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(57) ABSTRACT 
A method and system for providing an improved color 
image Wherein a broad spectrum light is supplied to a phase 
grating Which provides dispersed light having multiple dif 
fraction orders. The dispersed light is supplied to a Zero 
order phase shifter Which shifts the phase of the undiffracted 
(Zero order) light relative to the diffracted light. The light 
from the phase shifter is thereupon concentrated so that the 
plane of the phase grating is imaged onto a display having 
a plurality of pixels assigned to transmit different spectral 
regions. The depths of the grating elements of each of the 
grating periods of the phase grating and the depth of the 
Zero-order phase element of the phase shifter are selected to 
maXimiZe the area of chromaticity space spanned by the 

(22) Filed: Mar. 10, 1998 different spectral regions at the display. 
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EFFICIENT ILLUMINATION SYSTEM FOR 
COLOR PROJECTION DISPLAYS 

RELATED APPLICATION 

[0001] This application is a continuation of application 
U.S. Ser. No. 08/330,339 ?led on Oct. 27, 1994 the entire 
contents of Which is incorporated by reference. 

GOVERNMENT SUPPORT 

[0002] The invention Was supported, in Whole or in part, 
by a grant F19628-85-C-0002 from Massachusetts Institute 
of Technology. The Government has certain rights in the 
invention. 

BACKGROUND OF THE INVENTION 

[0003] Currently used techniques for color projection dis 
plays tend to be relatively inefficient in their light utiliZation. 
Such loW ef?ciency limits the brightness of the display, 
Which in effect limits the acceptable amount of ambient 
lighting in a vieWing environment. 

[0004] In certain presently used designs, light from a 
spectrally broad source is colected by a condensing lens and 
illuminates a spatial light modulator system. The spatial 
light modulator system comprises a tWo-dimensional array 
of piXels and hte amount of light transmitted through each 
piXel is controlled electronically. A projection lens then 
images the array of piXels on a vieWing screen, the magni 
?cation of the displayed image i being determined by the 
particular characteristics of the projection lens. The light 
impinging on each piXel of the spatial light modulator is 
spectrally relatively broad (e.g., White light). Therefore, 
unless the system is modi?ed to distinguish colors, the 
display Will be capable of only displaying black and White 
images. 
[0005] In many current systems used to modify such a 
system so that it is capable of displaying color images, each 
piXel of hte spatial light modulator is divided into three 
sub-piXels having equal areas. Each of the three sub-pixels 
is covered With a micro-color ?lter having a different spec 
tral transmittance. For eXample, the ?lters are chosen such 
that one ?lter transmits only red light, another ?lter only 
green light, and the third ?lter only blue light. The trans 
mittances of the three sub-pixels of each piXel of the spatial 
light modulator can be controlled independently, resulting in 
the ability to display a color image. 

[0006] The inef?ciency of the above approach can be seen 
by considering the folloWing factors. The light illuminating 
a full piXel essentially is White light and, consequently, the 
light impinging each sub-piXel is also White light. The red 
?ltered sub-piXel Will transmit only red light, absorbing all 
of the incident green and blue light. Likewise, the other tWo 
sub-piXels Will transmit only its corresponding color, 
absorbing the other tWo colors. It is apparent that this 
approach utiliZes, at most, only one-third of the available 
light impinging on the modulator, and absorbs the rest. 

[0007] Furthermore, state-of-the-art microcolor ?lters 
required to produce acceptable color images are only 
approximately 33% efficient in transmitting the color that 
they are designed to transmit. Therefore, the overall light 
utiliZation of current color projection displays is only about 
10%. 
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[0008] One approach for improving the ef?ciency of color 
projection displays is found in US. Pat. No. 5,161,042 
issued on Nov. 3, 1994 to H. Hamoda. In accordance 
thereWith, the spectrally broad input light is supplied to three 
dichroic mirrors Which re?ect three different color compo 
nents, e.g., red, green, and blue, in different directions, i.e., 
at different angles With respect to each other. The re?ected 
components are then supplied to an array of lenses for 
focusing the different color components so as to converge 
light beams of similar Wavelength ranges for transmission 
through a liquid crystal display element so as to form 
combined color images on a display screen. A further US. 
Pat. No. 5,264,880, issued on Nov. 23, 1993, to R. A. 
Sprague et al., discloses a similar approach to that of 
Hamoda Wherein the dichroic mirrors are replaced by a 
blaZe grating for dispersing the color components of light 
received thereat into a spectrum of different colors at dif 
ferent angles relative to each other. 

