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METHOD OF PRODUCING AN IMAGE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a Divisional of application Ser. No.
10/910,206, filed 3 Aug. 2004 (now U.S. Pat. No. 7,066,
605), which is a Divisional of application Ser. No. 09/705,
467, filed 3 Nov. 2000 (now U.S. Pat. No. 6,771,325), which
claims the benefit of Provisional Application No. 60/173,
640, filed 30 Dec. 1999 and which claims the benefit of
Provisional Application No. 60/163,866 filed 5 Nov. 1999.

The following patents and/or commonly assigned patent
applications hereby are incorporated herein by reference:

Patent No. Filing Date Issue Date Title

5,192,946 May 30, 1991 Mar. 9, 1993 Digitized Color Video
Display System
Method and Apparatus
for Sequential Color
Imaging

Method And System For
Accentuating Intense
White Display Areas In
Sequential DMD Video
Systems

Full-Color Projection
Display System Using
Two Light Modulators
Kinematic Integrating
Optic Mount

Color Wheel for a

Falling Raster Scan

5448314  Jan.7,1994  Sep. 5, 1995

5,592,188 Jan. 4, 1995  Jan. 7, 1997

5,612,753 Jan. 27,1995  Mar. 18, 1997

5760976 Apr. 15,1997 Jun. 2, 1998

6,642,969  Dec. 21,2000 Nov. 4, 2003

FIELD OF THE INVENTION

This invention relates to the field of display systems,
particularly to full color display systems using a single light
modulator, more particularly to sequential full color display
systems using falling raster or scrolling color methods.

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-
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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
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
eve 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
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invention that provides a method and system for sequential
color recapture. One embodiment of the claimed invention
provides a display system comprising: a light source for
producing a beam of white light, an integrator for homog-
enizing the beam of white light, a filter for filtering the
homogenized beam of white light and separating the homog-
enized beam of white light into a primary color beam of light
traveling along a first path, and a remainder beam of light
traveling along a second path, a spatial light modulator on
the first path for selectively modulating the light traveling
along the first path to form an image, and wherein a portion
of the remainder beam of light is incident a second region of
the filter and travels along the first path.

A second embodiment of the disclosed invention provides
a display system comprising: a light source for producing a
beam of white light, an integrator for homogenizing the
beam of white light, a filter for filtering the homogenized
beam of white light, the filter separating the homogenized
beam of white light into a primary color beam of light
traveling along a first path, and a remainder beam of light
traveling along a second path, a spatial light modulator on
the first path for receiving light traveling along the first path
and selectively modulating the light traveling along the first
path to form an image, and wherein the remainder beam
re-enters the integrator and is re-transmitted by the integra-
tor to the filter such that a portion of the remainder beam of
light is incident a second region of the filter and travels along
the first path.

A third embodiment of the disclosed invention provides a
method of producing an image. The method comprises the
steps of: providing a beam of white light, impinging the
beam of white light on a first region of a dynamic filter, the
first region of the dynamic filter transmitting a first primary
portion and rejecting a remainder of the beam of light,
modulating the first primary portion, impinging a portion of
the remainder of the beam of light on a second region of the
dynamic filter, the second region of the dynamic filter
transmitting a second primary portion of the remainder of
the beam of light, modulating the second primary portion of
the beam of light, and focusing the modulated first and
second primary portions of the beam of light on an image
plane.

The disclosed invention provides the technical advantage
of much higher illumination efficiency. Since all color
components of the beam of light are used at all times, the
disclosed system and method achieve three modulator panel
system efliciencies using only a single modulator panel. The
higher efficiency enables the use of lower cost light sources
that have longer operational lives and produce less heat. The
apparatus required to implement the disclosed invention is
much less costly than the optics and modulator panels
required to implement a three panel display solution.
Because less heat is generated, the overall display system
volume will decrease since there is a reduced need for
cooling fans and air ducts.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present inven-
tion, 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 perspective view of a sequential color display
system of the prior art.
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FIG. 2 is a block diagram of a scrolling color display
system capable of recycling the light rejected by the color
filters according to one embodiment of the present inven-
tion.

FIG. 3 is a plan view of one embodiment of a color wheel
suitable for use with the disclosed recycling scrolling color
illumination system.

