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1
ROD INTEGRATOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority under 35 USC§119(e)(1)
of provisional application No. 60/173,942 filed Dec. 30,
1999.

Patent No. Filing Date  Issue Date Title

TI-29879 Sequential Color Recapture for
Projection Systems
TI-29914 Color Wheel For A Falling Raster

Scan

FIELD OF THE INVENTION

This invention relates to the field of display systems,
particularly to display systems using a rod integrator to
homogenize a beam of light prior to modulating the beam of
light using a light valve, more particularly to sequential
color recapture display systems using an integrating rod to
implement the light recapturing feature.

BACKGROUND OF THE INVENTION

Viewers evaluate display systems based on many criteria
such as image size, resolution, contrast ratio, color purity,
and brightness. Image brightness is a particularly important
metric in many display markets since the available bright-
ness can limit the image size of a projected image and
controls how well the image can be seen in venues having
high levels of ambient light.

Projection display designers increase the brightness of a
given projection display by increasing the light source used
to form the image. Increasing the light source, however, also
increases the cost, size, and weight of the display system.
Additionally, larger light sources generate additional heat
that must be dissipated by the display.

Many other factors affect the brightness of the images
produced by the display system. One of the major factors is
the number of modulators used to modulate the light used to
produce the image. Display systems that use a modulator
with a very fast response time, such as the digital micro-
mirror device (DMD™), can use a single modulator to
create a full color image. Other display systems use three
modulators, such as liquid crystal display (LCD) panels or
DMDs, to create a full color image.

Micromirror-based display systems typically operate the
micromirrors in a digital, or bistable, manner. Digital opera-
tion fully deflects a given micromirror to either a first
position or a second position. The illumination optics of the
display device illuminate the entire array of micromirror
cells. Micromirrors deflected to the first position reflect light
along a first path, whereas micromirrors deflected to a
second position reflect light along a second path. The
projection optics of the display system collects the light
from the mirrors in the first position and focus the light onto
an image plane. The light reflected by mirrors in the second
position is prevented from reaching the image plane. An
image pixel associated with a mirror in the first position is
brightly illuminated, whereas an image pixel associated with
mirrors in the second position are not illuminated.

Pulse width modulation creates the perception of gray
scale intensities with a digital micromirror device or other
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spatial light modulator. When using pulse width modulation,
a given micromirror element is rapidly turned on and off in
response to a digital intensity word. The duty cycle of the
mirror determines the total amount of light contributed to an
image pixel. If the pixel is pulsed quickly enough, the human
eye will accurately measure the average intensity of the
pixel, but will fail to detect the pulsing.

Full-color images also are produced by taking advantage
of the relatively slow response time of the human eye. Each
frame period is divided into at least three periods. During
each period, a primary color image is produced. If the
primary color images are produced in rapid succession, the
eye will perceive a single full-color-image.

An alternative to the sequential color display system is a
three-modulator display system. The three-modulator dis-
play system is very similar to the sequential color display
system in that they both form full color images by the
combining three primary color images. The disadvantage of
the three-modulator display system is the cost of the three
modulators and the complex optics required both to split the
white light beam from the light source into three primary
color light beams and to recombine the modulated primary
color light beams.

The disadvantage of the single-modulator sequential color
display systems is its low image brightness. Because the
white light source is time-divided into three primary color
light beams, most of the light at any given time is not used.
For example, when the blue primary color image is being
formed, the green and red output of the white light source are
filtered out of the light beam. Thus, a sequential color
display system, while generally less expensive than the
three-modulator display system, makes very inefficient use
of the light produced by the light source.

The lost light not only reduces the brightness of the image
produced by the display system, discarding the light creates
several problems for the display system. The light filtered
out of the light beam generally becomes stray light that the
display system must control to prevent from reaching the
image plane and degrading the contrast of the displayed
image. The off-primary light is generally converted to heat.
The heat must be dissipated by using larger fans, which in
turn increase the noise produced by the display system and
increase the size of the display system.

