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(57) Abstract: An apparatus (142) of reducing speckle includes illumination optics (148), a diffuser (154), and projection optics
(156). The illumination optics couple a laser illumination (172) to the diffuser (154), which is located in a first image plane (162).

= The diffuser (154) divides the laser illumination into the phase cells and subdivides the phase cells into the cell partitions. The
@O diffuser (154) also applies the temporal phase variation (155, 157) to the cell partitions. The projection optics (156) project an image
€\ of the first image plane (194) onto a diffuse surface (158). A display apparatus adds a light modulator (150) to the apparatus for

reducing speckle and places the light modulator in a third image plane located between a laser source (146) and the diffuser (154).

The diffuser (154) includes first and second diffuser cells, each of which include first and second diffuser cell partitions. In use,
~. the first diffuser cell partitions induce a first relative phase of zero while the second diffuser cell partitions induce a second relative
phase of pi radians. The first and second diffuser cell partitions of the first diffuser cells are preferably arranged in a first Hadamard
matrix pattern. The first and second diffuser cell partitions of the second diffuser cell are preferably arranged in a second Hadamard
matrix pattern. A method of reducingspeckle includes dividing a laser illuminated area into phase cells, subdividing the phase cells
into cell partitions, and applying a temporal phase variation to the cell partitions within an integration time of an intensity detector
viewing the laser illuminated area.
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METHOD, APPARATUS, AND DIFFUSER
FOR REDUCING LASER SPECKLE

RELATED APPLICATIONS
This application claims priority under 35 U.S.C. § 119(e) of the co-pending U.S.
provisional application Serial Number, filed on June 25, 2001 and entitled

"Hadamard Phase Patterns for Optimum Laser Speckle Reduction." The provisional
application Serial Number filed on June 25, 2001 and entitled

"Hadamard Phase Patterns for Optimum Laser Speckle Reduction" is also hereby
incorporated by reference.

FIELD OF THE INVENTION

This invention relates to the field of laser illumination. More particularly, this
invention relates to the field of laser illumination where an intensity detector observes a
surface illuminated by the laser illumination and where it is desirable to reduce speckle
observed by the intensity detector.

BACKGROUND OF THE INVENTION
A human eye has finite resolution. When the eye views an object, the eye quantizes

the object into resolution spots, each of which are point spread functions of the eye. For
example, if a person stands about 3 meters from a surface, the eye resolves the surface into
the resolution spots with each of the resolution spots having a diameter of about 1 mm.

FIG. 1 illustrates the eye 12 viewing a diffuse surface 14. A laser illumination 16
illuminates the diffuse surface 14. A particular resolution spot 18 is imaged onto a retina of
the eye 12. Features of the diffuse surface 14 that are within the resolution spot 18 are not
resolvable by the eye 12. The diffuse surface includes many scattering centers within the
resolution spot 18. The scattering centers scatter the laser illumination 16 which is
illuminating the resolution spot 18. Because the laser illumination 16 is coherent, the
scattering centers create interference within the eye 12. The interference causes the eye 12 to
perceive the resolution spot on a brightness scale ranging from a bright spot to a dark spot.

Each scattering center forms a source of lightwaves. The lightwaves constructively
interfere; or the lightwaves partially constructively interfere and partially destructively
interfere; or the lightwaves destructively interfere. If the lightwaves constructively interfere,
the resolution spot 18 is the bright spot. If the lightwaves partially constructively interfere
and partially destructively interfere, the resolution spot 18 has an intermediate brightness
forming an intermediate brightness spot. If the lightwaves destructively interfere, the
resolution spot 18 is the dark spot.

Thus, the eye 12 images the diffuse surface 14 into surface resolution spots in a
random pattern of bright spots, intermediate brightness spots, and dark spots. This is speckle.

-1-



WO 03/001281 PCT/US02/20053

More generally, an optical system which employs an intensity detector will also detect the
speckle. One skilled in the art will recognize that the eye 12 is a biological optical system in
which the retina functions as the intensity detector. A camera employs a type of intensity
detector, which is film for a conventional camera or, typically, a charge coupled device for a
digital camera. Thus, a photo of the diffuse surface 14 will show the speckle. FIG.2isa
photo of speckle 19 which shows a granular pattern of the bright spots, the intermediate
brightness spots, and the dark spots.

A measure of the speckle is contrast (C). The contrast, in percent, is given by C=
100*1,,s/T where 1 is a mean intensity and I is a root mean square intensity fluctuation
about the mean intensity.

