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a second light generator. The second light generator may be another mercury lamp or a solid state source, such as one or more light
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arrangement of a number of red LEDs that supplements the red light produced by the mercury light. A tunnel integrator may be used
to homogenize the combined light beam and to reduce the angular separation between the light beams from the two light generators.
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COMBINED LIGHT SOURCE FOR PROJECTION DISPLAY

Field of the Invention

The invention relates to optical systems, and more particularly to projector systems

that use two or more light sources.

Background
Projection systems, used for projecting an image on to a screen, use several

different components for providing efficient illumination of the image display unit.
Projection systems typically use a lamp to generate the illumination light, with several
optical elements being disposed between the lamp and the image display unit to efficiently
transfer the light from the lamp to the image display unit. The image display unit may use
different mechanisms for imposing an image on the incident beam of light. For example,
the image display unit may use absorption, as with a photographic slide, polarization, as
with a liquid crystal display, or by the deflection of light, as with a micrbmechanical array
of individually addressable, tiltable mirrors. Some image display units require that
differently colored components of the image be imposed by splitting the light beam into
beams of primary colors, imposing separate images on the primary color beams and then
recombining the primary color images to produce the final image.

Image brightness is a key parameter for characterizing a projection system. Image
brightness may be affected by several factors, such as the brightness of the lamp, the
efficiency of collecting the light from the lamp, the efficiency of homogenizing the light
beam, the efficiency of relaying the light to the image display unit, and the efficiency of
imposing the image on the light beam. It is often desirable to be able to form the image to
be as bright as possible. When the étendue of the projection system, however, limits the
amount of light in the image, the solution to increased brightness is to use a more powerful
lamp. Etendue is the product of the imager area and the solid angle determined by the f-
number of the optical system. More powerful lamps are expensive and often have a
shorter lifetime. Also, more powerful lamps tend to have a larger arc, which reduces the

geometrical efficiency of light collection.
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Summary of the Invention

In view of the above, there is a need to increase the brightness of the light source
used in illuminating a projection system while maintaining long lifetime and high light
collection efficiency.

In addition, high pressure mercury arc lamps are typically used for illuminating
projection systems, since they have a reasonably long lifetime and a short arc length that
permits high geometrical light collection efficiency. The high pressure mercury arc lamp,
on the other hand, produces light having a spectrum that is rich in blue and green intensity,
but relatively low in red intensity. Accordingly, to achieve a desirable color temperature in
the image light, a significant portion of the blue and green light is unused, which lowers
the overall system efficiency. There is a need to reduce the amount of blue and green light
emitted from the lamp that is not used in the image light beam.

In view of the above, one particular embodiment of the invention is directed to a
projector system comprising a light source and at least one image display unit. The light
source comprises a first light generator producing first light. A first reflector is disposed to
collect at least part of the first light and to direct the collected first light in a first direction.
A second light generator produces second light. A second reflector is disposed to collect
at least part of the second light and to direct the collected second light in a second
direction. A light combiner combines the first light and the second light to produce a
combined light beam. The at least one image display unit is illuminated by at least a part
of the combined light beam from the light source. The at least one image display unit
imposes an image on the at least a part of the combined light beam to form an image beam.

Another embodiment of the invention is directed to a light source unit for a
projection system. The unit comprises a first light generator that produces first light. A
first reflector is disposed to collect at least part of the first light and to direct the collected
first light in a first direction. A second light generator produces second light. A second
reflector is disposed to collect at least part of the second light and to direct the collected
second light in a second direction. A light combiner combines the first light and the
second light to produce a combined light beam.

Another embodiment of the invention is directed to a light source unit for a

projection system. The light source unit includes a first light generator unit producing a
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first light beam having a first cone angle. Light in the first light beam has a relatively
broad spectrum. A second light generator unit produces a second light beam separated
from the first light beam. The second light beam has a second cone angle substantially
equal to the first cone angle. the light in the second light beam has a relatively narrow
spectrum. A light integrator is disposed to receive both the first and second light beams
and to produce a combined output beam.

The above summary of the present invention is not intended to describe each
illustrated embodiment or every implementation of the present invention. The figures and

the detailed description which follow more particularly exemplify these embodiments.

