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ABSTRACT

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

One of the benefits of lasers is their narrow spectratiWatth. As a consequence, the display can have a very large
colour gamut, if the lasers are carefully selected. Amdikaefit is the very low intrinsic étendue of the sourage €an
imagine using less complex, more efficient, smaller imore powerful optical systems. This not only forrstgag
projectors, but also for 2D light valve based projec(b@0OS, LCD, DLP). In addition, the limited lifetimd amps has
serious impact on a system’s cost of ownership, arsl ljghtt source reliability/lifetime high on the list of piities for
future developments. For this reason, Barco entered the Eurd{ts-project OSIRIS, in a subtask where a 300 Im lase
projector demonstrator has to be developed and evaluated.

So far, we found out that next to obvious challenges such asclastesind laser power, the most critical issue regarding
image quality is speckle interference which counteréfoe beneficial nature of the light source. This phenoménan
direct consequence of the coherent nature of a laser andtdae solved as easily as is often claimed. We will descr
laser speckle in the context of laser projection and tharetieal limits of several reduction techniques. Thisi¢eto
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 & kgurce. Although solid state light sources for projecti
applications are very promising, they are not used thenobecause at the moment the technology is not mature enough.
LED-based projectors are limited to low output powers, whielkea them not suited for high-brightness applications.
Laser projectors are currently only available for eiomarkets, mainly due to the price of RGB lasers aset Ispeckle.

There are two main types of lamps for projection systeragadble: Mercury and Xenon lamps. The efficiency (lumen
per electrical Watt) and the lifetime of Mercury lamps higher than for Xenon lamps, but Xenon lamps reach highe
power levels. The spectra of these lamps are also eliffewhere the spectrum of Mercury lamps show seyraks,
Xenon lamps have a smoother spectrum (apart from a spike iblue color band), and they offer more flexibility to
design the filters for the primaries.

The main light valves used in today's projectors are basethicro mirror or liquid crystal technology. LCoS offer
superior contrast ratio and resolution. The switchipgesl is good for three chip architectures, but it is not away
enough for single chip projectors. DLP chips, on the other haamdpe used in single and three chip setups, but DLP
light engines do not reach the resolutions and contréissraf the state-of-the art LCoS imaginers. For appboati
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requiring very high light output (10,000 Im and more) one usually D&, because they are more resistant against high
power levels. Single chip architectures have the disadvarttagéhey have lower output brightness and some artifacts
like color breakup might be perceived due to the cadguential approach. For that reason single chip projeatensc
used that often for high-end display systems.

1.2 Applications of high-end projectors

As an example two high-end applications are described. &nmof these two examples, it will be shown in section 2
that short arc lamps have some important limitations, lwaie (partly) solved by using lasers instead of tteses.

Figure 1: The multi-projector displays like the SERaining and simulation dome (left) and 3D digitmmema
projectors (right) are two examples of high-endgxtion applications.

Multi-projector display systems

The requirements for projectors in multi-projector simakaend training display systems (shown on the left in Eidyr
are very demanding. These setups are used as simubsdesge CAD-walls for automobile design, etc. For contras
ratio and resolution there is no upper limit: they shouldadehigh as possible, which limits the choice of the light
modulator to LCoS-technology. As motion of the images shoulash®atural as possible, special precautions have to be
taken to reduce the smearing effects typical for liquidstatyimagers, and only LCoS panels with a relatively fast
response time can be used. Projection surfaces aremfteed (as the one shown in the figure), so the depthcagfo
should be large enough to allow this, without the need of verpliceted and expensive projection lenses. In order to
obtain a seamless image in both day and night time diionil@onditions, the projectors need to have excellent wagypi
blending and dimming capabilitiés The primary and secondary colors, and the white poinil tiese projectors have

to be adjustable in order to obtain good color uniforrtfitpughout the complete screen. The lifetime oflidite source

(at the moment Mercury lamps are common) is importanhecomplete display has to be very reliable, evendar to
24/7 applications.