Goodman in "Some fundamental properties of speckle," J. Opt. Soc. A., Vol. 66, No.
11, Nov. 1976, pp 1145-1150, teaches that the speckle can be reduced by superimposing N
uncorrelated speckle patterns. This reduces the contrast by a speckle reduction factor of /N
provided that the N uncorrelated speckle patterns have equal mean intensities and contrasts.
If the N uncorrelated speckle patterns have non-equal mean intensities or non-equal contrasts,
the speckle reduction factor will be less than /N. Thus, the speckle reduction factor of /N is a
best case for the speckle reduction for the N uncorrelated speckle patterns. Goodman further
teaches that the uncorrelated speckle patterns can be obtained by means of time, space,
frequency, or polarization.

A speckle reduction method of the prior art creates multiple speckle patterns by
moving a viewing screen in an oscillatory motion, which employs the time means taught by
Goodman. The oscillatory motion typically follows a small circle or a small ellipse about the
optic axis. This causes the speckle pattern to shift relative to the eye 12 viewing the viewing
screen and, thus, forms multiple speckle patterns over time. Though the amount of the
speckle at any instant in time is unchanged, the eye 12 perceives the reduced speckle
provided that the speed of the oscillatory motion is above a threshold speed. Stated another
way, the eye 12 detects reduced speckle if an integration time for the eye 12 is sufficiently
long that the oscillatory motion produces the uncorrelated speckle patterns within the
integration time.

In the art of laser illuminated display systems, it is known that an active diffuser can
be added to a laser illuminated imaging system to reduce laser speckle. The active diffuser is
placed in an intermediary image plane or near the intermediary image plane. The active
diffuser is moved in the intermediate image plane in a rotation or toroidal pattern about a
display system optic axis in order to create a shifting phase at a display screen. The shifting
phase creates uncorrelated speckle patterns over time, thus employing the time means, taught
by Goodman.

Wang et al. in "Speckle reduction in laser projection systems by diffractive optical
elements," Applied Optics, Vol. 37, No. 10, Apr. 1998, pp 1770-1775, teach a method of
laser speckle reduction in a laser projection system such as a laser television system. In the
laser projection system a laser spot forms an image on a display screen by a raster scan
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similarly to how an electron beam forms an image in a CRT (cathode ray tube) display. The
method taught by Wang et al. is accomplished by expanding a laser beam, placing a
diffractive optical element in the expanded laser beam to form multiple beamlets, and then
focusing the laser beamlets to form the laser spot on the display screen. The multiple
beamlets shift slightly as each pixel is formed on the display screen. This provides a time
varying speckle pattern and consequently a speckle reduction. Wang et al. further teach that
the diffractive optical element can be rotated to slightly improve the speckle reduction.

Bloom et al. in U.S. Patent No. 5,982,553 issued on Nov. 9, 1999, incorporated herein
by reference, teach a display system including a grating light valve, red, green, and blue
lasers, various lens arrangements, a scanning mirror, a display screen, and electronics. The
electronics control the grating light valve, the lasers, and the scanning mirror to form a two
dimensional image on the display screen.

In the display system taught by Bloom et al., the grating light valve forms a line
image composed of a linear array of pixels on the display screen. The scanning mirror
repeatedly scans the line image across the display screen in a direction perpendicular to the
line image as the grating light valve modulates the linear array of pixels thereby forming the
two dimensional image.

Because the two dimensional image taught by Bloom et al. is formed by laser
illumination, the two dimensional image exhibits laser speckle, which degrades an image
quality. It would be desirable to improve the image quality by reducing the laser speckle.

What is needed is a method of reducing laser speckle in a laser illuminated display
system where a two dimensional image is formed on a display screen.

What is needed is a method of reducing laser speckle in an optical system where a

laser illumination illuminates a diffuse surface.

SUMMARY OF THE INVENTION
The present invention is a method of reducing speckle, an apparatus for reducing

speckle, a display apparatus featuring reduced speckle, and a diffuser for reducing speckle.
The method of the present invention includes dividing a laser illuminated area into phase
cells, subdividing the phase cells into a number of cell partitions, and applying a temporal
phase variation to the cell partitions within an integration time of an intensity detector
viewing the laser illuminated area. If the temporal phase variation is optimally applied, the
intensity detector detects an optimum speckle reduction which corresponds to a square root
of the number of cell partitions.

