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(57) ABSTRACT 

An optical system for producing an accurate image on an 
optical panel inlet face surface Which is highly tilted relative 
to the image path. The optical system comprises an image 
source and an imaging element that creates an image from 
the image source. The optical system also comprises an 
anamorphic telescope for reducing anormorphic distortion 
of the image, and a ?nal element for directing the image 
toWard the optical panel. The anamorphic telescope reduces 
magni?cation of the image in a ?rst direction and enlarges 
magni?cation of the image in a second direction Which is 
perpendicular to the ?rst direction. The anamorphic tele 
scope includes a ?rst lens group, a second lens group, and a 
third lens group. The ?rst lens group and the second lens 
group form a ?rst anamorphic telescopic system, and the 
second lens group and the third lens group form a second 
anamorphic telescopic system. 
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OPTICAL SYSTEM FOR DISPLAY PANEL 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates generally to the ?eld 
of display devices. In particular, the present invention relates 
to an optical system and method for coupling an image onto 
a display device. More speci?cally, the present invention 
relates to an optical system and method for coupling an 
image onto an ultrathin planar optical display device Which 
is capable of reducing or eliminating distortions that typi 
cally occur When an image is projected onto a display device 
Which is tilted in relation to the incident image. 

[0003] 2. Description of the Background 

[0004] Optical screens typically use cathode ray tubes 
(CRTs) for projecting images onto the screen. The standard 
TV screen has a Width to height ratio of 4:3 With 525 vertical 
lines of resolution. An electron beam is scanned both hori 
Zontally and vertically across the screen to form a number of 
pixels Which collectively form the image. 

[0005] Conventional cathode ray tubes have a practical 
limit in siZe, and are relatively deep to accommodate the 
required electron gun. Larger screens are available Which 
typically include various forms of image projection. HoW 
ever, such screens have various vieWing shortcomings 
including limited vieWing angle, resolution, brightness, and 
contrast, and such screens are typically relatively cumber 
some in Weight and shape. Furthermore, it is desirable for 
screens of any siZe to appear black in order to improve 
vieWing contrast. HoWever, it is impossible for direct vieW 
CRTs to actually be black because they utiliZe phosphors to 
form images, and those phosphors are non-black. 

[0006] Optical panels may be made by stacking optical 
Waveguides, each Waveguide having a ?rst end and a second 
end, Wherein an outlet face is de?ned by the plurality of ?rst 
ends, and Wherein an inlet face is de?ned by the plurality of 
second ends. Such a panel may be thin in its depth compared 
to its height and Width, and the cladding of the Waveguides 
may be made black to increase the black surface area, but 
such a panel may require expensive and cumbersome pro 
jection equipment to distribute the image light across the 
inlet face, Which equipment thereby increases the total siZe 
and cost of the panel. 

[0007] Therefore, the need exists for an optical panel 
Which possesses the advantages corresponding to a stacked 
Waveguide panel, but Which does not require the use of 
expensive and cumbersome projection equipment, nor suffer 
from the increase in siZe and cost necessitated by such 
equipment. 

[0008] In optical panels Where the depth of the housing 
(containing the optical panel and projection equipment) is 
desired to be at a minimum, the projection equipment is 
typically positioned to accommodate these overall dimen 
sion constraints. The positioning of the projection equip 
ment may therefore require the image path to be directed at 
an acute angle With respect to the targeted outlet face of the 
panel. Thus, since the surface of the outlet face is generally 
highly tilted relative to the image path, an imaging system 
Which is capable of producing an image Which is focused 
and is Without distortions is critical. Not only is a properly 
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focused image desired, but an image produced on the surface 
of the outlet face must also have little or no chromatic 
distortion and must retain the desired aspect ratio While 
maintaining a linear point-to-point mapping of the image. 

[0009] Therefore, the need also exists for an optical sys 
tem for an optical panel Which is capable of producing an 
accurate image on a highly tilted inlet face surface relative 
to the image path, and Which does not suffer from improp 
erly focused images and image distortions Which yield 
chromatic distortions, false aspect ratios, and inconsistent, 
linear point-to-point mapping of the image. 

SUMMARY OF THE INVENTION 

[0010] The present invention is directed to an optical 
system for projecting an image onto a display image plane 
at an incident angle Which is greater than Zero. The optical 
system comprises an image source and an imaging element. 
The imaging element creates an image from the image 
source. The optical system also comprises an anamorphic 
telescope for reducing anormorphic distortion of the image, 
and a ?nal mirror for re?ecting the image toWard the display 
image plane. The anamorphic telescope reduces magni?ca 
tion of the image in a ?rst direction and enlarges magni? 
cation of the image in a second direction Which is perpen 
dicular to the ?rst direction. Moreover, the anamorphic 
telescope includes a ?rst lens group, a second lens group, 
and a third lens group. The ?rst lens group and the second 
lens group form a ?rst anamorphic telescopic system, and 
the second lens group and the third lens group form a second 
anamorphic telescopic system. The anamorphic telescope 
also may be constructed of more than one optical material 
tocorrect chromatic aberrations of the image. The present 
invention is also directed to a display system Which includes 
the combination of an optical system and an optical panel. 

[0011] The present invention solves problems experienced 
in the prior art, such as the use of expensive and cumber 
some projection equipment, by providing an optical system 
having a reduced optical path that produces an accurate 
image on a highly tilted inlet face surface relative to the 
image path, and Which does not suffer from chromatic 
distortion, improperly focused images, image distortions 
Which yield false aspect ratios or inconsistent point-to-point 
mapping to the image. The present invention also retains the 
advantages Which correspond to a stacked Waveguide panel, 
such as improved contrast and minimiZed depth of the panel 
and surrounding housing. 