What is needed is an efficient illumination system that is
capable of providing the efficiency of a three-modulator
display system while taking advantage of the simplified
optics and low cost of a one-modulator display system.

SUMMARY OF THE INVENTION

Objects and advantages will be obvious, and will in part
appear hereinafter and will be accomplished by the present
invention that provides an integrating rod for light recycling
and method thereof. One embodiment of the claimed inven-
tion provides an integrating rod. The integrating rod is
comprised of an elongated body to reflect light traveling
through the integrating rod, an entrance face on a first end
of the elongated body, and a mirrored entrance aperture at
the entrance face. The mirrored entrance aperture has a
transmissive entrance aperture portion and a mirrored por-
tion. The mirrored entrance aperture allows light to pass
through the aperture and enter the elongated body of the
integrating rod. The mirrored entrance aperture reflects the
light traveling through the elongated body to the entrance
face that strikes the mirrored entrance aperture outside the
transmissive entrance aperture. The mirrored entrance aper-
ture is either deposited on the body of the integrating rod, or
formed as a separate piece and placed at the end of the rod.
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According to another embodiment of the disclosed
invention, a polarizing integrating rod is provided. The
polarizing integrating rod is comprised of an elongated body
to reflect light traveling through the integrating rod, an
entrance face on a first end of the elongated body, a mirrored
entrance aperture at the entrance face, a polarizing coating,
and a quarter wave plate. The mirrored entrance aperture has
a transmissive entrance aperture portion and a mirrored
portion. The mirrored entrance aperture allows light to pass
through the aperture and enter the elongated body of the
integrating rod. The mirrored entrance aperture reflects the
light traveling through the elongated body to the entrance
face that strikes the mirrored entrance aperture outside the
transmissive entrance aperture. The polarizing coating trans-
mits light of a first polarization and reflects light of a second
polarization. The reflected light of a second polarization
passes through the quarter wave plate twice converting it to
light of the first polarization which then passes through the
polarizing coating. The mirrored entrance aperture is either
deposited on the body of the integrating rod, or formed as a
separate piece and placed at the end of the rod. Alternatively,
the mirrored entrance aperture is deposited on the quarter
wave plate which is placed at the end of the rod.

The disclosed integrating rod not only homogenizes a
beam of light passing through the integrating rod, it also
recycles light rejected by a dynamic filter at the exit face of
the integrating rod or a polarization coating. By recycling
the rejected light, the brightness of the display system using
the integrating rod is increased without using a brighter light
source.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present
invention, and the advantages thereof, reference is now
made to the following descriptions taken in conjunction with
the accompanying drawings, in which:

FIG. 1 is a schematic view of a scrolling color display
system according to one embodiment of the present inven-
tion.

FIG. 2 is a perspective view of an integrating rod espe-
cially adapted to implement the sequential color recapture
function used by the display system of FIG. 1.

FIG. 3 is a perspective view of a second embodiment of
an integrating rod especially adapted to implement the
sequential color recapture function and having a mirrored
exit aperture.

FIG. 4 is a side view of the integrating rod of FIG. 3
showing the deposition of the mirrored apertures on the
entrance and exit faces of the integrating rod.

FIG. 5 is a side view of an integrating rod similar to the
one shown in FIG. 4, but using separate mirrors positioned
near the entrance and exit face of the integrating rod.

FIG. 6 is a cross sectional side view of the integrating rod
of FIG. 3 showing the light recycling process within the
integrating rod.

FIG. 7 is a perspective view of a cylindrical integrating
rod similar to the rectangular rod of FIG. 3.

FIG. 8 is a side view of a tapered integrating rod suitable
for use with light sources having a very small output
aperture and a large exit cone.

FIG. 9 is a side view of a recycling integrator rod designed
to receive unpolarized light and emit polarized light.