Digital cinema

Projectors for cinemas need very high brightness levpl$o(@0,000 Im for large screen installations) and therefoey
currently use Xenon lamps (up to 7 kW). Due to such highepoaguirements one usually uses (3-chip) DLP projector
technology. The wall-plug efficiency of the light sourcamsimportant parameter at these brightness levels: not@nly t
reduce the power consumption, but also to make the coolisgdesanding. The projectors have to be certified
according to the requirements set by the Digital Cindniatives (DCI), which imposes minimum performance
specifications regarding color gamut, contrast ratig? eAs many movies are released in 3D, the projectors nekel to
compatible with one of the 3D stereo technologies (efitet™). The lifetime of the projector’s light source and its
power consumption are important to reduce cost of ownershigvoigling expensive lamp replacements and saving
electricity cost.

1.3 Osiris experimental laser LCoS projector

At the beginning of 2007 the European projestrds (Original System for Image Rendition via Innovative Sns$é
was started. The project’s objectives are to carryneumt generations of projection systems, with the help ofrtbst
innovative component technologies. This includes the reaizatf a common technological platform aiming at



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

One of theOsIRIS subtasks aims at the prototyping of a 300 Im laser projdgtmco is responsible for the optical engine
of the projector and the lasers are provided by Osram Optic&eductors (Regensburg - Germany) and Oxxius
(Lannion - France). A first experimental laser LCoS getgr with a power output of 70 Im has been built (searEig)
and allows a first evaluation of the technology.

Figure 2: The experimental laser projector deveddpe the GIRIS project.

2 BENEFITS OF LASER-BASED PROJECTION SYSTEMS

There are some good reasons why lasers are good candidategldoing lamps in future high-end projectors. Lasers
have longer lifetimes, a smaller étendue, a narrowerrspedtth compared to lamps, and their polarization isffieial
in combination with e.g. liquid crystal light valves.

2.1 Lifetime and reliability

A first and important advantage of lasers (and othed ssifite light sources) is their lifetime. While a hjgtwer
compact Mercury projector lamp has a lifetime of 1,000 8@ ,hours (some very high power Xenon projector lamps
have even shorter lifetimes), lasers offer lifetim&ésome 10,000’s of hours. Light sources with longer lifesiinerease
the reliability of the display system, which is importantddtical applications like security monitoring in controbms,
which are operated 24/7, but they also reduce the cost ofshipas the lamp replacements are costly.

2.2 Etendue

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

The performance of today’s lamp-based high-end projectdisited by the law of étendue: in a perfect optegtem
étendue is conserved, but it can never be reduced without lighslasd only the part of the light from the lamp that fits
inside the étendue of the light valve can be used. In oodesliect more light from the light source (this can be one
more lamps), the f-number of the system can be decreBmdincreases the étendue acceptance of the systerheand t
system becomes brighter.

Contrast ratio, efficiency, compactness of the projeaost of optical components, depth of focus, on the other hand,

benefit from a better collimation of the light, whichequivalent to a larger f-number. For e.g. a DMD therasttatio

is determined by how well the incoming and reflectedtligiistributions can be separated, which becomes easier and
better, the more the light is collimated. Since theatilgle of the DMD is limited also the f-number of tHamination

has to be limited, to avoid that the incoming and reflebtautles start to overlap and hence can no longer be separated.



Fresnel reflections will be smaller and coatings can teetter performance, when the angles of incidencéhen t
optical components are smaller. That will result in agbettverall optical efficiency of the projector. Agtlight is more
collimated, smaller components can be used and the projentiimeecan be kept smaller. And finally the depth of focu
of a collimated beam is larger, which makes it easieragct on curved surfaces.

For a projector using a lamp one always has a trade-off betiveghtness versus contrast ratio, efficiency and depth of
focus. Figure 3 shows the typical behavior of brightneglscantrast as a function of the f-number for a projecitn &
lamp. There is not such a trade-off for projectors basethgers, or it comes only into play for very high brightness
levels. As the étendue of a laser is very small comptareéde étendue of today’s projectors, one can easily c@mbin
several laser sources, without any light losses ahéestp the f-number high.

F_numbher

Figure 3: The typical behavior of brightness andt@st ratio as a function of the f-number for mgaprojector.
By increasing the f-number of the projector, le$sthee the light of the lamp is used, but the costtratio
increases.