[0012] Those and other advantages and bene?ts of the 
present invention Will become apparent from the detailed 
description of the invention hereinbeloW. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

[0013] For the present invention to be clearly understood 
and readily practiced, the present invention Will be described 
in conjunction With the folloWing ?gures, Wherein: 

[0014] FIG. 1 is an isometric vieW partly cross sectional 
schematic illustrating an ultrathin optical panel; 

[0015] FIG. 2 is a side vieW cross sectional schematic of 
an ultrathin optical panel and a light generation system; 

[0016] FIG. 3 is a schematic illustrating a horiZontal and 
vertical cross section of an ultrathin optical panel using a 
prismatic coupler; 
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[0017] FIG. 4 is a simpli?ed rear vieW schematic illus 
trating an optical system in conjunction With an optical 
panel; 

[0018] FIG. 5 is a side vieW schematic of an ultrathin 
optical panel using a preferred optical system. 

[0019] FIG. 6 is a detailed side vieW illustrating lens 
elements in the preferred optical system of the type gener 
ally depicted in FIG. 5 in conjunction With an optical panel; 

[0020] FIG. 7 is a detailed rear vieW illustrating the lens 
elements in the preferred optical system of the type gener 
ally depicted in FIG. 5 in conjunction With an optical panel; 

[0021] FIG. 8 is a detailed rear vieW illustrating lens 
elements and a folding mirror in an alternate optical system 
in conjunction With an optical panel; 

[0022] FIG. 9 is a detailed rear vieW illustrating lens 
elements and a folding mirror in another alternate optical 
system in conjunction With an optical panel; 

[0023] FIG. 10 is a detailed rear vieW illustrating lens 
elements and tWo folding mirrors in a further alternate 
optical system in conjunction With an optical panel; 

[0024] FIG. 11 is a spot diagram illustrating image focus 
ing performance using a preferred optical system and an 
optical panel; and 

[0025] FIG. 12 is a grid distortion plot diagram illustrat 
ing image distortion using a preferred optical system and an 
optical panel. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0026] It is to be understood that the ?gures and descrip 
tions of the present invention have been simpli?ed to 
illustrate elements that are relevant for a clear understanding 
of the present invention, While eliminating, for purposes of 
clarity, many other elements found in a typical optical 
display panel. Those of ordinary skill in the art Will recog 
niZe that other elements are desirable and/or required in 
order to implement the present invention. HoWever, because 
such elements are Well knoWn in the art, and because they 
do not facilitate a better understanding of the present inven 
tion, a discussion of such elements is not provided herein. 

[0027] For purposes of this disclosure, the phrase “optical 
Waveguide” is de?ned so as to include any type of light 
guiding member that utiliZes total internal re?ection to guide 
light. 

[0028] FIG. 1 is an isometric vieW schematic illustrating 
an optical panel 10. The optical panel 10 includes a plurality 
of Waveguides 10a, Wherein one end of each Waveguide 10a 
forms an inlet for that Waveguide, and Wherein the opposite 
end of each Waveguide 10a forms an outlet for that 
Waveguide, a light generation system 12, a housing 14 in 
Which the light generation system 12 and the plurality of 
Waveguides 10a are mounted, and a coupler 16. 

[0029] Each Waveguide 10a eXtends horiZontally, and the 
plurality of stacked Waveguides 10a eXtends vertically. The 
plurality of inlet ends de?ne an inlet face 20 for receiving 
image light 22. The plurality of outlet ends de?ne an outlet 
face 24 disposed substantially parallel With the inlet face 20 
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for displaying light 22. The light 22 may be displayed in a 
form such as, but not limited to, a video image 22a. 

[0030] The housing 14 is siZed larger in height and Width 
than the combination of the light generation system 12 and 
the plurality of Waveguides 10a, to alloW the placement of 
the plurality of Waveguides 10a and light generation system 
12 therein. The housing 14 has an open front to alloW for 
vieWing of the outlet face 24, and has a closed depth D 
looking from the open front to the back of the housing 14. 

[0031] The light generation system 12 provides the light 
22 vieWed through the Waveguides 10a. The light generation 
system 12 includes a light source 30, and a light redirection 
element 32 that redirects incident light 22 from the light 
source 30 into the coupler 16, Which light redirection 
element 32, in combination With the coupler 16, alloWs for 
a reduction in the depth D of the housing 14. This reduction 
alloWance occurs Where the light redirection element 32 is 
con?gured for turning the light 22 from a source 30, Which 
source 30 is placed Within the housing 14 proXimate to and 
parallel With the vertical stack of the plurality of Waveguides 
10a, into the coupler 16, Which then acutely turns the light 
22 into the Waveguides 10a. The coupler 16 is preferably 
effective for turning the image light in an eXemplary range 
of about 45° up to about 90°, in order to generate approXi 
mately horiZontal transmission through the plurality of 
Waveguides 10a. The light generation system 12 may also 
include a modulator 62 and further imaging optics 64 and is 
discussed With more particularity With respect to FIG. 2. 

[0032] The parallel surfaces of the inlet face 20 and the 
outlet face 24 alloW the panel 10 and enclosing housing 14 
to be made ultrathin in depth. The panel 10 has a nominal 
thickness T Which is the depth of the Waveguides 10a 
betWeen the inlet face 20 and the outlet face 24, and 
thickness T is substantially less than the height H and Width 
W of the outlet face 24. The panel 10 may be con?gured in 
typical television Width to height ratios of 4:3 or 16:9, for 
eXample. For a height H of about 55 cm and a Width W of 
about 73 cm, the panel thickness T of the present invention 
may be about 1 cm. The depth D may vary accordingly With 
the thickness T, but, in the embodiment described herein 
above, the depth D of the housing 14 is preferably no greater 
than about 17 cm. 