FIG. 10 is a side view of the recycling integrator rod of
FIG. 9 showing the process of polarization recycling occur-
ring within the integrating rod.
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DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

A new method and system of illuminating a light valve
has been developed. The new method provides a white light
beam to three or more unique portions of a dynamic color
filter, typically a color wheel. Each portion of the dynamic
filter allows a band of wavelengths to pass through the
dynamic filter and rejects all wavelengths outside that band
of wavelengths. The rejected wavelengths reenter the illu-
mination system and are later represented to the dynamic
filter. Upon the second and subsequent application of the
rejected light to the dynamic filter, portions of the rejected
light are accepted by the filter and used to illuminate a light
valve. The light valve modulates the selected wavelengths to
produce a modulated beam of light that is focused onto an
image plane. Recycling the rejected wavelengths greatly
increases the potential brightness of a display system with-
out the use of a brighter light source or additional light
valves and color splitters.

The novel integrating rod disclosed herein is an important
component of the sequential color recycling system. The
novel integrating rod not only assists the recycling function
of the display, but also provides an efficient means for
matching a particular lamp to a light valve. Furthermore, one
embodiment of the disclosed integrating rod provides an
efficient mechanism for recycling off state polarization light
in polarization dependent displays.

FIG. 1 is a schematic illustration of a typical display
system according to the present invention. In FIG. 1, light
from light source 102 is focused by a collection optic 104
onto the entrance end of an integrating light rod 106. The
light travels through the rod 106, which either can be hollow
with mirrored internal surfaces, or a solid transparent com-
ponent. As the light travels through the rod 106, it is
reflected by the sides of the rod 106 becoming homogenous
across the light beam by the time the light beam exits the exit
end of the integrating rod 106. If the integrating rod 106 is
hollow, the mirrored internal surfaces of the rod 106 reflect
the light traveling through the rod. If the rod is solid, the
light undergoes total internal reflection at the interface
between the light rod 106 and the air surrounding the light
rod 106.

Light exiting the integrating rod 106 is filtered by the
novel spiral color wheel 108 described herein. As described
below, the light passing through the color wheel 108 is
imaged onto a light valve 110, shown in FIG. 1 as a
micromirror device. The light rejected by the dichroic filters
of the color wheel 108 is reflected back into the integrating
rod 106 where it can be recaptured and recycled. As
described in TI-29879, careful arrangement of the illumina-
tion optics—light source 102, collection optic 104, integrat-
ing rod 106, and color wheel 108—enables the display
system to reuse the light rejected by the dichroic filters of the
color wheel, dramatically increasing the brightness of the
display system.

The light valve 110 modulates the light incident the light
valve in response to image data signals received from a
display system controller 112. The controller synchronizes
the image data signals provided to the light valve with the
rotation of the color wheel 108 as detected by an index mark
detector 114 or some other sensing means such as measure-
ment such as signals from the color wheel motor 116.

When a micromirror is used as the light valve 110,
portions of the light reaching each micromirror element are
either reflected through a projection optic 118 to an image
plane 120 to form a bright pixel on the image plane, or the
light is reflected away from the image plane to a light dump
122.
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FIG. 2 is a perspective view of one embodiment of an
integrating rod 200 designed to be used in a sequential color
recycling display system. As described above, the integrat-
ing rod can be either a mirrored hollow structure, or a
transparent solid. If the integrating rod is a transparent solid
structure, either total internal reflection or mirrored surfaces
are relied upon to reflect light traveling through the inte-
grating rod.

The integrating rod of FIG. 2 has a mirrored entrance face
202 with a small aperture 204 opened through the mirrored
surface. The aperture typically is either a round or oval
opening sized to efficiently couple the integrating rod to a
light source—arc lamps with long arcs generally require
larger apertures than lamps with small arcs. Light entering
the aperture is reflected down the length of the integrating
rod and exits the exit face 206 of the integrating rod.

