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(57) Abstract: An illumination system for increasing the brightness of a light source com-
prises an optical recycling device coupled to the light source, preferably light emitting diode
(LED), for spatially and/or angularly recycling light. The optical recycling device spatially
recycles a portion of rays of light emitted by the LED back to the light source using a re-
flector or mirror and/or angularly recycles high angle rays of light and transmits small angle
rays of light, thereby increasing the brightness of the light source’s output.
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ILLUMINATION SYSTEM AND METHOD FOR RECYCLING LIGHT TO
INCREASE THE BRIGHTNESS OF THE LIGHT SOURCE

BACKGROUND

[0001] This invention relates to systems and methods for increasing the brightness
of illumination systems, particularly for an illumination system and method that recycles
light emitted from a light source in order to increase the brightness of that light source.

[0002] Light sources are used in all types of illumination applications. Typical
light sources include but are not limited to arc lamps, halogens, fluorescent devices,
microwave lamps, and Light Emitting Diodes (LEDs). Many applications require an
illumination system with a high level of brightness in a small effective emitting area. This
high level of brightness can be accomplished conventionally by adding more light sources.
However, this can be both technologically impossible if there is a limited space for
integrating light sources and economically unfeasible as it can be expensive to integrate and
use multiple light sources. Accordingly, the present invention proceeds upon. the
desirability of increasing the brightness of a light source without increasing the number of
the light source.

[0003] For example, microdisplay based television (MDTV) has the potential of
being low cost with large screen size. Traditional MDTVs are usually illuminated by arc
lamps. Although this light source is the brightest at the lowest cost, the need to split the
. white light into 3 colors and the short lifetime make is less desirable. With advances in
LED technology, the use of LED as the light source in MDTVs has to be considered to
capture the long life feature of LEDs and other benefits such as instant ON. However, at
the present time, LEDs are not bright enough for low cost application using small imaging
panels or with larger screens. LED recycling scheme has been used to enhance the
brightness of the light source, see U.S. Patent 6,869,206 issued to Zimmerman et al.
However, Zimmerman et al. describes enclosing the LEDs in a light-reflecting cavity with
one light output aperture. Also, U.S. Patent 6,144,536 issued to Zimmerman et al.
describes a fluorescent lamp having a glass envelope with a phosphor coating enclosing a
gas filled hollow interior. A portion of the light generated by the phosphor coating is
recycled back to the phosphor coating. The present invention proceeds upon the
desirability of providing a recycling device that can be coupled to one or more LEDs to
increase the useable brightness of the LED by recycling efficiently such that smaller panels

can be used or large screens can be illuminated with sufficient brightness.
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[0004] For example, LEDs are one type of light source used in many illumination
applications such as general lighting, architectural lighting, and more recently in projection
televisions. When used in projection televisions for example, LEDs must emit light in a
small effective emitting area at a high brightness level in order to provide the requisite high
light output on the television screen. Specifically, the LEDs must provide an intense and
bright light as measured in lumens at a small and solid angle in a small emitting area to be
useful in projection telveisions. Unfortunately, the currently available LEDs are not bright
enough to be useful in illuminating large projection television screens, which are
increasingly popular with the consumer.

[0005] Therefore, there is a need for a method and system for increasing the
brightness of LEDs so as to provide an illumination system that meets the demands of the

current and future applications at a reasonable cost.

SUMMARY OF THE INVENTION

[0006] Therefore, it is an object of the present invention to provide an
illumination system that solves the aforesaid problems of the prior art.

[0007] Another objeci of the present invention is to provide the illumination
system comprising a recycling device to recycle a portion of the light emitted by the light
source to increase the brightness of the light output.

[0008] A further object of the present invention is to provide the illumination
system comprising a spatial recycling device for recycling light by reflecting a portion of
the light emitted by the light source back to the light source to increase the brightness of the
light output.

[0009] A still another object of the present invention is to provide the illumination
system comprising an angular recycling device for transmitting small angle light and
recycling high angle hi ght to increase the brightness of the light output.

[0010] A yet another object of the present invention is to provide the illumination
system comprising a spatial and angular recycling device for recycling a portion of the light
emitted by the light source to increase the brightness of the light output.

[0011] A still yet another object of the present invention is to provide the
illumination system as aforesaid, which additionally comprises a polarizer to reflect and
recycle the light with undesirable polarization, thereby enhancing the recycling effect of the

recycling device.
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[0012] The present invention is directed to an illumination system that recycles
light to increase the brightness of a light source, thereby enabling the illumination system to
provide a higher output of light at a reasonable cost. In accordance with an exemplary
embodiment of the present invention, the illumination system for recycling light to increase
brightness comprises a spatial recycling device. The spatial recycling device comprises a
light pipe which is coupled to the light source, preferably a LED chip mounted on a
substrate. The spatial recycling device recycles light by covering a portion of the output
end of the light pipe with a reflective medium or coating so that the light from the light
source is reflected by the reflective medium back into the light source through the light
pipe. The light source re-emits the reflected light into the light pipe, thereby increasing the
brightness of the light output from the illumination system.

[0013] In accordance with an exemplary embodiment of the present invention, the
illumination system for recycling light to increase brightness comprises an angular
recycling device. The angular recycling device comprises a tapered light pipe coupled to a
light source, preferably a LED chip mounted on a substrate. Preferably, the tapered light
pipe is decreasingly tapered light pipe where the light pipe tapers from a larger cross-
sectional dimension at the input end to a smaller cross-sectional dimension at the output
end. The angular recycling device transmits small angle light and reflects large angle light
back into the light source. The light source re-emits the reflected light at a different angular
distribution, thereby increasing the brightness of the light output.

[0014] In accordance with an exemplary embodiment of the present invention, the
angular recycling device comprises a decreasingly tapered light pipe coupled to a light
source, preferably a LED chip mounted on a substrate, and an increasingly tapered light
piped coupled to the output end of the decreasingly tapered light pipe. The decreasingly
tapered light pipe tapers from a smaller cross-sectional dimension at the input end to a
larger cross-sectional dimension at the output end. The angular recycling device transmits
small angle light and reflects large angle light back into the light source, thereby increasing
the brightness of the light output.

[0015] In accordance with an exemplary embodiment of the present invention, the
angular recycling device comprises a lens system coupled to a light source, preferably a
LED chip mounted on a substrate. The lens systems comprises a lens surface or lens at the
center surrounded by concave reflectors or reflective surfaces. Alternatively, the reflectors

can be dual parabolid reflectors where the high angle rays of light are reflected twice before
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being focused back onto the LED chip. The reflectors and reflective surfaces reflect the
high angle rays of light back into the LED chip for recycling and the lens or lens surface
couples the small angle rays of light as light output, thereby increasing the brightness of the
light output.

[0016] In accordance with an exemplary embodiment of the present invention, an
optical recycling device to increase the brightness of a light source comprises a
transmission medium for transmitting the plurality of rays of light from the light source.
The transmission medium has an output end and input end coupled to the light source. A
mirror or reflector is coupled to the output end of the transmission medium for recycling a
portion of the plurality of rays of light by reflecting the portion of the plurality of rays of
light back to the light source through the input end of the transmission medium to be re-
emitted by the light source, thereby increasing the brightness of the light source’s output.