[0033] FIG. 2 is a side vieW cross sectional schematic of 
an ultrathin optical panel 10. The panel 10 includes a 
plurality of stacked Waveguides 10a, a light generation 
system 12, a coupler 16, and a housing 14. 

[0034] The light generation system 12, in one embodiment 
of the present invention, includes a projector 60 Which is 
optically aligned With a light redirection element 32. An 
image is projected onto the light redirection element 32, and 
is then redirected to the coupler 16 for transmission through 
the Waveguides 10a for display on the outlet face 24. In a 
preferred embodiment, the projector 60 is disposed adjacent 
to the top of the inlet face 20 for projecting the image light 
22 generally parallel thereto, and is spaced therefrom a 
distance suf?cient to alloW for a turning of the image light 
22 from the light redirection element 32 into the coupler 16 
for transmission through the Waveguides 10a. 

[0035] The projector 60 may include a suitable light 
source 30 for producing the light 22. The light source 30 
may be a light bulb (e.g. ?lament or arc type) or laser. The 
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projector 60 may be a slide projector or video projector 
Which may include a modulator 62 for modulating the light 
22 to form an image 22a. The modulator 62 may be, for 
example, a conventional Liquid Crystal Display (LCD), a 
Digital Micromirror Device (DMD), a GLV, a laser raster 
scanner, a PDLC, an LCOS, a MEMS, or a CRT. The 
projector 60 may also include suitable image optics 64 for 
distributing or broadcasting the image light 22 horiZontally 
and vertically across the light redirection element 32 for 
properly focused transmission to the coupler 16. The image 
optics 64 may include focusing and expanding lenses and/or 
mirrors. One or more light generation systems 12, such as 
betWeen 2 and 4 such systems, may be used to provide light 
to one or more portions of the coupler 16. Expansion lenses 
may be used for both the imaging optics 64 and the light 
redirection element 32 to expand the image light 22 both 
vertically and horiZontally over the coupler 16. Alterna 
tively, suitable rastering systems may be used as the light 
generation system 12 to form the image by rastering the 
image light 22 both horiZontally and vertically across the 
coupler 16. 

[0036] In the illustrated embodiment, the light 22 is ini 
tially projected from the projector 60 vertically doWnWard 
inside the housing 14 to the bottom thereof Where the light 
redirection elements 32 are mounted, and the light redirec 
tion elements 32 then redirect the image light 22 vertically 
upWardly at a large angle relative to the surface normal of 
the panel 10 for broadcast over the entire exposed surface of 
the coupler 16. In an alternative embodiment, the projector 
60 could be placed beneath or to either side of the inlet face 
20 rather than behind the inlet face 20. 

[0037] The alloWable incidence angle of the image light 
22 on the coupler 16 is determined by the capability of the 
coupler 16 to turn the light 22 into the inlet face 20 of the 
panel 10. The greater the turning capability of the coupler 
16, the closer the projector 60 may be mounted to the 
coupler 16 for reducing the required depth D of the housing 
14. 

[0038] FIG. 3 is a schematic illustrating a horiZontal and 
vertical cross section of an ultrathin optical panel 10. The 
panel 10 includes a plurality of vertically stacked optical 
Waveguides 10a, a light generation system 12 (see FIG. 2), 
a coupler 16, and a housing 14. 

[0039] Each Waveguide 10a of the plurality of Waveguides 
10a includes a central transparent core 80 having a ?rst 
index of refraction. The core 80 may be formed of any 
material knoWn in the art to be suitable for passing light 
Waves therethrough, such as, but not limited to plexiglass or 
polymers. The central core 80 may be formed of an optical 
plastic, such as Lexan®, commercially available from the 
General Electric Company®, or glass, such as type BK7. A 
preferred embodiment of the present invention is imple 
mented using individual glass sheets, Which are typically in 
the range betWeen 2 and 1000 microns thick, and Which may 
be of a manageable length and Width. The central core 80 is 
laminated betWeen at least tWo cladding layers 82. The 
cladding layers 82 immediately in contact With the cores 80 
have a second index of refraction loWer than that of the cores 
80, thus alloWing for substantially total internal re?ection of 
the light 22 as it is transmitted through the cores 80. The 
cladding 82 may be a suitable plastic, plexiglass, glass, 
adhesive, polyurethane, loW refractive index polymer, or 
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epoxy, for example, and is preferably black in color. Where 
multiple cladding layers 82 are used, it is preferable that a 
clear cladding layer contact the glass, and a black pigmented 
layer be disposed betWeen adjacent clear cladding layers, 
thus improving both vieWing contrast of the outlet face 24 
and internal re?ection of the light 22 through the core 80. 
The use of at least one black pigmented layer provides 
improved contrast by providing additional blackness at the 
outlet face 24. Further, the exposed edges of the black 
pigmented layer at the outlet face 24 are directly vieWable by 
the observer. Additionally, ambient light Which enters the 
Waveguides off-axis through the outlet face 24 Will be 
absorbed internally by the black pigmented layer. The black 
pigmented layer may be formed in any suitable manner such 
as With black spray paint, or carbon particles Within an 
epoxy adhesive joining together the adjacent cores 80 in one 
or more black pigmented layers. The manner of forming the 
cladding layers 82 and cores 80 is discussed With more 
speci?city hereinbeloW. 

[0040] The Waveguides 10a of a preferred embodiment are 
in the form of ?at ribbons extending continuously in the 
horiZontal direction along the Width of the outlet face 24. 
The ribbon Waveguides 10a are preferably stacked vertically 
along the height of the outlet face 24. The vertical resolution 
of the panel 10 is thus dependent on the number of 
Waveguides 10a stacked along the height of the outlet face 
24. For example, a stacking of 525 Waveguides Would 
provide 525 vertical lines of resolution. A greater number of 
Waveguides can of course be envisioned resulting in a higher 
corresponding resolution. 