Finally, lasers allow using new technologies as light vaiha lamp projectors the choice of imagers is limi@dwto-
dimensional imagers, like DMD and LCoS panels, but lasgiegtors will not be limited to these 2D light valveada
novel projection systems can be used: MEMS based line scanstethsy(e.g. the Grating Light Valve or GPY or

even scanning spot systems. These systems have sevenalagebs, e.9. high contrast ratio, high switching speed, less
motion artifacts and the fact that the aspect ratio optbgection 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 relatedhe bandwidth of the lasers, leading to more saturated
primaries, as illustrated in the left panel of Figuraviere the spectrum of the green primary of a typicallsingip
business projector is compared to the spectrum of a dreguency-doubled laser (532 nm). More saturated primaries
have a positive impact on the color gamut, the color Invagcin multi-projector setups, the efficiency and im@® 3D-
possibilities.

As the primaries are more saturated, their color poiiitdigvcloser to the spectrum locus in the x-y color gpathis
makes the color gamut of the projector much larger véapect to lamp projectors. In principle one can make damp
based projectors with more saturated primaries, butattéts their brightness as it can only be achieved kyngut
away a part of the spectrum of the lamp. The right panEilgare 4 shows a comparison between the color space of a
single chip business projector and a laser projector. Bya@propriate 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 greempry of a laser projector is compared to the onae bfpical
business single chip projector. On the right thiercgamut of a laser projector is compared to thfathe same
single chip projector. As a reference the DCI sfeation is indicated in the figure. The laser paiies were
chosen to be 465 nm, 532 nm and 635 nm.

The spectrum of a lamp varies from lamp to lamp arothdnges during the lifetime of the lamp. This makes thar co
matching between different projectors very complicated ealibration has to be performed on regular times and
especially when one of the lamps has been replaced. |Asea has a well-determined wavelength, color matching
between different projectors will get easier and if the Wemgth and power stability of the lasers are sufficiegtiod,
color matching has to be performed only once.

Also the efficiency will benefit from the narrow lasgpectra, as specific coatings and color filters caddségned for
the primaries of the laser projector instead of theadiband coatings necessary for the less saturated lampipsma
Even if the efficiency gain for each optical componenorisy small, the overall efficiency of the optical emgiwill
improve significantly.

Today's wavelength multiplexed stereo applications are liniitdatightness, as a lot of light is wasted in order toinbta
two sets of sufficiently separated primaries: there néed® a gap in the spectrum between the two primarieseof th
same color in order to sufficiently reduce cross talikvben the left and the right channel. By choosing the appropriate
wavelengths of the lasers, light losses are avoidedrasd talk can be reduced by optimizing the filters efglasses.

2.4 Polarization

The fact that lasers are polarized is only useful wherimager requires polarized light, like an LCoS palmethat case
there is no need for a polarization recovery component, asd@edase of an unpolarized light source, resulting in a
larger overall efficiency. For MEMS devices like GLY micro mirror arrays, there is no need for polai@aand then
the polarization is actually an unwanted feature of the lager(as will be explained in section 4.3).

3 DRAWBACKS OF LASER PROJECTORS

Unfortunately, the current lasers are not the perfdatien for projectors. The main issues regarding lasejection are
speckle, cost of powerful RGB laser sources, cooling tafillisy, and the availability of wavelengths.

3.1 Speckle

Speckle appears as a granular pattern on the scresnamhimage is formed using coherent light. The principleds/s
in Figure 5. Light reflected at different parts of tleeegn will have covered different optical path differencassed by
the height profile of the rough screen. Due to this,aftrarrive at the position of the observer with a rangbase and
constructive or destructive interference can occur, tieguh the granular speckle pattern. For a completeriggisn of
speckle we refer the reader to referéhce



Figure 5: The light intensity in a specific poiatdetermined by the phase differences, cause a¢flection off a
rough screen. This results in a grainy pattern.

Speckle can be evaluated by calculating the contrastphmtograph of the speckle pattern. The speckle corfrast
defined as the standard deviation of the pixel intendiied by the average intensity. However, it is neagsto find
a link between the speckle contrast and the perceptionegkisp Several authors have reported limits for exkle
contrasts in order to be invisible for humans. These livaitg between 2 3 and 8 %.

To explain the different limits, Lee et'3l have reported that the appearance of speckle depends aigtitadss of the
screen, the illumination level of the room, the viewingtalice and whether the image is a movie or a statiomeagyei.
Further, the perception of speckle depends on the wavelewpibh can be explained by the sensitivity and the
resolution of the eye: speckle is less visible in blbantin green and red. The contrast in the image influences the
speckle perception, too: in contrast-rich images a given speckteast is less annoying than in a uniform screen.

