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ABSTRACT 

During the last years, a trend to replace commonly used short arc lamps in projection systems with alternative light 
sources is seen. Next to LEDs for low light output products, lasers try to enter the projection area and have the ambition 
to infiltrate from low (picoprojection) towards high light output systems (digital cinema).  

One of the benefits of lasers is their narrow spectral bandwidth. As a consequence, the display can have a very large 
colour gamut, if the lasers are carefully selected. Another benefit is the very low intrinsic étendue of the source. One can 
imagine using less complex, more efficient, smaller but more powerful optical systems. This not only for scanning 
projectors, but also for 2D light valve based projectors (LCOS, LCD, DLP). In addition, the limited lifetime of lamps has 
serious impact on a system’s cost of ownership, and puts light source reliability/lifetime high on the list of priorities for 
future developments. For this reason, Barco entered the European FP6-project OSIRIS, in a subtask where a 300 lm laser 
projector demonstrator has to be developed and evaluated. 

So far, we found out that next to obvious challenges such as laser cost and laser power, the most critical issue regarding 
image quality is speckle interference which counteracts the beneficial nature of the light source. This phenomenon is a 
direct consequence of the coherent nature of a laser and cannot be solved as easily as is often claimed. We will describe 
laser speckle in the context of laser projection and the theoretical limits of several reduction techniques. This leads to 
guidelines which can make laser projection worth considering.  
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1 INTRODUCTION 

1.1 Today’s projectors in the high-end market segment 
Most of today’s projectors use short arc lamps as a light source. Although solid state light sources for projection 
applications are very promising, they are not used that often, because at the moment the technology is not mature enough. 
LED-based projectors are limited to low output powers, which makes them not suited for high-brightness applications. 
Laser projectors are currently only available for niche markets, mainly due to the price of RGB lasers and laser speckle.  

There are two main types of lamps for projection systems available: Mercury and Xenon lamps. The efficiency (lumen 
per electrical Watt) and the lifetime of Mercury lamps are higher than for Xenon lamps, but Xenon lamps reach higher 
power levels. The spectra of these lamps are also different; where the spectrum of Mercury lamps show several peaks, 
Xenon lamps have a smoother spectrum (apart from a spike in the blue color band), and they offer more flexibility to 
design the filters for the primaries. 

The main light valves used in today’s projectors are based on micro mirror or liquid crystal technology. LCoS offers 
superior contrast ratio and resolution. The switching speed is good for three chip architectures, but it is not always 
enough for single chip projectors. DLP chips, on the other hand, can be used in single and three chip setups, but DLP 
light engines do not reach the resolutions and contrast ratios of the state-of-the art LCoS imaginers. For applications 
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requiring very high light output (10,000 lm and more) one usually uses DLP, because they are more resistant against high 
power levels. Single chip architectures have the disadvantage that they have lower output brightness and some artifacts 
like color breakup might be perceived due to the color sequential approach. For that reason single chip projectors are not 
used that often for high-end display systems. 

1.2 Applications of high-end projectors 
As an example two high-end applications are described. By means of these two examples, it will be shown in section 2 
that short arc lamps have some important limitations, which are (partly) solved by using lasers instead of these lamps. 

    
Figure 1: The multi-projector displays like the SEER training and simulation dome (left) and 3D digital cinema 
projectors (right) are two examples of high-end projection applications. 

Multi-projector display systems 
The requirements for projectors in multi-projector simulation and training display systems (shown on the left in Figure 1) 
are very demanding. These setups are used as simulators, as large CAD-walls for automobile design, etc. For contrast 
ratio and resolution there is no upper limit: they should be as high as possible, which limits the choice of the light 
modulator to LCoS-technology. As motion of the images should be as natural as possible, special precautions have to be 
taken to reduce the smearing effects typical for liquid crystal imagers, and only LCoS panels with a relatively fast 
response time can be used. Projection surfaces are often curved (as the one shown in the figure), so the depth of focus 
should be large enough to allow this, without the need of very complicated and expensive projection lenses. In order to 
obtain a seamless image in both day and night time simulation conditions, the projectors need to have excellent warping, 
blending and dimming capabilities[1]. The primary and secondary colors, and the white point of all these projectors have 
to be adjustable in order to obtain good color uniformity throughout the complete screen. The lifetime of the light source 
(at the moment Mercury lamps are common) is important, as the complete display has to be very reliable, even for near to 
24/7 applications. 