[0041] The plurality of stacked Waveguides 10a may be 
formed by ?rst laying a ?rst glass sheet in a trough siZed 
slightly larger than the ?rst glass sheet. The trough may then 
be ?lled With a thermally curing epoxy. The epoxy is 
preferably black, in order to form a black layer betWeen 
Waveguides, thereby providing improved vieWing contrast. 
Furthermore, the epoxy should possess the properties of a 
suitable cladding layer 82, such as having a loWer index of 
refraction than the glass sheets to alloW substantially total 
internal re?ection of the light 22 Within the glass sheet. After 
?lling of the trough, glass sheets 80 are repeatedly stacked, 
and a layer of epoxy forms betWeen each glass sheet 80. The 
stacking is preferably repeated until betWeen approximately 
500 and 2000 sheets have been stacked. Uniform pressure 
may then be applied to the stack, thereby causing the epoxy 
to ?oW to a generally uniform level betWeen glass sheets 80. 
In a preferred embodiment of the present invention, the 
uniform level obtained is approximately 0.0002“ betWeen 
glass sheets 80. The stack may then be baked to cure at an 
elevated temperature for such time as is necessary to cure the 
epoxy, and the stack is then alloWed to cool sloWly in order 
to prevent cracking of the glass. After curing, the stack may 
be placed against a saW, such as, but not limited to, a 
diamond saW, and cut to a desired siZe. The cut portions of 
the panel 10 may then be polished to remove any saW marks. 

[0042] In an alternative embodiment of the present inven 
tion, a plurality of glass sheets 80 are individually coated 
With, or dipped Within, a substance having an index of 
refraction loWer than that of the glass, and the plurality of 
coated sheets are fastened together using glue or thermally 
curing epoxy, Which is preferably black in color. A ?rst 
coated glass sheet 10a is placed in a trough siZed slightly 
larger than the ?rst coated glass sheet 10a, the trough is ?lled 
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With a thermally curing black epoxy, and the coated glass 
sheets 10a are repeatedly stacked, forming a layer of epoxy 
betWeen each coated glass sheet 10a. The stacking is pref 
erably repeated until betWeen approximately 500 and 2000 
sheets have been stacked. Uniform pressure may then be 
applied to the stack, folloWed by a cure of the epoxy, and a 
saWing of the stack into a desired siZe. The stack may be 
saWed curved or ?at, and may be frosted or polished after 
saWing. 

[0043] In another alternative embodiment of the present 
invention, the glass sheets 80 preferably have a Width in the 
range betWeen 0.5“ and 1.0“, and are of a manageable 
length, such as betWeen 12“ and 36“. The sheets 80 are 
stacked, With a layer of black ultraviolet adhesive being 
placed betWeen each sheet 80. Ultraviolet radiation is then 
used to cure each adhesive layer, and the stack may then be 
cut and/or polished. 

[0044] After saWing and/or polishing the stack, each of the 
above embodiments of the method may also include bonding 
a coupler 16 to the inlet face 20 of the stack, and fastening 
the stack, having the coupler 16 bonded thereto, Within the 
rectangular housing 14. The stack is fastened such that the 
open front of the housing 14 is aligned With the outlet face 
24, and the light generator 12 Within the housing 14 is 
optically aligned With the coupler 16. 

[0045] The light generation system 12 provides light 22 
Which is incident on the coupler 16, and is con?gured 
substantially as discussed With respect to FIG. 2. The light 
source 30 of the light generation system 12 may be mounted 
Within the housing 14 in a suitable location to minimiZe the 
volume and depth of the housing 14. The source 30 can be 
mounted Within the housing 14 directly behind the inlet face 
20 at the top thereof to initially project light 22 vertically 
doWnWardly, Which light 22 is then turned by light redirec 
tion elements 32 of the light generation system 12 vertically 
upWardly to optically engage the coupler 16. In a preferred 
embodiment of the present invention, the individual 
Waveguides 10a extend horiZontally Without inclination, 
thus alloWing the image to be transmitted directly horiZon 
tally through the Waveguides 10a for direct vieWing by an 
observer, thereby alloWing the vieWer to receive full inten 
sity of the light 22 for maximum brightness. Another 
embodiment could include inclination of the Waveguides 
10a. A sheet of diffusing material may optionally be pro 
vided on the outlet face 24 to effect an improved vieWing 
angle of the display. Alternatively, instead of a sheet of 
diffusing material, a diffusing surface may be formed into 
the outlet face 24 itself to effect a similarly improved 
vieWing angle. Thus, for maximum brightness, the light 22 
incident from the light generation system 12 must be turned 
substantially horiZontally. A prismatic coupler 16 may be 
used to turn the light at an angle up to 90 degrees for entry 
into the inlet face 20. In one embodiment of the present 
invention, a Transmissive Right Angle Film (TRAF) turns 
the light at an angle of 81 degrees. 

[0046] The light coupler 16 adjoins the entire inlet face 20 
and may be suitably bonded thereto for coupling or redi 
recting the light 22 incident from the light generation system 
12 into the inlet face 20 for transmission through the 
Waveguides 10a. The Waveguides 10a (i.e. more speci?cally, 
cores 80) of the present invention may have a limited 
acceptance angle for receiving incident light 22, and the 
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coupler 16 is aligned to ensure that the image light 22 is 
suitably turned to enter the Waveguide cores 80 Within the 
alloWable acceptance angle. 