Brief Description of the Drawings

The invention may be more completely understood in consideration of the
following detailed description of various embodiments of the invention in connection with
the accompanying drawings, in which:

FIG. 1 schematically illustrates an embodiment of a projection system;

FIG. 2 schematically illustrates an embodiment of a light source in accordance with
principles of the present invention;

FIG. 3 schematically illustrates an embodiment of a light beam combining prism
pair, shown in FIG. 2, in accordance with principles of the present invention;

FIGs. 4A-4C schematically illustrate calculated spot diagrams of light beams
before and after a tunnel integrator in an embodiment of a projection system according to
principles of the present invention;

FIG. 5 schematically illustrates an embodiment of a trapezoidal tunnel integrator in
accordance with principles of the present invention;

FIG. 6 schematically illustrates another embodiment of a light beam combining
prism pair in accordance with principles of the present invention;

FIG. 7 schematically illustrates an embodiment of a combiner for combining light
from two different light generators in a tunnel integrator, according to principles of the
present invention;

FIG. 8 presents a graph showing normalized output light spectra of a high pressure
‘mercury lamp and of a red light emitting diode (LED);
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FIG. 9 schematically illustrates a light source for a projection system in which light
from a lamp and from a LED source is combined using a prism pair according to an
embodiment of the present invention;

FIG. 10 schematically illustrates a light source for a projection system in which
light from a lamp and from a LED source is combined using mirror and tunnel integrator
according to an embodiment of the present invention; and

FIG. 11 presents composite spectra of illumination light beams generated by a
high pressure mercury lamp and an LED source having different numbers of LEDs, in
accordance with an embodiment of the present invention.

While the invention is amenable to various modifications and alternative forms,
specifics thereof have been shown by way of example in the drawings and will be
described in detail. It should be understood, however, that the intention is not to limit the
invention to the particular embodiments described. On the contrary, the intention is to
cover all modifications, equivalents, and alternatives falling within the spirit and scope of

the invention as defined by the appended claims.

Detailed Description

The present invention is applicable to optical systems and is particularly applicable
to projection systems, particularly to projection systems that use liquid crystal image
display units.

A schematic illustration of a projection system 100 is presented in FIG. 1. In
general terms, light 102 from a light source 104 is directed to an image display device 106.
Image light 108 from the image display device 106 then propagates through a projection
lens system 110 for projection on a screen. The projection system may be a rear projection
system, for example as is commonly found in rear projection televisions, or may be a front
projection system, for example as is found in front projection televisions and display
systems.

In the illustrated embodiment, the image display device 106 comprises a color
separation/combiner 112 that splits the light 102 into beams of three different primary
colors 114a, 114b and 114c, for example red, green and blue, each of which is directed to

an associated reflective image display unit 116a, 116b and 116¢. The color
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separation/combiner 112 may be an x-prism, as illustrated, or may include other
configurations of prism, such as a Philips prism or the like. In another embodiment, not
shown, the color separation/combiner may comprise a combination of dichroic color
separators and or color prisms. This approach permits the projection system 100 to form
images in each of the primary colors: combination of the primary color images in the color
separator/combiner forms a full color image that is projected to the screen.

In some other embodiments, the primary color images are not formed
simultaneously, but may be formed sequentially. In such systems, there is typically no
color separator/combiner. Before incidence on the image display device, however, the
light passes through a color filter, so that light of only one primary color is incident on the
image display device at any one time. The image display device is synchronously
controlled to impose an image appropriate to the color of the currently incident light.
Images in the different primary colors are formed in sequence and projected to the screen.
Where the sequence of color change is sufficiently fast, the viewer’s eye integrates the
images of different primary color and perceives a full color image.

Different types of image display devices may be used. One simple type of image
display device is a photographic slide. This requires no color separation. Other types of
image display device permit the image imposed on the light to be actively changed.
Examples of such image display devices include liquid crystal display (LCD) units,
including liquid crystal on silicon (LCoS) units, and micromechanical displays. One
example of a micromechanical display is based on an array of individually addressable
tiltable mirrors, in the DLP™ range of products supplied by Texas Instruments, Plano TX.

The image display device 106 may be transmissive, where the image light is
transmitted through the device. The image display device 106 may instead be reflective, as
illustrated, where the image light is reflected from the device. The image display device
106 may even be transflective, using light that is both reflected by the device and
transmitted through the device. A polarizing beamsplitter (PBS) 118 is often used to
separate the incoming light from the reflected image light from an image display device
that uses polarization modulation for imposing the image on the incident light.

The light 102 from the light source 104 may be passed through one or more

homogenizer devices 120 that make the intensity profile of the light beam more uniform.
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One commonly used type of homogenizer device is a tunnel integrator. A tunnel integrator
is commonly a tube or rod that is often, but is not restricted to befng, rectangular in cross-
section. Light passes into the integrator through the entrance aperture and undergoes
several reflections at the walls before passing out through the exit aperture. The effect of
the multiple reflections is to uniformize the intensity profile of the light at the exit aperture
relative to the intensity profile at the input aperture. The light may be reflected within the
tunnel integrator via total internal reflection or using front surface reflection. A hollow
tunnel integrator does not refract the incoming light, and so may be able to homogenize the
light over a shorter distance than an internally reflecting tunnel integrator.

The light from a light source such as a lamp is typically unpolarized. Several types
of image display device, however, such as LCD-type image display devices, rely on the
incident light being polarized. One way to polarize the light is simply to pass the light
through a pre-polarizer and/or a PBS 118. This, however, may result in losing 50% of the
light, which is inefficient. A polarization converter 122 may be used to convert the
incident light so as to increase the fraction of the light beam that is in the polarization state
desired for incidence on the image display device.

