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PROVIDING SPECKLE REDUCTION (57) ABSTRACT 

_ _ A projection display surface for reducing speckle artifacts 
(76) Inventors? Barry D- sllvel‘stelll, Rochester, from a projector having at least one narroW band light source 

NY (Us); Michael A- Mal‘clls, having an incident visible Wavelength band, Wherein the inci 
Honeoye Falls, NY (US); Andrew dent visible Wavelength band has an incident peak Wave 
F, Kurtz, Macedon, NY (Us) length and an incident bandwidth, comprising: a substrate 

having a re?ective layer that re?ects incident light over at 
least the incident visible Wavelength band; and a ?uorescent 

(21) APP1- NOJ 12/816,559 agent distributed over the re?ective layer, Wherein the ?uo 
rescent agent absorbs a fraction of the light in the incident 

. visible Wavelen th band and emits li ht in an emissive visible 
(22) Flled: Jun‘ 16’ 2010 Wavelength bani having an emissivegpeak Wavelength and an 

emissive bandwidth; Wherein return light from the projection 
Publication Classi?cation display surface produced When incident light in the incident 

visible Wavelength band is incident on the projection display 
(51) IIlt- Cl- surface contains light in both the incident visible Wavelength 

G03B 21/60 (2006.01) band and emissive visible Wavelength band, thereby reducing 
G02B 27/48 (2006.01) speckle artifacts. 
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PROJECTION DISPLAY SURFACE 
PROVIDING SPECKLE REDUCTION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] Reference is made to commonly assigned, co-pend 
ing US. patent application Ser. No. (96342), entitled: 
“Projection Apparatus Providing Reduced Speckle Arti 
facts”, by Barry Silverstein et al., Which is incorporated 
herein by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to digital 
image projection and more particularly to a laser projector 
With a projection screen containing ?uorescent materials to 
reduce the speckle noise in the displayed image. 

BACKGROUND OF THE INVENTION 

[0003] Laser illumination shoWs some promise for improv 
ing color gamut and achieving needed levels of brightness for 
digital projection apparatus, including digital projectors 
capable of providing cinema-quality imaging and pico-pro 
jectors offering portable projection for easier sharing of 
images. One recogniZed problem With projection systems 
using narroW band light sources, hoWever, relates to speckle. 
[0004] Speckle is a ?ne scale spatially varying intensity 
?uctuation that is caused by random roughness of optical 
surfaces on the order of a Wavelength of light. The increased 
coherence of lasers introduces a signi?cant effect in projec 
tion systems Where the roughness creates randomly phased 
sub-sources, Which interfere together. This random intensity 
?uctuation loWers the effective quality of an image, espe 
cially at the higher frequencies essentially producing a “shim 
mer effect” that masks ?ne details, but also creating an inten 
sity sharpness that is really arti?cial. 
[0005] The phenomenon of speckle has been studied in 
detail by many researchers and a comprehensive summary of 
knoWledge has been published by Joseph Goodman in the 
book “Speckle Phenomena in Optics, Theory and 
[0006] Application” (Roberts and Company Publishers, 
GreenWood Village, Colo., 2007). Goodman suggests that 
full-frame displays should have speckle levels Where the stan 
dard deviation of the intensity variation is less than the mag 
nitude of the least signi?cant bit of the intensity resolution of 
the modulation device. For Digital Cinema applications 12 bit 
intensity resolutions and contrast ratios of around 2000:1 are 
common. Other cinema standards lean toWard different cri 
teria, indicating that speckle “should not be visible”, this can 
be quantitatively assumed to have the level of speckle to be 
equivalent to that of a White light projector on a common 
screen. 