[0047] In a preferred embodiment of the present invention, 
the coupler 16 includes prismatic grooves 16a that are 
straight along the Width of the inlet face 20 and are spaced 
vertically apart along the height of the inlet face 20, Which 
prismatic coupler 16 is capable of turning light up to an 
angle of 90 degrees. In another preferred embodiment of the 
present invention, the prismatic coupler 16 is a TRAF 
commercially available from the 3M Company® of St. Paul, 
Minneapolis, under the tradename TRAF II®. An optional 
re?ector may be disposed closely adjacent to the prismatic 
coupler 16 for re?ecting back into the Waveguides 10a any 
stray light 22 at the grooves 16a. As still another preferred 
embodiment of the present invention, the coupler 16 (or light 
redirecting surface) may instead be formed into the inlet face 
20 itself. 

[0048] The coupler 16 may also take the form of a 
diffractive element 16. The diffractive coupler 16 includes a 
diffractive grating having a large number of small grooves 
extending horiZontally and parallel With the individual 
Waveguides 10a, Which grooves are closely spaced together 
in the vertical direction over the height of the inlet face 20. 
The coupler 16 may take other forms as Well, including, but 
not limited to, holographic or Fresnel elements. It may also 
be envisioned that a coupler 16 may optionally be omitted 
from the panel 10 depending on the orientation of the panel 
10 With respect to the optical system employed. 

[0049] The housing 14 supports the Waveguide stack 10a 
and the light generation system 12 in a substantially closed 
enclosure. The outlet face 24 faces outWardly and is exposed 
to the vieWer and ambient light, and the inlet face 20 and 
adjoining coupler 16 face inWardly toWard preferably black 
surfaces Within the housing 14, thereby providing additional 
black for contrast at the outlet face 24. This additional black 
is provided at the outlet face 24 due to the passive nature of 
the Waveguides 10a and the coupler 16. When these passive 
devices are enclosed in a black area, the outlet face 24 Will 
appear black When not illuminated by image light 22 inci 
dent on the inlet face 20. 

[0050] FIG. 4 is a simpli?ed rear vieW schematic illus 
trating an optical system 100 (i.e. excluding the panel 10) 
used to project an image from an image source 110 onto an 
optical panel 10 (also shoWn for illustration purposes in 
FIG. 4). The optical system 100 may replace the light 
generation system 12 as described above in conjunction With 
FIG. 2. The optical system 100 includes an image source 
110, an imaging element 120, an anamorphic telescope 130, 
and a ?nal mirror 140. The optical panel 10 may be of the 
type described in the above embodiments With respect to 
FIGS. 1-3. Alternatively, the optical panel 10 may be of 
different type dependent on design choice or routine experi 
mentation by the skilled artisan. For example, the optical 
panel 10 may be a conventional lenticular rear projection 
screen. The image source 110, imaging element 120, 
anamorphic telescope 130, and ?nal mirror 140 are prefer 
ably all nominally symmetric about a single plane that 
ideally contains all of the centers of curvature of the optical 
elements. For purposes of this discussion only, this plane 
Will be referred to herein as the “y-Z plane”. 

[0051] As used herein, the incident angle 0 is de?ned as 
the angle formed betWeen a line draWn from the center of the 



US 2002/0140912 A1 

image source to the center of the display image plane, and 
a line perpendicular to the display image plane. As illus 
trated in FIG. 5, the line from the center of the image source 
to the center of the display image plane is re?ected via ?nal 
mirror 140. The image is projected onto the display image 
plane at an incident angle 0 preferably greater than Zero. In 
a preferred embodiment of the invention, incident angle 0 is 
in the range of approximately 50°-85°. In a more preferred 
embodiment of the invention, incident angle 0 is approxi 
mately 78°. 

[0052] Since the tilt associated With this con?guration is 
substantial, optical tilting of the image source or plane is 
preferably spread out gradually over the entire optical train. 
In other Words, the optical elements in the optical train, i.e. 
the imaging element 120, the anamorphic telescope 130, and 
the ?nal mirror 140, each effect a tilt on the image of the 
object. HoWever, it is possible to accomplish this using only 
one or some of the optical elements in the optical train. The 
image source 110 and the imaging element 120 are each 
tilted about the x-axis. Tilting the image source 110, the 
imaging element 120, and panel 10 in this Way makes use of 
the Scheimp?ug rule to effect an intermediate tilt on the 
virtual intermediate image plane. 

[0053] The imaging element 120 creates a virtual image in 
a virtual intermediate image plane at an angle intermediate 
to the angle betWeen the plane of the image source 110 (the 
“object plane”) and the targeted inlet face 20 plane (the 
“display image plane”). The anamorphic telescope 130 and 
?nal mirror 140 are also tilted about the x-axis to effect a 
further tilt of the ?nal image plane. Although the tilting by 
the anamorphic telescope 130 is not required for the optical 
system 100 to produce a tilted image, it is useful to provide 
some degree of tilt by the anamorphic telescope 130 to 
thereby improve image quality. 

[0054] The image source 110 may be an illuminated 
object, eg an LCD or a DMD, or an emissive object, eg 
an LED array or a laser. In a preferred embodiment, the 
image source 110 is a chromatic image-combining projector. 
The imaging element 120 enlarges magni?cation of an 
image from the image source 110 in a ?rst direction and in 
a second direction Which is perpendicular to the ?rst direc 
tion. In a preferred embodiment, the imaging element 120 
enlarges magni?cation of an image from the image source 
110 equally in a ?rst direction and in a second direction 
Which is perpendicular to the ?rst direction. The imaging 
element 120 may include at least one lens Which is com 
prised of a loW color dispersion material, and at least one 
additional lens Which is comprised of a high color dispersion 
material such that chromatic aberration (i.e. in both lateral 
and longitudinal directions) of the image is corrected. For 
purposes of this disclosure, loW color dispersion material is 
a material Which exhibits less color separation associated 
With it When light refracts at it’s surface as compared to a 
high color dispersion material. Examples of loW color dis 
persion materials are acrylic and Zeonex®. Zeonex® is 
commercially available by Zeon Chemicals in Louisville, 
Ky. Examples of high color dispersion materials are poly 
styrene and polycarbonate. Other loW and high color dis 
persion materials may of course be used in the practice of 
this invention. 