In order for the intensity detector to detect the optimum speckle reduction, the
intensity detector must resolve the laser illuminated area into resolution spots having a
resolution spot size which is greater than or proximately equal to a phase cell size. In other
words, in order for the intensity detector to detect the optimum speckle reduction, the
intensity detector must be no closer than a distance where the intensity detector resolves the
resolution spots into the resolution spot size corresponding to the phase cell size. If the

-3-



WO 03/001281 PCT/US02/20053

intensity detector is closer than the distance where the intensity detector resolves the
resolution spots with the resolution spot size smaller than the phase cell size, the intensity
detector will detect a speckle reduction but not the optimum speckle reduction.

The apparatus for reducing speckle includes illumination optics, a diffuser, and
projection optics. The illumination optics couple a laser illumination to the diffuser, which is
located in a first image plane. The diffuser divides the laser illumination into the phase cells
and subdivides the phase cells into the cell partitions. The diffuser also applies the temporal
phase variation to the cell partitions. The projection optics project an image of the first
image plane onto a diffuse surface and, thus, image the phase cells and the cell partitions
onto the diffuse surface. Provided that the temporal phase variation is applied within the
integration time of the intensity detector viewing the diffuse surface, the intensity detector
detects reduced speckle.

The display apparatus of the present invention incorporates the apparatus for reducing
speckle. The display apparatus produces a laser illumination display image comprising
pixels at the diffuser and the projection optics project the laser illumination display image
onto a display screen. The diffuser divides the pixels into sub-pixels and applies the
temporal phase variation to the sub-pixels, which reduces speckle in the laser illumination
display image on the display screen.

The diffuser of the present invention includes first and second diffuser cells. Each of
the first and second diffuser cell includes first and second diffuser cell partitions. In use, the
first diffuser cell partitions induce a first relative phase of zero while the second diffuser cell
partitions induce a second relative phase of pi radians. The first and second diffuser cell
partitions of the first diffuser cells are preferably arranged in a first Hadamard matrix pattern.
The first and second diffuser cell partitions of the second diffuser cell are preferably arranged
in a second Hadamard matrix pattern. The first and second Hadamard matrix patterns
correspond to first and second Hadamard matrices which satisfy a decorrelation condition.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 illustrates a laser illumination illuminating a surface and a human eye

observing the surface.

FIG. 2 is a photo of speckle.

FIG. 3 illustrates a first alternative embodiment of the present invention.

FIGS. 4A and 4B illustrate a first alternative diffuser of the present invention.

FIGS. 5A through 5D shows first through fourth Hadamard matrices of the present
invention in mathematical representation.

FIG. 6 schematically illustrates an amplitude distribution of a phase cell divided into
first through fourth cell partitions of the present invention.

FIGS. 7A through 7D schematically illustrates application of the first through fourth
Hadamard matrices to the amplitude distribution of the phase cell of the present invention.
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FIG. 8 illustrates, in block diagram format, a method of producing an nth order
optimum decorrelation set of nth order Hadamard matrices of the present invention.

FIG. 9 shows first, second, fourth, and eighth order Sylvester representation
Hadamard matrices of the present invention in mathematical representation.

FIG. 10 shows the fourth order Sylvester representation Hadamard representation of
the present invention in mathematical representation with rows enumerated by row index.

FIG. 11 shows a sixteenth order row permutation lookup table of the present
invention. :

FIG. 12 shows a fourth order row permutation lookup table, the fourth order Sylvester
representation Hadamard matrix, and second through fourth Hadamard matrices produced
from the fourth order Sylvester representation Hadamard matrix using the fourth order row
permutation lookup table of the present invention in mathematical representation.

FIG. 13 shows a fourth order optimum decorrelation set of fourth order Hadamard
matrices comprising sixteen Hadamard matrices of the present invention in mathematical i
representation.

FIG. 14 schematically illustrates a display system of the present invention. -

FIG. 15 illustrates a plan view of display optics employing the preferred diffuser of
the present invention.

FIG. 16 illustrates an elevation view of the display optics employing the preferred
diffuser of the present invention.

FIGS. 17A and 17B illustrate the preferred diffuser of the present invention.

FIG. 17C schematically illustrates a portion of the preferred diffuser surface of the
present invention.

FIG. 17D illustrates a first diffuser phase cell of the preferred diffuser of the present
invention.

FIG. 18 schematically illustrates a portion of an alternative diffuser surface of the
present invention.

FIG. 19 illustrates a binary phase step surface and a gradual transition phase step

surface of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT
The preferred embodiment of the present invention is a display system employing the

preferred diffuser of the present invention. In order to explain basic concepts of the present
invention, a first alternative embodiment of the present invention is described before
describing the display apparatus and the preferred diffuser.

