size projectors.  

• Chapter 3 presents the problem of speckle-noise and its negative effect 

on laser projection. It also shows the need to find a practical solution to 

reduce the speckle noise in the small light engines of handheld projectors. 

In this chapter, a new method was developed to be fit on to such small light 

engines. The method is based on introducing angular and spatial diversity 

to the green laser sources such as DPSS and LD sources. Eventually, the 

output results show that our technique is promising to achieve low SCR, 

but it never achieved an SCR lower than the human eye limits for avoiding 

the speckle noise effect entirely (<5%). 

• Chapter 4 presents the development of a new method to reduce the 

speckle noise which is presented previously in Chapter 3. The method was 
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upgraded by increasing the diversity from 1D to 2D scanning. Moreover, 

the green laser source was a combination of two laser sources (DPSS and 

LD sources) with optimized power ratios. The optimization for the power 

ratios was intended to reduce the SCR and improve the colour quality of 

projected images. The upgrade has been performed by using a real pico-

projector engine. The output SCR is < 5% which is lower than the human 

eye perception limit for speckle noise. 

• Chapter 5 provides a summary of this research, the overall conclusions, 

and suggestions for future work. 

It is worth noting that Chapters 2 through 4 represent standalone manuscripts 

that are already published, or submitted; nonetheless, these chapters together 

represent a consistent research body, as outlined in the dissertation introduction. 

However, some overlap might exist for the completeness of each standalone 

chapters/manuscripts.  
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1.5 NOTATIONS 

𝑥𝑛: amplitude of the nth complex phasor element. 

𝜙𝑛: phase of the nth complex phasor element. 

𝜎𝐼: standard deviation 

𝐼:̅ mean intensity of the output pattern 

ϕn: distribution of a random phase 

𝑅𝜆: wavelength diversity  

Rσ: polarization diversity  

RΩ: spatial (angular) diversity  

Greek Letters: 

𝛥𝜆: spectral linewidth of the illuminating laser 

Δτ: laser pulse width 

∂λ: minimum wavelength separation 

 

1.6 ACRONYMS 

LEDs: light-emitting diodes 

RGB: red, green, and blue 
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DLP: digital light processing 

LCoS : liquid crystal on silicon 

LBS: laser beam-steering 

DMD: digital mirror devices 

MOEMS: micro-opto-electromechanical system 

LCD: liquid crystal display 

𝑿: The resultant of the output field 

𝑁: 
number of random phasors elements 

𝑋: magnitude of the complex resultant 

SCR: 
the speckle contrast ratio  

PSF: point spread function  

R: the factor of reduction 

C: light speed 

FWHM: full width half maximum  

TPLN: Tandem-Poled Lithium Niobite crystal 

WSSD: weak scattering static diffuser 



Ph.D. Thesis - M. Mohamed  McMaster University –Engineering Physics 

 

40 

 

PDMS: polydimethylsiloxane 

PMMA: poly methyl methacrylate nanoparticles. 

DOE: diffraction optical element 

MMF: a multimode fibre 

DPSS: diode pumped solid-state 

1D: one-dimensional direction 

LD: laser diode  

2D: lenses in two perpendicular directions 

EPSSL: end-pumping of solid-state lasers 

2CLC: two-cascaded laser crystals  

O-O: optical-to-optical efficiency 
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Chapter 2                                                                                                              

EFFICIENT DUAL-WAVELENGTHS CONTINUOUS MODE LASERS BY 

END-PUMPING OF SERIES 𝐍𝐝: 𝐘𝐕𝐎𝟒 AND 𝐍𝐝: 𝐆𝐝𝐕𝐎𝟒 CRYSTALS 

AND SPECKLE REDUCTION STUDY 

 

ABSTRACT 

In this paper, diode-pumped solid-state (DPSS) lasers based on end-pumping 

series Nd: YVO4 and Nd: GdVO4 crystals were studied. Dual-, tri-, and quad-

wavelength emissions were achieved. In the dual-wavelength emission operation, 

an optical-to-optical efficiency (O-O) of 49.6% and the power instability was 0.4% 

were obtained. It is the most efficient and compact lasers operating in continuous 

wave mode reported to date with series crystals. Besides of this, the effect of 

changing power ratio between the output laser powers on speckle reduction was 

investigated for the first time. In addition, tri and quad wavelength emissions were 

achieved with a reasonable efficiency simply by optimizing the cavity parameters. 

 

Keywords: diode-pumped solid-state; end-pumping series crystals; Dual-, tri-, 

and quad-wavelength emissions; Multi emission spectrum; laser speckle 

reductions; wavelength diversity. 
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2.1. INTRODUCTION 

Recently, development of laser sources based on end-pumping of series laser 

crystals with multiple (dual/tri/quad) emission wavelengths has attracted attention 

due to their potential applications such as THz generation [1], precise spectroscopy 

[2], imaging [3], biomedical instrumentation [4], lidar [5], and nonlinear scientific 

research of optical mixers [6].   

Many methods have been reported to achieve multi-wavelength emission 

such as: inserting optical selective elements (OSE) inside a cavity like etalon [7] or 

birefringent filter [8], by two inequivalent emitting centers coexisted inside the laser 

crystal [9], by angle tuning for a laser crystal [10], pumping two distinct crystals 

separately [11], and pumping two different crystals simultaneously [12]. For single 

gain medium based multi-wavelength emissions their lasing wavelengths generally 

share the same upper energy level which makes their mode competition become 

serious [13], thus, the approach of end pumping series crystals [12] is considered 

to be a solution. It uses two separate gain mediums and each crystal has its unique 

wavelength. They do not share the same upper energy levels which means no mode 

competition exists, thus, the stability is improved. For example, instability as low 

as 0.25% (the instability for each wavelength component is 1.93% and 1.23%) has 

been reported for a free-running dual-wavelength end-pumping series crystal laser 

[3]. Besides this, the technique can also be used to equate the output intensities for 

the dual-wavelength emission without any custom-designed mirrors or inserting 
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any OSEs. The dual-wavelength emissions  from two series crystals has been 

demonstrated using a variety of pairs of laser crystals including 

Nd: YVO4/Nd: GdVO4 [14], Nd: YVO4/Nd: KGW [15], Nd: YVO4/Nd: LuVO4 [15], 

Nd: YAG/Nd: YLF, and Nd: YLF/Nd: YLF [3]. To date, most of the reported end-

pumping series crystal lasers are operated in pulsed mode, and the highest reported 

O-O efficiency was 33% [15]. 

In the meantime, end-pumping series crystal lasers have a lower laser speckle 

effect than general single wavelength DPSS lasers, since the laser speckle can be 

reduced when multiple wavelengths are blended together [16]. Laser speckle has a 

significant impact on several applications mentioned above. However, 

characteristics of laser speckle of end-pumping series crystal lasers have not been 

studied. Moreover, the laser performance of end-pumping series crystal lasers in 

the continuous wave (CW) mode, which is important in many practical 

applications, has not been investigated systematically.  

In this paper, compact DPSS lasers based on the end-pumping series 

Nd: YVO4/Nd: GdVO4 crystals are investigated in detail. The characteristics of dual-

, tri-, and quad-wavelengths emission are studied and discussed. Laser speckle 

properties of the developed lasers are studied in terms of the power ratio between 

the emission peaks and the number of emission wavelengths. CW mode compact 

lasers based on the end-pumping series Nd: YVO4/Nd: GdVO4 crystals with high O-

O efficiency, high stability, and low speckle contrast ratio have been achieved. 
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2.2. EXPERIMENTS 

DUAL-WAVELENGTH LASER SETUP 

The configuration of the end-pumping series-crystals cavity is shown in 

Figure 2-1a. A plane-plane cavity structure was used in the laser system. A fiber 

pigtailed laser diode (LD) was used as the pumping light source. The LD had a 

central wavelength of 808 nm, and maximum output power of 7 W. The core 

diameter was 200 µm with a 0.22 numerical aperture (NA). The pumping light from 

the fiber was elliptically polarized, with a power ratio of approximately 2:1 between 

its maximum power along the vertical (π-polarization) and horizontal (σ-

polarization) directions. A graded-index (GRIN) lens and a plano-convex lens were 

used to focus the output beam from the LD. The GRIN lens had a 1.8 mm diameter, 

0.23 Pitch, 0° Face Angle, and was anti-reflection (AR) coated at 810 nm, while 

the plano-convex lens had a diameter of 4 mm and a focal length of 2.5 mm. This 

beam focusing system was used to focus the laser beam into the gain medium with 

a minimum beam waist (ω0) of 120 µm. 

Two crystals, the first laser crystal (LC1) and second laser crystal (LC2), 

were used as the gain mediums. LC1 was 1-at% doped a-cut Nd: YVO4 and LC2 was 

0.5-at% doped a-cut Nd: GdVO4. The crystals had cross-sections of 3 mm × 3 mm 

and thicknesses of 2 mm and 4 mm, respectively. The input facet of LC1 was coated 

with a high-reflection (HR) coating at 1064 nm and high transmission coating at 
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808 nm to be used as the input mirror (M1), the output facet of LC1 was AR coated 

at 1064 nm. Both facets of LC2 were AR coated at 1064 nm & 808 nm.  

The temperatures of LC1 and LC2 were controlled by two thermoelectric coolers 

independently. The output-mirror (M2) had a reflectivity of 85 % at 1064 nm. A 

filter was used to block the remaining 808 nm pumping light after M2, and a 

polarizing beam splitter (PBS) was employed to separate the π-polarized and σ-

polarized components of the output laser beam. The laser output power was 

measured by a power meter, and output power stability was characterized as well. 

The output spectrum was captured by an optical spectrum analyzer (OSA) with a 

resolution of 0.1 nm. 

The relative position of the two crystals is shown in Figure 2-1b. In the 

experiments, the π-polarization component of the elliptically polarized pumping 

light was aligned parallel with the c-axis of LC2. The distance between the crystals 

in the σ-π configuration was 0.1 mm. The position of the minimum pump beam 

waist (zo) was varied along the optical axis (in the z-direction) through the cavity, 

allowing for the control of the gain and pumping absorption efficiency of each 

crystal [17]. zo=0 was defined as the input facet (or M1) of LC1. The pump 

absorption efficiency of each crystal was also controlled by altering the pumping 

wavelength (λp) which was achieved by changing the temperature of the LD. 
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Figure 2-1: The experimental setup used in the measurements: (a) diagram for 

end pumping series crystals laser and (b) schematic diagram for σ-π 

configurations. 

