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(7) ABSTRACT

An illumination system has a light source that is at least
partially enclosed within a light-recycling envelope. The
light source is a light-emitting diode that emits light, and a
fraction of that light will exit the light-recycling envelope
through an aperture. The light-recycling envelope recycles
part of the light emitted by the light source back to the light
source in order to enhance the output radiance of the light
exiting the illumination system.
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FIG. 1A
(Prior Art)

FIG. 1B
(Prior Art)

\ /

29

21 27 j 28 26
22 /

Qout Areaout

20

Area;,

3 Lens 25



U.S. Patent Nov. 1, 2005 Sheet 2 of 16 US 6,960,872 B2

FIG. 2A
(Prior Art)
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FIG. 3D
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FIG. 5
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FIG. 6A
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FIG. 6B

170

176

172

'

108
110

AR

A R R R

T

//

176

106 102
112




U.S. Patent Nov. 1, 2005 Sheet 9 of 16 US 6,960,872 B2

FIG. 6C
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FIG. 9A
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ILLUMINATION SYSTEMS UTILIZING
LIGHT EMITTING DIODES AND LIGHT
RECYCLING TO ENHANCE OUTPUT
RADIANCE

CROSS REFERENCE TO RELATED
APPLICATION

This application is a continuation-in-part of U.S. patent
application Ser. No. 10/445,136 filed on May 23,2003, now
U.S. Pat. No. 6,869,206, entitled “ILLUMINATION SYS-
TEMS UTILIZING HIGHLY REFLECTIVE LIGHT
EMITTING DIODES AND LIGHT RECYCLING TO
ENHANCE BRIGHTNESS,” which is herein incorporated
by reference. This application is also related to U.S. patent
application Ser. No. 10/814,044 entitled “ILLUMINATION
SYSTEMS UTILIZING MULTIPLE WAVELENGTH
LIGHT RECYCLING” and to U.S. patent application Ser.
No. 10/815,005 entitled “PROJECTION DISPLAY SYS-
TEMS UTILIZING LIGHT EMITTING DIODES AND
LIGHT RECYCLING,” both of which are filed concurrently
with this application and which are herein incorporated by
reference.

TECHNICAL FIELD

This invention relates to illumination systems incorporat-
ing light-emitting diodes (LEDs). Light-emitting diodes
include inorganic light-emitting diodes and organic light-
emitting diodes (OLEDs).

BACKGROUND OF THE INVENTION

Ilumination systems are used as either stand-alone light
sources or as internal light sources for more complex optical
systems. Examples of optical systems that utilize or incor-
porate illumination systems include projection displays,
flat-panel displays, avionics displays, automotive lighting,
residential lighting, commercial lighting and industrial light-
ing applications.

Many applications require illumination systems with high
brightness and a small effective emitting area. An example
of a conventional light source with high brightness and a
small effective emitting area is an arc lamp source, such as
a xenon arc lamp or a mercury arc lamp. Arc lamp sources
may have emitting areas as small as a few square millime-
ters. An example of a complex optical system that can utilize
an illumination system with high brightness and a small
effective source area is a projection television display.
Current projection television displays typically project the
combined images of three small red, green and blue cathode-
ray-tube (CRT) devices onto a viewing screen using projec-
tion lenses. More recent designs sometimes use a small-area
arc lamp source to project images from a liquid crystal
display (LCD), a liquid-crystal-on-silicon (LCOS) device or
a digital light processor (DLP) device onto a viewing screen.
Light sources such as LEDs are currently not used for
projection television displays because LED sources do not
have sufficient output brightness.

The technical term brightness can be defined either in
radiometric units or photometric units. In the radiometric
system of units, the unit of light flux or radiant flux is
expressed in watts and the unit for brightness is called
radiance, which is defined as watts per square meter per
steradian (where steradian is the unit of solid angle). The
human eye, however, is more sensitive to some wavelengths
of light (for example, green light) than it is to other wave-
lengths (for example, blue or red light). The photometric
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system is designed to take the human eye response into
account and therefore brightness in the photometric system
is brightness as observed by the human eye. In the photo-
metric system, the unit of light flux as perceived by the
human eye is called luminous flux and is expressed in units
of lumens. The unit for brightness is called luminance,
which is defined as lumens per square meter per steradian.
The human eye is only sensitive to light in the wavelength
range from approximately 400 nanometers to approximately
700 nanometers. Light having wavelengths less than about
400 nanometers or greater than about 700 nanometers has
zero luminance, irrespective of the radiance values.

In U.S. patent application Ser. No. 10/445,136, brightness
enhancement referred to luminance enhancement only.
Since luminance is non-zero only for the visible wavelength
range of 400 to 700 nanometers, U.S. patent application Ser.
No. 10/445,136 is operative only in the 400- to 700-
nanometer wavelength range. In the present application,
however, brightness enhancement refers to radiance
enhancement and is valid for any wavelength throughout the
optical spectrum.

In a conventional optical system that transports light from
an input source at one location to an output image at a
second location, one cannot produce an optical output image
whose radiance is higher than the radiance of the light
source. A conventional optical system 10 of the prior art is
illustrated in cross-section in FIG. 1A. In FIG. 1A, light rays
18 from an input light source 12 are focused by a convex
lens 14 to an output image 16. The conventional optical
system 10 in FIG. 1A can also be illustrated in a different
manner as optical system 20 shown in cross-section in FIG.
1B. For simplicity, the input source 22, the lens 24 and the
output image 26 are all assumed to be round. In FIG. 1B, the
input source 22 has area, Area,,. The light rays from input
source 22 fill a truncated cone having edges 21 and 23. The
cone, which is shown in cross-section in FIG. 1B, extends
over solid angle 27. The magnitude of solid angle 27 is Q,,,.
Lens 24 focuses the light rays to image 26 having area,
Area,,,. The light rays forming the image 26 fill a truncated
cone having edges 25 and 29. The cone, which is shown in
cross-section, extends over solid angle 28. The magnitude of
solid angle 28 is Q_,,.

If the optical system 20 has no losses, the light input flux
at the input source 22,

@,,=(Radiance,,)(Area,,)(€;,), [Equation 1]

equals the light output flux at the output image 26,

@, ~(Radiance,,,)(Area,,)(Q,,.)- [Equation 2]

In these equations, “Radiance,,” is the radiance at the input
source 22, “Radiance_,,” is the radiance at the output image
26, “Area,,” is the area of the input source 22 and “Area,,,,”
is the area of the output image 26. The quantities &, and
Q. are, respectively, the projected solid angles subtended
by the input source and output image light cones. In such a

lossless system, it can be shown that
Radiance,,=Radiance,,,, [Equation 3]
and
(Area,,)(Q;,)=(Area,, ) (RQ,,.) [Equation 4]

If the index of refraction of the optical transmission medium
is different at the input source and output image positions,
the equality in Equation 4 is modified to become

(13,) (ATe83,) Qi) =(ors”) (AT 0} (Qr), [Equation 5]