Another important influence on the measured speckle contrigihades from the measurement setup. Here, we limit
ourselves to the effect of the camera and the f-nummbéhe camera lens (see Figure 6), which affects th@atpa
integration of specki8. The grain size of the speckles depends on the f-numitiee camera. If the grain size is smaller
than the pixels, the intensity of that pixel is the avemaggr different speckle grains. The result is that for fndi
numbers, smaller speckle contrasts are obtained.
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Figure 6: Influence of the measured speckle patiarthe f-number of the camera. The figure show ttia grain
size and the contrast of the speckle pattern isesewith the f-number.

In order to compare speckle measurements, there is afareadstandard measurement to characterize specklaeln t
standard all the relevant parameters of the setup dheufixed. Speckle contrasts measured using differémpsean
not be compared to each other. More work on this is plaftmeome to such a standard measurement setup.

3.2 Cost

Currently RGB laser sources are very expensive. In dodee competitive to lamps, also the price settindheflasers is
important. For an adoption of lasers sources in high-pptications the sum of the price of the laser sourceslandost

of ownership should be of the same order as that of larapsrsl can be more expensive than lamps, but the price
difference should be compensated by a reduced cost of shipewer the lifetime of the projector.



3.3 Availability of wavelengths

As laser power is expensive, one should optimize the oypwer needed to reach a given brightness level, by an
appropriate choice of the RGB wavelengths. The first candit be taken into account is the desired color gamut for the
application. Once the color gamut is defined, one shouldtogé these wavelengths which give the highest amount of
lumen per Watt and still fulfill the requirement for thelar gamut. Suppose one wants to make a projector suitable for
digital cinema, one could choose e.g. (468, 545, 615) nm or (8335680) nm as primaries. Both comply with the DCI
standard, but for the first option 35 % less optical poweeieded to achieve the same brightness level.

Unfortunately, it is not that easy. For direct red/blue diathe wall-plug efficiency decreases for decreasingdasing
wavelength, respectively: there is a trade-off betwd#neneye sensitivity and the wall-plug efficiency of tasers.
Regarding wavelength multiplexed stereo applications it ikeatnoment, by our knowledge, not possible to obtain two
sets of primaries due to the limited options for theelengths.

3.4 Power consumption and cooling

Lamps, especially Xenon-lamps, produce a lot of heat and low wall-plug efficiency. Solid state light souradter

the possibility to reach higher wall-plug efficiencies. Home the cooling of these light sources is more demanding; as
both the efficiency and the central wavelength of thlelel depend on the diode temperature. This is caused by the
temperature dependence of the gain medium. A typical yatude wavelength dependence of such a laser diode is 0.2
to 0.3 nm/K. The dependence on the power is caused by a dhahgethreshold curréft. The color variations, caused

by temperature variations of the lasers, should steynb@ 002 in (x,y) color space. Therefore, the wavelengtiations
should stay below 0.5 nm and the power variations below 0.7 % ffied diode. This is usually achieved by stabilizing
the temperature using thermoelectric cooling devices. Tb@ing needs additional electronics compared to lamp
cooling. Thermoelectric cooling is also necessary fegdiency converted lasers: as the temperature of thdimtpub
crystal has to be phase matched to the wavelength tRileeser.

Laser diodes with efficiencies around 30 % have been egpetg. [11]), but frequency converted lasers offer smalle
wall-plug efficiencies of about 20 % (e.g. [12]), dsoathe efficiency of the frequency conversion has tcakert into
account. It is important to keep the wall-plug efficiencyhégh as possible: Consider a laser diode with a-plat)
efficiency of 10 % at a diode temperature of 25°C anaptical output power of 1 W. Then 90 % of the electrical
power, or 9 W, is transferred into heat. The thermoetectoling (TEC) needs to transfer this heat to a sie&t which

has a higher temperature than the diode. In case the calglinge would be 50 % efficient, then one needs 18 W to
obtain the heat transfer. The overall wall-plug efficieatiaser and cooling is then only 5.2 %.