TRI/QUAD WAVELENGTH LASER SETUP 

The experimental setup of tri-/quad-wavelengths emission was similar to 

the one described in the previous section. The tri-/quad-emissions were achieved 

by rotating LC1 and tilting M2 [10,17].  

Figure 2-2 shows the setup of tri-/quad-wavelengths emission. Figure 2-2a 

represents a schematic diagram for the series crystals. Eπ , Eσ represent the 

polarization directions of the pump light. θ is the tilting angle of M2 with respect to 

the y-axis and ∅ is the angle of rotation of LC1 about the z-axis. The c-axis of the 

two crystals was parallel to Eπ.  

Figure 2-2b represents the xy-view for the setup. In Figure 2-2b, the left 

subfigure represents the setup of tri-wavelengths emission (θ=0.7 mrad and ∅=0 

rad), and the right subfigure represents the setup of quad wavelengths emission 



Ph.D. Thesis - M. Mohamed  McMaster University –Engineering Physics 

 

53 

 

(θ=0.7 mrad and ∅=0.78 rad). The distance between LC1 and LC2 was 0.2 mm. The 

length of the cavity was 18 mm. The temperature of LC1 and LC2 were set at 45 ℃ 

and 18 ℃, respectively. Tri-/quad- wavelengths started to be seen until input pump 

power reach 4.2 W and 4.38 W, respectively. 

 

Figure 2-2: The configuration of 𝐿𝐶1 and 𝐿𝐶2 in multi wavelength emission. (a) 

A 3D configuration with a tilted angle of θ for 𝑀2, and (b) xy view of the setup 

for tri output wavelengths emission with θ=0.7 mrad and ∅= 0 rad (left) and quad 

wavelengths emission (right) with θ=0.7 mrad and ∅= 0.78 rad. 

THE CONFIGURATION OF SPECKLE CONTRAST IMAGING SYSTEM 

 Figure 2-3 shows the setup used for measuring the speckle contrast ratio 

(SCR). The SCR of the proposed laser systems was measured by projecting the 

output beam via a projection lens onto a white print paper, then using a CCD 
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camera (C2400 from Hamamatsu/ spectral response: 400-1800 nm) to capture the 

speckle-pattern. The focal length of the camera lens is 50 mm with f/16. Both the 

distances from projection lens to screen and screen to camera were set to be 50 

cm. 

 

Figure 2-3: Experimental setup for speckle test. 

2.3. RESULTS AND DISCUSSION 

DUAL OUTPUT WAVELENGTHS 

Figure 2-4a shows the single 1063.7 nm laser spectrum. Figure 2-4b shows 

spectrum at zo=zBPP, at which an equal output power is achieved for the two 

wavelengths. As mentioned in section 2.1, the lasing wavelength from LC1 is 

1063.7 nm in σ polarization (σ pol.) and 1062.4 nm from 𝐿𝐶2 in π polarization (π 

pol.). 
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Figure 2-4: (a) and (b) are the single (1063.7 nm) and dual-wavelength 

normalized emission spectrum respectively. 

  

 

Figure 2-5: The measured output powers of 1062.4 nm (triangle up) and 1063.7 

nm (dots) for σ-π configuration. 

Figure 2-5 shows the change in the output power of the 1062.4 nm emissions 

from Nd: GdVO4  (blue line with triangles) and 1063.7 nm emissions from 

(a) (b) 
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Nd: YVO4 (red line with dots) versus the change of zo. In the experiments, the 

maximum pump power was set to 6.5 W and zowas adjusted to change the power 

ratio between two different wavelengths. In the σ-π configuration, the pumping 

wavelength was set at 805 nm.  

Figure 2-5 is separated into Region I and Region II by the balance point 

position (zBPP), which is defined as the position of beam waist of the pumping beam 

where an equal output power was achieved for the two wavelengths. The zBPPwas 

found to be 2.6 mm as shown in Figure 2-5. The total power at zBPP is 3.18 W. It 

is worth noting that the balanced power ratio at zBPP point is important for speckle 

reduction, which will be further illustrated in following sections. 

The absorption of LC1 controlled the amount of leaked pump power to LC2. So, 

the pumping wavelength is shifted to be 805 nm (via controlling the LD 

temperature) because the change in pump wavelength (< 808 nm) will decrease the 

absorption of LC1, resulting in a decrease in the gain in LC1 . The same effect will 

happen to LC2 as well, so that the overall O-O efficiency of such series crystal end-

pumping is lowered. 

The change in power ratio is related to the change of the pump beam waist 

position (zo) [18]. With the increase of zo, one can observe that 1063.7 nm laser 

power decreased, and 1062.4 nm laser power increased, until they become equal at 

zo=zBPP. 
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In Figure 2-5, when zo= 0, the output power of 1063.7 nm laser is higher than 

1062.4 nm laser because the minimum pump beam waist (ωo) is on the input facet 

of LC1, so the overlapping ratio between pump light size and laser mode size in LC1 

is large, makes the gain of LC1 higher. In addition, only a small fraction of pump 

power leaked from LC1 so that the output power of 1062.4 nm laser is smaller than 

the power of 1063.7 nm. By continuing to increase zo, the pump power absorbed 

by LC1 decreases, this leads to a decrease in the power of the 1063.7 nm laser and 

an increase in the power of the 1062.4 nm laser.  This is because of the change in 

the overlapping ratio will be larger with respect to the mode size of LC1 and vice 

versa to LC2. In region II, when zois close to zBPP, ωo will be much closer to the 

1st edge of LC2, thus the power of 1062.4 nm laser increased while the power of 

1063.7 nm laser decreased.  

The output power of dual wavelengths emissions (when zowas fixed at zBPP) 

are shown in Figure 2-6. Based on the total power presented in Figure 2-6, the 

maximum O-O efficiency was 49.6% (51.7% after compensating IR filter and PBS 

losses) and, the slope-efficiency was 61% for the linear best fit (dotted blue line) 

which is shown in Figure 2-7. To the best of our knowledge, this is the highest 

efficiency achieved by dual-wavelength laser for σ-π configuration.  
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Figure 2-6: The measured output power versus pump power for σ-π 

configuration, where the total output power, output power for 1062.4 nm, and 

1063.7 nm are represented by black dots, red triangle up, and blue square, 

respectively. 

 

Figure 2-7: The measured total output power versus input pump power for σ-π 

configuration. 
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In addition, the O-O efficiency for π-π configuration has been studied. In that 

configuration, the c-axis of LC1 is parallel to the c-axis of LC2. Because of the 

absorption coefficient of LC1 in π polarization is 4 times higher than σ polarization 

, the input pumping wavelength was further shifted to 804 nm to further decrease 

the pump power absorption of LC1 (pump power was 7.7 W). The temperature of 

LC1 and LC2 was 45℃ and 18℃, respectively. 2.72 W total output power was 

achieved at zBPP= 2.5 mm. The O-O efficiency was 35%. 

The output power stability of dual-wavelength emission at the balance power 

point (BPP) was also studied. A power meter was used to record the power 

fluctuations over 1200 seconds in 1 second intervals. The power fluctuations of the 

total power and each polarization component were recorded and analyzed. 

According to the method presented in ref. [19], the power instabilities for both 

wavelengths blended together is 0.4%, while it is 1.9% for 1063.7 nm components 

and 1.12% for 1062.4 nm.  The low power instability is mainly due to the fact that 

the two output wavelengths are from different crystals, and the mode competition 

is negligible in this type of laser [15]. The laser beam quality was measured by the 

knife-edge method in case of dual emission; the M2 was factor < 1.2 for 1062.4 nm 

and 1063.7 nm, separately. 
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Figure 2-8: The measured (a) total power for σ-π configuration, (b) power of 

1063.7 nm in σ- polarization, (c) power of 1062.4 nm in π- polarization. 

As mentioned in the introduction part, when multiple wavelengths are emitted 

from the same laser, the overall speckle produced by this laser is lower compared 

to the conventional single wavelength lasers. This can greatly improve the light 

source quality for multiple applications described earlier. Thus, the speckle level of 

this laser was studied as well. The captured images of speckle patterns are shown 

in Figure 2-9, according to the measurement method reported in [19], the SCR from 

the single- and dual-wavelength laser was 70% and 53.9%, respectively.  

Figure 2-9a, b shows the measured speckle images for 1063.7 nm and dual-

wavelength emissions at zBPP, respectively. The setup described in section 2.3 was 

used to capture the images.  
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Figure 2-9: (a) Single-wavelength speckle image, (b) dual-wavelength speckle 

image. 

The SCR dependence with a different power ratio of two wavelengths was 

studied as well. Figure 2-10 shows the SCR variation under different power ratios 

between 1062.4 nm and 1063.7 nm. The power ratio of the two wavelengths was 

changed by tuning zo as described in the previous sections. In Figure 2-10, the X-

axis represents power at 1063.7 nm over the total-output-power at the two 

wavelengths (Pλ1 and  Pλ2 are the power of 1063.7 nm and 1062.4 nm lasers, 

respectively), where 1.0 means that the output emission wavelength is purely 

1063.7 nm, and 0.5 (at BPP) means the output power is the same at each output 

wavelength. The minimum SCR of ~ 53.9 % is achieved when the power ratio of 

1063.7 nm and 1062.4 nm was approximately 1:1.  

(a) (b) 
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Figure 2-10: The SCR as a function of normalized power (Pλ2/(Pλ1+Pλ2)). 