The projection system 100 may include several lenses for relaying light through the
device. For example, it is common to include a number of relay lenses 124 to relay an
image of the output aperture of homogenizer 120 onto the surfaces of the image display
devices 116a-116¢. This increases the efficiency of the projection system. The image
display devices 116a-116¢ may be connected to a controller 130, for example a
microprocessor, that controls the images imposed on the light by the image display devices
116a-116c¢.

The projected image may be made brighter if a higher power lamp is used. Higher
power lamps, however, suffer from shorter lifetime. In addition, higher power lamps
typically have a larger arc, and so the geometrical collection efficiency, the efficiency of
passing the light from the arc to the image display device, may be reduced. A different
approach to increasing the brightness of the image is to combine the light from two light
sources. This permits lower power arc lamps to be used, thus providing an increased

brightness without a reduction in lifetime or geometrical collection efficiency.



WO 2005/067306 PCT/US2004/039529

10

15

20

25

30

One particular embodiment of a light source 200 that combines the light from two
different light generators is schematically illustrated in FIG. 2. In this embodiment, the
light source 200 combines light from two arc lamps 202a and 202b using a prism pair 204,
The light from each arc lamp 202a and 202b is collected and directed towards the prism
pair 204 by respective reflectors 206a and 206b. The reflectors 206a and 206b may be
elliptical reflectors. The prism pair 204 comprises two prisms 208 and 210, separated by a
gap 212 along the diagonal. The gap 212 may an air space. One arc lamp 202a is located
to the side of prism 210 and the central ray from lamp 202a, shown as axis 214, forms an
angle 61 with axis 216. Another arc lamp 202b is positioned to the side of prism 208 and
the central ray from lamp 202b, shown as axis 218, forms an angle 62 with axis 220.

An integrator 222, such as a tunnel integrator, also sits on axis 220. The light from
the first arc lamp 202a is substantially totally internally reflected within prism 210, while
the light from the second arc lamp 202b is substantially transmitted through prisms 208
and 210. The entrance aperture 224 of the integrator 222 receives the light from both arc
lamps 202a and 202b.

The operation of the prism pair 204 is now described in greater detail, with
reference to FIG. 3 which shows rays of light from each of the arc lamps 202a and 202b.
Light is generally directed to the prism pair 204 from the elliptical reflectors 206a and
206b with a conical shape. The light 224a, shown in dashed lines, from lamp 202a is
incident on the surface 226 of the prism 210. Most of the light 224a is incident on the
surface 226 at an angle equal to, or greater than, the angle of total internal reflection within
the prism 210, and is reflected toward the integrator 222 as light 227. Some of the light
224a may be incident on the surface 226 at an angle less than the angle for total internal
reflection, and is transmitted through the surface 226 and the gap 212 and into the prism
208 as light 228. This light 228 is not collected by the integrator 222.

The light 224b, shown in solid lines, from lamp 202b is incident on the surface 230
of the prism 208. Most of the light 224b is incident on the surface 230 at an angle less
than the angle of total internal reflection within the prism 208, and is transmitted through

the surface 230, through the prism 210 and toward the integrator 222 as light 231. Some

_of the light 224b may be incident on the surface 230 at an angle equal to, or greater than,

the angle for total internal reflection, is reflected at the surface 230 as light 232 and does
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not to propagate to the integrator 222. This light 232 is not collected by the integrator
222,

Thus, the prism pair 204 is effective at combining light collected by two reflectors
206a and 206b from two light generators 202a and 202b, and directed to the prism pair
204, and directing the combined light to an integrator 222. It will be appreciated that the
light 227 and 231 need not come to a focus, or reach its highest intensity, exactly at the
entrance aperture 224 of the integrator, although the brightness may be increased under
such a condition. The reflectors 206a and 206b reduce the divergence of the light emitted
from the arc lamps 202a and 202b so that a significant amount of the light enters the
integrator 222. Accordingly, the light 224a and 224b may enter the integrator spread out
over an area. Furthermore, it will be appreciated that although the embodiment illustrated
in FIG. 2 has been described using arc lamps as the light generators, other light generators
may be used, for example other types of lamps.

The prism pair 204 essentially permits angular combination of the light beams 227
and 231 having different angular light distributions in the integrator. This is now
discussed with reference to FIGs. 4A-4C, which show calculated spot diagram light
distributions in the far field that represent the angular light distribution. FIG. 4A presents
a calculated view of the spot diagram for the light from a single light generator and a
single reflector. FIG. 4B presents a calculated view of the spot diagram for light from the
two light generators 202a and 202b after combination in the prism pair 204. As can be
seen, the light from the two different light generators propagates in different directions,
and there is little overlap between the two. The calculated angular separation between the
two light beams is 23°.