Digital cinema 
Projectors for cinemas need very high brightness levels (up to 30,000 lm for large screen installations) and therefore, they 
currently use Xenon lamps (up to 7 kW). Due to such high power requirements one usually uses (3-chip) DLP projector 
technology. The wall-plug efficiency of the light source is an important parameter at these brightness levels: not only to 
reduce the power consumption, but also to make the cooling less demanding. The projectors have to be certified 
according to the requirements set by the Digital Cinema Initiatives (DCI), which imposes minimum performance 
specifications regarding color gamut, contrast ratio, etc[2]. As many movies are released in 3D, the projectors need to be 
compatible with one of the 3D stereo technologies (e.g. Infitec[3]). The lifetime of the projector’s light source and its 
power consumption are important to reduce cost of ownership by avoiding expensive lamp replacements and saving 
electricity cost. 

1.3 OSIRIS experimental laser LCoS projector 
At the beginning of 2007 the European project OSIRIS (Original System for Image Rendition via Innovative Screens)[4] 
was started. The project’s objectives are to carry out new generations of projection systems, with the help of the most 
innovative component technologies. This includes the realization of a common technological platform aiming at 



providing solutions for a broad range of 2D and 3D applications. That platform includes the following elements: novel 
light source based on LED or lasers to replace the lamp, new screen approaches based on interference lithography and 
holography, 3D capture and rendering of natural scenes.  

One of the OSIRIS subtasks aims at the prototyping of a 300 lm laser projector. Barco is responsible for the optical engine 
of the projector and the lasers are provided by Osram Opto Semiconductors (Regensburg - Germany) and Oxxius 
(Lannion - France). A first experimental laser LCoS projector with a power output of 70 lm has been built (see Figure 2) 
and allows a first evaluation of the technology.  

 
Figure 2: The experimental laser projector developed for the OSIRIS project. 

2 BENEFITS OF LASER-BASED PROJECTION SYSTEMS 
There are some good reasons why lasers are good candidates for replacing lamps in future high-end projectors. Lasers 
have longer lifetimes, a smaller étendue, a narrower spectral width compared to lamps, and their polarization is beneficial 
in combination with e.g. liquid crystal light valves. 

2.1 Lifetime and reliability 
A first and important advantage of lasers (and other solid state light sources) is their lifetime. While a high-power 
compact Mercury projector lamp has a lifetime of 1,000 to 1,500 hours (some very high power Xenon projector lamps 
have even shorter lifetimes), lasers offer lifetimes of some 10,000’s of hours. Light sources with longer lifetimes increase 
the reliability of the display system, which is important for critical applications like security monitoring in control rooms, 
which are operated 24/7, but they also reduce the cost of ownership as the lamp replacements are costly. 

2.2 Étendue 
The étendue of a light source is determined by the product of the emitting surface and the solid angle of the light 
emission. For a short arc lamp the étendue is defined by the arc length. More powerful lamps have longer arcs, and thus a 
larger étendue. Lasers, on the other hand, have very small étendue, which is determined by the diameter of the beam 
waist and the divergence angle of the beam and both of them are very small for most lasers. The étendue of a projector is 
determined by the f-number of the light incident on the light valve and the size of the light valve. 

The performance of today’s lamp-based high-end projectors is limited by the law of étendue: in a perfect optical system 
étendue is conserved, but it can never be reduced without light losses and only the part of the light from the lamp that fits 
inside the étendue of the light valve can be used. In order to collect more light from the light source (this can be one or 
more lamps), the f-number of the system can be decreased. This increases the étendue acceptance of the system and the 
system becomes brighter. 

Contrast ratio, efficiency, compactness of the projector, cost of optical components, depth of focus, on the other hand, 
benefit from a better collimation of the light, which is equivalent to a larger f-number. For e.g. a DMD the contrast ratio 
is determined by how well the incoming and reflected light distributions can be separated, which becomes easier and 
better, the more the light is collimated. Since the tilt-angle of the DMD is limited also the f-number of the illumination 
has to be limited, to avoid that the incoming and reflected bundles start to overlap and hence can no longer be separated. 