The experimental results matched the simulations based on the reported 

theoretical model [19]. In the simulations, the following parameters were used: λ1= 

1062.4 nm, λ2= 1063.7 nm, Δλ1= 0.3 nm, Δλ2= 0.4 nm, σh = 200 μm, θi = θr =

45°, Pλ1= Pλ2= 1.5 W. Where, Δλ1 and Δλ2 are the linewidths for 1062.4 nm and 

1063.7 nm, respectively, σh is the standard derivation of surface roughness 

fluctuation of the screen, θi is the incident angle of the laser beam, and θr is the 

receiving angle of camera used in the measurements. Ideally, SCR can be reduced 

by 1/√N, where N is the number of incoherent laser wavelengths with equal output 

power and sufficient wavelength difference [20]. In the dual-wavelength emission 

with 1:1 power ratio, the expected reduction is 1/√2. This agrees well with the 

measured results at 1:1 power ratio point.  
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TRI AND QUAD OUTPUT WAVELENGTHS EMISSION 

By tilting the cavity output mirror, tri-wavelength emission can be achieved, 

and quad-wavelength emission can be achieved by further rotating the LC1 [17,21]. 

As shown in Figure 2-2b in section 2.2, the left subfigure represents the setup of 

tri-wavelength emission (θ=0.7 mrad and ∅=0 rad), and the right subfigure 

represents the setup of quad-wavelength emission (θ=0.7 mrad and ∅=0.78 rad). 

The distance between LC1 and LC2 was 0.2 mm. The length of the cavity was 18 

mm. The temperature of LC1 and LC2 were 45℃ and 18℃, respectively. Figure 

2-11a, b shows the output spectra of tri- and quad-wavelength emission. In tri-

wavelength emission, the peak wavelengths were at 1062.4 nm (π pol.), 1063.6 nm 

(π pol.), and 1064.6 nm (π pol.). The total output power was 1 W with an O-O 

efficiency of 23.8%. In quad-wavelength emission, the peak wavelengths were 

1062.3 nm (π pol.), 1063.6 nm (π pol.), 1064.5 nm (π pol.), and 1066.1 nm (σ pol.). 

The output power was 1.55 W with an O-O efficiency of 35.4%.  
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Figure 2-11:The measured output spectrum of (a) tri-wavelength emission at 

1062.4 nm, 1063.6 nm, and 1064.6 nm, and (b) quad-wavelength emission at 

1062.3 nm, 1063.6 nm, 1064.5 nm, and 1066.1 nm. 

As indicated in Figure 1-12a, b, the emission line are very close to each other 

and some of them are having the same polarization, so it was very hard to use IR 

filters or even PBS to isolate each individual line emission to do further 

investigation and measurement.  

The SCR under tri- and quad-wavelength emission were measured to be 59.5% 

and 57.5%, respectively, which are lower than the SCR of single-wavelength 

emission (i.e. 70%). One can notice that these values do not follow the 1/√N 

relationship as described above, which can be understood as follows. First, the 

power levels at different emission wavelengths were not equal. According to [22], 

unequal power results in a limited speckle reduction effect. Second, the wavelength 

differences between adjacent wavelengths are not large enough, that causes co-

related speckle patterns to be generated at the different wavelengths, and further 

limits the speckle reduction effect [19]. 

(a) (b) 
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2.4. CONCLUSIONS 

In this paper, the end pumping lasers for series crystals have been studied and 

optimized in the CW mode. Dual output wavelengths were achieved with O-O 

efficiency of 49.6% in the σ-π configuration. This is the highest efficiency reported 

in literature for this type of laser. 

The output power instability was measured for dual wavelengths emission, 

0.4% for both 1062.4 nm and 1063.7 nm blended together, 1.12% for 1062.4 nm 

and 1.9% for 1063.7 nm, the power instability was in between the results in [3] and 

[18]. In another hand, it is expected that the power instability and the spatial beam 

quality will be deteriorated in case of tri- and quad emission mode because the mode 

hopping, and competition will come to exist between the output line emissions.   

The generation of tri- and quad-output wavelengths has been performed 

without adding any optical elements. The maximum power and O-O efficiency was 

1W/23.8% and 1.55W/35.4% for tri- and quad-output wavelength emission, 

respectively. 

SCR has been studied for this type of laser as well. It has been shown that the 

SCR depends on the power ratio of the two wavelengths, and a minimum SCR can 

be achieved when powers at each emission wavelength are equal, which agrees with 

the theoretical simulations.  

It is worth noting that the present work provides a dynamic way to change SCR 

of a laser, simply by changing the position of the beam waist of the pumping beam.  

It is considered that lasers based on the end pumping for series crystals could be 
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very useful to the applications that need low laser speckle, high efficiency, and high 

power. As future work, the quality of the output beam should be further investigated 

and improved in case of dual emission to be used with the nonlinear crystals to 

achieve optimum conversion efficiency.  
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2.8. NOTATIONS 

Nd: YVO4: Neodymium-doped yttrium orthovanadate 

Nd: GdVO4: Neodymium doped Gadolinium Vanadate 

 Nd: KGW: Neodymium doped Potassium-Gadolinium Tungstate 

 Nd: YAG: Neodymium-doped yttrium aluminum garnet 

 Nd: YLF: Neodymium-doped yttrium lithium fluoride  

ω0: minimum beam waist 

 LC1: first laser crystal 

 LC2: second laser crystal 

 M1: input mirror 

 M2: output-mirror 

zo: minimum pump beam waist 

 λp: pumping wavelength  

 zBPP: balance point position 

 Pλ1: power of 1063.7 nm laser 

  Pλ2: power of 1062.4 nm laser 

 θi: incident angle  

 θr: receiving angle 
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Greek Letters: 

-- -- 

2.9. ACRONYMS 

DPSS diode-pumped solid-state  

LD laser diode  

SCR speckle contrast ratio  

MEMS micro-electro-mechanical systems  

CW Continuous wave 

NA numerical aperture 

O-O optical-to-optical 

THz Tera Hertz 

OSE optical selective elements 

CCD Charged Coupled  camera 

GRIN graded-index lens 

AR Anti-reflection  

HR high reflection 

PBS polarizing beam splitter 

OSA optical spectrum analyzer 
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N number of incoherent laser wavelengths 

RMS Root mean square  
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Chapter 3                                                                                                                               

LASER SPECKLE REDUCTION UTILIZED BY LENS VIBRATION FOR 

LASER PROJECTION APPLICATIONS. 

ABSTRACT 

In this paper, a compact speckle reduction method utilizing vibrating lenses 

for laser beam scanning is proposed and demonstrated. The maximum speckle 

reduction efficiency was found to be 75.6% and 81.25% for a 532 nm diode-

pumped solid-state (DPSS) laser and a 520 nm laser diode (LD), respectively. The 

minimum speckle contrast ratio observed using our method was 0.11 for the DPSS 

laser and 0.06 for the LD. The proposed method can provide speckle reduction with 

minimal power requirements, a low implementation cost, and no bending for the 

optical path of the laser beam. Additionally, this method is promising to withstand 

high-power lasers for use in high lumen laser projectors by optimizing the lens 

parameters. The demonstrated technique has a small form factor while 

simultaneously demonstrating a high degree of speckle reduction, which shows 

potential for speckle reduction in mini- and pico- laser projector applications. 

 

Keywords: speckle reduction, vibrating lens, laser displays, pico-projectors 
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3.1. INTRODUCTION 

In recent years, there has been rapid growth in projection-based technology. 

During this time, lasers have emerged as a flexible new light source for projection 

applications. Traditionally, projectors have been based on broadband light sources 

like ultra high-pressure mercury lamps and Xenon lamps. While these light sources 

are useful, they also have many drawbacks which include high power consumption, 

generation of copious amounts of heat, and a short lifetime.  

     Compared to the previously mentioned light sources, there are many advantages 

to using lasers as a light source: they have a smaller divergence angle, a wider color 

gamut, higher brightness, and a longer lifetime versus traditional sources [1]. Laser 

projectors have shown to be capable of a wide variety of applications that are seen 

frequently in day-to-day life, such as: conference rooms [2], home theaters [3], 

cinemas [4], and pico-projectors [5].  However, one of the main issues with laser 

light sources and the resulting image quality is laser speckle [6]–[8]. When 

projecting laser light (which is a highly coherent light source) on to a rough surface, 

granular bright and dark patterns will be generated. These patterns are a result of 

constructive and destructive interference between the reflected laser light from the 

rough surface (such as a projector screen). These patterns will reduce the image 

quality and as a result, it is desirable to suppress them for display-based 

applications.  
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Generally, the speckle contrast ratio (SCR) is a metric used to describe the 

amount of speckle present in an image. It can be calculated using the formula [9]: 

 SCR = σI 〈I〉⁄  (3-1) 

Where σI is the standard derivation of intensity fluctuation of a speckle 

pattern and 〈I〉 is the average or mean intensity. The SCR is a value between 0 and 

1; 0 represents an image free from speckle and 1 represents the maximum amount 

of speckle is present in the image. The threshold for human perception of speckle 

is 5% or 0.05; below this value, the image will appear free from speckle to a human 

observer [10].  

     There are multiple methods that have been proposed to reduce the SCR to 

a value where it is no longer visible to the human eye. One of the most important 

speckle reduction methods is to superpose multiple independent speckle patterns 

with the same intensity within the integration time of human eye [11]. This will 

produce a more uniform light field with lower speckle. The majority of methods 

used to generate multiple speckle patterns are based on mechanical movements, 

which include vibrating or rotating the light pipe found in many projectors [12], 

vibration of the diffuser element [13], vibrating the projector screen [14], and 

rotating/vibrating micro lens arrays [15], [16].  

      Technology based on these mechanical methods suffer from drawbacks 

such as being bulky and taking up valuable space, generating noise due to the 
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required actuators, and high-power consumption. These are all unwanted side 

effects that will reduce the stability of the system, and it is the goal to design the 

system in such a way as to mitigate them as much as possible for use in practical 

applications.  

      Another more recent development is micro-electro-mechanical systems 

(MEMS) scanning mirrors which have been studied and proposed as a method for 

speckle reduction. In this method, the laser beam is incident on the MEMS system, 

which is then tilted in one or two-dimensions, resulting in reflected beams with 

varying angles capable of high frequency scans. In most cases, the reflected beams 

will then pass through one or more diffuser elements to be collected by 

homogenization components. The reflected beams are capable of generating 

multiple different speckle patterns in a short time period (relative to the integration 

time of the detector), which reduces the overall laser speckle of the system.  