(0017] In accordance with an exemplary embodiment of the present invention, a
method for increasing the brightness of an illumination system comprises the steps of:
providing a light source and a light pipe comprising an input end and an output end; the
light pipe further comprising a reflective medium disposed on the output end; producing
rays of light by the light source; positioning the light pipe so that the input end is
substantially proximal to the light source; collecting rays of light at the input end; reflecting
a portion of the rays of light by the reflective medium back into the light pipe; coupling the
reflected rays of light with light emitted from the light source; outputting the reflected rays
of light from the output end of the light pipe, thereby recycling light to increase the
brightness of the illumination system.

[0018] In accordance with an exemplary embodiment of the present invention, a
method for increasing the brightness of an illumination system comprising the steps of:
providing a light source and a tapered light pipe having an input end and an output end,
wherein the light pipe tapers from a larger cross-sectional dimension at said input end to a
smaller cross-sectional dimension at the output end; producing rays of light by the light
source; positioning the tapered light pipe so the input end is substantially proximal to the
light source; collecting the rays of light at the input end; reflecting a portion of the rays
having large angles back into the tapered light pipe decreasing thereby decreasing the
angle dimension; outputting small angle light from the output end.

[0019] In accordance with an exemplary embodiment of the present invention, a

method for increasing the brightness of a light source, comprises the steps of: coupling an
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optical recycling device to a light source to receive a plurality of rays of light from the light
source; recycling a portion of the plurality of rays of light back to the light source; and re-
emitting the portion of the plurality of rays of light to the optical recycling device by the
light source, thereby increasing the brightness of the light source’s output.

[0020] Various other objects, advantages and features of the present invention
will become readily apparent from the ensuing detailed description, and the novel features

will be particularly pointed out in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] The following detailed description, given by way of example, and not
intended to limit the present invention solely thereto, will best be understood in conjunction
with the accompanying drawings in which like components or features in the various
figures are represented by like reference numbers:

[0022] FIG. 1 is a cross-sectional side view of an LED chip mounted on a
substrate;

[0023] FIG. 2 shows the LED of FIG. 1 coupled to a light pipe;

[0024] FIG. 3 is a cross-sectional view of an illumination system in accordance
with an exemplary embodiment of the present invention, showing a reflector or mirror
covering a portion of the output end of the light pipe;

[0025] FIG. 4 shows the illumination system of Figure 3 additionally comprising
a polarizer covering a portion of the output end of the light pipe not covered by the reflector
in accordance with an exemplary embodiment of the present invention,

[0026] FIG. 5 is a cross-sectional side view of an illumination system in
accordance with an exemplary embodiment of the present invention, showing reflectors
around the perimeter of the output end of a tapered light pipe;

[0027] FIG. 6 is a cross-sectional side view of a decreasingly tapered light pipe
angularly recycling light in accordance with an exemplary embodiment of the present
invention;

[0028] FIG. 7 is a cross-sectionat side view of an illumination system comprising
decreasingly tapered light pipe of FIG. 7 in accordance with an exemplary embodiment of
the present invention having a tapered light pipe;

[0029] FIG. 8 is a cross-sectional side view of an illumination system comprising
two tapered light pipes coupled to each other in accordance with an exemplary embodiment

of the present invention;
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[0030] FIGs. 9a-b are cross-sectional side views of an illumination system
comprising two LEDs mounted on a substrate with a reflective coating disposed on the
substrate between the LED’s and respectively coupled to .a straight or tapered light pipe in
accordance with an exemplary embodiment of the present invention;

[0031] FIGs. 10a-b are cross-sectional side views of an illumination system
comprising two LEDs mounted on a substrate and respectively coupled to a straight or
tapered light pipe with a reflective coating disposed on the input end of the light pipe
between the LED’s in accordance with an exemplary embodiment of the present invention;

[0032] FIG. 1la is a cross-sectional side view of an illumination system
comprising two tapered light pipes, each tapered light pipe coupled at the input end to a
LED and at the output end to a same straight light pipe having a reflector covering a portion
of its output end to spatially recycle light in accordance with an exemplary embodiment of
the present invention;

[0033] FIG. 11b FIG. 11a is a cross-sectional side view of an illumination system
comprising two tapered light pipes, each tapered light pipe coupled at the input end to a
LED and at the output end to a same decreasingly tapered light pipe to angularly recycle
light in accordance with an exemplary embodiment of the present invention;

[0034] FIG. 12 shows a cross-sectional side view of the illumination system of
FIG. 11a additionally comprising a reflective polarizer covering the output end of the
straight light pipe in accordance with an exemplary embodiment of the present invention;

[0035] FIGs. 13a-d are cross-sectional side views of an illumination system
comprising color beam combiners, coupled to straight or tapered light pipe, for combining
the output of three LED chips in accordance with an exemplary embodiment of the present
invention;

[0036] FIGs. 14a-b are cross-sectional views of an illumination system
comprising a mounting frame for mounting a glass plate and a straight or tapered light pipe
coupled to an LED on a substrate in accordance with an exemplary embodiment of the
present invention;

[0037] FIGs. 15a-b are the illumination systems of FIGs. 14a-b comprising two
LED chips;

[0038] FIG. 16 is a cross-sectional side view of an illumination system
comprising a solid optical component having a lens surface for coupling small angle rays of

light and two concave reflective surfaces for retro-reflecting large angle rays of light to
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angularly recycle light in accordance with an exemplary embodiment of the present
invention;

[0039] FIG. 17 is a cross-sectional side view of an illumination system
comprising a lens for coupling small angle rays of light and concave reflectors for retro-
reflecting large angle rays of light to angularly recycle light in accordance with an
exemplary embodiment of the present invention;

[0040] FIG. 18 is a cross-sectional side view of an illumination system of FIG. 16
or 17 for angularly recycling light using dual paraboloid reflectors or reflective surfaces in
accordance with an exemplary embodiment of the present invention;

[0041] FIG. 19 is a cross-sectional side view of a LED illumination system
incorporating the optical recycling device in accordance with an exemplary embodiment of
the present invention; _

[0042] FIG. 20 is a cross-sectional side view of a LED illumination system having
LED chip with integrated optics incorporating the optical recycling device in accordance
with an exemplary embodiment of the present invention

[0043] FIG. 21 is a cross-sectional side view of a LED projection system
incorporating the optical recycling device in accordance with an exemplary embodiment of
the present invention;

[0044] FIG. 22 is a cross-sectional side view of a fiber optics system
incorporating the optical recycling device in accordance with an exemplary embodiment of
the present invention;

[0045] FIG. 23 is a cross-sectional side view of a LED projection system of FIG.
21 or fiber optics system of FIG. 22 having LED chip with integrated optics;

[0046] FIG. 24 illustrates calculated brightness enhancement curves for various
LED reflectivity in accordance with an exemplary embodiment of the present invention;

[0047] FIG. 25 illustrates experimental brightness enhancement curves for various
LED reflectivity in accordance with an exemplary embodiment of the present invention;
and

[0048] FIG. 26 illustrates calculated brightness enhancement curves with LED in
close proximity to the light pipe in accordance with an exemplary embodiment of the

present invention.
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DETAILED DESCRIPTION

[0049] With reference to the figures, exemplary embodiments of the invention are
now described. These embodiments illustrate principles of the invention and should not be
construed as limiting the scope of the invention.