[0007] Speckle noise can be quanti?ed in terms of speckle 
contrast, C, given in percent as: 

Ii (1) 
mean 

c = 100( 

Wherein Istd is a standard deviation of intensity ?uctuation 
about a mean intensity Imam. The speckle contrast for fully 
developed speckle is 100%. Speckle reduces the ability of an 
imaging system to resolve ?ne spatial detail and causes levels 
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of noise in an image that can be highly visually annoying. At 
Worst, Without some form of correction, speckle can be suf 
?ciently objectionable to render coherent illumination 
unsuitable for display purposes. 
[0008] There have been a number of methods employed for 
reducing the visibility of speckle effects in imaging displays. 
Conventional strategies for speckle reduction include modi 
fying the spatial or temporal coherence of the illumination, 
superimposing a number of uncorrelated speckle patterns 
onto each other, or modifying its polariZation state. One 
method provides vibration or oscillatory movement of the 
display screen. With oscillation above a threshold speed, per 
ceived speckle can be signi?cantly reduced. Other methods 
include broadening the spectral line Width of the laser illumi 
nation and reducing the spatial coherence by using static and 
oscillating diffusers or oscillating ?bers or by vibrating vari 
ous optical components in the path of illumination or imaging 
light. 
[0009] Goodman has characterized some common 
approaches to reducing speckle in display applications: 

[0010] 1. Introduce polariZation diversity; 
[0011] 2. Introduce a moving screen; 
[0012] 3. Introduce a specially designed screen that 
minimiZes the generation of speckle; 

[0013] 4. For each color, broaden the spectrum of the 
sources or use multiple lasers at slightly different fre 
quencies, thereby achieving Wavelength diversity in the 
illumination; 

[0014] 5. For each color, use multiple independent lasers 
separated spatially, thereby achieving angle diversity in 
the illumination; 

[0015] 6. Overdesign the projection optics as compared 
With the resolution of the eye; 

[0016] 7. Image a changing diffuser With random phase 
cells onto the screen; and 

[0017] 8. Image a changing diffuser With deterministic or 
orthogonal phase codes onto the screen. 

[0018] Each of these approaches has some bene?ts as Well 
as negative attributes. Some of them apply Well for high-end 
digital cinema projection, While others do not. In addition, in 
many cases a single approach may not be effective enough to 
reduce the speckle beloW acceptable thresholds. For example, 
polariZation diversity is not desirable in many cases, as any 
projector that requires polarization either to modulate the 
light or to create stereoscopic imaging cannot alloW impure 
states to reach the vieWer. Specially designed screens that 
enable screen shaking can be effective, hoWever, they require 
signi?cant modi?cation to the venue that is undesirable. 
Large screens are especially di?icult to modify to enable 
screen shaking, as the equipment is large and expensive. 
[0019] Spectrally broadening of the light sources can sub 
stantially reduce the level of speckle, hoWever, this may be 
di?icult to control in the laser fabrication, as many methods of 
creating visible solid state sources desired for display appli 
cations use frequency double crystals that control the Wave 
length to around 1 nm. 
[0020] Multiple independent lasers can be a very good 
approach, but depends on the number of elements used to 
control the speckle. This does not Work Well over the entire 
range from loW-light-level to high-light-level projection sys 
tem, as a 1000 lumen projector needs to be as speckle free as 
a 10,000 lumen projector, yet the number of sources may be 
10 times as high. For example, Mooradian et al, disclose 
improved speckle performance When using Novalux 