      The MEMS method has been demonstrated to be very effective regarding 

speckle reduction [17], [18]. However, it also has several draw backs that have been 

observed, one of which is that the optical path of the system must be bent. This can 

result in design complications for compact systems such as pico-projectors. 

Additionally, the laser beam diameter is limited by the small reflection surface area 

of the MEMS devices.  So, if the power of the laser source is increased this mean 

that the power density of the laser beam will be increased, this unfortunately can 

destroy the mirrors. Based on this, the author in [1] designed a large size 2D MEMS 

mirror with diameter 6.5 mm instead of 2 mm in  [19]. 
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      In this paper, an alternative method that makes use of a lens vibrating in one 

dimension (1D) to produce a laser scan capable of reducing the speckle contrast 

ratio is proposed and demonstrated. For proof of concept, the lens vibration was 

performed using an optical CD/DVD pickup actuator. In our experiments, we 

adopted a simple optical setup to test the speckle reduction efficiency. The 

amplitude of the scanned laser beam as a function of the module’s vibration 

frequency and amplitude has been measured. Two different green lasers (a DPSS 

laser and a LD) were used in the experiment as the light source. The proposed setup 

has been optimized for speckle reduction by inserting a condensing lens, which 

serves to further minimize the speckle contrast ratio (SCR) and to collect all light 

for preventing more optical loss. 

3.2. EXPERIMENTAL SETUP 

Figure 3-1 illustrates a proposed setup to test the speckle reduction efficiency 

of an integrated lens vibrating module (LVM). In Figure 3-1, two different types 

of green laser sources were used in the experiments: A frequency doubled DPSS 

laser at 532 nm with a linewidth of 0.1 nm and a semiconductor LD at 520 nm with 

a linewidth of 1.2 nm.  

      In Figure 3-1a, the laser beam starts by passing through a single LVM. The 

LVM used here was an optical CD/DVD pickup actuator. After the LVM module, 

the laser beam illuminated an optional optical diffuser that is immediately followed 

by a light pipe. The output of the light pipe was then projected on to a screen and 
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then resulting image was captured by a CCD camera. It is worth noting that, for 

simplicity, there is no display panel in the system. Should a display panel be 

required, it can be placed after the light pipe with an accompanying relay lens if 

necessary. 

 

Figure 3-1: A schematic diagram for (a) proposed setup for speckle reduction, (b) 

a CD/DVD-pickup actuator. 

       Figure 3-1b shows a schematic diagram of the optical CD/DVD pickup 

actuator that comprises the LVM in the experiment. The vibrating module consists 

of a small plastic cart containing two wound copper coils: a) the focusing coil, 

which can move the lens parallel to the direction of light propagation (which 
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controls the focusing distance of the lens), and b) the tracking coil, which can move 

the lens perpendicular to the light propagation direction [20]. There are magnets 

inside both coils, allowing the coils to move at a high frequency when provided 

with an external alternating driving signal. The cart itself was suspended on a main 

metal frame by a set of suspension wires, which act as springs. 

The lens is made of acrylic, and it is uncoated. The transmission efficiency 

is 93.3% for the green laser used in the experimental setup. The diameter and focal 

length of the lens are 4.5 mm and 4 mm, respectively. The measured divergence 

angle of the laser beam after the lens is 3.4 rad. As will be shown below, the lens 

can tolerate a laser input power of 1.5 W for at least 1 hour. The scanning angle 𝜃𝑠 

at the diffuser surface is calculated using the formula −𝑢 𝑓⁄ , where 𝑢 is the 

displacement (or amplitude of vibration) of the scanning lens and 𝑓 is the focal 

length of the vibrating lens. The lens vibration was controlled by applying a signal 

from a multifunction generator (MFG) to the tracking coil of the module. If the 

signal voltage is varied, the lens will be vibrated with different amplitudes that will 

cause the laser beam to diverge over a wide range of angles. When the output light 

illuminates the diffuser, different speckle patterns will be generated at a high 

frequency. This results in reduced speckle on the projector screen, increasing image 

quality. 

      In order to achieve improved speckle reduction, it is necessary to optimize 

the vibration of the LVM. Figure 3-2 shows an experimental setup used to 
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characterize the LVM. In Figure 3-2a, a collimated laser source was placed in front 

of the LVM. A 50X microscopic lens (ML) was used after the LVM to image the 

object plane that corresponds to the laser source. The output from the microscopic 

lens was projected on to a white paper screen with a ruler overlay to facilitate 

measuring distance. The distance between the microscopic lens and the screen was 

d=1 m. A CCD camera was placed behind the screen to capture the resulting laser 

spot on the screen. On the left side of Figure 3-2b, the resulting bright point 

indicates the LVM is in the “off” state, and a bright-line on the right side which 

indicates that LVM is in the “on” state. As shown in the Figure 3-2, by measuring 

the bright line length at the screen and taking the magnification of the ML into 

consideration, the actual scanning amplitude at the focal plane of the LVM can be 

determined. 

 

Figure 3-2: (a) A schematic diagram for the amplitude characterization setup, 

where ML: microscopic lens, 𝐟𝟏 and 𝐟𝟐: the focal length of the LVM lens and the 
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ML respectively, the screen, and h: bright line length, and (b) observed screen 

images from the CCD camera. 

      Figure 3-3 shows the relationship between the amplitude and the frequency 

of lens vibration under different driving voltages (peak values). In Figure 3-3, the 

x-axis is the vibration frequency (Hz) of the tracking actuator, and the y-axis is the 

measured vibration amplitude (mm). The applied signals were square waves and 

each peak voltage is displayed as a different data set. In the experiments, the LVM 

was operated at 70 Hz with a driving voltage of 1.5 V. These frequency and voltage 

values were selected because they provide vibration amplitudes close to the 

maximum amplitude allowed by the physical dimensions of the LVM housing, 

while limiting overall power consumption. According to the experimental results, 

the vibration amplitude of the LVM at 70 Hz/4 V is calculated to be 1.12 mm. 

 

Figure 3-3: LVM response curves under a range of driving voltages. 
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As shown in Figure 3-1 the laser passes through the LVM and is then launched into 

a diffuser with a divergence angle of 24°. A light pipe with a hexagonal cross-

section was placed after the diffuser. The light pipe had a diameter of 10 mm and a 

length of 15 mm.  

      A projection lens with a focal length of 25 mm was then used to image the 

output of the light pipe on a depolarized screen and the F-number was 8. A high-

resolution CCD camera (DCU224M from Thorlabs) with a pixel size of 5.86 μm × 

5.86 μm was used to capture the image on the screen. The plane which contains 

both the projection lens and the CCD camera is located 1 m from the the screen. 

The integration time of the CCD camera was set to be 50 msec to mimic the 

response time of the human eye [21], while the camera lens had a focal length of 

50 mm and the F-number was 11 [1]. The resulting output image was an 8-bit 

grayscale image. The CCD was operated in the linear region, and the experiment 

was performed in a dark room to avoid any background light. 

3.3. RESULTS AND DISCUSSION 

           The general idea of the method is to utilize a fast scanning laser beam to 

produce a high degree of spatial diversity that will reduce the SCR of the system. 

After the laser reaches the lens of the LVM, the laser beam will be focused to a 

bright spot at the focus plane of the LVM. If a driving signal is applied to the 

tracking coil, the LVM and thus the output laser beam will oscillate, resulting in 
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one-dimensional (1D) scanning which creates a scanning line due to the vibrating 

lens. 

      When the lens is vibrated at a high frequency (> 25 Hz), the human eye will 

no longer be able to observe the individual laser spots on the screen due to the 

integration time of the retina, and a line is observed instead. The output beam is 

then incident on the optical elements after the LVM at different angles, which will 

produce a variety of speckle patterns. Should these patterns overlap, it will generate 

a more uniform light field with reduced SCR.  

      It is worth noting that similar speckle reduction methods have been 

realized by utilizing a MEMS scanning mirror, where a single laser spot was 

scanned to form bright laser lines [17]. One of the differences between the proposed 

method and the MEMS scanning mirror is that the proposed method produces an 

output beam cone with large solid angle, while the MEMS scanning method instead 

provides a single laser beam with a small divergence angle. In the LVM method, 

the shape of the beam after the LVM acts as a point source, which introduces a 

higher number of illumination angles to the following optics. This is important in 

speckle reduction as increasing spatial diversity (the difference in the illumination 

angles) has potential to generate more independent speckle patterns, which will 

reduce the SCR of the system.   

      Another difference between the proposed method and MEMS method is 

that, in the MEMS scanning method, the optical path of the system must be bent in 
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order to use the MEMS mirror. This has potential design issues for highly compact 

optical system such as pico-projectors. However, in the proposed method, the light 

path can be arranged in a straight line without any required folding or bending, 

which is convenient for highly compact projection engine designs. 

      In addition to these benefits, the optical pickup actuators are a mature 

product which have been widely used in CD players, resulting in the module being 

available at a low cost. The module also has a high degree of stability compared to 

other speckle reduction methods. 

SPECKLE REDUCTION EFFICIENCY OF THE VIBRATING LENS 

In order to determine the speckle reduction efficiency of the proposed 

system, the intial value of the SCR (SCRi) of the laser sources must first be 

measured. The SCRi for both type of green laser sources were measured via a direct 

projection of the green laser beam onto a depolarized screen through a projection 

lens, with no speckle reduction systems in place (consisting of only the laser source 

and the projection lens). The distance between the laser source (DPSS or LD) and 

the projection lens is 2.5 cm. Thus, the speckle reduction efficiency is calculated 

with respect to SCRi of the laser beam and the SCR after the lens vibration (SCRv) 

as: (SCRi − SCRv) SCRi⁄ . 

The measured speckle patterns are presented in Figure 3-4. The 𝑆𝐶𝑅𝑖 of the 

DPSS laser/ LD are 0.45 and 0.32, respectively. The SCR of the LD was lower than 

the DPSS laser due to the linewidth of the LD being 1.2 nm, while for the DPSS 
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laser the linewidth is roughly 0.1 nm. A broader linewidth will provide more 

wavelength diversity, and this results in a lower SCR [22].  