3.5 Laser safety

As lasers are potentially harmful for eyes and dkiser projectors have to be designed in such a way thaatbesafe:
One has to guarantee that no permanent damage occurs, evenoiisdouks accidently in the light beam coming from
the projection lens. In scanning laser projectors the peaiksity of the laser light projected on the screen is mugthehi
than for DMD or LCoS projectors. A short high energyetasulse poses a higher risk of eye damage then a gontin
laser illumination with the same average intensity lesial;e thermal spreading cannot mitigate the risk of damgathe
eye retina. This means that safety precautions have to leerestrictive for scanning laser projectors, where safsty a
has to be guaranteed in case of a failure of the scannirtganism.

If the intensity of the laser light leaving the projea@ceeds certain thresholds, one has to make sure bgttigedas the
application, that it is impossible to look directly in theam of the projector, or one has to provide a safetydnterthat
shuts down the projector when someone enters a safety zamed ahe projected beam. To give an example: for a
projector using a 1.2” DLP imager with a light output36f000 Im, which projects an image of 30 m wide on a scee

40 m from the projector, this safety zone (the nominal oddaard area in the IEC 60825 standard) would extend about
1.8 m in front of the projection lens. Outside that zoneptiogector can be classified as a class 2M laser devicehwhi
means that if someone accidently looks into the belagneye blinking reflex (0.25 s) is fast enough to avoid perntanen
eye damage. The calculation is based on the IEC 60828asth and local regulations and laws might deviate from thi
standard.



4 SPECKLE REDUCTION TECHNIQUES

All speckle reduction techniques use the averaging of indepermsiles patterns originating from mutually incoherent
sources to suppress the perceived speckle contrast. Beklespatterns are independent, if, for each point, tisene
correlation between the intensities of both patterns. Spdukhaves as a statistical phenomenon, which meanihéhat
speckle contrast of the sum Nf independent speckle patternd\isimes lower than the speckle contrast of each of the
individual speckle patterns, provided that the meannsities of these individual speckle patterns are equal. The
principle is shown in Figurg. The averaging can be done by the superposition of several imttgpespeckle patterns at
the same time, or by showing the independent specklemmtequentially within the integration time of the eye.

Figure 7: The superposition bf independent speckle patterns results in a speetiletion by a factor df.. Here
it is shown that the superposition of four indepartdspeckle patterns wit® = 40 % (left) results in a speckle
pattern with a reduced contrast@f = 21 % (right). Remark th&;, / C; 2.

Several techniques to generate the independent specklengatterpossible for projection applications, but not all of
these techniques can be combined. Therefore it is instruotiy®tip the different speckle reduction techniques into four
categories: angular diversity, wavelength diversityapohtion diversity and special screens. Combination ¢inigoes
belonging to different classes will result in a betipeckle suppression, whereas a combination of techniquea witai
class will generally not improve speckle suppression. Eét¢heoclasses will be discussed in the next subsectfns.
more complete description can be found in refef@neehich was used as a guiding text for this section.

4.1 Angular diversity

A first step in the suppression of speckle is using a lightceowith reduced coherence. This is achieved by using
mutually incoherent lasers per color or by breaking the eolterof a single laser beam, or both. Several techsigre
available to break the coherence of the laser: phase atmiiu(e.g. by a moving diffuser in an image pl&heor a
moving fibeF*!, or phase plat®), delaying parts of the beams by a time longer than therence time of the las&t,

etc.

It is often claimed that speckle reduction can be achieyassimg a large number of emitters, which would reduce the
speckle contrast by the square root of the number of emititowever, in reality it is not as simple as that and
additional condition has to be fulfilled: the angles of inowke on the screen of all these light sources have to be
sufficiently spread. The minimal angular separation of bothices depends on the viewer and not on the properties of
the screen as one would intuitively think: the angulamassjpn of the sources should be larger than the nurherica
aperture of the obserJ&r

This has some important implications on the design @fsarlprojector. The aperture of the projection lens lithitss
angular space, which is available for the speckle sspjfme and the numerical aperture of the viewer is deteay
the distance between the viewer and the screen, whicixedaparameter depending on the application. The maximal
reduction of the speckle contrast is determined by the anobtinies the numerical aperture of the viewer fisde the
solid angle subtended by the aperture of the projection leissimportant to note that, as soon as this maximatidp
reduction is obtained with on technigque based on angular diyetsi of no use to add another one of the same class:



Assume one has built a laser projector with a singkr lasvitter and by means of a moving diffuser this maxspatkle
suppression is obtained. In that case, one can not furthesespeckle by adding more emitters of the same wavbkleng