[0050] In accordance with exemplary embodiments of the present invention, as
shown in FIGs. 3-5, 7-18, the illumination system 1000 for recycling light to increase the
brightness of the light source comprises a light source 100 and an optical recycling device
200. As shown in FIG. 1, the light source 100 is mounted on a substrate 140. The substrate
140 is preferably though not limited to a heatsink 140 for absorbing and dissipating heat
emitted from light source 100. Light source 100 is preferably a light emitting diode
(“LED”). The LED or light source 100 can be mounted to the substrate 140 as a bare chip,
a chip with a protective coating, or a chip with a lens or collimating lens mounted thereon.
The chip size can be as small as less than 1 mm by 1 mm, or as large as technologically
feasible. Commercial chips can be as large as 3 to 5 mm in dimension. The dimension of
such chips is increasing over time as technology matures. The lens mounted on the LED
chip 100 can be spherical in shape or tailored to any shape of the chip to achieve maximum
coupling such as aspheric, or a combination of shaped lens for transmission and shaped
surfaces for reflection. Although the present illumination system is described using an
LED as the light source 100, the light source 100 can be any light source including but not
limited to arc lamps, halogen lamps, surface emitting devices (SEDs), fluorescent devices;
microwave lamps, and other light sources as understood By those of skill in the art. In
accordance with an embodiment of the present invention, as shown in FIGs. 9a-13d and
15a-b, the present system can comprise a plurality of light sources 100 mounted on a single
substrate 140. In accordance with an aspect of the present invention, each light source 100
can be mounted on a separate substrate 140 as shown in FIGs. 11a - 12.

[0051] In accordance with exemplary embodiment of the present invention, the
optical device 200 can be a spatial and/or angular recycling device which is in optical
communication with light source 100. As described herein, the spatial or angular recycling
device 200 generally comprises a light pipe 300 which can be straight or tapered. As
shown in FIG. 2, the output of the light source or LED 100 is coupled to the light pipe 300
to provide a uniform intensity profile of the light at the output end 320 of the light pipe 300.

The light in the light pipe 300 being guided to the output end 320 through total internal
reflection. The output of the LED 100 is captured by the light pipe 300 and transmitted to
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the output end 320 of the light pipe 300. The light pipe 300 can be rectangular, hexagonal
or triangular in shape. Preferably, the shape of the light pipe 300 matches the shape of the
light source or LED 100 for high coupling efficiency. In the ideal case, the output of the
LED 100 is totally captured by the light pipe 300. When the cross-sectional dimensions of
the light pipe 300 matches the LED 100, the output brightness at the output end 320 of the
light pipe 300 will generally be same as the output brightness of the LED 100. However, in
commercial application, one can expect some coupling loss between the LED 100 and the
light pipe 300 and transmission loss within the light pipe 300.

[0052] In accordance with exemplary embodiments of the present invention, as
shown in FIGs. 3-5, 9a, 10a, 11a, 12, 13a, 14a, and 15a, the spatial optical recycling device
200 comprises a light pipe 300 and a reflector, mirror, reflective medium or reflector
system 400 coupled to the output end 320 of the light pipe 300. The input end 310 of the
light pipe 300 is in optical communication with or coupled to the light source 100 and the
output end 320 is coupled to the reflective medium 400. The optical communication can be
accomplished by placing the light pipe 300 in proximity with the light source 100 such that
the input end 310 of the light pipe 300 collects light emitted from the light source 100. In
the alternative, the input end 310 of the light pipe 300 can be affixed or glued to the light
source 100 using epoxy or any other such heat resistant, transparent connecting material. It
is appreciated that the light pipe 300 can be hollow or solid and can have any cross-
sectional dimensional shape including but not limited to rectangular, hexagonal, triangular,
etc. Preferably, the shape of the light pipe 300 preferably matches the shape of the light
source or LED 100 for high coupling efficiency.

[0053] The light pipe 300 can be of uniform cross-sectional dimension or can be
tapered having either increasing or decreasing cross-sectional dimension from the input end
310 to the output end 320. The optical recycling device 200 comprising a light pipe 300
with an increasing cross-sectional dimension can reduce the output numerical aperture.
Whereas, the optical recycling device 200 comprising a light pipe 300 with a decreasing
cross-sectional dimension can enhance the recycling of light at large angles, thereby
providing angular recycling of the light.

[0054] The light pipe 300 can be made of glass, quartz, plastic, fused silica,
acrylic, and the like. The light pipe 300 can have bare surfaces or surfaces coated with
material of low refractive index for light guiding similar to standard optical fibers or the

light pipe 300 can have any or all of its surfaces coated with a reflective coating such as
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aluminum. Although the recycling light pipe 300 described and shown herein is a solid
light pipe, in practice and commercial application, the light pipe 300 can be hollow with
openings at the input and output ends 310, 320 and mirrors forming the reflecting surfaces.
Openings at the input and output ends 310, 320 can be coated with anti-reflective material
to increase the efficiency of the light pipe 300 in recycling the light.

[0055] The reflective medium 400 is mounted on the output end of the light pipe
300 and covers a portion of the output end 320 of the light pipe 300. The reflective
medium 400 can be an external reflector, mirror or reflective coated material.
Alternatively, the reflective medium 400 can be integrated with the light pipe 300, such as
depositing the output end 320 of the light pipe 300 with reflective coating. Since the
reflective medium 400 covers the portion of the output end 320 of the light pipe 300, a
portion of the light from the light source 100 is reflected back into the light pipe 300. The
reflected light 110 is transmitted to the light source 100 by the light pipe 300 and re-emitted
or reflected back into the light pipe 300 as an output from the light source 100, as shown in
FIG. 3. Since the area of the output end 320 of the light pipe 300 is reduced by the reflector
400, any light reflected back into the light pipe 300 by the reflector 400 will enhance or
increase the brightness of the light being outf)utted from the light source 100 and exiting the
light pipe 300, thereby increasing the brightness of the illumination system in accordance
with an embodiment of the present invention. Although the overall output power will be
smaller from the light pipe 300, the brightness of the light output will be increased by the
recycling of a portion of the light from the light source 1000 by the optical recycling device
200 of the present invention.

[0056] Typically, the LED chip or die 100 has a certain reflectivity defined by the
ratio of light reflectivity off the surface compared to the amount of light incidence onto the
surface. The surface of the LED chip 100 is also non-specula, which is defined by the
scattering factor. The theoretical recycling efficiency of the spatial recycling device 200
calculated by ray tracing for various LED reflectivity is shown in FIG. 24. The brightness
enhancement of the spatial recycling device 200 of the present invention is plotted against
the number of LEDs 100, which is inverse of thepercentage (%) of opening at the output
end 320 of the light pipe 300. For example, the output of the spatial recycling device 200
of the present invention is 1.9 times brighter for a LED reflectivity of 60% for 20%
opening at the output end 320 (corresponding to five LEDs) of the light pipe 300.