[0009] It is believed that, While such approaches can be 
used, the losses of energy of each color component are 
suf?cient reduce the efficiencies of such systems and to shoW 
the need for further improvement in display systems Which 
Would minimiZe such losses so as to provide nearly total use 
of the received energy across the color spectrum in the 
imaging display process, i.e., an optimiZation of the ef? 
ciency of the system. 

BRIEF SUMMARY OF THE INVENTION 

[0010] In accordance With a preferred embodiment of the 
invention Which achieves such improved operation, received 
light having a relatively broad spectrum illuminates a multi 
level optical phase grating so as to disperse each of the color 
components contained therein into a plurality of different 
diffraction orders. The diffraction orders of each color 
component are then focussed onto a Zero-order phase shift 
element Which phase shifts only the undiffracted light (i.e., 
the Zero diffraction order) With respect to the diffracted light 
(i.e., the higher level diffraction orders). The output of the 
Zero-order phase shifter is then imaged onto a display having 
a plurality of piXels, each piXel having sub-pixel regions 
assigned to transmit different color components of light. The 
depths of the phase grating element and the Zero-order phase 
shifter are suitably selected so that they are practical for 
manufacture and so that the area of chromaticity space for 
the color components at the image plane is maXimiZed. 

[0011] The use of such a combination of multi-level phase 
grating and a Zero-order phase shifter, having suitably 
determined depths, provides desired color components at 
each piXel in Which essentially little or no energy is lost, 
Which color components are then suitably combined to 
provide a color image at each of the piXels of the display 
Which is considerably brighter than that available using prior 
knoWn systems. 

DESCRIPTION OF THE INVENTION 

[0012] The invention can be described in more detail With 
the help of the accompanying draWings Wherein 

[0013] FIGS. 1 and 2 shoW block diagrams of a system 
using the technique of the invention; 

[0014] FIG. 3 shoWs a graph of optimiZed phase grating 
depths of three phase levels for a normaliZed piXel dimen 
sion for red, green and blue color channels; 
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[0015] FIG. 4 shows the effective phase grating depths of 
three phase levels for a normalized pixel dimension for the 
Wavelengths of the red, green and blue color components; 

[0016] FIG. 5 shoWs the percent efficiencies of the spec 
tral content for the red, green and blue color components; 
and 

[0017] FIG. 6 shoWs the area of the chromaticity space 
covered When using a particular embodiment of the inven 
tion on a standard 1976 CIE chromaticity graph space. 

[0018] In order to increase the light utiliZation of color 
displays, the novel technique of the invention can be con 
sidered, in a conceptual sense, as effectively concentrating 
all of the light of each color component in a spectrally broad 
received light on to appropriate sub-pixel regions at a color 
image plane, e.g., all of the incident red light is concentrated 
in a manner such that it only illuminates the sub-pixel 
regions corresponding to the red component thereof, all of 
the incident green light is concentrated in a manner such that 
it only illuminates the sub-pixel regions corresponding to the 
green component thereof, and all of the incident blue light 
is concentrated in a manner such that it only illuminates the 
sub-pixel regions corresponding to the blue component 
thereof. By so doing, the use of micro-?lters is not neces 
sary, and the theoretical light utiliZation ef?ciency of such 
technique Would approach 100%. 

[0019] The proposed approach to achieving such concen 
trations is based on a concept referred to as aperture ?lling. 
Aperture ?lling is described, for example, in the article, 
“Aperture ?lling 0f phase-locked laser arrays ”by G. J. 
SWanson et al., Optics Letters, Vol. 12, April 1987. Such 
article, for example, describes a method in another context 
for increasing the energy in the central lobe of a far-?eld 
pattern of a phased-locked laser array. In accordance With 
the invention, the underlying physics of such technique is 
modi?ed and extended in a unique manner in order to solve 
the color display problem of maximiZing the light utiliZation 
therein. 