As described in TI-29879, entitled Sequential Color
Recapture for Display Systems, the integrating rod 200
coupled with a multiple segment dynamic filter, such as a
spiral dichroic color wheel having three or more narrow
filters adjacent to the exit face 206 enables the integrating
rod to recapture light rejected by a given filter of the
dynamic filter. The rejected light travels back through the
integrating rod where a majority of the light strikes the
mirrored entrance face 202. Light reflected by the mirrored
entrance face, or light exiting through the entrance aperture
204 and returning to the integrating rod after being reflected
by the lamp reflector, once again travels to the exit face 206
of' the integrating rod 200. After exiting through the exit face
206 of the integrating rod 200 a second time, the recycled
light has a good chance of striking a different filter segment
of the dynamic filter and being used by the display system.

FIG. 3 is another embodiment of the disclosed invention.
In FIG. 3 an integrating rod 300 has both a mirrored input
face 302 with an aperture 304 and a mirrored exit face 306
with an exit aperture 308. The cross-sectional area of
integrating rod 300 is larger than necessary to match the
etendue of the light valve used with the integrating rod. The
size and shape of the input aperture is chosen to maximize
light collection from the light source. Preferably, the etendue
of the input aperture is the same as the etendue of the light
valve being used. The exit aperture 308 is deposited to
provide an exit aperture that is appropriately sized for the
light valve being used. The aspect ratio of the exit aperture
308 is the same as the light valve used with the integrating
rod (e.g. 4:3 for NTSC or 16:9 for HDTV). Preferably the
area of the input aperture 304 and the area of the output
aperture 308 is the same. The ratio of the exit aperture 308
to the cross-sectional area of the integrating rod 300 deter-
mines the probability of light traveling through the rod
exiting the rod. The ratio of the entrance aperture 304 to the
cross-sectional area of the integrating rod 300 determines
the probability of light traveling back towards the entrance
face of the integrating rod being recycled by the integrating
rod 300 and returned to the exit face of the integrating rod
300. FIG. 7 is a perspective view of a cylindrical integrator
rod 700 having a circular entrance aperture and a rectangular
exit aperture.

FIG. 4 is a side view of the integrator rod 300 of FIG. 3
showing the mirror 302 deposited on the entrance face and
the mirror 306 deposited on the exit face of the integrating
rod body 310. FIG. 5 is a side view of an alternate embodi-
ment of an integrating rod. In FIG. 5, no mirrors have been
deposited on the integrator rod body 506, but instead sepa-
rate mirrors 502, 504 are placed just outside the entrance and
exit faces of the integrator rod 506. Using a separate mirror
for either the input aperture or the output aperture, or both,
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may be less expensive overall than depositing a mirror on
the surface of the integrator rod body. Regardless of whether
the mirrored entrance aperture is deposited on the entrance
face of the integrator body or provided as a separate mirror,
if a mirrored entrance aperture is capable of reflecting light
from either side, that is light coming toward the integrating
rod from the light source as well as light returning through
the integrating rod, the light striking the entrance face
outside on the mirrored surface will be returned to the light
source and may be reflected by the light source through the
entrance aperture on the entrance face.

FIG. 6 shows the light recycling process occurring within
the integrating rod of FIG. 3. In FIG. 6, light ray 602 exits
the integrating rod 300 by passing through the aperture 308
in the exit face mirror 306. If filter segment 604 of the color
wheel 606 rejects the light 602, it is reflected along path 608
back to the entrance end of the integrating rod 300. When the
exit face of the integrating rod is mirrored, some of the light
misses the aperture 308 and returns to the entrance face
without ever reaching the color wheel 606.

When the reflected light reaches the input end of the
integrating rod 300, it may follow path 610 and pass through
the input aperture 304 of the integrating rod 300, or it follow
light path 612 and be reflected by the mirrored entrance end
of the integrating rod 300. Light passing through the input
aperture 304 of the integrating rod 300 returns to the
reflector or light source. Ideally, the light returning to the
reflector and light source is reflected back to the input
aperture 304 of the integrating rod 300.