10
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[0057] Experimental results plotted against the theoretical curves of FIG. 24 are
shown in FIG. 25 of the spatial recycling device 200 using an LED made by an undisclosed
vendor. A mirror 400 was placed at the output end 320 of the light pipe 300 such that the
mirror can be adjusted to provide various percent openings. Since the LED chip 100 was
mounted on the heat sink 140 with a transparent window, as a result, the coupling
efficiency was not 100% between the LED 100 and the light pipe 300. Additionally, the
reflectivity of the mirror 400 at the output end 320 of the light pipe 300 was not 100%.
Because of the reflectivity loss of the LED 100 and other experimental imperfections
contributing to the loss, the observed reflective was less than the reflectivity of the LED.
The physical model of the experimental spatial recycling device 200 was obtained with an
ASAP ray tracing program with R (reflectivity) and S (scattering) of the LED as curve
fitting parameters. At the best fit, the reflectivity R was found to be 52% and the scattering
R was found to be 18 degrees. Also, ASAP ray tracing was performed with window
removed such that the light pipe 300 is in close proximity to the LED die 100. FIG. 26
shows the calculated brightness enhancement with the LED die 100 in direct contact with
the light pipe 300 versus the number of LEDs 100, which is inverse of the percentage (%)
of opening at the output end 320 of the light pipe 300. For example, the brightness
enhancement of 1.6 times can be obtained for this LED die 100 using the spatial recycling
device 200 of the present for 20% opening at the output end 320 (corresponding to five
LEDs) of the light pipe 300.

[0058] In accordance with an exemplary embodiment of the present invention, as
shown in FIG. 4, the optical recycling device 200 includes a polarizing beam splitter (PBS)
220 or polarizer 210, preferably a reflective polarizer 210, to provide a polarized
illumination system 1000. The reflective polanizer 210 or PBS 220 can cover the entire
output end 320 of the light pipe 300 or only portion of the output end 320 not covered by
the reflector 400. Additionally, the reflective polarizer 210 or PBS 220 can be placed or
mounted on the output end 320 of the light pipe 300 before or after the reflector 400. The
reflective polarizer 210 or PBS 220 reflects the light with undesirable or unwanted
polarization back into the light pipe 300, thereby enhancing the recycling effect of the
optical recycling device 200 of the present invention and increasing the brightness of the
output light.

[0059] In accordance with an exemplary embodiment of the present invention, as

shown in FIG. 4, the optical recycling device 200 includes a wave plate 230 to promote
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scrambling of the light polarization state to increase the efficiency of the optical recycling
device 200. The wave plate 230 can be placed between the output end 320 of the light pipe
300 and the reflective polarizer 210.

[0060] Referring now to FIG. 5, in accordance with an exemplary embodiment of
the present invention, the spatial and angular recycling device 200 comprises an LED chip
100, a tapered light pipe 300 where the input end 310 is narrower than the output end 320,
and a mirror 400 around the perimeter of the output end 320 of the tapered light pipe 300.
The LED Chip 100 is mounted on the heatsink 140. The narrower input end 310 of the
tapered light pipe 300 is in optical communication with LED chip 100. It is appreciated
that an air gap between the LED chip 100 and the input end 310 of the tapered light pipe
300 can be filled low index epoxy. The utilization of the tapered light pipe 300 in this
embodiment of the present invention increases both the efficiency and brightness within a
certain cone angle. When LEDs 100 are used as the light source, the brightness is typically
the most important parameter because usually only the light output within a small angle can
be collected. For example, the collection angle in a commercially available rear projection
television (RPTV) is estimated to be about 38 degrees and the light emitted by the LEDs
100 in such RPTV from 38 to 90 degrees will be not utilized and wasted. The recycling
tapered light pipe 300 of the present invention collects light from the LED 100, selects the
appropriate éng]e of light to be transmitted as output and recycles the rest of the light back
to the LED 100, thereby recycling the non-utilized light outside the selected angle to
effectively increase the brightness of the LED 100. The mirror 400 placed around the
perimeter of the output end 320 of the light pipe 200 reflects the light outside the selected
angle to the LED 100, thereby recycling the unused light. The amount of light outputted by
the LED 100 using the spatial recycling device 200 of the present invention within the
selected angle is larger than the amount of light the LED 100 emits by itself within the
selected angle, thereby increasing the brightness of the LED 100 within the useable range.

[0061] In accordance with an exemplary embodiment of the present invention, as
shown in FIGs. 14a-b, the recycling or recovery light pipe 300 (straight or tapered) of the
present invention can be integrated with the packaging of the LED 100. The LED 100 and
a mounting frame 600 are mounted on the heatsink or substrate 140. A glass plate or cover
650 is mounted on the mounting frame 600 and can be integrated with or attached to the
light pipe 300. The glass cover 650 also serves to protect the LED chip 100. The size of
the mounting frame 600 can be adjusted to control the gap 610 between the light pipe 300
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and the LED chip 100. Preferably, the light pipe 300 is at close proximity to the LED chip
100 for maximum coupling of light from the LED 100 into the light pipe 300 and for light
reflected back to the LED 100 through the light pipe 300 by the mirror 400.

[0062] As shown in FIGs; 14a-b, at the output end 320 of light pipe 300, a portion
of the surface is covered with reflective surface (e.g., reflective medium, coating or mirror
400) to promote recycling of light within the light pipe 300. Preferably, the reflective
medium 400 is around the perimeter of the surface of the output end 320 of the light pipe
300. Although not shown, other configurations can be used, such as covering the part of
the output surface with the reflective medium 400 biased to one side or the other. As noted
herein, the light pipe 300 can be attached to the glass cover 650 to facilitate mounting of
various optical components of the optical recycling device 200. The assembly process for
an integrated light pipe of the present invention is similar to the standard LED assembly
except that the glass cover 650 is formed together with the light pipe 300. It is appreciated
that the light pipe 300 can be tapered (decreasing or increasing), straight, solid or hollow
depending on the application. A hollow light pipe can be assembled by attaching four
mirrors to the cover glass 650 by epoxy, solder, or other attachment means.

[0063] In accordance with an exemplary embodiment of the present invention, the
straight or tapered light pipe 300 can be integrated with the packaging of a multiple LED
chips 100, such as two LED chips 100 in FIGs. 15a-b. Multiple LEDs or LED chips 100
are mounted on the heatsink or substrate 140 with a single mounting frame 600. As shown
in FIGs. 15a-b, at the input end 310 of the light pipe 300, the surface corresponding to the
space between the LED chips 100 are coated with reflective coating promote recycling of
the light within the light pipe 300.