[0020] The basic physics behind aperture ?lling can be 
stated as folloWs: A binary amplitude grating (i.e., one 
having a transmittance of 1 or 0) With a ?ll factor (i.e., the 
ratio of the transmitting area to the total area) of greater than 
or equal to 0.25, has, aside from a phase shift of the Zero 
order, a Fourier transform identical to that of a binary phase 
grating having the same ?ll-factor as the amplitude grating. 

[0021] Such statement implies that by placing a Zero-order 
phase shift element in the transform plane of an afocal 
imaging system, the light from an aperture With a ?ll-factor 
of >025, can be uniformly spread out to ?ll the entire 
aperture. Further, by invoking reciprocity, light from a 
uniform aperture can be concentrated to produce an under 
?lled aperture With a ?ll-factor of >025. 

[0022] In making use of such concepts for improving the 
color projection display ef?ciency, the above phenomenon 
can be modi?ed to substantially improve the light through 
put thereof. A system embodying the technique in accor 
dance With the invention is shoWn in FIGS. 1 and 2, 
Wherein a multi-level, e.g., a three-level, phase grating is 
illuminated With a spectrally broad light from a source 10, 
such as a tungsten halogen bulb or a xenon arc lamp. 
Alternatively, the light source may comprise three separate 
color component sources. For example, three light emitting 
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diodes (LEDs) or three laser sources, each emitting a sepa 
rate color such as red, green, and blue color components. For 
the purposes of the particular description of a preferred 
embodiment of the invention, it is assumed that the illumi 
nating source, Whether a single broad spectrum source or 
separate color sources, primarily includes color components 
of the three Wavelength regions, e.g., red, green, and blue. 
The lateral dimension of each phase level is assumed to be 
equal to the lateral dimension of a sub-pixel region of the 
spatial light modulator. For illustrative purposes only, FIG. 
2 shoWs only tWo greatly magni?ed grating periods, each 
having corresponding three phase depth levels, occupying 
the entire aperture. It should be understood that a large 
plurality of grating periods, each corresponding to a pixel of 
the overall color image, Would normally occupy an aperture. 

[0023] If it is assumed that a ?rst phase depth level 
measured With respect to a second phase depth level at each 
grating period of the phase grating 11 is equal to an integral 
number of Wavelengths of red light plus one-third of such 
Wavelength, i.e., (m+0.33) Where m is an integer, and the 
third phase depth level, again measured With respect to the 
second phase depth level, is an integer multiple of the 
Wavelength of red light, the red light that is illuminating a 
three-level phase grating Will in effect encounter a binary 
phase grating With a ?ll-factor of 33%, and a phase depth of 
0.33 Wavelengths. The red light Will be dispersed from the 
phase grating 11 into a Zero diffraction order and a plurality 
higher level positive and negative diffraction orders Which 
are focussed on a Zero-order phase shifter 13 via lens 12. If 
the Zero diffraction order (undiffracted) is then effective by 
shifted by about 0.33 Wavelengths of red light by phase 
shifter 13, the red light exiting the system Will be concen 
trated via a lens 14 so as to ?ll only 33% of the output 
imaging plane 15 (FIG. 2). 
[0024] The same methodology as applied above to the red 
light range can also be applied to the green and blue light 
ranges. The second phase depth level at each grating period 
equals Zero Wavelengths of green light by de?nition, and the 
?rst and third phase depth levels equal (n—0.33) and 
n‘—0.33) Wavelengths of green light, respectively, Where n 
and n‘ are integers. The green light illuminating the phase 
grating 11 Will also effectively encounter a binary phase 
grating With a ?ll-factor of 33%, and a phase depth of 0.33 
Wavelengths. If the Zero diffraction order is also effectively 
shifted by about 0.33 Wavelengths, the green light exiting 
the system Will be concentrated so as to ?ll the 33% of the 
output imaging plane that is adjacent to the 33% of the 
output plane occupied by the red light (FIG. 2). 
[0025] For the blue light, the third phase depth level of 
each grating period, again measured With respect to the 
second phase depth level, equals (p‘+0.33) Wavelengths of 
blue light (Where p‘ is an integer), and the ?rst phase depth 
level is an integer multiple of Wavelengths of blue light. The 
blue light illuminating the grating Will also in effect encoun 
ter a binary phase grating With a ?ll-factor of 33%, and a 
phase depth of 0.33 Wavelengths of blue light. If the Zero 
diffraction order is also effectively shifted by about 0.33 
Wavelengths, the blue light exiting the system Will be 
concentrated so as to ?ll the remaining 33% of the imaging 
plane not occupied by the red light and the green light (FIG. 
2). 
[0026] The above conditions for three discrete color Wave 
lengths can in theory be met to any level of accuracy. 
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However, in practice, the accuracy is limited by the physical 
depths of the grating levels that can be practically manu 
factured. Furthermore, the system can be designed to operate 
over the entire visible spectrum, rather than at only three 
discrete Wavelength regions. 