Fresnel reflections will be smaller and coatings can have a better performance, when the angles of incidence on the 
optical components are smaller. That will result in a better overall optical efficiency of the projector. As the light is more 
collimated, smaller components can be used and the projection engine can be kept smaller. And finally the depth of focus 
of a collimated beam is larger, which makes it easier to project on curved surfaces. 

For a projector using a lamp one always has a trade-off between brightness versus contrast ratio, efficiency and depth of 
focus. Figure 3 shows the typical behavior of brightness and contrast as a function of the f-number for a projector with a 
lamp. There is not such a trade-off for projectors based on lasers, or it comes only into play for very high brightness 
levels. As the étendue of a laser is very small compared to the étendue of today’s projectors, one can easily combine 
several laser sources, without any light losses and still keep the f-number high.  

 
Figure 3: The typical behavior of brightness and contrast ratio as a function of the f-number for a lamp projector. 
By increasing the f-number of the projector, less of the the light of the lamp is used, but the contrast ratio 
increases.  

Finally, lasers allow using new technologies as light valve. For lamp projectors the choice of imagers is limited to two-
dimensional imagers, like DMD and LCoS panels, but laser projectors will not be limited to these 2D light valves, and 
novel projection systems can be used: MEMS based line scanned systems (e.g. the Grating Light Valve or GLV[5]) or 
even scanning spot systems. These systems have several advantages, e.g. high contrast ratio, high switching speed, less 
motion artifacts and the fact that the aspect ratio of the projection system is not fixed: it can be adjusted to the image 
source. 

2.3 Spectral bandwidth 
A third group of benefits of lasers in projection is related to the bandwidth of the lasers, leading to more saturated 
primaries, as illustrated in the left panel of Figure 4, where the spectrum of the green primary of a typical single chip 
business projector is compared to the spectrum of a green frequency-doubled laser (532 nm). More saturated primaries 
have a positive impact on the color gamut, the color matching in multi-projector setups, the efficiency and improves 3D-
possibilities.  

As the primaries are more saturated, their color points will lie closer to the spectrum locus in the x-y color space. This 
makes the color gamut of the projector much larger with respect to lamp projectors. In principle one can make lamp-
based projectors with more saturated primaries, but this affects their brightness as it can only be achieved by cutting 
away a part of the spectrum of the lamp. The right panel in Figure 4 shows a comparison between the color space of a 
single chip business projector and a laser projector. By an appropriate choice of the laser wavelengths, the DCI-
specification can easily be met.  
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Figure 4: On the left the spectrum of the green primary of a laser projector is compared to the one of a typical 
business single chip projector. On the right the color gamut of a laser projector is compared to that of the same 
single chip projector. As a reference the DCI specification is indicated in the figure. The laser primaries were 
chosen to be 465 nm, 532 nm and 635 nm. 

The spectrum of a lamp varies from lamp to lamp and it changes during the lifetime of the lamp. This makes the color 
matching between different projectors very complicated and calibration has to be performed on regular times and 
especially when one of the lamps has been replaced. As a laser has a well-determined wavelength, color matching 
between different projectors will get easier and if the wavelength and power stability of the lasers are sufficiently good, 
color matching has to be performed only once. 

Also the efficiency will benefit from the narrow laser spectra, as specific coatings and color filters can be designed for 
the primaries of the laser projector instead of the broadband coatings necessary for the less saturated lamp primaries. 
Even if the efficiency gain for each optical component is only small, the overall efficiency of the optical engine will 
improve significantly. 

Today’s wavelength multiplexed stereo applications are limited in brightness, as a lot of light is wasted in order to obtain 
two sets of sufficiently separated primaries: there needs to be a gap in the spectrum between the two primaries of the 
same color in order to sufficiently reduce cross talk between the left and the right channel. By choosing the appropriate 
wavelengths of the lasers, light losses are avoided and cross talk can be reduced by optimizing the filters of the glasses.  

2.4 Polarization 
The fact that lasers are polarized is only useful when the imager requires polarized light, like an LCoS panel. In that case 
there is no need for a polarization recovery component, as needed in case of an unpolarized light source, resulting in a 
larger overall efficiency. For MEMS devices like GLV or micro mirror arrays, there is no need for polarization and then 
the polarization is actually an unwanted feature of the laser light (as will be explained in section 4.3). 