The detailed speckle reduction experiments were conducted using the setup 

illustrated in Figure 3-1. Two different cases are presented here: a) without a 

diffuser after the LVM and b) with a diffuser after the LVM. 

The measured results are presented in Figure 3-4. Figure 3-4b 

demonstrates the results when no diffuser was present, and Figure 3-4c corresponds 

to the case where a diffuser was included in the optical setup. The images on the 

left are the results from using the DPSS laser as the light source and the images on 

the right are the results from using the LD as the light source. Measurements were 

taken both when the LVM was off and when the LVM was on, as indicated in 

Figure 3-4. Table 3-1 summarizes the SCR values in all cases. 

Table 3-1: The SCR values. 

 DPSS LD 

SCR in case: SCRi 
LVM 

“OFF” 

LVM 

“ON” 
SCRi 

LVM 

“OFF” 

LVM 

“ON” 

 
0.45   0.32  

 

Without 

diffuser 
 0.33 0.22  0.14 0.09 

With diffuser  0.19 0.15  0.12 0.07 
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   It can be observed that when diffuser was not used and the LVM was off, 

the SCR of the system is 0.33 and 0.14, for the DPSS laser and LD respectively. 

When the LVM was turned on, the SCRs drop to 0.22 and 0.09 respectively. 

Compared to the 𝑆𝐶𝑅𝑖, the speckle reduction efficiencies are (0.45-0.22)/0.45=51% 

and (0.32-0.09)/0.32=72%, for the DPSS laser and LD, respectively. 

     When the diffuser was added into the system, even lower SCRs were achieved. 

The rough surface of the diffuser results in many uncorrelated speckle patterns 

when illuminated by the laser. The light pipe that follows the diffuser results in 

further overlap between the various speckle patterns and this provides a more 

uniform light field. 

     The lowest SCR values observed were 0.15 for the DPSS laser and 0.07 for the 

LD, which is close to the threshold of speckle free projection (< 0.05 or 5%). The 

corresponding speckle reduction efficiencies are 67% and 78% respectively.  

     The speckle reduction mechanism of the LVM is straightforward. As the lens 

vibrates, the output laser beam expands from a single focused spot into a laser line. 

This is combined with the light pipe that follows the LVM, which will provide 

better spatial diversity as a result of laser illumination from different angles. This 

results in a lower overall SCR for the produced image. 
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Figure 3-4: Speckle images and SCR values for (a) initial speckle image of 

DPSS/LD, (b) proposed setup in Figure 3-1 without diffuser, and (c) proposed 

setup in Figure 3-1 with diffuser, where off means no applied signal and on means 

an applied square wave with 70 Hz and 1.5 V. 

OPTIMIZING THE SETUP WITH A CONDENSING LENS 

In order to further increase the speckle reduction efficiency of the proposed 

method, an extra condensing lens was used after the LVM. The condensing lens 

can increase the length of the laser scan line on the diffuser, which implies an 

increase in the number of uncorrelated speckle patterns. As a result, a lower SCR 

will be achieved.  

      The condensing lens that was used had a 30 mm focal length and 25.5 mm 

diameter. The distance between the LVM and the condensing lens was 40 mm, and 
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the distance between the condensing lens to the light pipe was 35 mm. The setup of 

the experiment is shown in Figure 3-5. The condensing lens has a large diameter 

which will collect all output light from the LVM and avoid any extra optical power 

loss during lens scanning. In the experiment, it was observed that the output beam 

from the LVM always fell within the entrance pupil of the condensing lens. This 

resulted in no meaningful optical loss when the condensing lens was introduced in 

to the system. 

 

Figure 3-5: Experimental setup with a condense lens in the system. 

      Figure 3-6 shows the relation between the SCR and the lens vibration 

frequency for different peak voltage values when the condensing lens was 

introduced to the system. It was noted that the SCR values produced with the 

condensing lens for the DPSS and LD were lower compared to the setup without 

the condensing lens. The minimum speckle contrast values were achieved at a 

vibration frequency of 70 Hz for both the DPSS and LDs. Moreover, the speckle 

noise increases with the vibration frequency after 90 Hz as shown in Figure 3-6. 

This is because the amplitude of vibration is effectively much lower at high 

frequencies.  
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      It was observed that the SCR values from 60 to 80 Hz are very close to each 

other. This was because the amplitudes of vibration of the LVM in Figure 3-3 in 

this frequency range are also close to each other. The general trend of the two curves 

in Figure 3-6a, b shows the minimum SCR value between the 60 to 80 Hz 

frequency range. This can be explained by considering that a large vibration 

amplitude produces more speckle patterns which leads to a higher degree of speckle 

reduction. 

 

Figure 3-6: The SCR versus frequency for the range of driving voltages (1 V, 1.5 

V, 2 V, and 4 V) for: (a) DPSS, and (b) LD source. 

      Figure 3-7 shows the images corresponding to the minimum speckle 

values, as well as the resulting speckle values that were achieved for the DPSS and 

LDs. The minimum SCR was 0.11 & 0.06 for the DPSS & LDs, respectively, with 
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an applied square signal peak voltage 4 V at 70-80 Hz. This resulted in a speckle 

reduction efficiency of 75.60% for the DPSS laser and 81.25% for the LD. 

 

Figure 3-7: Achieved minimum SCR for: (a) DPSS, and (c) LD source. 

Generally, larger voltage values produce larger vibrational amplitudes 

(larger scanning angles). At higher vibrational amplitudes, the speckle noise 

decreases further through the introduction of additional uncorrelated speckle 

patterns. However, larger vibrational amplitudes result in increased power 

consumption by the module, due to the additional power required by the voice coil 

to increase the electromagnetic force generated for vibration. Moreover, a 

vibrational noise exists at these large scanning amplitudes as the lens begins to 

collide with the physical mainframe boundaries in both scanning directions. As a 

result, selecting the proper voltage level should be seen as a trade-off between the 

SCR, noise, and power consumption.  

From Figure 3-3, at voltage levels of 2 V and 4 V the maximum amplitude 

is saturated at 1.123 mm. The maximum amplitude for voltage levels of 1 V and 

1.5 V are 0.7494 mm and 1.0854 mm, respectively. The minimum SCR at 70 Hz 



Ph.D. Thesis - M. Mohamed  McMaster University –Engineering Physics 

 

90 

 

for 4 V, 2 V, 1.5 V, and 1 V is 0.0573, 0.0582, 0.06 and 0.061, respectively. The 

vibrational noise reaches its maximum for voltage levels of 2 V and 4 V. 

Furthermore, the power consumption increases as the voltage increases, while the 

SCR decreases with increasing voltage prior to saturation. As a result, the optimized 

voltage level is 1.5 V.  At 1.5 V, the SCR is 0.06 without any vibrational noise and 

low power consumption. 

 

Figure 3-8: Show the relation between the amplitude, frequency, and SCR for: a) 

DPSS, and b) LD laser source. 

Figure 3-8 shows the relation between the frequency, amplitude, and SCR 

for voltage level 1.5 V for each laser source type (DPSS or LD). As aforementioned 
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in that section, the minimum SCR is achieved at 70 Hz and with 1.0854 mm 

amplitude. The minimum SCR for DPSS and LD is 0.11 and 0,06, respectively. 

3.4. CONCLUSIONS 

       In this paper, a method for speckle reduction by using vibrating lenses has 

been proposed and demonstrated. SCR values as low as 0.06 and 0.11 have been 

achieved for green LD and DPSS green laser, which correspond to a speckle 

reduction efficiency as high as 81.25% and 75.60%, respectively. These values 

were achieved by employing a vibrating lens, a diffuser, a light pipe and a 

condensing lens in the experimental optical setup. Although the proposed method 

utilizes a similar speckle reduction principle to a MEMS scanning mirror, the output 

laser beam from the vibrating lens has a large solid angle which provides better 

speckle reduction as compared to the MEMS method. It is worth noting that the 

proposed method can achieve effective speckle reduction with minimal power 

consumption (TTL digital signal levels), low cost, and no bending for the optical 

path of the laser beam, which is an important design consideration for compact laser 

projector designs. The diameter of the lens is 4.5 mm so it can withstand high laser 

power and it can be easily enlarged by using much larger diameter lenses with high 

damage threshold. The transmission of the lens can be further improved by coating 

the two lens surfaces by anti-reflection coating. In the present work, only one-

dimensional line scanning has been demonstrated.   
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      Our technique can also provide much lower SCR by changing some of the 

test setup parameters as in ref.[10] to adjust the F-number to be 1.4 and changing 

the distance of the screen to be 0.5 mm, thus according to [22], the decrease in F-

number and the distance of the measurement will decrease the speckle contrast 

ratio.  