The first alternative embodiment of the present invention is illustrated in FIG. 3. The
first alternative embodiment 20 includes a laser source 21, a divergent lens 22, a collimation
lens 23, a first alternative diffuser 24, first electronics 26, and a projection lens 27. The first
electronics 26 are electrically coupled to the first alternative diffuser 24. Preferably, the laser
source 21 is optically coupled to the first alternative diffuser 24 via the divergent lens 22 and
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the collimation lens 23. The laser source 22 emits a laser illumination 28, which is expanded
by the divergent lens 22, collimated by the collimation lens 23, imaged at the first alternative
diffuser 24, and projected onto a diffuse surface 30 to produce a laser illuminated area 32.
Thus, there is a first image plane at the first alternative diffuser 24 and a second image plane
at the diffuse surface 30. The laser illuminated area 32 is preferably viewed by a human eye
34. Alternatively and more generally, the laser illuminated area 32 is viewed by an optical
system having an intensity detector.

A phase producing surface of the first alternative diffuser 24 divides the laser
illuminated area 32 into phase cells and subdivides the phase cells into a number of cell
partitions. The first electronics 26 drive the first alternative diffuser 24 applying a temporal
phase variation to the cell partitions within an integration time of the eye 34. The temporal
phase variation reduces speckle detected by the eye 34. The eye 34 resolves the laser
illuminated area32 into resolution spots. Preferably, a phase cell size is no larger than about
a resolution spot size. Alternately, the phase cell size is larger than the resolution spot size
but this leads to less effective speckle reduction.

The temporal phase variation preferably comprises time steps where a number of time
steps corresponds to the number of cell partitions of each phase cell. Thus, if there are four
cell partitions in each phase cell, the temporal phase variation preferably takes place over
four time steps. Alternatively, the number of time steps is less than the number of cell
partitions but this leads to less effective speckle reduction. Preferably, the time steps are of
about equal duration. Alternatively, the time steps are not of equal duration but this also
leads to less effective speckle reduction.

Preferably, the number of cell partitions of each phase cell comprises first and second
cell partitions, which preferably have a relative phase of zero and pi () radians, respectively.
For a first time step, the first and second cell partitions for a particular phase cell comprise a
-~ first phase cell pattern. At an end of the first time step, the first and second cell partitions for
the particular phase cell are partially rearranged to produce a second phase cell pattern which
satisfies a decorrelation condition. For a second time step, the first and second cell partitions
comprise the second phase cell pattern.

This continues for subsequent time steps. For the subsequent time steps, the first and
second cell partitions for the particular phase cell comprise subsequent phase cell patterns.
Between the subsequent time steps, the first and second cell partitions for the particular phase
cell are partially rearranged to produce a next phase cell pattern which satisfies the
decorrelation condition. Eventually, the first and second cell partitions are rearranged to the
first phase cell pattern and the temporal phase variation proceeds through the first, second,
and subsequent time steps again.

The temporal phase variation of the cell partitions of the particular phase cell
accomplishes a spatial phase variation within the particular phase cell by rearranging the cell
partitions between the time steps. In other words, the temporal phase variation comprises
arranging the first and second cell partitions in a number of phase cell patterns corresponding
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to the number of time steps. Further, each of the phase cell patterns produce a speckle
pattern which is uncorrelated from speckle patterns produced by remaining phase cell
patterns. This produces a number of uncorrelated speckle patterns corresponding to the
number of phase cell patterns. Consequently, for the time steps of about equal duration, the
number of phase cell patterns reduce speckle by a speckle reduction factor of a square root of
the number of phase cell patterns.

When the number of time steps correspond to the number of cell partitions, the
number of phase cell patterns also correspond to the number of cell partitions. In this
situation, the number of phase cell patterns is referred to as an optimum decorrelation set.
Also in this situation, the number of uncorrelated speckle patterns produce an optimum
speckle reduction. This is because, for the particular phase cell divided into the number of
cell partitions, it only takes the number of time steps corresponding to the number of cell
partitions to reduce the speckle by a square root of the number of time steps. Thus, the
optimum speckle reduction is reached in a minimum number of time steps and it is optimum
because it is reached in the minimum number of time steps.