One could improve speckle contrast of a projector by increéisengtendue of the light engine, which increases the size
of the aperture. This can be done by decreasing the f-numtier laght distribution of the projector and/or by increasing
the size of the light modulator. This, however, comes atca.pFirstly, projection lenses for small f-numbers aarge

chip sizes are more complex and expensive. Secondly, atlet aflvantages of laser projection (high contrast ratib, h
system efficiency, etc.) make use of high f-numbere®@sated with laser light sources. Decreasing the f-nuniber
achieve good speckle suppression is therefore not compatibléhese benefits of laser projection. This means that this
technique offers only limited speckle reduction for high-endegtoys.

4.2 Wavelength diversity

The speckle patterns of two monochromatic light sources different wavelength (- /2 and + /2), will be
different, but there exists a lower limit for to obtain independent speckle patterns. The minimal separatj,
depends on? and the surface height fluctuation of the scféeSpeckle suppression is determined by the amount of
times i fits inside the bandwidth of the light source.

In case a single emitter per color is used, it is ingmrthat this laser has a relatively broad bandwidth ¢érect laser
diodes have a bandwidth of about 1 nm). However, some amarsnly be obtained by frequency doubling of IR lasers
and then it is difficult to obtain a wide bandwidth. When bhedwidth is not sufficiently broad, speckle suppression by
wavelength diversity can be achieved by combining a numbemitters of which the wavelengths are engineered in
such a way that all lasers are separated by at leagtin wavelength. Even for direct laser diodes it is betierombine
multiple sources with different central wavelength for farttmproving the speckle suppression.

Wavelength diversity is a very promising approach farc&fe suppression, as it comes without any tradeoff iungc
quality and performance of the projector as the étendnetiaffected and the reduction of the color gamut isigibtg.
However, the cost of the light source will be higher as desfiignts are larger and production volumes become smaller.

4.3 Polarization diversity

Interference can not occur between two perpendicular ipaleon states. The scattering of light is polarization
dependent, which means that the reflection at a diffuse susfame unpolarized laser yields two independent speckle
patterns and thus a speckle reduction By For a polarization maintaining screen this is the maxinagchievable
reduction with polarization diversity. Diffusing screensittlilo not conserve the polarization can achieve additiona
speckle suppression by a fact@. Thus, using all possibilities of polarization divergitye can gain a factor 2 in speckle
contrast, which is only a small improvement. Neverthedegsshould benefit from this technique as much as possible.

4.4 Special screens

The origin of speckle is the surface height fluctuation causiagandom phase shifts. That is why speckle solutions
the level of the screen are very powerful. Unfortunatéky techniques can only be used in a limited set of situations

A first subclass contains moving screens. Several implextiems of screen motion can be used: vibration, translation,
and rotation, and they all require special mechaniandee the screen. For each application it has to be detetmine
firstly, whether screen motion is possible and acceptablg, secondly, which kind of motion is most suited. Simda
angular diversity the amount of motion is determined by thsitipo of the viewer relative to the screen. Screenanoti

is only applicable to projectors using 2D spatial light mathsk, because the time available for the screen maticsie

the frame duration for 2D imagers, while this is onlMyl/times the frame duration for a scanning spot projeetbere

Npix is the number of pixels in the image.

Also with stationary screens one can achieve better spegieession. One could reduce the random height fluctuations
of the screen up to a level where the random fluctuagoore smaller than the size of the wavelength of theligded

To ensure a viewing angle one should introduce a steuctureflective elements in the screen (each of thaming a
high-quality optical surface), which is small enough thatclosest viewer can not see this struéfure



4.5 Conclusion

In Figure 8 images with different degrees of despeckliegshown. The picture on the left shows the image without
active despeckling. The screen destroys the polarizationthbuincident light is polarized (the projector uses LCoS
imagers), so a despeckling by a fact@is automatically obtained. A typical single emitter wéttharrow bandwidth
(frequency-converted laser) results in a speckle contfa#h 86. Multiple emitters and direct laser diodes yielddow
speckle contrasts, as predicted by theory. In the middleattme picture is shown, but now a moving diffuser is used to
break the coherence of the laser light. The picture glsadws that the moving diffuser, and any other technique based
on angular diversity, is not sufficient to obtain a good imagaity: the speckle contrast of diode lasers is typically

10 %, while for a frequency-converted laser specklerasts around 15 % are obtained. Mainly the speckle from the
green laser(s) deteriorates the image. This is thdtref the narrow bandwidth, the eye sensitivity, whicaksearound
green/yellow, and the eye resolution. Finally, the picture enitht is despeckled by a moving screen, which suppresses
the speckle contrasts for all lasers to values around Sh&amplitude of the vibration of the screen was of the afler

1 mm, which resulted already in a loss of image siesp. More speckle suppression could be obtained by larger
amplitudes of vibration, but then the sharpness of the imagé&be further affected.