[0064] It is appreciated that most LEDs have Lambertian emission pattern.
Special LEDs made with photonic lattice has emission pattern that is enhanced at small
angle such the brightness is higher2. In either case, the brightness at small angle is higher
than the brightness at higher angle. As a result, if higher brightness is desired, only small
angle emission can be used, this wasting all the high angle emissions. The resulting system
is very inefficient. To overcome this shortcoming, an angular recycling system is used such
that the high angle emission is reflected back into the LED and only low angle emission is
being transmitted. Figure 5 shows the schematic diagram of an angular recycling system.

[0065] Referring to FIGs. 6-8, 9b, 10b, 11b, 13c-d, 14b and 15b, in accordance

with exemplary embodiments of the present invention, the optical recycling device 200
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comprises a hollow or solid tapered light pipe 300. FIG. 6 shows an angular recycling
device 200 comprising a decreasingly tapered light pipe 300 tapering from a larger area to a
small area (the input end 310 is larger than the output end 320). This decreasingly tapered
light pipe 300 can be used to filter out input light with large incidence angles. That is, input
light with large incidence angles are reflected and only input light with small incidence
angles are transmitted by the decreasingly tapered light pipe 300. The input light ray a0
entering the input end 310 of the decreasingly tapered light pipe 300 at an incidence angle
of Oa is reflected inside the decreasingly tapered light pipe 300 multiple tifnes and exits
through the output end 320 of the decreasingly tapered light pipe 300 as output ray al. Itis
appreciated that input light ray can exit the increasingly tapered light pipe 300 with a larger
degree of incidence. The light ray b0 entering the input end 310 of the decreasingly tapered
light pipe 300 at a large incidence angle of b is also reflected multiple times within the
decreasingly tapered light pipe 300, but before reaching the output end 320 of the
decreasingly tapered light pipe 300, the angle of the light ray b0 reaches beyond 90 degrees
of incidence. The light ray b0 starts to reflect back towards the input end 310 of the
decreasingly tapered light pipe 300 and exits the input end 310 rather than the output end
320 of the decreasingly tapered light pipe 300 as light ray bl, as shown in FIG. 6. The
decreasingly tapered light pipe 300 in effect acts as an angle filter for the incident input
light, in which light with small incidence angles are transmitted and light with large
incidence angles are rejected or reflected by the decreasingly tapered light pipe 300.

[0066] In accordance with exemplary embodiments of the present invention, as
shown in FIGs. 7-8, 9b, 10b, 11b, 13 c¢-d, 14b and 15b, the angular recycling device 200
comprises decreasingly tapered light pipe 300 and a plurality of LEDs 100. An LED 100 is
placed in front of the input end 310 of the decreasingly tapered light pipe 300 with the area
of the LED 100 being substantially the same as the area of the input end 310 of the
decreasingly tapered light pipe 300. The light with a high angle of incidence or high angle
light is reflected back into the LED 100 by the decreasingly tapered light pipe 300 of the
present invention. The reflected light is recycled in the LED 100 and reflected back into
the decreasingly tapered light pipe 300 with a different angular distribution than the original
input light. That is, a portion of the recycled reflected light now has a small angle of
incidence (or small angle light) to be transmitted by the decreasingly tapered light pipe 300
and coupled to the output of the decreasingly tapered light pipe 300. The small angle light
exits the output end 320 of the decreasingly tapered light pipe 300 as an output. Since the
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LED surface has scattering, part of the reflected light at higher angle is scattered to lower
angled and coupled out of the angular recycling device 200, thereby increasing the
brightness of the illumination system 1000. In accordance with an exemplary embodiment
of the present invention, as shown in FIG. 8, the output end 320 of the decreasingly tapered
light pipe 300 can be coupled to the input end 310 of another tapered light pipe 300
(preferably, increasingly tapered light pipe), thereby reducing the high angle light from the
LED but increasing the light output area.

[0067] In accordance with exemplary embodiments of the present invention, the
illumination system 1000 comprises a plurality of LEDs 100 coupled to a single output
light pipe 300. Turning now to FIGs. 11a-b and 12, two LEDs 100 are coupled to a single
output light pipe 300 (straight light pipe as in FIG. 11a or tapered light pipe as in FIG. 11b)
using two tapered input light pipes 350, preferable increasingly tapered light pipes 350, in
accordance with an exemplary embodiment of the present invention. The input ends of the
tapered input light pipes 350 are respectively coupled to two LEDs 100 and the output ends
of the tapered input light pipes 350 are coupled to the output light pipe 300. As noted
herein, the output end 320 of the output light pipe 300 is partially coated with reflective
coating or medium to promote recycling within the optical recycling device 200, thereby
increasing the brightness of the illumination system 1000. The dimensions of the output
ends of the tapered input light pipes 350 are preferably matched to the dimensions of the
input end of the output light pipe 300, such that there are minimal gaps between the output
ends of input light pipes 350 to achieve high coupling of light.

[0068]) In accordance with exemplary embodiments of the present invention, as
shown in FIGs. 9a-b, 10a-b, 11a-b and 12, the illumination system 1000 comprises a
plurality of LED chips or LEDs 100, preferably closely packed, in a single dimension (i.e.,
a row of LEDs) or in a two-dimensional array. Preferably, as shown in FIGs. 11a-b and 12,
the LEDs/LED chips 100 and the input light pipes 350 are densely or closely packed. The
shapes of the LEDs 100 and the input light pipes 350 can be circular, triangular, hexagonal,
octagonal and the like. Although the dimensions of the LEDs 100 and input light pipes 350
can be uniform, but it can vary dcpending on the application of the illumination system.
That is, the optical recycling device 200 can comprises a plurality of LEDs 100 having
varying shapes and sizes and a plurality of input light pipes 350 having varying shapes and
sizes. In accordance with an exemplary embodiment, the LED 100 and the input light pipe
350 that the LED 100 is coupled to (i.e., LED-light pipe pair) have the substantially similar

15



WO 2007/146373 PCT/US2007/013950

shape. For example, a triangular shaped input light pipe 350 is coupled to a triangular
shaped LED 100. This advantageously permits the illumination system 1000 of the present
invention to be designed to provide a particular output power by combining existing and
readily available LEDs 100 of varying output power and size. Moreover, the utilization of
multiple LEDs 100 additionally provides averaging effects for output power and
wavelength. Typically in LED production, the output power and wavelength of the
LEDs/LED chips are not well controlled. Current LED production requires the “binning”
of LED chips with several wavelengths and several power ranges. When several LEDs are
combined into a single source of output in accordance with various embodiments of the
present invention, the average variation of the illumination system 1000 (or a light source)
as a whole is smaller in both output power and wavelength. It is appreciated that when
sufficient LEDs are used as a single source of light output as in various embodiments of the
present invention, the binning may not be required, thereby improving the yield of
LEDs/LED chips and saving manufacturing cost.

[0069] Typically two or more colors are used in a color projection system. In
accordance with an exemplary embodiment of the present invention, the illumination
system 1000 comprises various colored LEDs or LED chips 100, which can be combined
and mixed, for examplé, using techniques disclosed in co-pending application serial no.
11/351,013 entitled Etendue Efficient Combination of Multiple Light Sources, owned by
the common assignee of this application, which is incorporated herein by reference in its
entirety. That is, for example, the present invention can be utilized to provide 3-color (red,
green and blue) projection systems, or 4-color and 5-color projections systems, which are
starting to gain some momentum.