The first alternative diffuser 24 of the present invention is illustrated in FIG. 4A. The
first alternative diffuser 24 is preferably comprised of an optically transparent material
which, in combination with the phase producing surface 36 and a diffuser motion, produces
the temporal phase variation. Alternatively, the first alternative diffuser 24 is replaced with a
second alternative diffuser of the present invention comprising a reflective material which, in
combination with an alternative phase producing surface and the diffuser motion, produces
the temporal phase variation. Further alternatively, the first alternative diffuser 24 is
replaced with a third alternative diffuser of the present invention comprising an electro-optic
device, such as a liquid crystal modulator, which electro-optically produces the temporal
phase variation.

Preferably, the diffuser motion for the first alternative diffuser 24 comprises first
through fourth motions, 40-43, applied sequentially to produce a total exposure time.
Preferably, the first through fourth motions, 40-43, are applied as steps with each step
occurring after an exposure time. Alternatively, the first through fourth motions, 40-43, are
applied as continuous motions with each continuous motion taking place over the exposure
time. Preferably, the total exposure time is approximately a typical integration time for the
eye 34 (approximately 50 msec). Alternatively, the typical integration time is an integral
multiple of the total exposure time. Further alternatively, the total exposure time is merely
less than the typical integration time.

A portion of the first alternative diffuser 24 is illustrated in FIG. 4B. The portion of
the first alternative diffuser 24 comprises first through fourth diffuser phase cells, 44-47,
which correspond to first through fourth phase cells of the laser illuminated area 32. The first
through fourth diffuser phase cells, 44-47, are replicated to produce the first phase producing
surface 36. Each of the first through fourth diffuser phase cells, 44-47, preferably comprise a
square area of the phase producing surface 36 having a diffuser phase cell width 43.
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Preferably, a motion distance of the first through fourth motions, 40-43, corresponds to the
diffuser phase cell width 48.

Preferably, the first phase producing surface 36 comprises a two-dimensional array of
the first through fourth diffuser phase cells, 44-47. Each of the first through fourth diffuser
phase cells, 44-47, preferably comprises a first planar surface 50 and a second planar surface
52. A height difference h between the first and second planar surfaces comprises an optical
path difference which produces the relative phase of pi (n) radians. The height difference is
given by: h = A/[2(n-1)], where A is a light wavelength and 7 is an index of refraction for the
optically transparent material of the first alternative diffuser 24.

The first through fourth diffuser phase cells, 44-47, comprise first through fourth
diffuser cell partitions. The first through fourth diffuser cell partitions are mathematically
described by first through fourth Hadamard matrices. The first through fourth Hadamard
matrices of the present invention are shown mathematically in FIGS. 5A-5D, respectively.
The first through fourth Hadamard matrices, 44A-47A, are second order Hadamard matrices,
which comprise a second order optimum decorrelation set of the present invention.

An nth order Hadamard matrix (H,), named for Jacques-Salomon Hadamard (1865~
1963) who discovered Hadamard matrices, is a square matrix of matrix elements one (1) and
minus one (-1) that when multiplied by a Hadamard matrix transpose (H}) gives n times an
nth order identity matrix (I,):

H,H;=n ()

The Hadamard matrices exist for the nth order of one, four, and multiples of four. The nth
order Hadamard matrix (H,) has n? matrix elements. For example, a Hadamard matrix of
order two has four matrix elements.

Each of the first through fourth Hadamard matrices, 44A-47A, comprises a second
order matrix having first through fourth matrix elements. The first Hadamard matrix 44A has
the first through the third matrix elements H,,, H,,, and H, equal to one, and the fourth
matrix element I-i22 equal to minus one. Preferably, the first through the third matrix
elements, H,,, H,,, and H,,, of the first Hadamard matrix 44A correspond to a zero phase shift
while the fourth matrix element H,, corresponds to a pi () radians phase shift. Alternatively,
the first through third matrix elements, H,,, H,,, and H,,, correspond to the pi (n) radians
phase shift while the fourth matrix element H,, corresponds to the zero phase shift.

The second Hadamard matrix 45A is formed by swapping first and second rows of the
~ first Hadamard matrix 44A. The third Hadamard matrix 46A is formed by swapping first and
second columns of the first Hadamard matrix 44A. The fourth Hadamard matrix 47A is
formed by swapping the first and second columns of the second Hadamard matrix 45A.