Figure 8: The picture on the left shows the resitthout any despeckling. The central image showsetfect of a
moving diffuser (angular diversity) and on the tighe same technique is used in combination withowing
screen.

As was explained in section 3.1, measurements of the spexkiast are very sensitive to the experimental setup. Due
to this we are not able to compare our results to other pubfisato determine in an objective way, whether speckle
contrasts of 5 % are sufficient for high-end projecsgatems. For our speckle measurements we used a hmonue
camera with a resolution of 1024 x 768 and a pixel dimension 5044665 m?. An F/4 lens with a back focus of 11.03
mm was mounted on the camera. The camera was positioi&dcat from the screen, which corresponds to the height
of the image. Pictures were taken for each laser s@emarately from a uniformly illuminated screen. After gjmg a
low-pass filter to the pictures, speckle contrasts weritzbd ).

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

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

A similar story can be told about digital cinema: in oritekeep the optical efficiency high and to reduce the amount of
needed laser power, the f-number should be kept high. In @udite tilt angle of the DMD defines the minimal f-
number that could be used. That combined with the higimifieation from chip to screen makes that angular diversity
can only be exploited to obtain a certain level of speslfgpression. As a DMD does not need polarized light, one could
gain a factor 2 via polarization diversity. Due to thes 9f the cinema screens, screen motion is not veryigahand

also special screen designs are likely to add signifiazsit Also for this application a wide bandwidth is deerredial

for sufficient speckle suppression.



Both examples show that screen motion is not possible in afidbie applications and that a wide adoption of laser
projectors will only be possible if laser sources witldew bandwidth become available for all colors. With therenutr
laser technology, this means that the performance ofeaey projector is limited by the bandwidth of the greeertas

5 REQUIREMENTS FOR LASERS FOR HIGH-END PROJECTORS

It is clear from section 2 that a move towards lasenglavimprove the specifications of high-end display syst&atow
a list of properties is found which would make lasers arosl ideal light source for projectors.

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

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

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

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

Cost: It is not possible to give a general price targettfe laser sources, as this depends on the application. The
total cost of the laser sources and the cost of ownershipdshewcomparable to that for lamps and it depends
e.g. on the wall-plug efficiency of the laser sourrg] the optical efficiency of the projector.

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

Available wavelengths: For most applications it is suffictenhave one set of primaries, chosen in such a way
that the desired color gamut is covered and that the maxibmightness can be achieved with the least laser
power. For wavelength multiplexed stereo applications &t® af primaries are necessary.

Beam quality: Beam quality is important for scanningrgsejectors, but excellent beam quality is not required
for LCoS and DLP projectors. Regarding speckle, multimodeniseare more suited for projection applications.

6 CONCLUSION

The performance of high-end projection systems could betdmbdry the use of lasers as light source. First ofhall
reliability of the projectors will benefit from the longkfietime of the lasers. The use of lasers will aldovalreaching
higher output power without having to sacrifice the contrasb, depth of focus and efficiency of the projector.
addition, the color gamut of the projectors will increeasd wavelength multiplexed 3D stereo could be poseittte
much higher efficiency.

However, the main issue with laser projection for high-guulieations is speckle. Moving screens might be a solution
for some specific applications, but for a wide adoptioraséf projectors, it is necessary to have the speckleessgpn
build-in in the projector, which we believe can only be eeéd to adequate levels with the aid of wavelength diyersi
Also regarding cost and power there is still some workeia@one. Finally there is the issue ‘laser safety’, whidh
have a certain impact on system design and even mighttieniegally allowed output powers of laser projectors.

In order to compare different laser sources and spedttietion techniques, and to evaluate the appearancescklsp
for a human observer, there is a need for a standac#llspaeasurement.
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