It is expected that, by combining two LVM modules with vibration directions 

that are perpendicular to one another, a 2D laser scan would be produced. This will 

provide a lower SCR values, which will be examined in future work. In general, 

when a laser beam scans a diffuser, each point of contact between the laser beam 

and the diffuser produces a unique speckle pattern, where each point represents a 

different incident angle. For 1D scanning, a bright line (BL) is produced on the 

diffuser (with a repetition rate > 25 Hz). The BL consists of two identical 

overlapping sublines; each subline represents a different direction scanning the 

diffuser’s surface. Thus, each subline contains several uncorrelated speckle 

patterns. As the speckle reduction is calculated via the integration of the 

uncorrelated patterns, 1D speckle reduction depends on just a single subline. In 2D 

scanning (such as raster or Lissajous scanning), the scanning area on the diffuser 

surface is substantially increased and contains a higher density of sublines. The 

probability of reproducing the same speckle patterns in each subline is very low, 

such as in 1D scanning. As a result, the speckle reduction in 2D (raster or Lissajous 

scanning) is expected to be much higher than in 1D scanning due to integrating a 
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significantly larger number of uncorrelated speckle patterns, thus introducing a 

larger degree of angular diversity. 
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3.6. NOTATIONS 

h: bright line length   

f1: 
focal length of the LVM 

lens 
  

f2: focal length of the ML   

u: the displacement   

Greek Letters: 

𝜎𝐼: the standard derivation of intensity fluctuation of a speckle pattern 

〈𝐼〉: the average or mean intensity 

θs: scanning angle    

3.7. ACRONYMS 

CV: Cross-validation 

DPSS diode-pumped solid-state  

LD laser diode  
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SCR speckle contrast ratio  

MEMS micro-electro-mechanical systems  

2D Two dimensions 

1D one dimension 

LVM lens vibrating module 

MFG multifunction generator 

ML microscopic lens 

CCD Charged Coupled  camera 

TTL digital signal levels 

BL bright line 
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Chapter 4  

SPECKLE REDUCTION BY EMPLOYING TWO GREEN LASERS AND TWO-

DIMENSIONAL VIBRATION OF LENSES 

ABSTRACT 

A method of speckle reduction suitable for use in a laser projector was 

proposed in the paper. Speckle contrast ratio (SCR) reduction was achieved by 

combining wavelength diversity and angular diversity methods. First, wavelength 

diversity was demonstrated by the use of two green laser sources (a 520 nm laser 

diode (LD) and a 532 nm diode-pumped solid-state (DPSS) laser) at a power ratio 

of 4:1.  Second, angular diversity was achieved via the vibration of two lenses in 

two orthogonal directions placed directly after the laser source. The vibrating lenses 

are small and do not require changes to the beam path of the laser source, allowing 

for more compact projector designs. The frequency of vibration of these lenses was 

optimized to minimize the SCR in the output image. A speckle contrast ratio of less 

than 4% was achieved without the use of optical diffusers, which significantly 

reduces optical losses. Optical transmission could be further increased with the 

optimization of optical coatings on the lenses. This result shows great promise for 

applications such as laser pico-projectors within the realm of heads-up displays 

(HUDs) and mobile devices. 
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Keywords: speckle reduction, mini-/ pico- projectors, two-dimensional vibration 

of lenses. 
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4.1. INTRODUCTION 

In recent years, projection display technology has played a vital role in 

modern life. Projectors can often be found acting as an invaluable tool for the 

communication of ideas within a classroom or conference room [1]. Projectors can 

also function as entertainment devices within home theatres [1] or cinemas [2]. 

Notably, the advent of the pico-projector has brought display technology into the 

mobile space with great potential to revolutionize heads-up display (HUD) systems 

[3]. Large number of projection systems is still relying on lamps [4] and light-

emitting diodes (LEDs) [5] as light sources launched into the light engines. The 

problems that plague these display technologies can be effectively overcome with 

the use of laser sources, which have increased brightness, wider color gamut, longer 

lifetime, and increased optical efficiency [6]. The pico-projector is a miniaturized 

application of this laser display technology, which has generated a great deal of 

interest due to its reduced size and weight. Therefore, it has become highly sought 

after for mobile photo/video applications [7], portable personal cinemas [8], and 

HUD systems [9]. To date, pico-projectors commonly use LEDs as light sources 

rather than lasers, and therefore using lasers as a light source would provide a 

significant improvement to image quality and light engine efficiency (due to a 

reduction in etendue). 

However, it must be noted that the adoption of lasers as a light source has 

suffered due to a phenomenon known as laser speckle caused by the high coherency 
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of the laser source [10]. Laser speckle results in a noticeable decrease in output 

image quality and therefore, the success of laser display technology is dependent 

on the reduction of this effect. For the purposes of this paper, this effect will be 

referred to as speckle noise. Speckle noise can be calculated via the SCR which is 

defined as SCR = σ I̅⁄ , where σ is the standard deviation and I ̅is the mean of the 

light intensity passing through the plane of the projected image. 

There are several methods of suppressing speckle noise and decreasing the 

SCR of the laser projection system. These methods are often divided into three 

categories: wavelength diversity [11], angular diversity [12], and polarization 

diversity [13]. The effective application of one or more of these effects can reduce 

the SCR to less than 5%, which is the limit where the speckle effect becomes 

invisible to the human eye [14,15]. Due to the benefits associated with laser 

projection, multiple techniques have been implemented to take advantage of these 

speckle reduction methods. They include but are not limited to, the use of micro-

electro-mechanical systems (MEMS) scanning mirrors [16,17], deformable mirrors 

[18], diffractive optical elements [19], and vibrating diffusers [20]. Although these 

techniques effectively suppress speckle noise, they can be unattractive to 

manufacturers due to a high cost and/or degree of complexity, as well as reduced 

optical and electrical efficiency [19]. Additionally, they can be relatively bulky, 

which can cause problems when attempting to optimize a small form factor design, 

such as with pico-projectors and related applications.  
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In this paper, we propose an effective method of speckle reduction with a low 

cost and a compact size, which is especially important to pico-projectors. The 

method is depending on the our presented idea of using single lens vibration in one 

dimension (1D) to reduce laser speckle noise [21] .Two cascaded lenses were 

inserted into the red, green blue (RGB) laser optical path. Each lens was fixed inside 

an optical CD/DVD pickup actuator to create what will be referred to as a lens 

vibrating module (LVM). The two lenses were then vibrated in the directions 

perpendicular to the optical axis at optimized frequencies to achieve angular 

diversity. In addition to speckle noise reduction, we discuss prevention of image 

fluctuations (“flickering”) by optimizing the vibration frequencies in the proposed 

method. To further reduce speckle, wavelength diversity was implemented via the 

use of a green light source comprised of two individual green wavelengths (532 nm 

and 520 nm). This served a dual purpose in both reducing the speckle noise and 

greatly enhancing the colour gamut and brightness of the output image. 

4.2. WORKING PRINCIPLE OF LVM 

Figure 4-1 shows a schematic diagram of a single LVM module, which is 

widely used as an optical CD/DVD pickup actuator [22]. A plano-convex lens with 

4.5 mm diameter and 4 mm focal length is capable of vibration in two dimensions 

(i.e., along the direction of the optical axis and perpendicular to the optical axis). In 

our experiments, only the tracking motion (i.e., the direction perpendicular to the 

optical axis) was used. 
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Figure 4-1: A schematic diagram for LVM, where FC: focusing coil, TC: 

tracking coil, M1: is the 1st permanent magnet, and M2: is the 2nd  permanent 

magnet. 

The vibration of the lenses is facilitated by small voice coils and small 

permanent magnets on the LVM frame. Under the application of a voltage across 

the voice coil terminals, an electromagnetic force will act against the static magnetic 

field from the magnets, which then manifests as a mechanical motion of the lens. 

The lens was transparent (no coating) and made of acrylic (or PMMA). The 

measured transmission efficiency of a single lens is around 90%. No obvious 

degradation of the transmission efficiency with an input green DPSS laser power 

of 1.5W for 1 hour with no obvious degradation of the lens, which means the acrylic 

lens is suitable for a pico-projector system which usually has low optical power. 

Figure 4-2 shows the transmission efficiency of a single lens versus input of the 
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green DPSS laser power. The transmission efficiency is about 90%, which is almost 

independent of the input green DPSS laser power.   

 

Figure 4-2: Transmission efficiency of the vibration lens versus green DPSS laser 

power. 

4.3. CHARACTERIZATION OF THE LENS VIBRATOR MODULE (LVM) 

Figure 4-3 shows a schematic diagram of the experimental setup used to 

characterize the amplitude of each LVM and the scanning area shape. In Figure 

4-3, the laser source is a DPSS laser. The wavelength of the DPSS laser is 532 nm, 

with a linewidth of 0.1 nm. In this experiment, two LVMs with different dimensions 

were used (14.9 mm × 10 mm and 13 mm × 10 mm for LVM1 and LVM2, 

respectively). The tracking coil of LVM1 was controlled by a ±3V square wave 

voltage from a multifunction generator, while the tracking coil of LVM2 was 

controlled by a transistor-transistor logic (TTL) signal (+3.1V) from another signal 

generator. The lens of LVM1 vibrates in the Y-direction and the lens of 
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LVM2 vibrates in the X-direction. A high-resolution charged coupled device (CCD) 

camera (DCU224M from Thorlabs, pixel size 5.86 μm × 5.86 μm) was used to 

capture the image of the screen.  

 

Figure 4-3: A schematic diagram for characterizing the LVM1  and  LVM2  

amplitudes. 

Figure 4-4 shows images captured by the CCD camera using the test setup 

shown in Figure 4-3. In Figure 4-4, Figure 4-4a represents the output image as a 

bright point when there are no applied signals on both LVM1 and LVM2.  

Figure 4-4b represents the output image as a horizontal bright line when 

LVM1 is “off” and LVM2 is “on”. Figure 4-4c represents the output image as a 

vertical bright line when LVM1 is “on” and LVM2 is “off”. Figure 4-4d represents 

the output image as a bright pattern (the shape of this pattern depends on the 

frequency change of LVM1  and LVM2 ) when both LVM1 and LVM2  are “on”. In 

this context, “on” and “off” refers to whether the aforementioned input signal(s) are 
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being applied. During this measurement, the amplitudes of LVM1and LVM2 covered 

a frequency range of 30 to 130 Hz. Note, the fourth image was taken under the 

condition that the frequency of vibration of the two modules was not equal. 

 

Figure 4-4: Captured grayscale images from CCD camera where (a) LVM1 and 

LVM2 are off, (b) LVM1 and LVM2 are off and on, respectively, (c) LVM1 and 

LVM2 are on and off, respectively, and (d) LVM1 and LVM2 are both on with 

different frequencies. 

 

Figure 4-5 shows the relationship between the frequency of vibration and 

the measured amplitude on the screen. Using the distance between the LVMxy and 

the screen (37 cm), the real values of the amplitude from the LVMxy module can be 

estimated by considering the magnification of the lenses used. In Figure 4-5, the 

vertical and horizontal bright lines images represent the shape of the laser beam on 
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the screen under the effects of the vibration. The vertical and horizontal bright lines 

are produced by LVM1 and LVM2, respectively.  

 

Figure 4-5: Amplitude versus frequency for the two individual vibrating lenses. 