FIG. 4 is a plan view of a second embodiment of a color
wheel suitable for use with the disclosed recycling scrolling
color illumination system.

FIG. 5 is a plan view of a spatial light modulator illumi-
nated by a light beam filtered to result in three lateral
primary color segments.

FIG. 6 is a plan view of the spatial light modulator of FIG.
5 as the three primary color segments shift across the spatial
light modulator.

FIG. 7 is a plan view of the spatial light modulator of FI1G.
5 as the three primary color segments shift further across the
spatial light modulator.

FIG. 8 is a side view of a recycling scrolling color
illumination system according to one embodiment of the
present invention.

FIG. 9 is a side view of one embodiment of an integrating
rod for use with the disclosed recycling scrolling color
illumination system.

FIG. 10 is a side view of a recycling scrolling color
illumination system according to an embodiment of the
present invention using a color filter belt.

FIG. 11 is a plan view of the color wheel of FIG. 3
showing the relationship between color wheel and a cross
section of the optical path of the display system.

FIG. 12 is a plan view of a portion of a spiral color wheel
similar to the color wheel shown in FIG. 4 showing the
alignment of the spiral color wheel with the cross section of
the display system optical path.

FIG. 13 shows the addition of an optional white filter
segment to each set of primary color filters in the color
wheel of FIG. 13.

FIG. 14 is a perspective view of one embodiment of an
integrator rod designed to recycle light passing through it.

FIG. 15 is a plan view of a portion of the color wheel of
FIG. 4 detailing the curvature of the filter segments.

FIG. 16 is a plan view of a two-modulator scrolling color
recapture display system according to one embodiment of
the present invention.

FIG. 17 is a plot of the collection efficiency for various arc
sizes over a range of aperture sizes.

FIG. 18 is a plot of the modeled recycling efficiency of an
integrator rod having a mirrored input face for various input
aperture diameters.

FIG. 19 is a plot of the modeled overall reflector and
integrator recycling efficiency for a range of mirrored inte-
grating rod aperture sizes.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

A new optical system and method have been developed
that dramatically improve the optical efficiency of sequential
color display systems. The system uses a sequential color
concept called falling raster or scrolling color in which the
illumination beam laterally changes color. The light rejected
by the sequential filters is recycled, that is collected and
presented to the filter again, increasing the efficiency of the
system. Since more than one color is being displayed at a
given time, light rejected by one filter segment can pass



US 7,252,391 B2

5

through another filter segment if it is successfully routed to
another proper filter segment.

FIG. 1 is a perspective view of a sequential color display
system 100. In the display system 100 of FIG. 1, light from
source 102 is focused onto a spinning color wheel 104. The
spinning color wheel 104 creates of beam of light that
changes from one primary color to the next in rapid
sequence. The primary colored beam of light impinges a
spatial light modulator 106, in this case a DMD.

A controller 108 receives a video signal and sends image
data to the spatial light modulator 106 in synchronization
with the color wheel 104. Image data representing the red
portions of the image is sent during the period in which the
red color filter is passing through the beam of light. The
modulated red beam of light is focused onto an image plane
110 by projection lens 112 to form a red image. The process
is repeated as the green and blue filters pass through the path
of the light beam. The eye of the viewer integrates the three
primary color images giving the perception of a single
full-color image.

FIG. 2 is a block diagram of a sequential color recycling
system according to one embodiment of the present inven-
tion. In FIG. 2, light source 202 provides a beam of light to
a light recycler 204. The light recycler 204, which some-
times includes the lamp housing or reflector, homogenizes
the beam of light and passes it to a dynamic filter 206. The
dynamic filter is typically a set of moving dichroic filters,
such as a color wheel. Each filter in the dynamic filter has
a passband in which light of a range of wavelengths is
selected, in this case transmitted, while out of band light is
rejected, in this case reflected.

Light transmitted by the dynamic filter 206 is focused by
lens 208 onto a spatial light modulator 210. The spatial light
modulator 210 modulates the light to form an image beam-
ing beam of light that is focused by lens 212 onto an image
plane 214. As in FIG. 1, controller 216 receives image data
and sends primary color image data to the modulator 210 in
synchronization with the dynamic filter 206.