US 2011/0310478 A1 

Extended Cavity Surface Emitting Lasers (N ECSELS), in the 
article “High power extended vertical cavity surface emitting 
diode lasers and arrays and their applications” (Micro-Optics 
Conference, Tokyo, Japan, 2005). In this case 30 to 40 inde 
pendent (incoherent to each other) emitters reduced the 
speckle doWn to several percent. While the speckle is reduced 
With larger number of emitters it is not alWays reduced to 
White light levels required by the stringent digital cinema 
requirements. 
[0021] In US. Pat. No. 7,296,897, Mooradian et al., 
entitled “Projection display apparatus, system, and method,” 
discloses individual and combined techniques to reduce laser 
speckle similar to those described by Goodman. First increas 
ing the number of lasers that are substantially incoherent With 
respect to each other. Second, spectral broadening of the 
lasers may be used. (This technique is also described in US. 
Pat. No. 6,975,294 to Manni et al.) Third, individual lasers in 
an array may be designed to operate With multiple frequen 
cies, phase, and directional (angular) distributions. Finally an 
optical element may be used to scramble the direction, phase 
and polariZation information. As described earlier, increasing 
the number of lasers is effective at reducing speckle, hoWever 
the effect is incomplete. The additional methods described 
are generally dif?cult to implement, expensive or undesirable 
optically. 
[0022] US. Pat. No. 7,244,028 to Govorkov et al., entitled 
“Laser illuminated projection displays,” describes the use at 
least one laser delivered to a scanning means that increases 
the laser beam divergence temporally into a lens that delivers 
the light to a beam homogeniZer that illuminates a spatial light 
modulator. This reduces the laser speckle to acceptable levels 
When combined With a screen that has at least one feature to 
further reduce speckle. Temporally varying the laser beam 
divergence is generally a good means of reducing speckle, 
hoWever it too requires the modi?cation of the screen for 
complete speckle reduction. This is undesirable for general 
projection purposes. 
[0023] US. Pat. No. 7,116,017 to Ji et al., entitled “Device 
for reducing deterioration of image quality in display using 
laser,” describes a speci?c device consisting of a vibrating 
mirror in the light path betWeen the laser and the screen. This 
alone Will not reduce speckle to acceptable levels. Commonly 
assigned US. Pat. No. 6,445,487 to Roddy et al., entitled 
“Speckle suppressed laser projection system using a multi 
Wavelength Doppler shifted beam,” describes methods that 
use frequency modulation of the lasers in conjunction With a 
device to deviate the beam angularly in time. This method 
requires laser modulation that may not be practical or pos 
sible for all laser sources. Similarly the application focuses on 
using an acousto-optic modulator for angular deviation. 
These devices are very expensive and can only handle certain 
laser types and siZes. 
[0024] Numerous methods for reducing speckle have been 
described in the prior art. US. Pat. No. 6,747,781 to Trisnadi 
et al., entitled “Method, apparatus, and diffuser for reducing 
laser speckle,” discloses moving a diffusing element that is 
positioned at an intermediate image plane that subdivides 
image pixels into smaller cells having different temporal 
phase. Commonly-assigned US. Pat. No. 6,577,429 entitled 
“Laser projection display system” to KurtZ et al. discloses 
using an electronically controllable despeckling modulator to 
provide controllable, locally randomiZed phase changes With 
a linear SLM. US. Pat. No. 6,323,984 entitled “Method and 
apparatus for reducing laser speckle” to Trisnadi et al. dis 
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closes speckle reduction using a Wavefront modulator in the 
image plane. US. Pat. No. 5,313,479 entitled “Speckle-free 
display system using coherent light” to Florence discloses 
illumination of a light valve through a rotating diffuser. US. 
Pat. No. 4,256,363 to Briones, entitled “Speckle suppression 
ofholographic microscopy,” and US. Pat. No. 4,143,943 to 
RaWson, entitled “Rear projection screen system,” each dis 
close apparatus that reduce speckle by moving diffusive com 
ponents that are Within the projection path. Commonly-as 
signed U.S. Patent Application Publication 2009/ 02847 1 3 to 
Silverstein, et al., entitled “Uniform speckle reduced laser 
projection using spatial and temporal mixing,” teaches using 
a temporally varying optical phase shifting device in the 
optical path to reduce speckle in a digital cinema system. 
[0025] While conventional methods for speckle reduction 
may have some applicability to laser-based projection sys 
tems, there are draWbacks to these approaches that constrain 
image quality and reduce overall contrast as Well as adding 
cost and complexity to projection apparatus. Any type of 
modi?cation to components in the imaging path, for example, 
can require signi?cant redesign, can complicate component 
packaging, and risks the introduction of noise or vibration 
into optical and signal paths of projector components. 
[0026] The problem of speckle reduction is further compli 
cated because different types of spatial light modulators 
(SLMs) are being used for digital projection. Three types of 
SLMs are used in practice: point-scan, line-scan and frame 
by-frame. Point-scan projectors display an image by raster 
scanning a single pixel at a time. A number of projectors use 
grating light valves (GLVs) or grating electromechanical sys 
tems (GEMS) that generate images using diffractive gratings 
that have tiny mechanical members that are variably actuated 
in order to form an image. The image from such a device is 
scanned onto the display surface, a single line at a time. These 
modulators are advantaged With respect to simplicity and 
cost, and therefore are desirable for use in consumer devices 
such as pico-proj ectors. HoWever, they present problems due 
to the energy density that can be delivered Which limits the 
amount of light that can safely be projected. Other projectors 
employ re?ective or transmissive liquid-crystal devices 
(LCDs). These SLMs project a complete image frame at a 
time. Still other projection apparatus use digital micromirror 
devices With tWo-dimensional arrays of micro-electrome 
chanical re?ectors, such as the Digital Light Processor (DLP) 
from Texas Instruments, Inc., Dallas, Tex. DLP devices simi 
larly form a complete image frame at a time. These area-type 
devices are advantaged in delivering less energy density to the 
screen offering safer operation. Because images are formed in 
different Ways using these different SLMs and projection 
technologies, solutions that compensate for speckle With one 
type of SLM may not be as effective When used in a projector 
that uses a different type of SLM for forming images. 
[0027] A number of different approaches have been devel 
oped Which use specially designed screens to reduce speckle. 
US. Pat. No. 6,122,023 to Chen et al., entitled “Non-speckle 
liquid crystal projection display,” discloses a projection 
screen Which includes a liquid crystalline material. When 
driven With an AC voltage the liquid crystalline materials 
vibrate slightly Which causes the speckle pattern to change 
quickly Which causes the observed speckle noise by the 
vieWer to be reduced. 