3 DRAWBACKS OF LASER PROJECTORS 
Unfortunately, the current lasers are not the perfect solution for projectors. The main issues regarding laser projection are 
speckle, cost of powerful RGB laser sources, cooling and stability, and the availability of wavelengths. 

3.1 Speckle 
Speckle appears as a granular pattern on the screen when an image is formed using coherent light. The principle is shown 
in Figure 5. Light reflected at different parts of the screen will have covered different optical path differences, caused by 
the height profile of the rough screen. Due to this, all rays arrive at the position of the observer with a random phase and 
constructive or destructive interference can occur, resulting in the granular speckle pattern. For a complete description of 
speckle we refer the reader to reference[6]. 



     
Figure 5: The light intensity in a specific point is determined by the phase differences, caused at the reflection off a 
rough screen. This results in a grainy pattern. 

Speckle can be evaluated by calculating the contrast in a photograph of the speckle pattern. The speckle contrast C is 
defined as the standard deviation of the pixel intensities divided by the average intensity. However, it is necessary to find 
a link between the speckle contrast and the perception of speckle. Several authors have reported limits for the speckle 
contrasts in order to be invisible for humans. These limits vary between 2 %[7] and 8 %[8].  

To explain the different limits, Lee et al.[9] have reported that the appearance of speckle depends on the brightness of the 
screen, the illumination level of the room, the viewing distance and whether the image is a movie or a stationary image. 
Further, the perception of speckle depends on the wavelength, which can be explained by the sensitivity and the 
resolution of the eye: speckle is less visible in blue, than in green and red. The contrast in the image influences the 
speckle perception, too: in contrast-rich images a given speckle contrast is less annoying than in a uniform screen. 

Another important influence on the measured speckle contrast originates from the measurement setup. Here, we limit 
ourselves to the effect of the camera and the f-number of the camera lens (see Figure 6), which affects the spatial 
integration of speckle[6]. The grain size of the speckles depends on the f-number of the camera. If the grain size is smaller 
than the pixels, the intensity of that pixel is the average over different speckle grains. The result is that for smaller f-
numbers, smaller speckle contrasts are obtained. 
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Figure 6: Influence of the measured speckle pattern on the f-number of the camera. The figure show that the grain 
size and the contrast of the speckle pattern increases with the f-number. 

In order to compare speckle measurements, there is a need for a standard measurement to characterize speckle. In the 
standard all the relevant parameters of the setup should be fixed. Speckle contrasts measured using different setups can 
not be compared to each other. More work on this is planned to come to such a standard measurement setup. 

3.2 Cost 
Currently RGB laser sources are very expensive. In order to be competitive to lamps, also the price setting of the lasers is 
important. For an adoption of lasers sources in high-end applications the sum of the price of the laser sources and the cost 
of ownership should be of the same order as that of lamps: lasers can be more expensive than lamps, but the price 
difference should be compensated by a reduced cost of ownership over the lifetime of the projector. 



3.3 Availability of wavelengths 
As laser power is expensive, one should optimize the output power needed to reach a given brightness level, by an 
appropriate choice of the RGB wavelengths. The first condition to be taken into account is the desired color gamut for the 
application. Once the color gamut is defined, one should try to use these wavelengths which give the highest amount of 
lumen per Watt and still fulfill the requirement for the color gamut. Suppose one wants to make a projector suitable for 
digital cinema, one could choose e.g. (468, 545, 615) nm or (455, 532, 640) nm as primaries. Both comply with the DCI 
standard, but for the first option 35 % less optical power is needed to achieve the same brightness level.  

Unfortunately, it is not that easy. For direct red/blue diodes the wall-plug efficiency decreases for decreasing/increasing 
wavelength, respectively: there is a trade-off between the eye sensitivity and the wall-plug efficiency of the lasers. 
Regarding wavelength multiplexed stereo applications it is at the moment, by our knowledge, not possible to obtain two 
sets of primaries due to the limited options for the wavelengths. 