A tapered tunnel integrator may be used to reduce the angular separation between
the two light beams. An example of a tapered light tunnel integrator 400 is schematically
illustrated in FIG. 5, where the entrance aperture 502 has dimensions of x and y, and the
exit aperture 504 has dimensions of x and y’, where y’ # y. In the illustrated embodiment,
the sides of the tunnel integrator 500 are straight, and two of the opposing sides of the
tunnel are positioned at an angle 6 relative to the axis 506. The fact that the sidewalls 508
and 510 are not parallel to the axis results in a reduction in the angular size of the light

beam passing through the tunnel integrator 500. FIG. 4C presents a calculated view of the
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spot diagram of the light from the two light generators 202a and 202b after propagation
through the tunnel integrator 500. The angular separation of the two light beams is
calculated to be 12°, significantly less than that shown in FIG. 4B. In the calculations that
generated FIGs. 4B and 4C, it was assumed that the tunnel integrator was 40 mm long, had
an entrance window 4.5 mm x 4.5 mm and an exit window 4.5 mm x 7.8 mm.
Accordingly, the angle, 8, of the tapered sides relative to the axis 506 was + 2.36°.

The reduction in angular separation is dependent on the angle of the tunnel
integrator and on the number of reflections within the tunnel. Since the optical losses
associated with the tunnel integrator increase with the number of reflections, the number of
reflections and the amount by which the angular separation is reduced are left as design
criteria for specific illumination systems. Tapered tunnel integrators are described in
greater detail in U.S. Patent No. 5,625,738, incorporated herein by reference.

The tunnel integrator 500 may be a hollow integrator or may be a solid integrator.
Furthermore, the entrance aperture 502 need not be square and the exit aperture need not
be rectangular, but may take on other shapes. In many projection systems, the exit
aperture is imaged to the image display device, and so it is common for the aspect ratio of
the exit aperture 504 to be the same as the aspect ratio of the image display device,
otherwise the overall geometrical light collection efficiency of the projection system may
be reduced.

The prism pair 204 may be modified to reduce reflective losses for the light
transmitted through the prisms 208 and 210, as is now discussed with reference to FIG. 6.
An index matching material 612 may be placed in that portion of the air gap 212 where the
light 224b passes through from prism 208 to 210. In this case, index matching means that
the difference between the refractive index of the material 612 and the refractive index of
the prisms 208 and 210 is less than the difference between the refractive index of the
prisms 208 and 210 and the refractive index of air. Consequently, reflective losses at the
interface between the prism 208 and the air gap 212 may be reduced. If the refractive
index of the material 612 is the same as that for the prisms, 208 and 210, then there are no
reflective losses for the light 224b passing from prism 208 to prism 210. The material 612
may be an optically transparent adhesive for holding the prisms 208 and 210 together.
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Unless the refractive index difference between prism 210 and the material 612 is
sufficiently large, it is important to maintain a high refractive index difference at the gap
212 between the prisms 208 and 210 at that region where the prism 210 totally internally
reflects the light 224a, so as to preserve high efficiency in reflecting the light 224a.

In the approach just described with reference to FIG. 2, the light from the two light
generators is combined by providing angular separation. Another approach to combining
light from different light generators is now described with reference to FIG. 7A, in which
the light from the different light generators is spatially separated. Light 702, shown in
dashed lines, from a first light generator is incident on a turning reflector 704 that reflects
the light 702 into the entrance aperture 706 of an integrator 708, such as a tunnel
integrator. Light 710, shown in solid lines, is directly incident on the entrance aperture
706, without being reflected by the turning reflector 704. The turning reflector 704
extends only to cover a portion of the entrance aperture 706, so as to permit the light 710
to be directly incident on the aperture 706. The light 702 passes into substantially one part
of the entrance aperture while the light 710 passes into substantially another part of the
entrance aperture 706.

The turning reflector 704 may be any suitable type of reflector including a front
surface reflector, as illustrated, a rear surface reflector, a total internal reflector or the like.
The turning reflector 704 may be positioned at an angle of about 45° so as to bend the light
702 through an angle of about 90° towards the entrance aperture 706, although this is not a
necessary condition.

If desired, another turning reflector 724 may be placed in front of the entrance
aperture 706, as is schematically illustrated in FIG. 7B, so as to reflect light 726 (shown in
dotted line) from another light generator. In this case, light 702, light 710 and light 726
each pass into substantially different portions of the entrance aperture 706.

Thus, the approach of combining light from different sources illustrated in FIG. 7
is directed to using different parts of the entrance aperture for different beams, while the
angular light distribution of the beams may overlap, or may even be the same. In the
approach of combining light from different sources illustrated in FIGs. 2 and 3, the light
beams from the two sources overlap at the entrance to the integrator, but have non-

overlapping angular distributions. It will be appreciated that other approaches may be used
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for combining two or more light beams, for example, in which light from two separate
light beams is combined in a way that permits partial spatial overlap of the beams at the
entrance aperture to the integrator and partial overlap in the angular distribution of the two
beams.