[0055] When light refracts at the surface of a lens, for 
example, constructed of a loW color dispersion material, 
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longitudinal color separation occurs. After the light has 
traversed through the lens and is refracted again at the 
second surface, both longitudinal color separation and lat 
eral color offset may be present. It is possible to utiliZe a 
second lens constructed of a high color dispersion material 
and having a compensating shape so that When positioned 
adjacent to or in the vicinity of the ?rst lens, the effect is to 
undo the color separation and color offset. In a preferred 
embodiment, a ?rst lens is constructed of a loW color 
dispersion material Which causes the color spread Which 
may be undone by positioning a second lens constructed of 
a high color dispersion material adjacent to or in its vicinity. 
Of course, the ?rst lens may alternatively be a high color 
dispersion material folloWed by a compensating second lens 
of loW color dispersion material. Utilizing a pair of materials 
exhibiting dissimilar color dispersion values alloWs each 
pair to function similarly to a (combined) singular element, 
i.e. Without any color separation. In utiliZing this type of 
“paired materials” for each lens group, colors never separate 
beyond the respective lens groups and all the colors folloW 
the same or similar optical path. 

[0056] A majority of the color correction is performed in 
the imaging element 120. In a preferred embodiment, the 
imaging element 120 includes three lenses Which are com 
prised of a loW color dispersion material, and tWo lenses 
Which are comprised of a high color dispersion material. The 
individual lenses Which comprises the imaging element 120 
are illustrated in detail in FIGS. 6-10. The imaging element 
120 comprises at least one rotationally symmetric surface 
and the lenses comprising the imaging element 120 are 
comprised of either glass or plastic or a combination of glass 
and plastic. The imaging element 120 may comprise at least 
one surface of the spherical, aspherical, diffractive, or 
Fresnel type, or a combination of these surface types. Also, 
the imaging element 120 comprises at least one lens Which 
is tilted and decentered With respect to a central longitudinal 
optical axis of the image source 110. Preferably, the imaging 
element 120 consists of lenses Which are all tilted and 
decentered as an entire group With respect to the central 
longitudinal optical axis of the image source 110. 

[0057] The anamorphic telescope 130 is provided in the 
optical system 100 mainly for reducing anamorphic distor 
tion of the image and is preferably positioned subsequent the 
imaging element 120 Within the optical path of the optical 
system 100. Although, in some con?gurations, it may be 
desirable to position the imaging element 120 subsequent 
the anamorphic telescope 130 Within the optical path of the 
optical system 100. For purposes of this disclosure, a fully 
focused anamorphic optical system has different magni?ca 
tion of an image in a ?rst direction (e.g. horiZontal) than in 
a second direction (e.g. vertical) Which is perpendicular to 
the ?rst direction. 

[0058] In a display system Where a focused 4:3 projected 
image is to be displayed on a display image plane Which is 
tilted dramatically about a horiZontal axis, the horiZontal 
extent of the image is relatively unaffected While the vertical 
extent of the image is signi?cantly elongated. A conven 
tional anamorphic optical system Would typically either 
shrink the elongated image vertically While leaving the 
horiZontal aspect of the image unaffected, or enlarge the 
elongated image horiZontally While leaving the vertical 
aspect of the image unaffected. This type of “classic” 
anamorphic system utiliZes tWo lens groups and may be 
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referred to as a type of anamorphic telescope. However, 
utilizing a classic anamorphic telescope (i.e. consisting of 
tWo lens groups) provides all the anamorphic correction into 
one axis. To use this approach to achieve the result of the 
present invention, very poWerful optic lenses Would be 
required that could yield serious design problems, such as 
the inability to provide pre-correction of trapeZoidal image 
distortion (otherWise knoWn as “keystone-type” distortion) 
resulting from utiliZing a highly tilted display image plane, 
chromatic aberration and poor focus of the image. 

[0059] To overcome the aforementioned draWbacks of a 
classic anamorphic telescope, the anamorphic telescope 130 
of the present invention is utiliZed. The anamorphic tele 
scope 130 reduces magni?cation of the image in a ?rst 
direction and enlarges magni?cation of the image in a 
second direction Which is perpendicular to the ?rst direction. 
The anamorphic telescope 130 includes three lens groups, 
i.e. a ?rst lens group 131, a second lens group 132, and a 
third lens group 133. The ?rst lens group 131 and the second 
lens group 132 form a ?rst anamorphic telescopic system. 
The second lens group 132 and the third lens group 133 form 
a second anamorphic telescopic system. The ?rst anamor 
phic telescopic system is used to reduce magni?cation of the 
image in a ?rst direction, While the second anamorphic 
telescopic system enlarges magni?cation of the image in a 
second direction Which is perpendicular to the ?rst direction. 
The functions of the ?rst and second anamorphic telescopic 
systems may optionally be reversed. In other Words, the 
second anamorphic telescopic system may be used to reduce 
magni?cation of the image in the ?rst direction, While the 
?rst anamorphic telescopic system enlarges magni?cation of 
the image in the second direction. 