[0070] In accordance with exemplary embodiments of the present invention, as
shown in FIGs. 9a-b and 10a-b, the optical recycling device 200 comprises multiple LED
chips 100 coupled to the input end 310 of the light pipe 300. As noted herein, the LED
chips 100 are densely packed by minimizing the spacing between the LED chips 100.
Although the spaces between the LED chips 100 can be made reflective, partially reflective
or non-reflective, the spaces are preferably reflective to promote recycling of the light,
thereby increasing the efficiency of the optical recycling device 200. In accordance with an
exemplary embodiment of the present invention, as shown in FIGs. 9a-b, the surface of the
substrate 140 between the LED chips 100 (i.e., spaces 130) are made reflective using

reflectors, mirrors, reflective coating and the like. Alternatively, as shown in FIGs. 10a-b,
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the input end 310 of the light pipe 300 corresponding to the spaces 130 between the LED
chips 100 can Be made reflective using reflectors, mirrors, reflective coating and the like.
Although only increasingly tapered light pipe 300 is shown in FIGs. 9b and 10b, either
increasingly (a small input end to a large output end) or decreasingly (a large input end to a
small output end) tapered light pipe 300 can be used. The increasingly tapered light pipe
300 can be used to reduce the output numerical aperture and the decreasingly tapered light
pipe 300 can be used to enhance recycling light at large incidence angles.

[0071] In accordance with an exemplary embodiment of the present invention, as
shown in FIGs. 13a and 13b, the illumination system 1000 comprises a light pipe 300
(which can be either a straight or tapered light pipe) and a color beam combiner 700 for
combining output from various colored LEDs 100 (e.g., each LED 100 emitting light
having different wavelengths) into a single output 250. As shown in FIG. 13a, the color
beam combiner 700 comprises cube prisms P1, P2, P3 (preferably, polarization beam
splitters) and cubes G1, G2 for combining output from various colored LEDs 100, such as
red, blue and green LEDs 100. The cube prism P3 is coupled to the input end 310 of the
light pipe 300. The red LED (R-LED) 100 emits red light which is reflected by the cube
prism P1 and into the cube G1. The cube prism P2 transmits the red light received from the
cube G1 and reflects the green light emitted by the green LED (G-LED) 100. The cube
prism P2 transmits both the reflected green light and transmitted red light into cube G2.
The cube prism P3 transmits both the green and red light received from the cube G2, and
reflects the blue light emitted by the blue LED (B-LED) 100 into the light pipe 300.
Preferably, all sides of the cube prisms 710, cubes 720, and the light pipe 300 are polished
to efficiently guide through the various optical components of the illumination system
1000. As noted herein, the output end 320 of the light pipe 300 has a reflective coating,
reflector or mirror 400 covering a portion of the output end 320 to promote recycling,
thereby increasing the brightness of the illumination system 1000.

[0072] Alternatively, the color beam combiner 700, such as triangular prisms 730,
and light pipe 300 are integrated into a single piece. As shown in FIG. 13b, the
illumination system 1000 comprises R-LED 100, G-LED 100, B-LED 100, waveguide
sections W1-W5 and an output section 300 (which can be either tapered or straight).
Preferably, the waveguide sections W1, W3 and W5 are triangular prisms. The red LED
(R-LED) 100 emits red light which is reflected by the waveguide section W1 and into the

waveguide section W2. The waveguide section W3 transmits the red light received from
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the waveguide section W2 and reflects the green light emitted by the green LED (G-LED)
100. The waveguide section W3 transmits both the reflected green light and transmitted red
light into waveguide section W4. The waveguide section W5 transmits both the green and
red light received from the waveguide section W4, and reflects the blue light emitted by the
blue LED (B-LED) 100 into the output section 300. An example of color beam combiner is
disclosed in co-pending application serial no. 11/351,013, which is incorporated herein by
reference in its entirety. Preferably, all sides of the waveguide sections W1-WS$ and the
output section 300 are polished to efficiently guide through the various optical components
of the illumination system 1000. As noted herein, the output end 320 of the output section
300 has a reflective coating, reflector or mirror 400 covering a portion of the output end
320 to promote recycling, thereby increasing the brightness of the illumination system
1000.

[0073] In accordance with an exemplary embodiment of the present invention, the
illumination system 1000 comprises an angular recycling device 200. As shown in FIG. 16,
the angular recycling device 200 comprises a LED 100 mounted on a heatsink 140 and a
solid optical component made of plastic or glass 800 having reflective concave surfaces
820, 830 and lens surface 810. Preferably, the reflective concave surfaces 820, 830
surrounds the lens surface 810. The shape of the reflective concave surfaces 820, 830 can
be spherical, parabolic or elliptical and can be made reflective by reflective coating. The
reflective surfaces 820, 830 act as retro-reflectors to reflect high angle rays back into the
LED 100 for recycling. The small angle rays of light from the LED 100 are coupled by the
lens surface 810 and outputted from the angular recycling device 200 as output 250.

[0074] Alternatively, as shown in FIG. 17, the angular recycling device 200
comprises a LED 100 mounted on a heat sink 140, reflectors 840, 850 and lens 860. The
high angle rays from the LED 100 are reflected by the reflectors 840, 850 back into the
LED for recycling and the small angle rays from the LED 100 are coupled by the lens 860
and outputted from the angular recycling device 200 as output 250.

[0075] In accordance with an exemplary embodiment of the present invention, as
shown in FIG. 18, the angular device 200 of FIGs. 16, 17 comprises dual paraboloid
reflectors 840, 850 or the reflective surfaces 820, 830 act as dual paraboloid reflectors to
reflect the high angle rays twice before being focused back onto the LED 100. That is, the
light reflected from the reflective surface 820 or reflector 840 is collimated and received by

the reflective surface 830 or reflector 850, respectively. The collimated light is then
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refocused by the reflective surface 830 or reflector 850 and focused onto the LED 100 for
recycling. Additionally, it is appreciated that the radius of curvature of reflective surfaces
820, 830 and reflectors 840, 850 can be smaller than the radius of curvature of the lens
surface 810 or lens 860 so that the reflective surfaces 820, 830 or reflectors 840, 850 can be
closer to the LED than the lens surface 810 or lens 860.

[0076] In accordance with exemplary embodiment of the present invention, the
optical recycling device 200 of the present invention can be incorporated into a traditional
LED illumination system to increase the brightness of the LED source using spatial and/or
angular recycling of light. Typically in a traditional LED illumination system, the light
from the LED chips 100 is coupled to the application 900 (e.g., projection display screen)
through an external optical system 800. As shown in FIG. 19, the spatial and/or angular
optical recycling device 200 of the present invention is inserted between the LED chips 100
and the external optical system 800 to increase the brightness of the light at the application
900.