[0027] The area of chromaticity space spanned by a par 
ticular embodiment of the invention Will depend on the 
relative depths of the three phase level regions of each 
grating period corresponding to each pixel, and the depth of 
the Zero-order phase shifter. Since the phase depths are 
relative, and measured With respect to the second phase 
depth level, the second phase depth level is Zero by de?ni 
tion, this leaving three variables, the depths of phase levels 
1 and 3 With respect to phase level 2, and the depth of the 
Zero order phase shifter. These three parameters in effect 
de?ne the performance of the overall system, With the 
measure of performance being de?ned as the area of chro 
maticity space that is so covered. These three depth param 
eters are most easily optimiZed by performing a “global 
search” process that spans the range of practicable manu 
facturable depths. The goal thereof is to select relative 
depths Which Will maximiZe the area and the location of the 
spanned chromaticity space. An approach to such process is 
discussed beloW. 

[0028] In considering the ?rst phase level of the grating 
period, the phase shifts (in Waves) q>1R, (1)16, and (1)13 of the 
red, green, and blue light can be expressed as: 

[0029] Where 1] is the index of refraction of the phase 
grating, and d1, is the depth of the ?rst phase level With 
respect to the second phase level. As mentioned above, it is 
desired that the phase shift ¢1R=m+0.33, While the phase 
shift ¢1G=n—0.33, and the phase shift ¢1B=p, Where m, n, and 
p are all integers. 

[0030] In a similar manner at the third phase level, having 
a depth of d3 With respect to the second phase level, the 
phase shifts are: 

[0031] Here, it is desired that the phase shift ¢3R=m‘, the 
phase shift ¢3G=n‘—0.33, and the phase shift ¢3B=p‘+0.33 
Where m‘, n‘, and p‘ are all integers. 

[0032] Since the ?rst and third phase levels of the grating 
are referenced in depth to the second phase level of the 
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grating, by de?nition, d2=0, and at the second phase level the 
phase shifts at all three Wavelengths is Zero: 

¢2R=O 
¢2G=O 
¢2B=O 

[0033] In addition, at the Zero-order phase shifter having 
a depth of d4, a phase shift of about one-third Wavelength of 
each color is required so that at the phase shifter: 

[0034] Where ¢4R=r+0.33, ¢4G=s+0.33 and ¢4Bt+033 
(Where r, s, and t are integers). 

[0035] Since the depths of d1, d2, d3, and d 4 must be Within 
practical manufacturable limits, the folloWing practical limi 
tations can be imposed thereon: 

[0036] and the value of 11 can be assumed at a conven 
tional value, for example, of 1.5. 

[0037] Using the above equations, those in the art can then 
utiliZe a Well knoWn global search algorithm technique, in 
Which the values of the depths d1, d3, and d4 are changed in 
steps, Ad, of approximately 0.01 Am, and used to determine 
in each case the area of the chromaticity space that can be 
spanned for each set of parameters. The depths d1, d3, and 
d4 for the solution providing a maximiZed area can then be 
used as the practical physical depths for the three phase level 
regions at each phase grating period and the practical 
physical depth of the Zero-order phase shifter. 

[0038] In accordance With a speci?c embodiment of the 
invention, such a process Was used to determine the three 
optimum depth parameters for a system operating With a 
uniform spectral source covering a 0.40-0.68 pm Wavelength 
region, using both multi-level phase grating and Zero-order 
phase shift substrates assumed to have an index of refraction 
of 1.5. 