The approaches to combining light from different light generators may be used to
combine light from different types of light generators including, but not limited to, arc
lamps, filament lamps, other types of lamps and also solid state light generators. These
approaches may be particularly useful for combining light from light generators where the
light is first reflectively collected and directed to an integrator. An approach to reflectively
collecting and directing light emitted from one or more light emitting diodes (LEDs) is
described in greater detail in U.S. Patent Application 10/701,201, which is incorporated
herein by reference.

One particular use for a light source that combines light from different light
generators is to add light having one particular spectrum to light having another spectrum.
Projection systems often use a high pressure mercury lamp as the light source. Some
examples of these lamps include the UHP® family of lamps available from Philips
Electronics, New York, NY, and the VIP® family of lamps available from Osram Sylvania,
Danvers, MA. These lamps typically have a short arc size, which permits high geometrical
collection efficiency, and long lifetime. The spectrum of a high pressure mercury (HPM)
lamp is shown as curve 802 in FIG. 8. The spectrum shows that large fractions of the
output power exist in the blue region of the spectrum, particularly between about 400 nm
and about 460 nm, and in the green/yellow region of the spectrum, between about 540 nm
and 580 nm. The total fraction of the output power in the red region of the spectrum, for
example from about 600 nm upwards, is relatively small.

It is important to maintain a desired color balance in the image projected by the
projection system. Maintenance of a desired color balance generally involves the
following steps in a three-panel projection system. First, the light from the lamp is
separated into primary colors with color co-ordinates determined by a suitable standard.
One common standard for projected images is the RP 145-1999 standard, set by the
Society of Motion Picture and Television Engineers (SMPTE). This provides a desired

level of color purity and can be achieved using dichroic filters in the projection system. To
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obtain the correct purity for the red and green channels, some of the yellow light needs to
be removed. Second, after modulating the separated colored light beams with respective
image display devices, the light is recombined and projected. At this stage, the amount of
power in the blue, green and red light beams is adjusted so as to achieve a desired color
temperature in the projected image. In addition to color temperature, another useful
measure of color is the color co-ordinate of the white point, i.e. a mixture of all three
beams, red, green and blue.

An example of the color co-ordinates for a typical high pressure mercury lamp are
presented in Table I, for the individual channels and for different scenarios for mixing
color on the screen. Some assumptions made in considering the data for Table I include: i)
no Fresnel or polarization losses in the projection system, ii) no vignetting or apodization
of the individual channels, and iii) the green channel uses light in one polarization with the
red and blue channels using the other polarization. This last assumption permits partial
overlap of the spectra of the blue and green channels, and thus the overall efficiency is
increased. The first line in Table 1 presents idealized color co-ordinates (0.313, 0.329)
associated with the SMPTE RP 145-1999 standard. The second line shows the actual
values of the color co-ordinates (0.300, 0.304) of the light emitted by a Philips UHP-100
HPM lamp. Line 3 shows the different color co-ordinates for the three separated color
bands, blue, green and red, for light generated by the UHP-100 lamp. If we assume unity
weighting factors for each of the three color bands, as shown in line 4, then the white light
on the screen has the color co-ordinates as shown in line 5, (0.26, 0.30). This white light
has different co-ordinates from the white SMPTE standard of line 1. The white light on
the screen is also different in color from what was emitted from the lamp, since some light
is discarded in the process of separating the light into different color bands. The weighting
values shown in the sixth line are those values that result in white light on the screen
having color co-ordinates as shown on line 7, similar to that of the reference standard.
Thus, to produce white light that conforms to the SMPTE standard, only 46.1% of the
green light and 36.5% of the blue light is used, while all the red light is used.

12
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TABLE 1:  Color Co-ordinates for Uncorrected and Corrected Light from HP

Mercury Arc Lamp
Blue Green Red White

X y X y X y X y
1. SMPTE 0.155 | 0.07 0.31 0.595 | 0.63 0.34 0313 [ 0.329
2. from Hg source 0.300 | 0.304
3. Color purity 0.147 |0.081 }0.326 |0.59 |0.638 |0.346
4. Weighting factor 1 1 1
5. On the screen 0.26 0.30
6. Weighting factor | 0.365 0.461 1
7. On the screen 0.313 | 0.329