[0077] Turning now to FIG. 20, the spatial and/or angular recycling device 200 of
the present invention can be incorporated into a traditional LED illumination system having
LED chip 100 with integrated optics 850, such as a molded lens on the LED package, for
extracting light from the LED chip 100. Here, the spatial and/or angular recycling device
200 of the present invention is inserted between the integrated optics 850 and the external
optical system 800 to increase the brightness of the light at the application 900.

[0078] In accordance with exemplary embodiment of the present invention, the
optical recycling device 200 of the present invention can be incorporated into a traditional
LED projection system to increase the brightness of the LED source and/or amount of light
coupled into the projection system 950 using spatial and/or angular recycling of light.
Typically in a traditional LED projection system, the light from the LED chips 100 is
coupled to the projection system 950 using a lens or lens system 810. As shown in FIG. 21,
the spatial and/or angular optical recycling device 200 of the present invention is inserted
between the LED chips 100 and the lens 810 to increase the brightness of the light and/or
amount of light coupled into the projection system 950.

[0079] In accordance with an embodiment of the present invention, as shown in
FIG. 22, the spatial and/or angular recycling device 200 of the present invention can be
incorporated into a fiber optics system to increase the brightness of the LED source and

total light coupled to a fiber optics 920. Here, the spatial and/or angular recycling device
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200 of the present invention is inserted between the LED chips 100 and the lens 810 to
increase the brightness of the light and/or amount of light coupled into the fiber optics 920. -

[0080] Tuming now to FIG. 23, the spatial and/or angular recycling device 200 of
the present invention can be incorporated into the LED projection system of FIG. 21 or the
fiber optics system of FIG. 22 in which the LED chip 100 comprises an integrated optics
850 for extracting light from the LED chip 100. Here, the spatial and/or angular recycling
device 200 of the present invention is inserted between the integrated optics 850 and the
lens 810 to increase the brightness of the light and/or amount of light coupled into the
projection system 950 or the fiber optics 920.

[0081] The invention, having been described, it will be apparent to those skilled in
the art that the same may be varied in many ways without departing from the spirit and
scope of the invention. Any and all such modifications are intended to be included within

the scope of the following claims.
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CLAIMS

What is claimed is:

1.

An illumination system for increasing the brightness of a light source, comprising:
a light source for emitting a plurality of rays of light; and
an optical recycling device coupled to said light source for transmitting
said plurality of rays of light from said light source; and recycling a portion of
said plurality of rays of light back to said light source which re-emits said portion
of said plurality of rays of light to said optical recycling device, thereby increasing

the brightness of said light source’s output.

The illumination system of claim 1, wherein said optical recycling device
comprises a light pipe having an input end for receiving said plurality of rays of

light from said light source and an output end.

The illumination system of claim 2, wherein said optical recycling device is a
spatial recycling device comprising a reflector, mirror or reflective coating
covering a portion of said output end of said light pipe to spatially recycle said
portion of said plurality of rays of light by reflecting said portion of said plurality
of rays of light back to said light source.

The illumination system of claim 2, wherein said light pipe is an optical fiber.

The illumination system of claim 2, wherein said light pipe is a hollow straight
light pipe, a hollow tapered light pipe, a solid straight light pipe or a solid tapered
light pipe; and said cross-sectional dimension of said light pipe is one of the

following: circular, triangular, hexagonal or octagonal.

The illumination system of claim 2, wherein said light pipe is made of one of the

following: glass, quartz or plastic.

The illumination system of claim 2, wherein surfaces of said light pipe are coated
with reflective coating or low refractive index material; and wherein said input

end of said light pipe is coated with anti-reflective coating.
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10.

11.

12.

13.

14.

The illumination system of claim 5, wherein said light pipe is a hollow straight
light pipe or a hollow tapered light pipe, and inner walls of said light pipe are

coated with reflective coating.

The illumination system of claim 2, wherein said portion of said plurality of rays
of light comprises undesirable polarization of light; and wherein said optical
recycling device comprises a reflective polarizer or polarization beam splitter
covering said output end of said light pipe to recycle said portion of said plurality
of rays of light by reflecting said undesirable polarization of light back to said

light source.

The illumination system of claim 9, wherein said optical device comprises a wave
plate for promoting scrambling of polarization state of said plurality of rays of

light.

The illumination system of claim 3, wherein said portion of said plurality of rays
of light comprises undesirable polarization of light; and wherein said optical
recycling device comprises a reflective polarizer or polarization beam splitter
covering said output end of said light pipe to recycle said portion of said plurality
of rays of light by reflecting said undesirable polarization of light back to said

light source.

The illumination system of claim 11, wherein said optical device comprises a
wave plate for promoting scrambling of polarization state of said plurality of rays
of light.

The illumination system of claim 3, wherein said mirror covers perimeter of said
output end of said light pipe to reflect said portion of said plurality of rays of light
outside a selected angle back to said light source, thereby providing both spatial

and angular recycling of light.

The illumination system of claim 3, wherein said light source comprises a light
emitting diode (LED) or LED chip; and wherein the dimensions of said input end
of said light pipe is substantially similar to the dimensions of said LED to achieve

a high coupling efficiency between said light pipe and said LED.
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15.

16.

17.

18.

19.

20.

21.

22.

The illumination system of claim 14, wherein said optical recycling device

comprises an air gap between said LED chip and said input end of said light pipe.

The illumination system of claim 15, wherein said air gap is filled with a low

index epoxy.

The illumination system of claim 14, wherein said LED chip is mounted on a

substrate having a reflective coating.

The illumination system of claim 17, wherein said spatial recycling device
comprises a mounting frame mounted on said substrate and a glass plate attached
to said light pipe and mounted on said mounting frame; and wherein size of said
mounting frame being adjustable to control an air gap between said light pipe and

said LED chip.

The illumination system of claim 18, wherein said spatial recycling device
comprises a plurality of LED chips coupled to said light pipe; and wherein spaces
between said plurality of LED chips on said substrate have reflective coating to

promote recycling of light within said light pipe.

The illumination system of claim 18, wherein said spatial recycling device
comprises a plurality of LED chips are coupled to said light pipe; and wherein
spaces between said plurality of LED chips on said input end of the light pipe

have reflective coating to promote recycling of light within said light pipe.

The illumination system of claim 3, wherein said spatial recycling device
comprises a plurality of LED chips, each coupled to an input end of an
increasingly tapered light pipe to provide a LED-light pipe pair and an output end
of each increasingly tapered light pipe being coupled to said input end of said light
pipe.

The illumination system of claim 21, wherein said plurality of LED chips are
closed packed in a single dimension or in a two-dimensional array; and wherein
said cross-sectional dimensions of said LED-light pipe pair are substantially

similar.
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23.

24,

25.

26.

27.

28.

The illumination system of claim 3, wherein said spatial recycling device
comprises a plurality of colored LED chips, each colored LED chip emitting light
having different wavelength, and a color beam combiner for combining said

plurality of rays of light from said plurality of colored LED chips.