[0028] US. Pat. No. 7,304,795 to Yavid and Stem, entitled 
“Image Projection With Reduced Speckle Noise,” discloses a 
projection screen Which includes a plurality of optical reso 
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nator cavities Which trap incident laser light for a time greater 
than the coherence time and for generating a time varying 
interference pattern in Which speckle noise is reduced. 
[0029] US. Pat. No. 5,473,469 to Magocs and Baker, 
entitled “Front projection screen With lenticular front sur 
face,” discloses a front projection screen for use With a laser 
projector Which includes a lenticular lens array on the front 
surface of the screen Which incorporates light scattering par 
ticles to form a diffusion region and a re?ector on its back 
surface. Since incident light rays traverse different portions of 
the diffusion region in different directions Which increases 
the likelihood that the ray Will incorporate a scattering par 
ticle, speckle noise is reduced. 
[0030] The use of projection screens incorporating color 
changing materials is described in the folloWing art. US. Pat. 
No. 7,414,621 to Yavid et al., entitled “Method andApparatus 
for Controllably Producing a Laser Display,” discloses a ras 
ter scanned laser display for projecting an image on a screen 
incorporating at least one phosphor at the screen for re?ecting 
light With a Wavelength different from the Wavelength of the 
incident laser beam Which emits light in the ultra-violet or IR 
Wavelength region of the spectrum. Complete absorption of 
the laser beam is required by the phosphor in order to fully 
utiliZe this approach. 
[0031] US. Pat. No. 6,987,610 to Piehl, entitled “Projec 
tion Screen,” discloses a projection screen comprising a sub 
strate having thereon one or more ?uorescent materials that 
emit visible light With an incidence of one or more ranges of 
visible light and absorb visible light in at least one other range 
of Wavelengths that is not included in the one or more ranges 
and one or more absorption materials disposed betWeen the 
substrate and the one or more ?uorescent materials that re?ect 
Wavelengths of light in the one or more ranges and absorb 
Wavelengths of light that are not included in the at least one 
other range nor in the one or more ranges. 

[0032] US. Patent Application Publication 2008/0172197 
to Skipor et al., entitled “Single laser multi-color projection 
display With quantum dot screen,” discloses a display com 
prising a passive screen printed With a pattern of different 
color quantum dots that is excited by raster scanning a single 
UV laser beam over the screen. 