5 Accordingly, to achieve a desirable color temperature, a significant fraction of the

light emitted from the high pressure mercury lamp is discarded. The reason for this is that
the high pressure mercury lamp produces relatively little red light compared to the green
and blue light. It is desirable, therefore, to supplement the light from a high pressure
mercury lamp with red light from some other source. The addition of red light to the
10 output from the high pressure mercury lamp effectively increases the amount of red light in
the projected image, and thus the amount of blue and green light that needs to be discarded
to achieve the desired white color co-ordinate is reduced. In consequence, the overall
system efficiency is increased.
The different approaches for combining light from different light generators
15 discussed above may be used in combining red light from one or more LEDs with the light
from a discharge lamp. An example of a normalized spectrum of light from a red LED,
centered at about 650 nm, is shown in FIG. 8 as curve 804.
One embodiment of a light source 900 that uses combined light from a discharge
lamp 902a and an LED-based light source 902b is schematically illustrated in FIG. 9. The
20 source 900 uses a prism pair 904, formed from prisms 908 and 910, with an air gap 912
therebetween to combine the light from the discharge lamp 902a and the LED-based light
source 902b, in a manner similar to that illustrated in FIG. 2.
A reflector 906a is provided with the discharge lamp 902a to collect the light 916
from the lamp 902a and direct the light 916 (shown in solid lines) towards the entrance

13
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aperture 924 of an integrator 922, for example a tunnel integrator. The light 916 is
transmitted through the two prisms 906 and 908. The LED-based light source 902b
employs one or more LED units 918 that each comprise an LED emitter and a lens,
typically a half-ball lens. The lens may comprise the domed encapsulant that is commonly
associated with an LED. The light emitted from the LED emitter is reflectively collected
by a respective reflector 920 that has a reflecting surface conforming to a surface of
revolution about a revolution axis. This is described in greater detail in U.S. Patent
Application Serial No. 10/701,201, incorporated herein by reference.

The LED-based light source 902b may include more than one LED unit 918 with
respective reflectors 920. The reflectors 920 may each form part of a reflector body 921.
The reflector body 921 may be formed as an integral body that contains the different
reflectors 920.

The illustrated embodiment shows a light source 902b that comprises four LED
units 918. It will be appreciated, however, especially in view of the teaching contained in
U.S. Patent Application Serial No. 10/701,201 that different numbers of LED units may be
used. For example, the light source 902b may include six, eight or sixteen LED units. It
should be noted, however, that use of these examples is not intended to limit the number
LED units that may be used in the light source 902b, and that the examples are presented
for illustration purposes only.

Light 926 (shown in dashed lines) from the LED-base light source 902b is directed
by the reflector 920 to the prism pair 904. The direction of propagation to the prism pair
904 is such that the light 926 is substantially totally internally reflected at the interface
between the prism 908 and the air gap 912, towards the integrator entrance aperture 924.
Thus, the light from one or more LEDs may be efficiently collected and combined with
light from an arc lamp.

Another approach for a light source 1000, schematically illustrated in FIG. 10, is
similar in some ways to the embodiment discussed with respect to FIG. 7A, with light in
one of the beams being generated in an LED-based light source. The light source 1000
comprises an arc lamp 1002a whose light 1004 is collected and directed to the entrance
aperture 1006 of an integrator 1008 by a reflector 1010. The reflector 1010 may be

ellipsoidal, or may be non-ellipsoidal.
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An LED-based light source 1002b, comprising one or more LED units 1012 whose
light is collected and directed by one or more reflectors 1014, directs light 1016 to a
turning reflector 1018 that turns the light 1016 into the entrance aperture 1006 of the
integrator 1008. Thus, the light 1004 from the lamp 1002a and the light 1016 from the
LED units 1012 illuminate substantially different portions of the entrance aperture 1006.

It will be appreciated that different arrangements of the light sources shown in
FIGs. 9 and 10 may be used to combine light from LED units with light from an arc lamp.
For example, the arc lamp 902a may be positioned so that its light is reflected within the
prism pair 904, while the LED-based light source 902b is positioned so that its light is
transmitted through the prism pair 904. In addition, the arc lamp 1002a may be positioned
so that its light is turned by the turning reflector 1018 towards the integrator 1008, while
the LED-based light source 1002b is positioned so that its light is transmitted into the
integrator 1008 directly.

FIG. 11 presents a comparison of the spectrum of light produced by a high pressure
mercury arc lamp, curve 1102, with the composite spectra of light produced by a mercury
lamp augmented by light produced by a number of red LEDs. Curve 1104 is the calculated
spectrum when the mercury lamp is augmented by four LEDs, while curves 1106 and 1108
show spectra when the mercury lamp is augmented by eight and sixteen LEDs
respectively. As can be seen, the use of red LEDs significantly enhances the amount of
light in the red portion of the spectrum. Consequently, less green and blue light has to be
discarded in order to achieve the desired color balance, and the use of the light emitted
from the lamp is more efficient. This is further shown in Table II, which lists the total
collection efficiency for each assembly of LEDs and also lists the lumens efficiency for the
augmented source compared to the mercury lamp alone (100%). The collection efficiency
for the assembly of LEDs is normalized relative to the total light emitted by a single LED.
Thus, when the mercury lamp is augmented by four LEDs, the total brightness of white
light complying with the SMPTE RP 145-1999 standard is 14% higher than when the

mercury lamp is used alone.
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Table 11 Comparison of White Light Efficiency for Light Sources Augmented
with Different Numbers of LEDs