The illumination system of claim 2, wherein said optical recycling device is an
angular recycling device comprising decreasingly tapered light pipe where cross-
sectional dimension of said input end is larger than said output end of said
decreasingly tapered light pipe; and wherein said angular recycling device
angularly recycles said portion of said plurality of rays of light by reflecting high
angle rays of light back to said light source and transmitting small angle rays of
light to said output end of said light pipe.

The illumination system of claim 24, wherein said angular recycling device
comprises a reflector, mirror or reflective coating covering a portion of said output
end of said decreasingly tapered light pipe to spatially recycles said portion of said
plurality of rays of light by reflecting said portion of said plurality of rays of light
back to said light source.

The illumination system of claim 24, wherein said angular recycling device
comprises an increasingly tapered light pipe coupled to the output end of said
decreasingly tapered light pipe, thereby increasing the light output area of said
light source while reducing said high angle light from said light source.

The illumination system of claim 1, wherein said optical recycling device is an
angular recycling device comprising a solid optical component having reflective
surfaces and lens surface; wherein said reflective surfaces of said solid optical
component angularly recycles said portion of said plurality of rays of light by
reflecting high angle rays of light back to said light source; and wherein said lens
surface of said optical component transmits small angle rays of light to said output

end of said light pipe.

The illumination system of claim 27, wherein said reflective surfaces form dual
paraboloid reflective surfaces to reflect said high angle rays of light twice before

being focused back onto said light source.
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29.

30.

31.

32.

33.

34.

35.

The illumination system of claim 1, wherein said optical recycling device is an
angular recycling device comprising reflectors for angularly recycling said portion
of said plurality of rays of light by reflecting high angle rays of light back to said
light source and lens for transmitting small angle rays of light to said output end

of said light pipe.

The illumination system of claim 29, wherein said reflectors form dual paraboloid
reflectors to reflect said high angle rays of light twice before being focused back

onto said light source.

The illumination system of claim 1 for use in a LED projection system, wherein
said light source is a LED chip; and wherein said optical recycling device is
disposed between said LED chip and a lens system, thereby increasing amount of

light coupled into said LED projection system.

The illumination system of claim 31, wherein said LED chip comprises integrated

optics for extracting light from said LED chip.

The illumination system of claim 1 for use in a fiber optic system, wherein said
light source is a LED chip; and wherein said optical recycling device is disposed
between said LED chip and a lens system, thereby increasing amount of light

coupled into said fiber optic system.

The illumination system of claim 33, wherein said LED chip comprises integrated

optics for extracting light from said LED chip.

A method for increasing the brightness of a light source, comprising the steps of:

coupling an optical recycling device to a light source to receive a plurality
of rays of light from said light source;

recycling a portion of said plurality of rays of light back to said light
source; and

re-emitting said portion of said plurality of rays of light to said optical
recycling device by said light source, thereby increasing the brightness of said

light source’s output.
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36.

37.

38.

39.

40.

41.

42.

43.

44,

The method of claim 35, wherein said optical recycling device is a spatial
recycling device; and wherein the step of recycling comprises the step of spatially
recycling said portion of said plurality of rays of light by reflecting said portion of
said plurality of rays of light back to said light source.

The method of claim 35, wherein said portion of said plurality of rays of light
comprises undesirable polarization of light; and wherein the step of recycling
comprises the step of recycling said portion of said plurality of rays of light by

reflecting said undesirable polarization of light back to said light source.

The method of claim 37, further comprising the step of scrambling polarization
state of said plurality of rays of light.

The method of claim 36, wherein said portion of said plurality of rays of light
comprises undesirable polarization of light; and wherein the step of recycling
comprises the step of recycling said portion of said plurality of rays of light by

reflecting said undesirable polarization of light back to said light source.

The method of claim 36, wherein the step of spatially recycling comprises the step
of reflecting said portion of said plurality of rays of light outside a selected angle

back to said light source, thereby providing both spatial and angular recycling of
light.

The method of claim 36, wherein said light source comprises a light emitting
diode (LED) or LED chip having substantially similar cross-sectional dimensions
as an input end of said spatial recycling device to achieve a high coupling

efficiency between said spatial recycling device and said LED.

The method of claim 41, further comprising the step of filling an air gap between
said LED chip and said input end of said spatial recycling device with a low index

epoxy.

The method of claim 41, further comprising the step of mounting said LED chip

on a substrate having a reflective coating.

The method of claim 43, further comprising mounting a mounting frame and a

glass plate on said substrate, said glass plate being attached to said light pipe; and
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45.

46.

47.

48.

49.

50.

controlling an air gap between said input end of said spatial recycling device and

said LED chip by adjusting size of said mounting frame.

The method of claim 44, further comprising steps of:

mounting a plurality of LED chips on said substrate, each LED chip being
coupled to said input end of said spatial optical recycling device; and

reflective coating spaces between said plurality of LED chips on said

substrate to promote recycling of light within said spatial recycling device.

The method of claim 44, further comprising steps of:

mounting a plurality of LED chips on said substrate, each LED chip being
coupled to said input end of said spatial optical recycling device; and

reflective coating spaces between said plurality of LED chips on said input
end of said spatial recycling device to promote recycling of light within said

spatial recycling device.

The method of claim 41, further comprising the step of mounting a plurality of
LED chips closed packed in a single dimension or in a two-dimensional array on a

substrate.

The method of claim 36, wherein said light source is a plurality of colored LED
chips; and further comprising the steps of receiving said plurality of rays of light
having different wavelength from said plurality of colored LED chips and
combining said plurality of rays of light from said plurality of colored LED chips.

The method of claim 35, wherein the step of coupling comprises the step of
coupling an angular recycling device comprising decreasingly tapered light pipe
where cross-sectional dimension of an input end is larger than an output end; and
wherein the step of recycling comprises the step of angularly recycling said
portion of said plurality of rays of light by reflecting high angle rays of light back
to said light source through said input end of said decreasingly tapered light pipe
and transmitting small angle rays of light to said output end of said decreasingly

tapered light pipe.

The method of claim 49, wherein said angular recycling device comprises a

reflector, mirror or reflective coating covering a portion of said output end of said
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51.

52.

decreasingly tapered light pipe; and wherein the step of recycling further
comprises the step of spatially recycling said portion of said plurality of rays of
light by reflecting said portion of said plurality of rays of light back to said light
source using said reflector, thereby spatially_and angularly recycling said plurality

of rays of light from said light source.

The method of claim 49, further comprising the step of coupling an increasingly
tapered light pipe to said output end of séid decreasingly tapered light pipe,
thereby increasing the light output area of said light source while reducing said
high angle light from said light source.

An optical recycling device to increase the brightness of a light source,

comprising:

53.

a transmission medium for transmitting said plurality of rays of light from
said light source, said transmission medium having an output end and input end
coupled to said light source; and

a mirror or reflector coupled to said output end of said transmission
medium for recycling a portion of said plurality of rays of light by reflecting said
portion of said plurality of rays of light back to said light source through said
input end of said transmission medium to be re-emitted by said light source,

thereby increasing the brightness of said light source’s output.

The optical recycling device of claim 52, wherein said transmission medium is a

straight or tapered light pipe.
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