3.4 Power consumption and cooling 
Lamps, especially Xenon-lamps, produce a lot of heat and have low wall-plug efficiency. Solid state light sources offer 
the possibility to reach higher wall-plug efficiencies. However, the cooling of these light sources is more demanding; as 
both the efficiency and the central wavelength of the diode depend on the diode temperature. This is caused by the 
temperature dependence of the gain medium. A typical value for the wavelength dependence of such a laser diode is 0.2 
to 0.3 nm/K. The dependence on the power is caused by a change in the threshold current[10]. The color variations, caused 
by temperature variations of the lasers, should stay below 0.002 in (x,y) color space. Therefore, the wavelength variations 
should stay below 0.5 nm and the power variations below 0.7 % for a red diode. This is usually achieved by stabilizing 
the temperature using thermoelectric cooling devices. This cooling needs additional electronics compared to lamp 
cooling. Thermoelectric cooling is also necessary for frequency converted lasers: as the temperature of the doubling 
crystal has to be phase matched to the wavelength of the IR-laser. 

Laser diodes with efficiencies around 30 % have been reported (e.g. [11]), but frequency converted lasers offer smaller 
wall-plug efficiencies of about 20 % (e.g. [12]), as also the efficiency of the frequency conversion has to be taken into 
account. It is important to keep the wall-plug efficiency as high as possible: Consider a laser diode with a wall-plug 
efficiency of 10 % at a diode temperature of 25°C and an optical output power of 1 W. Then 90 % of the electrical 
power, or 9 W, is transferred into heat. The thermoelectric cooling (TEC) needs to transfer this heat to a heat sink, which 
has a higher temperature than the diode. In case the cooling device would be 50 % efficient, then one needs 18 W to 
obtain the heat transfer. The overall wall-plug efficiency of laser and cooling is then only 5.2 %.  

3.5 Laser safety 
As lasers are potentially harmful for eyes and skin, laser projectors have to be designed in such a way that they are safe: 
One has to guarantee that no permanent damage occurs, even if someone looks accidently in the light beam coming from 
the projection lens. In scanning laser projectors the peak intensity of the laser light projected on the screen is much higher 
than for DMD or LCoS projectors. A short high energy laser pulse poses a higher risk of eye damage then a continuous 
laser illumination with the same average intensity level, since thermal spreading cannot mitigate the risk of damaging the 
eye retina. This means that safety precautions have to be more restrictive for scanning laser projectors, where safety also 
has to be guaranteed in case of a failure of the scanning mechanism.  

If the intensity of the laser light leaving the projector exceeds certain thresholds, one has to make sure by the setup of the 
application, that it is impossible to look directly in the beam of the projector, or one has to provide a safety interlock, that 
shuts down the projector when someone enters a safety zone around the projected beam. To give an example: for a 
projector using a 1.2” DLP imager with a light output of 30,000 lm, which projects an image of 30 m wide on a screen at 
40 m from the projector, this safety zone (the nominal ocular hazard area in the IEC 60825 standard) would extend about 
1.8 m in front of the projection lens. Outside that zone the projector can be classified as a class 2M laser device, which 
means that if someone accidently looks into the beam, the eye blinking reflex (0.25 s) is fast enough to avoid permanent 
eye damage. The calculation is based on the IEC 60825 standard, and local regulations and laws might deviate from this 
standard. 



4 SPECKLE REDUCTION TECHNIQUES 
All speckle reduction techniques use the averaging of independent speckle patterns originating from mutually incoherent 
sources to suppress the perceived speckle contrast. Two speckle patterns are independent, if, for each point, there is no 
correlation between the intensities of both patterns. Speckle behaves as a statistical phenomenon, which means that the 
speckle contrast of the sum of N2 independent speckle patterns is N times lower than the speckle contrast of each of the 
individual speckle patterns, provided that the mean intensities of these individual speckle patterns are equal. The 
principle is shown in Figure 7. The averaging can be done by the superposition of several independent speckle patterns at 
the same time, or by showing the independent speckle patterns sequentially within the integration time of the eye. 

             

             
Figure 7: The superposition of N2 independent speckle patterns results in a speckle reduction by a factor of N. Here 
it is shown that the superposition of four independent speckle patterns with Ci = 40 % (left) results in a speckle 
pattern with a reduced contrast of Cs  = 21 % (right). Remark that Ci / Cs �  2. 