After being reflected by the mirrored entrance face of the
integrating rod or returning from the reflector or light source,
the recycled light travels to the exit face of the integrating
rod 300 a second time. Ideally, the recycled light 616 follows
a path through the exit aperture 308 that impinges a different
color filter 618 allowing the recycled light to pass through
the color wheel 606 and continue on to the light valve. Light
that strikes the mirror on the exit face 306, and light that is
rejected by the dynamic filter a second time travels back
through the integrator rod 300 again until it either escapes,
is absorbed, or passes through the dynamic filter.

FIG. 8 is a side view of a tapered integrating rod 800
having mirrored entrance and exit apertures similar to the
integrating rod of FIG. 3. The integrating rod shown in FIG.
8 is ideally suited to use with light sources having a small
exit aperture and a large exit cone with a near-Lambertian
output. For example, some RF-pumped light sources have a
small rectangular output window and a half-angle cone of
light exiting the window as large as 60°. The tapered
integrating rod 800 shown in FIG. 8 reflects the high-angle
exit light at a shallower angle

The recycling principles taught herein are also applicable
to display systems that rely on polarized light. An example
of a polarized light recycling integrator rod is shown in
FIGS. 9 and 10. FIG. 9 shows a ray of light 902 entering the
entrance aperture of, and traveling through the polarizing
integrator rod. A broadband polarizing coating 904, similar
to the coatings used by cube beam splitters, is orientated
within the integrating rod at a 45° angle. When the light
reaches the polarizing coating 904, one polarization—the
p-polarization 906—passes through the coating 904 and
exits the end of the integrating rod. The remaining orthogo-
nally polarized light—the s-polarization 908—is reflected
by the coating 904 and a mirror 910. The light is reflected by
the mirror 910 and a second time by the coating 904 before
traveling back through the integrating rod.

As the s-polarized light 912 travels through the integrat-
ing rod, it passes through a quarter-wave plate 916 with a
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fast axis at 45°, shown in FIG. 10. After passing through the
quarter-wave plate 916 the light reflects from the mirror on
the entrance face and passes through the quarter-wave plate
a second time. After two passes, the s-polarized light 912
becomes p-polarized light 914. The p-polarized light
traverses the integrating rod a third time and passes through
the polarizing coating 904 and on to the light valve.
Although shown at opposite ends of the integrating rod, the
polarizing coating 904 and quarter-wave plate 916 need not
be located near the ends of the integrating rod.

The size and shape of the entrance aperture largely is
determined by the light source being used. Likewise, the size
and shape of the exit aperture is determined by the light
valve being used. The aspect ratio of the integrating rod
typically matches the aspect ratio of the light valve, espe-
cially when the integrating rod does not have a mirrored exit
aperture. While many textbooks and other sources provide
equations used to determine an optimal rod length. These
equations rarely take into account the aspect ratio of the
rods, and do not address the mirrored aperture 304 discussed
herein. Due to the large number of variables involved,
including the output characteristics of the light source and
reflector, these equations generally only provide a rough
starting measurement for non-sequential ray trace simula-
tions that are used to determine the optimum integrating rod
specifications.

Thus, although there has been disclosed to this point a
particular embodiment for a rod integrator especially
adapted for use with sequential color recapture display
systems, it is not intended that such specific references be
considered as limitations upon the scope of this invention
except insofar as set forth in the following claims.
Furthermore, having described the invention in connection
with certain specific embodiments thereof, it is to be under-
stood that further modifications may now suggest them-
selves to those skilled in the art, it is intended to cover all
such modifications as fall within the scope of the appended
claims.

What is claimed is:
1. An integrating rod comprised of:

an elongated body, said elongated body operable to reflect
light traveling through said elongated body;

an entrance face on a first end of said elongated body; and

a mirrored entrance aperture at said entrance face, said
mirrored entrance aperture having a transmissive
entrance aperture portion and a mirrored portion, said
mirrored entrance aperture allowing light to pass
through the aperture thereof to enter the elongated body
of said integrating rod, said mirrored entrance aperture
operable to reflect light traveling through said elon-
gated body to said entrance face that strikes said
mirrored entrance aperture outside said transmissive
entrance aperture portion.