 

4.4. THEORETICAL BACKGROUND 

The SCR is dependent on a speckle reduction factor R, which can be 

expressed as: 

SCR =  
1

R
=

1

RλRΩRσ
 

Where, Rλ, RΩ, and Rσ are the wavelength, angular, and polarization diversity, 

respectively. Rσ = 1 for any screen can preserve the polarization state of laser and 



Ph.D. Thesis - M. Mohamed  McMaster University –Engineering Physics 

 

107 

 

Rσ = √2 for any depolarized screen such as the white A4 paper used in this 

experiment. Thus, Rσ is constant in all experiments and the reduction factor R 

depends on the values of Rλ and RΩ. One of the most effective method to achieve 

large RΩ is by moving a diffuser in the path of laser beam [23]. As the lens array is 

considered a diffuser with low diffusion and high transmission efficiency [24], the 

motion of the laser beam across the lens array can increase RΩ.  

Also, RΩ has an upper limit according to the solid angles of the projection 

lens and the detector lens [13]. So, the only remaining factor can yield a further 

reduction of the speckle noise is Rλ.  

According to Goodman’s theory [13], the Rλ of two laser wavelengths with 

equal intensities, Gaussian shape and wavelength separation greater than 1nm, is 

Rλ = 1 √2⁄ . However, according to [25], to achieve the minimum SCR by using 

two lasers with two different linewidths thus the power level of each laser is not the 

same. As a result, the lower values of SCR can be achieved when the power level 

of the laser with wider linewidth must be higher than the power level of the laser 

with narrower linewidth. Eventually, the total speckle reduction is a combination 

from the aforementioned values of Rλ, RΩ, and Rσ. 

4.5. PROPOSED LASER PROJECTOR LAYOUT 

Figure 4-6 shows a proposed configuration for a laser projector layout. In 

Figure 4-6, the red, blue, and green laser modules are combined using a dichroic 

prism to complete the RGB light source. The green laser module is comprised of a 
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DPSS laser (532 nm) and laser diode (LD) (520 nm). The combination of the two 

lenses performed by using a single lens. The RGB laser light is collimated by a lens 

and then directed to cross two lenses (LVM1 and LMV2). The two lenses are vibrated 

in directions either perpendicular or parallel to the optical path and make up the 

component LVMxy (as shown in Figure 4-6). A homogenizer module will be used 

to homogenize the light field. A lens system (including a pair of lens arrays) is used 

to reshape the light field to be rectangular. A polarizing beam splitter (PBS) is used 

to take the footprint image from a liquid-crystal on silicon (LCoS) panel. Finally, 

the output image will be projected via a projection lens. The overall length of the 

light engine from the dichroic prism to PBS is 70 mm. Utilizing this projection 

system with a laser light source shows great promise in terms of creating compact 

and cost-effective mini-/pico-projector systems.  

 

Figure 4-6: A schematic diagram of the proposed laser projector layout, where 

CGL is a compound green laser, LBH: laser beam homogenizer, RL: relay lens, 

FL: field lens and PL is the projection lens. 
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4.6. EXPERIMENTS AND DISCUSSIONS 

SPECKLE REDUCTION CHARACTERIZATION 

An experiment was performed for studying laser speckles and evaluating its 

reduction efficiency by using the green laser source as the human eye is most 

sensitive to green wavelengths, compared to both red and blue [26]. 

Figure 4-7 shows the experimental setup, which was used to reduce the 

green laser speckle noise. The laser source consisted of a green LD (NDG7475 

Nichia) at 520 nm with 2 nm linewidth and a green DPSS laser at 532 nm with 0.1 

nm linewidth. The green LD and DPSS laser were attached to Peltier elements, and 

aluminum heat sinks to maintain an operating temperature of 25°C. The two laser 

sources were then combined using a cubic beam-splitter. Half of the combined 

green laser (CGL) beam was collected by a power meter (LM10 from coherent Inc) 

to measure the power ratio between the two green sources. 

The remaining half of the CGL was then directed to pass through two 

vibrating lenses (LVM1 and LVM2) which comprise LVMxy. After LVMxy, a pair of 

micro-lens arrays (fly-eye lenses) were used to act like a laser beam homogenizer 

[24]. That is, they were used to transform the initially circular cross-section of the 

CGL into a rectangular cross-section with uniform intensity distribution. The fly-

eye lens was followed by a telecentric imaging system consisting of two lenses (L2 

and L3) to project the rectangular CGL beam into a rectangular aperture (6.60 mm 
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× 5.23 mm). Finally, a projection lens with a focal length of 6.5 mm produced the 

output image on an A4 white paper screen. 

 

Figure 4-7: Schematic diagram of speckle reduction measurement setup, where, 

SG1: is the signal generator of LVM1, SG2: is the signal generator of LVM2, L1:  

relay lens, L2  and L3: comprise the telescopic lens system. 

It is well known that the measurement conditions have a significant impact 

on measuring the SCR, thus the measurement conditions used correspond to the 

human eye perception. In order to ensure an accurate SCR value, the parameters 

used in this work agree with the previously reported work in [16,18,27–29] to 

measure the SCR in a handheld laser projector such as pico-projector. The pixel 

size of the CCD camera is 5.2 um × 5.2 um with a resolution of 1280 × 1024 pixels. 

The F/# for the camera lens is 1.4. The integration time of CCD camera was chosen 

to be 20 ms as that is comparable to the integration time of the human eye. The 

focal length of the camera’s lens was 25 mm. The distance between the camera and 

the screen was 0.5 m. The CCD camera-generated an 8-bit grayscale image and was 
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used in the linear region. All experimental data were collected under the conditions 

of a dark room to avoid noise generated by background light. 

To evaluate the effect of speckle reduction due to the individual vibrating 

lens, the SCR was measured for each laser source when either LVM1 or LVM2 was 

turned on. Figure 4-8 shows the measured SCR versus vibrational frequency over 

a range from 0 to 130 Hz. 

 

Figure 4-8: The measured SCR for DPSS and LD source in separate as a function 

of the frequency of vibration of (a) LVM1 and (b) LVM2. The error bars -at each 
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frequency- are given by calculating the standard deviations of the SCRs for the 

individual sub-images. 

From Figure 4-8 and Table 4-1, the SCR values were 0.093 and 0.160 for 

the LD and DPSS laser, respectively when neither LVM1 or LVM2 were vibrating. 

Once the modules began to vibrate, the SCR began to decrease with increasing 

vibration amplitude. It can be seen from Figure 4-8 that the minimum SCR was 

achieved within the range of 50 Hz to 80 Hz. With only the DPSS laser as a source, 

and LVM1(or LVM2) vibrating, the minimum SCR was 0.078 (or 0.90). With only 

the LD laser as a source, and LVM1(or LVM2) vibrating, the minimum SCR was 

close to 0.051 (or 0.052). This can be attributed to the linewidth of the LD being 

much broader than the linewidth of the DPSS laser (2 nm versus 0.1 nm). This also 

shows that the vibration along the x- and y- direction alone cannot achieve an SCR 

below the human-perception limit of 5% for both the green LD and DPSS laser. 

Therefore, wavelength diversity is required in combination with angular diversity 

to further reduce the SCR.  
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Table 4-1: The speckle reduction efficiency of the LD and DPSS laser sources for 

each LVM module. 

LVM 𝐋𝐕𝐌𝟏 𝐋𝐕𝐌𝟐 

Laser Source DPSS LD DPSS LD 

SCR when both LVMs are 

OFF 

0.160 0.093 0.160 0.093 

Minimum SCR 

(Frequency of LVM1 or 

LVM2 are “70 Hz”) 

0.078 0.051 0.090 0.052 

Reduction Efficiency: 

(1 - 
Minimum SCR

Original SCR
) × 100 

51.25 43.33 43.75 42.22 

 

OPTIMIZATION OF A GREEN LASER SOURCE 

Figure 4-9 shows the relation between the SCR and the power ratio. That 

is, the ratio between the power of the LD to the total power of the two laser sources 

when both LVMs are OFF. According to Goodman’s theory [13], when blending 

two lasers of equal linewidths, the optimum speckle-noise reduction occurs at a 

power ratio of 1:1. However, when blending lasers of two separate linewidths the 

optimal power ratio will not be at a ratio of 1:1 [13]. From Figure 4-9, the minimum 

SCR was achieved when the power of the LD was four times larger than that of the 

DPSS laser (PLD: PDPSS = 4: 1). At this power ratio, the green point in the color 

gamut wheel would be shifted closer to 520 nm. This is not preferred in terms of 

color gamut coverage as it is far from the ideal wavelength of 532 nm as 
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recommended by Rec.2020 [25]. Therefore, a trade-off exists between color quality 

and minimum SCR however it must be noted that solving this problem is not the 

main target of our study. Although the combination of the green LD and DPSS laser 

can achieve much better color gamut coverage and even lower SCR, the power ratio 

which yields these benefits is not the same for both. That is, the power ratio which 

offers increased color gamut coverage is not the same the ratio which yields the 

lowest SCR. Once again, optimization must be performed to obtain the best result 

taking into consideration the results from both effects. 

 

Figure 4-9: Measured SCR using wavelength blending of a green LD and a green 

DPSS laser versus the power of the LD divided by total power, where from a 

power ratio of 0 to 1 both LVMs are in the “off” state. The error bars -at each 

frequency- are given by calculating the standard deviations of the SCRs when 

different areas similar are selected. 
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OPTIMIZATION OF OPERATING FREQUENCIES 

After optimizing the power ration between the LD to the power of the DPSS 

laser to be 4:1, the operating frequencies must be optimized. Figure 4-10 shows 

the relation between the SCR versus the frequencies of LVM1 and LVM2. From 

Figure 4-10, it can also be seen that the lowest SCR was achieved between a 

frequency of 40 and 60 Hz for vertical vibration and between a frequency of 60 

and 100 Hz for horizontal vibration. It can, therefore, be shown that a minimum 

SCR ranging from 0.035 to 0.04 can be achieved by employing two green lasers 

and two-dimensional vibration of lenses. The SCR can be further reduced to be 

under 4% by using optical diffusers or even a combination of them [18], but this 

will be on the expense of the optical efficiency of the illumination system [30]. 