[0060] It is apparent that the second lens group 132 has the 
dual role of functioning as a lens group for both the ?rst 
anamorphic telescopic system and the second anamorphic 
telescopic system. The utiliZation of the second lens group 
132 in this fashion (i.e. as part of both the ?rst anamorphic 
telescopic system and the second anamorphic telescopic 
system) enables the optical system to provide a relatively 
gentle (i.e. as compared to a classic anamorphic system) 
reduction of the image in the ?rst direction by having 
relatively gentle (i.e. as compared to a classic anamorphic 
system) expansion of the image in the second direction, all 
the While providing a compact optical system. The combined 
use of the ?rst anamorphic telescopic system to reduce 
magni?cation of the image in the ?rst direction and the 
second anamorphic telescopic system to enlarge magni?ca 
tion of the image in the second direction result in an accurate 
?nal aspect ratio of the image that has consistent linear 
point-to-point mapping of the image. 

[0061] Within each of the three lens groups, there is at 
least one cylindrical or bi-laterally symmetrical element 
Which may have an aspherical surface. In a preferred 
embodiment, the ?rst lens group 131 comprises tWo off-axis 
rotationally symmetric surfaces and tWo conic cylindrical 
surfaces although it may be envisioned that more or less 
lenses may be utiliZed Within the scope of the invention. The 
?rst lens group 131 produces negative poWer in the ?rst 
direction and positive poWer in the second direction Which 
is perpendicular to the ?rst direction. The ?rst lens group 
131 may include at least one lens Which is comprised of a 
loW color dispersion material, and at least one additional 
lens Which is comprised of a high color dispersion material 
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such that chromatic aberration of the image is corrected. 
Examples of loW color dispersion materials are acrylic and 
Zeonex®. An example of a high color dispersion material is 
polystyrene. Other loW and high color dispersion materials 
may of course be used in the practice of this invention. In a 
preferred embodiment, the ?rst lens group 131 includes one 
lens Which is comprised of a loW color dispersion material, 
and another lens Which is comprised of a high color disper 
sion material. The individual lenses Which comprises the 
?rst lens group 131 are illustrated in detail in FIGS. 6-10. 
The ?rst lens group 131 may comprise at least one rotation 
ally symmetric surface and the lenses comprising the ?rst 
lens group 131 are comprised of either glass or plastic or a 
combination of glass and plastic. The ?rst lens group 131 
may comprise at least one surface of the spherical, aspheri 
cal, diffractive, or Fresnel type, or a combination of these 
surface types. Also, the ?rst lens group 131 may comprise at 
least one lens Which is tilted and decentered With respect to 
a central longitudinal optical axis of the lenses Which 
comprise the imaging element 120. Preferably, the ?rst lens 
group 131 consists of lenses Which are all tilted and decen 
tered With respect to the central longitudinal optical axis of 
the lenses Which comprise the imaging element 120. 

[0062] The second lens group 132 preferably comprises 
tWo off-axis rotationally symmetric surfaces and tWo conic 
cylindrical surfaces although it may be envisioned that more 
or less lenses may be utiliZed Within the scope of the 
invention. The second lens group 132 produces positive 
poWer in the ?rst direction and positive poWer in the second 
direction Which is perpendicular to the ?rst direction. The 
second lens group 132 may include at least one lens Which 
is comprised of a loW color dispersion material, and at least 
one additional lens Which is comprised of a high color 
dispersion material such that chromatic aberration of the 
image is corrected. Examples of loW color dispersion mate 
rials are acrylic and Zeonex®. An example of a high color 
dispersion material is polystyrene. Other loW and high color 
dispersion materials may of course be used in the practice of 
this invention. In a preferred embodiment, the second lens 
group 132 includes one lens Which is comprised of a loW 
color dispersion material, and another lens Which is com 
prised of a high color dispersion material. The individual 
lenses Which comprises the second lens group 132 are 
illustrated in detail in FIGS. 6-10. The second lens group 
132 may comprise at least one rotationally symmetric sur 
face and the lenses comprising the second lens group 132 are 
comprised of either glass or plastic or a combination of glass 
and plastic. The second lens group 132 may comprise at least 
one surface of the spherical, aspherical, diffractive, or 
Fresnel type, or a combination of these surface types. Also, 
the second lens group 132 may comprise at least one lens 
Which is tilted and decentered With respect to a central 
longitudinal optical axis of the lenses Which comprise the 
imaging element 120. Preferably, the second lens group 132 
consists of lenses Which are all tilted and decentered With 
respect to the central longitudinal optical axis of the lenses 
Which comprise the imaging element 120. 

[0063] The third lens group 133 preferably comprises one 
off-axis rotationally symmetric surfaces and ?ve conic cylin 
drical surfaces although it may be envisioned that more or 
less lenses may be utiliZed Within the scope of the invention. 
The third lens group 133 produces positive poWer in the ?rst 
direction and negative poWer in the second direction Which 
is perpendicular to the ?rst direction. The reduction in the 
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magni?cation in the ?rst direction Was accomplished by the 
negative power in the ?rst lens group 131 and the positive 
poWer in the second lens group 132. The enlargement in the 
magni?cation in the second direction Was accomplished by 
the positive poWer in the second lens group 132 and the 
negative poWer in the third lens group 133. In a preferred 
embodiment, the ?rst lens group 131 produces loW positive 
poWer in the second direction, and the third lens group 133 
produces loW positive poWer in the ?rst direction. The third 
lens group 133 may include at least one lens Which is 
comprised of a loW color dispersion material, and at least 
one additional lens Which is comprised of a high color 
dispersion material such that chromatic aberration of the 
image is corrected. Examples of loW color dispersion mate 
rials are acrylic and Zeonex®. An example of a high color 
dispersion material is polystyrene. Other loW and high color 
dispersion materials may of course be used in the practice of 
this invention. In a preferred embodiment, the third lens 
group 133 includes one lens Which is comprised of a loW 
color dispersion material, and another lens Which is com 
prised of a high color dispersion material. The individual 
lenses Which comprises the third lens group 133 are illus 
trated in detail in FIGS. 6-10. The third lens group 133 may 
comprise at least one rotationally symmetric surface and the 
lenses comprising the third lens group 133 are comprised of 
either glass or plastic or a combination of glass and plastic. 
The third lens group 133 may comprise at least one surface 
of the spherical, aspherical, diffractive, or Fresnel type, or a 
combination of these surface types. Also, the third lens 
group 133 may comprise at least one lens Which is tilted and 
decentered With respect to a central longitudinal optical axis 
of the lenses Which comprise the imaging element 120. 
Preferably, the third lens group 133 consists of lenses Which 
are all tilted and decentered With respect to the central 
longitudinal optical axis of the lenses Which comprise the 
imaging element 120. 