2. The integrating rod of claim 1, wherein said entrance

aperture is circular.

3. The integrating rod of claim 1, wherein said entrance

aperture is elliptical.

4. The integrating rod of claim 1, wherein said entrance

aperture is rectangular.

5. The integrating rod of claim 1, wherein said entrance

aperture is centered on said entrance face and surrounded by
said mirrored portion of said mirrored entrance aperture.
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6. The integrating rod of claim 1, wherein said mirrored
entrance aperture is on said entrance face.

7. The integrating rod of claim 1, wherein said mirrored
entrance aperture is a metal layer deposited on said entrance
face.

8. The integrating rod of claim 1, wherein said mirrored
entrance aperture is a mirror positioned next to said entrance
face.

9. The integrating rod of claim 1, said elongated body
having a circular cross section.

10. The integrating rod of claim 1, said elongated body
having a rectangular cross section.

11. The integrating rod of claim 1, said elongated body
having a triangular cross section.

12. The integrating rod of claim 1, said elongated body
having a hexagonal cross section.

13. The integrating rod of claim 1, said elongated body
having a square cross section.

14. The integrating rod of claim 1, wherein said elongated
body is tapered.

15. The integrating rod of claim 1, wherein said elongated
body is hollow.

16. The integrating rod of claim 1, wherein said elongated
body is a solid transparent body.

17. The integrating rod of claim 1, wherein said elongated
body is glass.

18. The integrating rod of claim 1, wherein said light
traveling through said elongated body is reflected by mir-
rored surfaces along said elongated body.

19. The integrating rod of claim 1, wherein said light
traveling through said elongated body is reflected by total
internal reflection at an interface between said elongated
body and a media surrounding said elongated body.

20. The integrating rod of claim 19, wherein said media
surrounding said elongated body is air.

21. The integrating rod of claim 1, further comprising a
mirrored exit aperture at an exit face of said elongated body,
said mirrored exit aperture having a transmissive exit aper-
ture portion and a mirrored exit portion, said mirrored exit
aperture allowing light to pass through the aperture thereof
after leaving said elongated body of said integrating rod,
said mirrored exit aperture operable to reflect light traveling
through said elongated body to said exit face that strikes said
mirrored exit aperture outside said transmissive exit aper-
ture.

22. The integrating rod of claim 21, wherein said exit face
is opposite said entrance face.

23. The integrating rod of claim 21, wherein said exit
aperture is circular.

24. The integrating rod of claim 21, wherein said exit
aperture is elliptical.

25. The integrating rod of claim 21, wherein said exit
aperture is rectangular.

26. The integrating rod of claim 21, wherein said exit
aperture is centered on said exit face and surrounded by said
mirrored portion of said mirrored exit aperture.

27. The integrating rod of claim 21, wherein said mirrored
exit aperture is on said exit face.

28. The integrating rod of claim 21, wherein said mirrored
exit aperture is a metal layer deposited on said exit face.

29. The integrating rod of claim 21, wherein said mirrored
exit aperture is a mirror positioned next to said exit face.

30. A polarizing integrating rod comprised of:

an elongated body, said elongated body operable to reflect
light traveling through said elongated body;

an entrance face on a first end of said elongated body;
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a mirrored entrance aperture at said entrance face, said a polarizing coating, said polarizing coating transmitting
mirrored entrance aperture having a transmissive light of a first polarization and reflection light of a
entrance aperture portion and a mirrored portion, said second polarization;

mirrored entrance aperture allowing light to pass

through the aperture thereof to enter the elongated body 5 a quarter wave plate for receiving light of said second

of said integrating rod, said mirrored entrance aperture polarization reflected by said polarizing coating and
operable to reflect light traveling through said elon- converting said light of a second polarization to said
gated body to said entrance face that strikes said first polarization.

mirrored entrance aperture outside said transmissive
entrance aperture, k% ok k%
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