As described above, the dynamic filter transmits light in
its passband and rejects light outside its passband. FIG. 2
shows the rejection path leading back to the light recycler
204. The light recycler 204 receives the rejected light and
reflects it back to the dynamic filter 206. If the recycled light
strikes a filter having a different passband it may be trans-
mitted to lens 208. Rejected portions of the recycled light are
again recycled by the light recycler 204 and presented to the
dynamic filter 206. This process continues until the light is
either absorbed by the light recycler 204, accepted by the
dynamic filter 206, or escapes the light recycler 204.

One key element of the system shown in FIG. 2 is the
dynamic filter 206. The dynamic filter must provide one or
more segments of each primary color filter to the light beam
at all times in order for all of the recycled light to be able to
find a filter through which it may pass. Although the filters
for each color need not be the same size, if the recycling
operation is efficient there is no advantage to unequal sized
filters.

FIGS. 3 and 4 are plan views of two embodiments of
multi-segment color wheels. Both of the color wheels shown
in FIGS. 3 and 4 have a large number of small segments.
Each segment transmits one of the primary colors and rejects
the other two primary colors. Light from the color wheel is
imaged onto the spatial light modulator such that a separate
portion of the spatial light modulator is illuminated by each
filter. FIG. 5 shows a spatial light modulator 210 onto which
light from a three-color dynamic filter 206 is imaged.
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Since the modulator is typically arranged in horizontal
rows of modulator cells that receive many of the same
operating signals and bias voltages, the operation of the
modulator is much more efficient when the primary color
segments have horizontal boundaries and move vertically
from row to row. The modulator elements can also be
arranged in vertical groups of columns, in which case the
primary color segments should have vertical boundaries and
move horizontally from column to column.

Color wheels like the one shown in FIG. 3 tend to produce
pie shaped primary color segments with tilted boundaries
between the segments. As the radius of the color wheel
increases, the angle between the segments decreases. Large
color wheels are undesirable since they require a larger
system package, a larger motor to turn them, and their larger
inertia makes it more difficult to change the speed of the
color wheel to align the color wheel to the video signal.

FIG. 11 is a plan view of the color wheel 1100 of FIG. 3
showing the relationship between color wheel and a cross
section of the optical path 1102 of the display system. The
optical path 1102 is the area illuminated by the light leaving
the integrator rod 810 shown in FIG. 8. The integrator rod
is typically positioned very close to the color wheel to ensure
that light reflected by the color wheel is recaptured by the
integrating rod. The optical path cross section 1102 shown in
FIG. 11 is also illustrative of the alignment between the
color wheel 1100 and the modulator, since the portion of the
color wheel 1100 passing through the cross section of the
optical path 1102 is imaged onto the modulator. The color
wheel of FIG. 11 is 70 mm in diameter and has 40 sets of
primary filters, typically red, green, and blue, for a total of
120 filter segments. Rotating the wheel at only 90 rpm
supports a 60 hz frame rate, though a higher rate may be
required to reduce temporal artifacts.

One advantage of the disclosed illumination system is the
ability to spin the color wheel at a very low rate. Slow color
wheels are safer since pieces of a broken color wheel—
which is often glass—that is spinning slowly have much less
momentum that pieces of a rapidly spinning color wheel.
The slower color wheel also generates much less noise,
which is a valuable trait in most display system applications.
Slower color wheels also enable the use of smaller color
wheel motors and do not need to be balanced as accurately
as faster color wheels.

The spiral color wheel of FIG. 4 is used to reduce the size
of the color wheel while maintaining good alignment
between the modulator and the illuminated segments of the
color wheel. The spiral color wheel shown in FIG. 4 has
color filters whose boundaries form the “spiral of
Archimedes.” The spiral of Archimedes is defined by:

r=a0

where r is the radius or distance of said interface from said
center, a is a constant, and 6 defines an arc between said
interface and a reference. A different reference is used for
each boundary between two filters.

FIG. 15 shows the relationship between the reference
1502, 6, and the radius r. The result of using the spiral of
Archimedes is that each boundary approximates an inclined
plane sliding past the light valve. The boundary is not
straight, so it cannot be parallel to the rows of modulator
elements. The boundary does, however, form a very shallow
curve that is tangential to the rows of the modulator elements
and the boundary maintains the same curve and speed across
the entire face of the modulator, even when using a small
filter wheel.