No. of LED units | Unit collection efficiency | Lumens efficiency for
balanced white light
0 n/a 100%
4 256% 114%
8 394% 120%
16 518% 124%

The values presented in Table II were calculated using the following assumptions.
Each LED comprised a flat emitting area of 500 um x 500 pm encapsulated in a PMMA
half-ball lens having a radius of 2.8 mm. Each LED was assumed to be a Lambertian
emitter. The light from the LEDs was combined into a rectangular target area 6.4 mm x
12.8 mm, within a collected solid angle of + 22°, It is seen from Table II that the lumens
efficiency does not increase linearly with the number of LEDs. This is due, at least in part,
to the fact that the collection area has a limited solid angle and each LED has an associated
reflector of a finite size. Consequently, as the number of LEDs increases, it becomes
increasingly more difficult to achieve the same light gains by squeezing more LEDs into
the + 22° cone subtended by the target area.

The present invention should not be considered limited to the particular examples
described above, but rather should be understood to cover all aspects of the invention as
fairly set out in the attached claims. Various modifications, equivalent processes, as well
as numerous structures to which the present invention may be applicable will be readily
apparent to those of skill in the art to which the present invention is directed upon review
of the present specification. The claims are intended to cover such modifications and

devices.
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WE CLAIM:

1. A projector system, comprising:
a light source comprising

a first light generator producing first light and a first reflector
disposed to collect at least part of the first light and to direct the collected
first light in a first direction,

a second light generator producing second light and a second
reflector disposed to collect at least part of the second light and to direct the
collected second light in a second direction, and

a light combiner that combines the first light and the second light to
produce a combined light beam; and
at least one image display unit illuminated by at least a part of the combined

light beam, the at least one image display unit imposing an image on the at least a

part of the combined light beam to form an image beam.

2. A system as recited in claim 1, further comprising a projector lens unit that

projects the image beam.

3. A system as recited in claim 1, further comprising at least one polarizing
beamsplitter, the combined light beam being incident on the at least one image display unit
via the polarizing beamsplitter, the at least one image display unit being a reflective image
display unit and producing a reflected image beam, the reflected image beam being

separated from the combined light beam by the polarizing beamsplitter.

4, A system as recited in claim 1, further comprising a light homogenizer unit
between the light source and the at least one image display unit to homogenize the

combined light beam.

5. A system as recited in claim 4, wherein the homogenizer unit is a tunnel

integrator.
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6. A system as recited in claim 5, wherein the tunnel integrator comprises the
light combiner, the first and second light generators directing the first and second lights
respectively into the tunnel integrator and the combined beam emerging from the tunnel

integrator.

7. A system as recited in claim 5, further comprising an image relay system to

relay an image of an output of the homogenizer unit to the at least one image display unit.

8. A system as recited in claim 5, wherein the tunnel integrator has an
entrance aperture and an exit aperture, the entrance aperture having a size different from a

size of the exit aperture.

9. A system as recited in claim 8, wherein the tunnel integrator is a trapezoidal

tunnel integrator.

10. A system as recited in claim 4, wherein the first light enters the
homogenizer unit with a first angular distribution and the second light enters the
homogenizer unit with a second angular distribution substantially non-overlapping with

the first angular distribution.

11. A system as recited in claim 4, wherein the first light enters an entrance
aperture of the homogenizer unit at a first aperture portion and the second light enters the

entrance aperture at a second aperture portion different from the first aperture portion.

12. A system as recited in unit as recited in claim 1, wherein the at least one
image display unit comprises at least two image display units and further comprising a
color separator disposed to separate the combined beam into at least two beams of
different color bands to illuminate the at least two image display units with respectively

light of different color bands.

13. A system as recited in unit as recited in claim 12, wherein the color

separator receives image light in the different color bands from the at least two image
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display units and combines the image light in the different color bands into the image

beam that is projected by the projector lens unit.

14. A system as recited in unit as recited in claim 1, further comprising a
controller coupled to the at least one image display unit to control an image produced by

5 the at least one image display unit.

15. A light source unit for a projection system, comprising:

a first light generator producing first light and a first reflector
disposed to collect at least part of the first light and to direct the collected
first light in a first direction;

10 a second light generator producing second light and a second
reflector disposed to collect at least part of the second light and to direct the
collected second light in a second direction; and

a light combiner that combines the first light and the second light to

produce a combined light beam.

15 16. A unit as recited in claim 15, wherein the second light generator comprises

at least one light emitting diode (LED).

17. A unit as recited in claim 16, wherein the second reflector comprises a
reflecting surface conforming to a surface of revolution about a revolution axis, the at least

one LED unit having an LED axis non-parallel to the revolution axis.