[0033] US. Pat. No. 7,474,286 to Hajjar et al., entitled 
“Laser Displays using UV-Excitable Phosphors Emitting Vis 
ible Colored Light,” discloses a display system using at least 
one scanning laser beam to excite one or more ?uorescent 
materials on a screen in the form of parallel phosphor stripes 
Which emit light to form images. An alignment veri?cation 
sensor is also required to verify that the laser light modulation 
timing is correctly aligned With the phosphor stripes during 
raster scanning of the laser over the screen surface. In a 
related disclosure, US. Patent Application Publication 2008/ 
0291140 to Kent et al., entitled “Display Systems Having 
Screens With Optical Fluorescent Materials,” further teaches 
that the ?uorescent materials may include phosphor materials 
or quantum dots. 

[0034] US. Patent Application Publication 2008/0048936 
to PoWell et al., entitled “Display and display screen con?g 
ured for Wavelength conversion,” discloses a display screen 
including an array of couplets containing a Wavelength con 
verting material. The couplets are con?gured to receive light 
at a ?rst Wavelength and responsively emit light at a second 
Wavelength preferentially in a direction. 
[0035] US. Patent Application Publication 2009/0262308 
to OgaWa, entitled “Light source unit and projector,” dis 
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closes a projector, Which includes ?rst and second light 
sources comprising light emitting diodes or a solid-state light 
emitting devices for emitting light in each of tWo predeter 
mined Wavelength bands and a third light source formed by a 
phosphor Which transmits light of the ?rst light source and 
absorbs light emitted from the second light source. In this 
case there is no phosphor material on the screen. 

[0036] Thus, it can be appreciated that speckle presents a 
recurring problem that must be addressed in projection appa 
ratus design When laser illumination is used. Conventional 
speckle compensation approaches add cost and complexity to 
projector design, and generally reduce image quality With 
respect to projector output. There is, then, a need for a speckle 
compensation mechanism that can be used for a broad range 
of imaging technologies and that does not impact projector 
design. 

SUMMARY OF THE INVENTION 

[0037] It is an object of the present invention to advance the 
art of digital image projection. With this object in mind, an 
embodiment of the present invention is characteriZed by a 
projection display surface for reducing speckle artifacts from 
a projector having at least one narroW band light source hav 
ing an incident visible Wavelength band, Wherein the incident 
visible Wavelength band has an incident peak Wavelength and 
an incident bandWidth, comprising: 
[0038] a) a substrate having a re?ective layer that re?ects 
incident light over at least the incident visible Wavelength 
band; and 
[0039] b) a ?uorescent agent distributed over the re?ective 
layer, Wherein the ?uorescent agent absorbs a fraction of the 
light in the incident visible Wavelength band and emits light in 
an emissive visible Wavelength band having an emissive peak 
Wavelength and an emissive bandWidth; Wherein the emissive 
bandWidth is Wider than the incident bandWidth and is at least 
?ve nanometers in Width; 
[0040] Wherein return light from the projection display sur 
face produced When incident light in the incident visible 
Wavelength band is incident on the projection display surface 
contains light in both the incident visible Wavelength band 
and emissive visible Wavelength band, thereby reducing 
speckle artifacts by the mechanism of spectral broadening. 
[0041] The apparatus of the present invention has the 
advantage that it is independent of the image-forming tech 
nology that is used Within the projector. It is equally Well 
suited for use With projection systems that use spatial light 
modulators that scan a linear image onto the display surface 
as Well as for projection systems that form a complete tWo 
dimensional image at a time. 
[0042] It has the additional advantage that it does not add 
any cost or complexity to the projection apparatus itself. 
[0043] It is a further advantage of the present invention that 
it reduces speckle With little perceptible impact on image 
quality. 
[0044] These and other aspects, objects, features and 
advantages of the present invention Will be more clearly 
understood and appreciated from a revieW of the folloWing 
detailed description of the preferred embodiments and 
appended claims, and by reference to the accompanying 
draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0045] FIG. 1 is a simpli?ed block diagram of a digital 
projection apparatus using the projection display surface of 
the present invention; 






