[0064] The various lenses Within each lens group and the 
imaging element 120 may each be tilted or de-centered With 
respect to the central longitudinal optical axis 101 (FIG. 4) 
of the optical system 100 dependent on the amount or type 
of correction desired. These adjustments to the individual 
component groups (i.e. tilting and de-centering) may be 
determined through routine experimentation and may there 
fore become apparent to the skilled artisan in light of the 
present disclosure. Each of the lenses may be arranged or 
adjusted independently from the other remaining elements 
of the optical system 100. For example, the arrangement or 
adjustment may require the second lens group 132 to have 
a positive tilt With respect to the central longitudinal optical 
axis 101 of the optical system 100, While the ?rst lens group 
131 and third lens group 133 each have a negative tilt With 
respect to the central longitudinal optical axis 101 of the 
optical system 100. Other con?gurations Will, or course, fall 
Within the scope of the present invention in light of this 
description. Alternatively, the exact number of lenses Within 
each lens group of the anamorphic telescope 130 may be 
dependent on the overall con?guration of the optical system 
(including the above-mentioned tilting and chromatic aber 
ration correction), the value for incident angle 0 the mag 
ni?cation desired, and the image quality desired. 
[0065] By utiliZing a signi?cant amount of tilt and/or 
decentration Within the ?rst lens group 131, substantial 
correction of keystone distortion occurs. Some or all of the 
lenses Within the imaging element 120, second lens group 
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132, and the third lens group 133 may also contribute to 
keystone correction although preferably to a lesser degree 
than that provided by lenses Within the ?rst lens group 131. 

[0066] The ?nal mirror 140 in the optical system 100 is 
used mainly to re?ect the image toWard the display image 
plane and is positioned subsequent the third lens group 133 
Within the optical path of the image. The ?nal mirror 140 
preferably comprises a biconic surface Which is indepen 
dently anamorphic and conic in a ?rst direction and in a 
second direction Which is perpendicular to the ?rst direction. 
In a preferred embodiment, the ?nal mirror 140 has positive 
poWer and is preferably con?gured to re?ect light rays 
Which are non-parallel With respect to each other betWeen 
the ?nal mirror and the display image plane. Since keystone 
distortion correction occurs in the lenses as described above 
(and mainly occurs in the ?rst lens group 131 Which pref 
erably has the greatest tilt), keystone distortion is corrected 
Without resorting to parallel rays. The other lenses through 
out the optical system 100 assist in the correction of key 
stone distortion to effect a gradual and therefore, more gentle 
correction than if it Were performed by a single element. It 
may be alternatively desired to con?gure the ?nal mirror 140 
such that light rays betWeen the ?nal mirror and the display 
image plane are parallel With respect to each other. Thus, in 
this particular con?guration, principal light rays re?ecting 
off the ?nal mirror 140 of this type (i.e. having parallel rays 
being re?ected therefrom) do not further separate (i.e. not 
conical in shape) and thus, this con?guration results in the 
image source appearing to come from an in?nite distance. In 
either con?guration, the ?nal mirror 140 may optionally be 
con?gured to assist in the reduction or elimination of 
keystone distortion. Also, if desired, the ?nal mirror 140 
may optionally be used to introduce a tilt on the image of the 
object (as mentioned above) and may also optionally be used 
to focus the image. Further, the ?nal mirror 140 may 
alternatively comprise a spherical, aspherical, Fresnel, pla 
nar, or diffractive surface, or combinations thereof. The 
center of curvature of the imaging element 120, the anamor 
phic telescope 130, and the ?nal mirror 140 are each 
preferably aligned Within a common plane. Also, one or tWo 
elements selected from the imaging element 120, the 
anamorphic telescope 130, and the ?nal mirror 140 effect a 
tilt on the image. More preferably, it is desired to have the 
imaging element 120, the anamorphic telescope 130, and the 
?nal mirror 140 each effect a tilt on the image. Optionally, 
the ?nal mirror 140 may be replaced by a transmissive 
element or by a combined transmissive/re?ective element. It 
may alternatively be possible to omit the ?nal mirror 140. 

[0067] As an alternative to providing the keystone correc 
tion With the lenses Within the imaging element 120 or 
Within the three groups comprising the anamorphic tele 
scope 130, the reduction or elimination of the keystone-type 
distortion may be performed electronically. For example, 
image source 110 may be a DMD con?gured to produce an 
image having an “inverse keystone-type distortion” Which 
compensates for the keystone-type distortion caused by the 
optics of the projection path. Of course, this distortion 
correction technique can be used to compensate for any 
other distortion correction or focusing elements provided in 
the optical system. Although this technique has been 
described With reference to a DMD modulator, other modu 
lators such as a raster scanner or an LCD may be used. 


