Several techniques to generate the independent speckle patterns are possible for projection applications, but not all of 
these techniques can be combined. Therefore it is instructive to group the different speckle reduction techniques into four 
categories: angular diversity, wavelength diversity, polarization diversity and special screens. Combination of techniques 
belonging to different classes will result in a better speckle suppression, whereas a combination of techniques within one 
class will generally not improve speckle suppression. Each of the classes will be discussed in the next subsections. A 
more complete description can be found in reference[6], which was used as a guiding text for this section. 

4.1 Angular diversity 
A first step in the suppression of speckle is using a light source with reduced coherence. This is achieved by using 
mutually incoherent lasers per color or by breaking the coherence of a single laser beam, or both. Several techniques are 
available to break the coherence of the laser: phase modulation (e.g. by a moving diffuser in an image plane[13], or a 
moving fiber[14], or phase plate[8]), delaying parts of the beams by a time longer than the coherence time of the laser[15], 
etc. 

It is often claimed that speckle reduction can be achieved by using a large number of emitters, which would reduce the 
speckle contrast by the square root of the number of emitters. However, in reality it is not as simple as that and an 
additional condition has to be fulfilled: the angles of incidence on the screen of all these light sources have to be 
sufficiently spread. The minimal angular separation of both sources depends on the viewer and not on the properties of 
the screen as one would intuitively think: the angular separation of the sources should be larger than the numerical 
aperture of the observer[6]. 

This has some important implications on the design of a laser projector. The aperture of the projection lens limits the 
angular space, which is available for the speckle suppression and the numerical aperture of the viewer is determined by 
the distance between the viewer and the screen, which is a fixed parameter depending on the application. The maximal 
reduction of the speckle contrast is determined by the amount of times the numerical aperture of the viewer fits inside the 
solid angle subtended by the aperture of the projection lens. It is important to note that, as soon as this maximal speckle 
reduction is obtained with on technique based on angular diversity, it is of no use to add another one of the same class: 



Assume one has built a laser projector with a single laser emitter and by means of a moving diffuser this maximal speckle 
suppression is obtained. In that case, one can not further reduce speckle by adding more emitters of the same wavelength.  

One could improve speckle contrast of a projector by increasing the étendue of the light engine, which increases the size 
of the aperture. This can be done by decreasing the f-number of the light distribution of the projector and/or by increasing 
the size of the light modulator. This, however, comes at a price. Firstly, projection lenses for small f-numbers and large 
chip sizes are more complex and expensive. Secondly, a lot of the advantages of laser projection (high contrast ratio, high 
system efficiency, etc.) make use of high f-numbers associated with laser light sources. Decreasing the f-number to 
achieve good speckle suppression is therefore not compatible with these benefits of laser projection. This means that this 
technique offers only limited speckle reduction for high-end projectors. 

4.2 Wavelength diversity 
The speckle patterns of two monochromatic light sources of a different wavelength (�  - � � /2 and �  + � � /2), will be 
different, but there exists a lower limit for � �  to obtain independent speckle patterns. The minimal separation � � min 
depends on � 2 and the surface height fluctuation of the screen[6]. Speckle suppression is determined by the amount of 
times � � min fits inside the bandwidth of the light source. 

In case a single emitter per color is used, it is important that this laser has a relatively broad bandwidth (e.g. direct laser 
diodes have a bandwidth of about 1 nm). However, some colors can only be obtained by frequency doubling of IR lasers 
and then it is difficult to obtain a wide bandwidth. When the bandwidth is not sufficiently broad, speckle suppression by 
wavelength diversity can be achieved by combining a number of emitters of which the wavelengths are engineered in 
such a way that all lasers are separated by at least � � min in wavelength. Even for direct laser diodes it is better to combine 
multiple sources with different central wavelength for further improving the speckle suppression.  

Wavelength diversity is a very promising approach for speckle suppression, as it comes without any tradeoff in picture 
quality and performance of the projector as the étendue is not affected and the reduction of the color gamut is negligible. 
However, the cost of the light source will be higher as design efforts are larger and production volumes become smaller. 