For example, in ref. [23], the SCR was < 5% with optical efficiency from 34 to 

43% by using pairs of diffusers under vibration.  In any pico-projector, the 

brightness (optical efficiency) must be considered when creating these laser 

projection systems. Therefore, it is very beneficial that an SCR of less than 5% 

was achieved without using any diffuser. Obviously, the value of SCR can be 

further decreased by inserting a low divergence angle optical diffuser (e.g. < 15°). 

Such a low divergence angle diffusers are preferred as it has no significant optical 

loss [31].   
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Figure 4-10: A 3D curve for measured SCR in the 2D scanning of vibration 

frequencies. 

Figure 4-11 shows the measured speckle image when the frequency of 

LVM1 and LVM2 is 50 Hz and 90 Hz (dynamic state), respectively by the setup is 

shown in Figure 4-7. The SCR was 0.084 in a static state (no vibration for both 

modules and the power ratio between LD and DPSS laser is 4:1) and 0.035+0.003 

in a dynamic state. This is implying that the efficiency of speckle-noise reduction 

is 56.25% for wavelength diversity and angular diversity ([1 −
0.035

0.08
] × 100%). 
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Figure 4-11: Measured speckle image at the frequency of  LVM1/  LVM2 is 50 

Hz/ 90 Hz. 

 

In the above discussion, the focus was on achieving the minimum SCR 

value. To fully encompass all the necessities of practical laser display applications, 

another important parameter must be considered which is the output image 

flickering. The flickering in the output light field on the output screen was noticed 

at some vibration frequencies. According to [32], the output Lissajous shape 

parameters,  such as line density and repetition rate for each shape from both LVMs 

as well as the scanning area on the 1st lens array are related to the frequency applied 

to each LVM. First, the repetition rate is the main cause of the flickering which will 

result in decreasing the output image quality. From [33], the repetition frequency 

of the output can be calculated by finding the greatest common divisor (GCD 

(f1, f2), where f1 and f2 are the frequency of LVM1 and LVM2, respectively) for the 

frequency of LVM1 and LVM2. The expected highest repetition frequency can be 

achieved at f1 = f2 or f1 = 2f2. For instance, the GCD (50 Hz, 50 Hz) = 50 Hz, and 

GCD (50 Hz, 100 Hz) = 50 Hz. This means that the repetition frequency of the 
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output light field will be 50 Hz. As a result, the output light field will appear fixed 

without any flickering with respect to the human eye, as the repetition rate is 

sufficiently greater than the perception threshold of 25 Hz. 

Secondly, as the scanned area increases, the time needed to complete one 

scanning cycle will increase as well [32,33]. The dimensions of the scanned area 

corresponding to the 1st lens array depend on the amplitude of the two vibrating 

lenses and the distance between the second vibrating lens and the first lens array.  

Figure 4-12 shows the measured speckle images from the experimental setup in 

Figure 4-7. In Figure 4-12a, the green laser source was a DPSS laser with  f1=f2= 

70 Hz. The SCR was 0.068. In Figure 4-12b, the green laser source was an LD 

with f1=f2= 70 Hz. The SCR was 0.05. In Figure 4-12c, the LD and DPSS green 

laser power were blended with a power ratio of 4:1 (as mentioned in section 5.2) 

with  f1=f2= 50 Hz. The SCR was 0.04. In Figure 4-12 the output images are free 

of flickering under the proposed frequencies, with 10 mm distance between the 2nd 

vibrating lens and the 1st vibrating lens. 
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Figure 4-12: Speckle images for (a) DPSS laser source with f1=f2= 70 Hz, (b) LD 

laser source with f1=f2=70 Hz, and (c) CGL source with f1=f2=50 Hz. 

 

4.7. CONCLUSIONS 

In conclusion, it has been demonstrated that a SCR below the human-eye 

perception limit (5%) can be achieved by employing novel two-dimensional 

vibrating lenses coupled with the wavelength diversity techniques. Our proposed 

optimized method can achieve excellent output image quality with an SCR of 4% 

and no image flickering.  

The proposed method is compact because it does not require any 

modification of the optical path. In our proposed method, the optical power 

efficiency (for green laser) was 69.62%. The optical efficiency can be further 

increased by at least 15.38% via the application of an anti-reflection coating to the 

two vibrational lenses.  

The proposed projection system has the potential to significantly improve 

the brightness, optical-to-optical efficiency, and colour gamut coverage of laser 
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projection systems. Therefore, reduced cost and size alongside increased efficiency 

makes this laser projection system ideal for practical mini-/pico-projection systems.  

In the future, the proposed method will be optimized as follows: First, the use 

of anti-reflection coated lenses to increase the transmissivity. Second, design and 

manufacturing of a 2D scanning device with single aspheric lens and with high 

resonance frequencies. Third, using a low divergence angle diffuser (<15degree) to 

reduce the SCR. Fourth and finally, using a DPSS laser with wide linewidth in order 

to further optimize the blending ratio. Fifth, as known that the luminance of the 

output projected images from the laser projector would influence the human 

perception of the speckle noise. Therefore, a study of the best power ratio between 

the RGB lasers used has to be performed to achieve the optimum luminance.   
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4.9. NOTATIONS 

b: Fracture aperture   

M1: 1st permanent magnet,   

M2: 2nd permanent magnet.   

 LVM1: 1st Lens vibrating module   

 LVM2: 2nd Lens vibrating module   

SG1: signal generator of LVM1   

SG2: signal generator of LVM2   

L1:   relay lens   

L2   comprise the 1st telescopic lens system.  

L3: comprise the 2nd telescopic lens system  

 PLD: The power of LD   

 PDPSS The power of DPSS   

Greek Letters:    

𝜎: standard deviation    

 𝐼:̅ mean light intensity    

4.10. ACRONYMS 

SCR: Speckle contrast ratio  

LD: laser diode 

DPSS: diode-pumped solid-state 

LEDs light-emitting diodes 

HUD: heads-up display 

MEMS: micro-electro-mechanical systems ()  
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RGB: the red, green blue  

LVM: lens vibrating module  

FC: focusing coil 

TC: tracking coil 

TTL: transistor-transistor logic 

CCD: Charged-coupled device  

PBS: polarizing beam splitter 

LCoS: liquid-crystal on silicon 

CGL:  compound green laser 

LBH:  laser beam homogenizer 

RL: relay lens 

FL: field lens 

PL: projection lens 
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Chapter 5  

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

5.1. SUMMARY 

Pico-projectors are strongly demanded because it can be embedded into 

many devices to enable many applications such as automotive, defence & 

aerospace, healthcare, media & entertainment, and other end-user industries [1].   

The presented research in this thesis aims to find a suitable and practical solution 

for the problem of laser speckles in the handheld projectors such as pico-/micro-

projectors. 

In this research, three approaches are presented for speckle suppression. The 

first approach is to modify the design of the laser source to emit dual wavelengths 

at the same time. The output laser with dual wavelengths has high optical efficiency, 

high power stability, compact size, and with minimum laser speckle noise. 

The second approach is to use a new method which is performed outside the 

laser source to reduce the laser speckle noise. The proposed method reduced the 

speckle contrast ratio to shallow level closes to 5%. The method shows a capability 

for introducing speckle reduction with low cost, low vibrational noise, low power 

consumption, and compact size. Such features are beneficial for handheld 

projectors. 



Ph.D. Thesis - M. Mohamed  McMaster University –Engineering Physics 

 

127 

 

The third approach is to optimise the proposed method by adding compound 

green laser sources after optimising their power ratios to achieve low speckle noise 

and enhancing the colour quality. 

5.2. CONCLUSIONS AND CONTRIBUTIONS 

The research in the present study introduces efficient solutions for solving the 

speckle noise in handheld projectors. In Chapter 2, the proposed design for the laser 

source can generate two lasers (at 1062.4 nm and 1063.9 nm) at the same time form 

a resonator with just 10 mm length. The output power ratio is fixed, and the optical 

to optical efficiency was 48.9 %. The output power instability is 0.4%. The speckle 

contrast ratio (SCR) is reduced from 70% to 53.9%.  

In Chapter 3, the proposed method at this study was able to reduce the SCR 

to 11% and 6% for both diode-pumped-solid-state (DPSS) laser and laser diode 

(LD), respectively. The reduction efficiency for DPSS and LD laser sources is 

42.1% and 50%, respectively. The wavelength of the DPSS/LD laser is 532 nm/520 

nm at linewidth 0.1 nm/1.2 nm. 

In Chapter 4, the optimisation of the proposed method in Chapter 3 is 

introduced into to steps. Firstly, by blending the two laser sources (532 nm from 

DPSS laser and 520 nm from LD laser), the optimised power ratio between LD to 

DPSS laser is 4 to 1 to achieve the lowest SCR. Secondly, adding a second 

dimension to increase the angular diversity in two dimensions instead of one 

dimension in chapter 3. A pair of lens arrays with shaping optics were used to 
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homogenising the output light field. Eventually, the output image was projected by 

using a real pico-projector projection lens. 

5.3. RECOMMENDATIONS FOR FUTURE RESEARCH 

The research presented in this dissertation is beneficial for handheld laser 

projection applications. Many future steps can be initiated to increase the 

usefulness from this research as follows: 

• First, convert the output emission from the presented laser source to 

its second harmonic by using a specially designed second nonlinear 

crystals. This will transfer the output emission from infra-red 

(invisible) to a green colour (visible). Many optimisations and 

specially designed features must be considered to increase the 

efficiency of the output green emission. 

• Second, using the three-dimensional (3D) printing in manufacturing a 

3D laser scanning device equipped with an anti-reflection coated lens 

and increasing the resonance frequencies of operation for each degree 

of freedom 

• Third, using the new 3D printed module with the new optimised green 

laser source to construct a free focus pico-projector for automotive 

applications. 
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5.4. NOTATIONS 

-- -- 

Greek Letters: 

-- -- 

5.5. ACRONYMS 

SCR:  speckle contrast ratio  

DPSS: diode-pumped-solid-state 

LD: laser diode 

3D: three-dimensional 
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