[0039] Exemplary results for optimiZed sub-pixel phase 
grating depths of an exemplary pixel having a normaliZed 
pixel dimension are shoWn in FIG. 3, With the red channel 
having a phase grating depth 16 of 1.84 pm relative to the 
green channel, and the blue channel having a phase grating 
depth 17 of 4.0 pm relative to the green channel. 

[0040] In order to illustrate hoW such an optimiZed phase 
grating design conforms to the theory described above, the 
folloWing three discrete Wavelengths can be considered: 
red=0.66 pm, green=0.54 pm, and blue=0.46 pm. The effec 
tive phase grating depths (modulo one-Wave) of the three 
sub-pixels at these three phase level regions are shoWn in 
FIG. 4, Where the solid line 18 represents red, the dashed 
line 19 represents green, and the dot-dash line 20 represents 
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blue. It should be noted that in the ?rst sub-pixel region, the 
phase grating depth for red approximates one-third Wave 
length of red light, and the phase grating depths for green 
and blue are essentially Zero. Similarly, in the second 
sub-pixel region, the effective phase grating depth for the 
green approximates one-third Wavelength of green light, and 
the phase grating depths for red and blue are approximately 
Zero. In the third sub-pixel region, the effective phase grating 
depth for blue approximates one-third Wavelength of blue 
light, While the phase grating depths for red and green are 
approximately Zero. 

[0041] The optimiZed depth for the Zero-order phase 
shifter is 0.36 pm, Which depth corresponds to 0.27 Wave 
lengths of red, 0.33 Wavelengths of green, and 0.39 Wave 
lengths of blue. For this eXample, it is noted that the 
optimum phase depth is less than one Wave for all three 
Wavelengths. 
[0042] The system’s ability to concentrate the visible 
spectrum into three color channels is illustrated in FIG. 5 for 
the above-mentioned 0.4-0.68 pm Wavelength region. The 
solid curve 21 represents the % ef?ciency of the spectral 
content of the red channel, the dashed curve 22 represents 
the % ef?ciency of the spectral content of the green channel, 
and the dash-dot curve 23 represents the % efficiency of the 
spectral content of the blue channel. It should be noted that 
the red channel ef?ciency peaks at a Wavelength of 0.66 pm, 
the green channel ef?ciency peaks at 0.54 pm, and the blue 
channel ef?ciency peaks at 0.46 pm. The red channel has a 
secondary peak in the far blue region of the spectrum. This 
blue light, in effect “leaking” into the red channel, tends to 
limit the area covered in chromaticity space. In some cases, 
it may be desired or required to remove this unWanted blue 
light from the red channel by conventionally ?ltering the red 
channel and such removal can be achieved With a blue 
blocking micro-?lter, albeit at the cost of losing a minimal 
amount of the blue light energy. 

[0043] As is Well knoWn to the art, the spectral content of 
these three color channels can then be used to determine the 
area of chromaticity space spanned by the system. FIG. 6 
shoWs a standard 1976 CIE chromaticity space graph 25 
Which is Well knoWn to the art. The area of the chromaticity 
space spanned by the embodiment discussed above is 
depicted by three vertices of a triangle, de?ned by the plus 
signs, in the graph. This area Will be covered using essen 
tially 100% of the received source illumination. 

[0044] While the above description discusses a preferred 
embodiment of the technique of the invention, modi?cation 
thereto may occur to those in the art Within the spirit and 
scope of the invention. Hence, the invention is not to be 
construed as limited thereto, eXcept as de?ned by the 
appended claims. 

1. A method for displaying a color image comprising: 

illuminating a multi-level optical phase element With light 
over spectrum having at least three colors to disperse 
said light into a plurality of diffraction orders; 

focusing the diffraction orders With a lens onto a phase 
shift element Which phase shifts undiffracted light With 
respect to diffracted light; and 
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imaging the plane of the multilevel optical phase element 
onto a display having a plurality of piXels such that 
selected piXels transmit different spectral regions. 

2. A method in accordance With claim 1, concentrating 
different spectral regions of the light Which illuminates said 
multi-level optical phase element at different subpiXel 
regions of each piXel at the display; and further including 

maXimiZing the area of chromaticity space for the differ 
ent spectral regions spanned at the display. 