4.3 Polarization diversity 
Interference can not occur between two perpendicular polarization states. The scattering of light is polarization 
dependent, which means that the reflection at a diffuse surface of an unpolarized laser yields two independent speckle 
patterns and thus a speckle reduction by � 2. For a polarization maintaining screen this is the maximum achievable 
reduction with polarization diversity. Diffusing screens that do not conserve the polarization can achieve additional 
speckle suppression by a factor � 2. Thus, using all possibilities of polarization diversity one can gain a factor 2 in speckle 
contrast, which is only a small improvement. Nevertheless one should benefit from this technique as much as possible. 

4.4 Special screens 
The origin of speckle is the surface height fluctuation causing the random phase shifts. That is why speckle solutions on 
the level of the screen are very powerful. Unfortunately, the techniques can only be used in a limited set of situations. 

A first subclass contains moving screens. Several implementations of screen motion can be used: vibration, translation, 
and rotation, and they all require special mechanics to move the screen. For each application it has to be determined, 
firstly, whether screen motion is possible and acceptable, and, secondly, which kind of motion is most suited. Similar to 
angular diversity the amount of motion is determined by the position of the viewer relative to the screen. Screen motion 
is only applicable to projectors using 2D spatial light modulators, because the time available for the screen motion equals 
the frame duration for 2D imagers, while this is only 1/Npix times the frame duration for a scanning spot projector, where 
Npix is the number of pixels in the image.  

Also with stationary screens one can achieve better speckle suppression. One could reduce the random height fluctuations 
of the screen up to a level where the random fluctuation become smaller than the size of the wavelength of the used light. 
To ensure a viewing angle one should introduce a structure of reflective elements in the screen (each of them having a 
high-quality optical surface), which is small enough that the closest viewer can not see this structure[6].  



4.5 Conclusion 
In Figure 8 images with different degrees of despeckling are shown. The picture on the left shows the image without any 
active despeckling. The screen destroys the polarization, but the incident light is polarized (the projector uses LCoS 
imagers), so a despeckling by a factor � 2 is automatically obtained. A typical single emitter with a narrow bandwidth 
(frequency-converted laser) results in a speckle contrast of 45 %. Multiple emitters and direct laser diodes yield lower 
speckle contrasts, as predicted by theory. In the middle the same picture is shown, but now a moving diffuser is used to 
break the coherence of the laser light. The picture clearly shows that the moving diffuser, and any other technique based 
on angular diversity, is not sufficient to obtain a good image quality: the speckle contrast of diode lasers is typically 8 to 
10 %, while for a frequency-converted laser speckle contrasts around 15 % are obtained. Mainly the speckle from the 
green laser(s) deteriorates the image. This is the result of the narrow bandwidth, the eye sensitivity, which peaks around 
green/yellow, and the eye resolution. Finally, the picture on the right is despeckled by a moving screen, which suppresses 
the speckle contrasts for all lasers to values around 5 %. The amplitude of the vibration of the screen was of the order of 
1 mm, which resulted already in a loss of image sharpness. More speckle suppression could be obtained by larger 
amplitudes of vibration, but then the sharpness of the image would be further affected.  

 
Figure 8: The picture on the left shows the result without any despeckling. The central image shows the effect of a 
moving diffuser (angular diversity) and on the right the same technique is used in combination with a moving 
screen. 

As was explained in section 3.1, measurements of the speckle contrast are very sensitive to the experimental setup. Due 
to this we are not able to compare our results to other publications to determine in an objective way, whether speckle 
contrasts of 5 % are sufficient for high-end projection systems. For our speckle measurements we used a monochrome 
camera with a resolution of 1024 x 768 and a pixel dimension of 4.65 x 4.65 � m2. An F/4 lens with a back focus of 11.03 
mm was mounted on the camera. The camera was positioned at 75 cm from the screen, which corresponds to the height 
of the image. Pictures were taken for each laser source separately from a uniformly illuminated screen. After applying a 
low-pass filter to the pictures, speckle contrasts were calculated[16].  

Now we have a look at the high-end projection applications from the introduction, to see how far we can get with the 
speckle reduction techniques described above. 

In multi-projector simulation and training display systems the possibilities of speckle suppression by angular diversity are 
limited, because the f-number of the illumination of the chip should be high to ensure the high contrast ratio and large 
depth of focus. Polarization diversity is also limited to a factor � 2, because the LCoS panel needs polarized light. The 
curved screen makes it very difficult to use a moving screen. This means that only wavelength diversity remains. 