20 18.. A unit as recited in claim 15, wherein the first light generator comprises a

high pressure mercury lamp.

19. A unit as recited in claim 18, wherein the second light generator comprises

a high pressure mercury lamp.

20. A unit as recited in claim 15, wherein the light combiner comprises a prism

25 pair formed from first and second prisms, the first light being substantially totally
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internally reflected within the first prism and the second light being substantially

transmitted through the first and second prisms to form a combined light beam.

21. A unit as recited in claim 20, further comprising an index matching layer
disposed between the first and second prisms, the second light substantially transmitted

5 through the first and second prisms passing through the index-matching layer.

22. A unit as recited in claim 21, wherein the index-matching layer is an

adhesive layer.

23. A unit as recited in claim 21, wherein the first light totally internally
reflects within the first prism at a surface area substantially free of the refractive index-

10 matching layer.

24. A unit as recited in claim 20, further comprising an integrator, the

combined light beam entering the integrator at an entrance aperture of the integrator.

25. A unit as recited in claim 24, wherein the integrator is a tunnel integrator.

26. A unit as recited in claim 25, wherein the tunnel integrator is a tapered

15 integrator.

27. A unit as recited in claim 15, wherein the light combiner comprises a
combining reflector and an integrator, the integrator having an entrance aperture, the
combining reflector being disposed proximate the entrance aperture of the integrator, one
of the first and second lights reflecting off the combining reflector before propagating into

20 the entrance aperture, the other of the first and second lights propagating into the entrance

aperture without reflecting off the combining reflector.

28. A light source unit for a projection system, comprising:
a first light generator unit producing a first light beam having a first

cone angle, light in the first light beam having a relatively broad spectrum;
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a second light generator unit producing a second light beam
separated from the first light beam, the second light beam having a second
cone angle substantially equal to the first cone angle, light in the second
light beam having a relatively narrow spectrum; and

a light integrator disposed to receive both the first and second light

beams and to produce a combined output beam.

29. A unit as recited in claim 28, wherein the first light generator unit

comprises a mercury discharge lamp.

30. A unit as recited in claim 28, wherein the second light generator unit

comprises at least one light emitting diode (LED) unit.

31. A unit as recited in claim 30, wherein light from the at least one LED unit is
reflected as the second light beam by a reflector, the reflector having at least one reflecting
surface conforming to a surface of revolution about a revolution axis non-parallel to an

LED axis of the at least one LED unit.

32. A unitas recited in claim 28, further comprising a first reflecting surface
disposed proximate an entrance aperture of the light integrator, one of the first and second
light beams being directed into the entrance aperture via reflection at the first reflecting

surface.

33. A unit as recited in claim 28, wherein the first light beam enters the light
integrator with a first angular distribution and the second light beam enters the light
integrator unit with a second angular distribution substantially non-overlapping with the

first angular distribution.

34, A unit as recited in claim 28, wherein the first light beam enters an entrance
aperture of the light integrator at a first aperture portion and the second light beam enters

the entrance aperture at a second aperture portion different from the first aperture portion.
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35. A unit as recited in claim 32, further comprising a prism pair comprising
first and second prisms, the first prism having a totally internally reflecting surface that
comprises the reflecting surface, light in the other of the first and second light beams being

transmitted through both the first and second prisms.

36. A unit as recited in claim 32, wherein, light in the other of the first and
second light beams enters the entrance aperture without passing through the reflecting

surface.

37. A unitas recited in claim 36, wherein the reflecting surface comprises a

first mirror.

38. A unit as recited in claim 36, further comprising a second reflecting surface
disposed proximate the entrance aperture, light in the one of the other of the first and
second light beams and a third light beam being reflected off the second reflecting surface

into the entrance aperture.

39. A unit as recited in claim 28, wherein the integrator is a tunnel integrator.

40. A unit as recited in claim 39, wherein the tunnel integrator is a tapered

tunnel integrator.

41. A unit as recited in claim 28, further comprising an imager unit disposed to
receive the combined output beam, and to produce an image beam, and a projection lens

unit disposed to project the image beam.

42. A unit as recited in claim 41, wherein the imager unit includes at least one
reflective image display unit and at least one respective polarizing beamsplitter, at least
part of the combined output beam passing to the at least one reflective image display unit
via the at least one respective polarizing beamsplitter, image light from the at least one
reflective image display unit being separated from the at least part of the combined output

beam by the at least one respective polarizing beamsplitter.
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43. A unit as recited in claim 42, wherein the at least one reflective image
display unit comprises first, second and third reflective image display units, and the imager
unit includes a color separation unit disposed to separate the combined output beam into
first, second and third color bands directed respectively to the first, second and third

reflective image display units.

44, A unit as recited in claim 41, further comprising a controller coupled to at
least one image display device in the image unit, to control an image produced by the at

least one image display device.
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