3. A method in accordance With claim 2, Wherein said 
multi-level optical phase element includes a plurality of 
multi-level optical phase element periods each having a 
plurality of optical phase sub-elements of different selected 
depths and said phase shift element has a Zero-order phase 
element having a selected depth and said maXimiZing 
includes 

selecting the depths of the optical phase sub-elements at 
each of the multi-level optical phase element periods of 
the multi-level optical phase element and the depth of 
said Zero-order phase element of said phase shift ele 
ment so that the selected values thereof produce a 
maXimiZing of the area of chromaticity space. 

4. A method in accordance With claims 3, Wherein the 
depths of said optical phase sub-elements and said Zero 
order phase element are selected to lie Within a range thereof 
Which Will permit the practical manufacture of said multi 
level optical phase element and said phase shift element. 

5. A method in accordance With claims 1, Wherein differ 
ent spectral regions are red, green and blue regions of the 
spectrum and said imaging includes concentrating said red, 
green and blue spectral regions at different adjacent sub 
piXel regions of each piXel at the display. 

6. Amethod in accordance With claim 5, Wherein said red, 
green and blue regions are concentrated at sub-piXel regions 
each of Which occupies one-third of the corresponding 
overall piXel region. 

7. A method in accordance With claim 3, Wherein the 
depths of the optical phase sub-elements at each of the 
multi-level optical phase element periods of said multilevel 
optical phase element are selected to approXimate a selected 
fraction of the Wavelengths of different spectral regions of 
the light. 

8. A system for displaying a color image comprising a 
source of light having a relatively broad spectrum; 

a multi-level optical phase element illuminated by light 
from said source for dispersing said light into a plu 
rality of diffraction orders; 

a phase shifter responsive to said dispersed light from said 
multilevel optical phase element for shifting undif 
fracted light thereof With respect to diffracted light 
thereof; 

a lens betWeen the multi-level optical phase element and 
the phase shifter, the lens focussing light onto the phase 
shifter; and 

an image providing means for providing an image of the 
light from said source at an imaging plane having a 
plurality of piXels such that different spectral regions of 
the light from said source at the plane of said multi 
level optical phase element are concentrated at said 
imaging plane so as to be imaged at different sub-piXel 
regions of each of said piXels at said imaging plane. 



US 2001/0053027 A1 

9. A system in accordance With claim 8 and further 
including 

a ?rst lens for focusing the dispersed light from the 
multilevel optical phase element on to said phase 
shifter; and Wherein said image providing means 
includes a second lens responsive to said phase shifter 
for providing the image at said imaging plane. 

10. A system in accordance With claims 8 or 9 Wherein 
said multi-level optical phase element periods correspond 
ing to a plurality of piXels at said imaging plane, each 
multi-level optical phase element period having a plurality 
of optical phase sub-elements With selected depths for 
different spectral regions of the received light and said phase 
shifter has a Zero-order phase shift element of a selected 
depth, the depths of said optical phase sub-elements and said 
Zero-order phase shift element being selected to maXimiZe 
the area of chromaticity space spanned at the imaging plane. 

11. A system in accordance With claim 10, Wherein the 
depths of said optical phase sub-elements are selected to be 
selected fractions of the Wavelengths of the spectral regions 
of the received light. 
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12. Asystem in accordance With claim 11, Wherein optical 
phase sub-elements of the multi-level optical phase element 
corresponding to red, green and blue light regions of the 
spectrum have depths Which are selected fractions of the 
Wavelengths of said red, green and blue light regions. 

13. A system in accordance With claim 8, Wherein said 
source of light is a single source thereof. 

14. A system in accordance With claim 13, Wherein said 
single source is a tungsten halogen bulb. 

15. A system in accordance With claim 8, Wherein said 
source of light comprises three sources of red light, green 
light, and blue light, respectively. 

16. A system in accordance With claim 15, Wherein said 
three sources are light emiting diodes. 

17. The system of claim 13 Wherein the single source 
comprises a Xenon arc lamp. 

18. The system of claim 15 Wherein the three sources 
comprise laser sources. 