A similar story can be told about digital cinema: in order to keep the optical efficiency high and to reduce the amount of 
needed laser power, the f-number should be kept high. In addition the tilt angle of the DMD defines the minimal f-
number that could be used. That combined with the high magnification from chip to screen makes that angular diversity 
can only be exploited to obtain a certain level of speckle suppression. As a DMD does not need polarized light, one could 
gain a factor 2 via polarization diversity. Due to the size of the cinema screens, screen motion is not very practical, and 
also special screen designs are likely to add significant cost. Also for this application a wide bandwidth is deemed crucial 
for sufficient speckle suppression. 



Both examples show that screen motion is not possible in most of the applications and that a wide adoption of laser 
projectors will only be possible if laser sources with wider bandwidth become available for all colors. With the current 
laser technology, this means that the performance of any laser projector is limited by the bandwidth of the green lasers. 

5 REQUIREMENTS FOR LASERS FOR HIGH-END PROJECTORS 
It is clear from section 2 that a move towards lasers would improve the specifications of high-end display systems. Below 
a list of properties is found which would make lasers an almost ideal light source for projectors. 

·  Bandwidth: The combined bandwidth of each of the RGB primaries should be several nm. As laser speckle is 
less perceivable in the blue, the bandwidth requirement is mainly important for the green and red lasers. Without 
a solution that increases the (combined) bandwidth of a laser light source, the image quality of laser projectors 
will not be good enough for high-end applications. 

·  Lifetime: In order to build maintenance-free projectors, lifetimes should be of the order of 50,000 hours. This is 
necessary for reliability in multi-projector applications with 24/7 operation and to reduce the cost of ownership 
by avoiding expensive light source replacements. 

·  Wall-plug efficiency: Wall-plug efficiency should be as high as possible, as it reduces the cooling requirements 
and also reduces the overall power consumption of the system and the cost of ownership. A wall-plug efficiency 
above 10 % including the cooling power is desirable.  

·  Power and wavelength stability: Power variations should stay below 0.7 % to avoid color variations above a 
perceivable level. For the same reason variations in the central wavelength should be smaller than 0.5 nm. 

·  Cost: It is not possible to give a general price target for the laser sources, as this depends on the application. The 
total cost of the laser sources and the cost of ownership should be comparable to that for lamps and it depends 
e.g. on the wall-plug efficiency of the laser source, and the optical efficiency of the projector. 

·  Polarization: The need for polarization depends on the application. While a high polarization of the laser is 
desirable for polarization dependent imagers, it is unwanted in all other cases as it reduces the speckle reduction 
capabilities. 

·  Available wavelengths: For most applications it is sufficient to have one set of primaries, chosen in such a way 
that the desired color gamut is covered and that the maximum brightness can be achieved with the least laser 
power. For wavelength multiplexed stereo applications two sets of primaries are necessary. 

·  Beam quality: Beam quality is important for scanning laser projectors, but excellent beam quality is not required 
for LCoS and DLP projectors. Regarding speckle, multimode beams are more suited for projection applications. 

6 CONCLUSION 
The performance of high-end projection systems could be boosted by the use of lasers as light source. First of all the 
reliability of the projectors will benefit from the longer lifetime of the lasers. The use of lasers will also allow reaching 
higher output power without having to sacrifice the contrast ratio, depth of focus and efficiency of the projector. In 
addition, the color gamut of the projectors will increase and wavelength multiplexed 3D stereo could be possible with 
much higher efficiency. 

However, the main issue with laser projection for high-end applications is speckle. Moving screens might be a solution 
for some specific applications, but for a wide adoption of laser projectors, it is necessary to have the speckle suppression 
build-in in the projector, which we believe can only be achieved to adequate levels with the aid of wavelength diversity. 
Also regarding cost and power there is still some work to be done. Finally there is the issue ‘laser safety’, which will 
have a certain impact on system design and even might limit the legally allowed output powers of laser projectors. 

In order to compare different laser sources and speckle reduction techniques, and to evaluate the appearance of speckle 
for a human observer, there is a need for a standard speckle measurement. 
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