An amplitude distribution of a particular phase cell divided into four cell partitions of
the present invention is schematically illustrated in FIG. 6. The amplitude distribution 58
detected by the eye 34 (not shown) comprises first through fourth amplitudes, A,;, A;,, A,;,
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A,,. Since the eye 34 is a type of intensity detector, the eye 34 does not detect the first
through fourth amplitudes, A,;, A, Ay, Ay Rather, the eye 34 detects an original intensity
(S,) which is given by a first square of a first sum of the amplitudes, A;;, Ay, Ay, A

So=|Ap+Ap+Ay+Ay, |2
= [AuP+ A+ | Ay |* + Az
+2A,A;, +2A,A, +2A,A,,
+2AA0 +2A A5+ 2A5 A

Terms 2A,,A,, 2A,,A,,, 2A,,A, 2A,A,,, 2A,A,,, and 2A,,A,, are cross terms. Depending
on the first through fourth amplitudes, A,;, A5, A,;, A,,, and depending on phases of the first
through fourth amplitudes, A,;, A, Ay, Ay, the cross terms could cause the particular phase
cell to be a dark spot, an intermediate brightness spot, or a bright spot causing the eye 34 to
detect the speckle.

It will be readily apparent to one skilled in the art that the first through fourth
amplitudes, A, A,;, Ay, A,,, are more accurately depicted as combinations of amplitude and
phase, |A;;le ", |Ay,le #2, |Ayle ¥, | Ay le 2, respectively. Further, it will be readily
apparent to one skilled in the art that cross terms of the original intensity S, are more
accurately written in complex mathematics terms so that, for example, 2A;;A, is more
accurate depicted as Aj,A, + A, A},. Moreover, it will be readily apparent to one skilled in
the art that neglecting complex mathematics terms merely simplifies this discussion without
degrading validity of this discussion.

Application of the first Hadamard matrix 44A to the first through fourth amplitudes,
A, Ap, Ay, Ay, of the present invention is schematically illustrated in FIG. 7A.
Application of the first Hadamard matrix 44A to the first through fourth amplitudes, A;;, A,
A,,, A,,, maintains the phase of the first through third amplitudes, A, A,,, Ay, while
shifting the phase of the fourth amplitude A,, by pi () radians thus transforming the fourth
amplitude A,, to a minus fourth amplitude -A,,. The eye 34 now detects.a first intensity (S,)
as follows:

Si=| A +Ap+Ay-Ayl?
= [Au?+ A+ [Ag|* + Ayl
+2AA + 2A1,Ay - 2A4,Ay,
+2A,A0 - 2A0A9 - 2A5, Ay

Application of the second Hadamard matrix 45A to the first through fourth
amplitudes, A, Ay, A,;, A,,, of the present invention is schematically illustrated in FIG. 7B.
Application of the second Hadamard matrix 45A to the first through fourth amplitudes, A,
Ay, Ay, Ay, maintains the phase of the first, third, and fourth amplitudes, A;;, Ayj, and Ay,
while shifting the phase of the second amplitude A,, by pi () radians thus transforming the
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second amplitude A, to a minus second amplitude -A,,. The eye 34 now detects a second
intensity (S,) as follows:

S;=| Ay -AptAy+Ay |2
= |Ay + [Ap]* + | Ay + |Ay|?
-2A1 A +2A A H2AAy
- 2ApA, - 2A1A, +2A0 Ay

Application of the third Hadamard matrix 46A to the first through fourth amplitudes,
Ay, Ay, Ay, Ay, of the present invention is schematically illustrated in FIG. 7C.
Application of the third Hadamard matrix 46A to the first through fourth amplitudes, A,;,
A, A, A,,, maintains the phase of the first, second, and fourth amplitudes, A}, A5, Ay,
while shifting the phase of the third amplitude A, by pi (w) radians thus transforming the
third amplitude A,, to a minus third amplitude -A,,. The eye 34 now detects a third intensity
(S,) as follows:

S;=| Ay +Ap-Ayt Ay, |?
= |Ap2+ A2+ [Agy]* + |Ay|?
T 2A0A, - 2A A +2A1 Ay
- 2A1A +2A0A - 200 Ay

Application of the fourth Hadamard matrix 47A to the first through fourth amplitudes,
Ay, Ap, Ay, Ay, of the present invention is schematically illustrated in FIG. 7D.
Application of the fourth Hadamard matrix 47A to the first through fourth amplitudes, A,
A, Ay, A,,, maintains the phase of the second through fourth amplitudes, A,,, Ay, Ay,
while shifting the phase of the first amplitude A, by pi (n) radians thus transforming the first
amplitude A, to a minus first amplitude -A;;. The eye 34 now detects a fourth intensity (S,)
as follows:

Si=|-An+tA,+A,+A,l
= [Ay*+ [Ap)*+ Ay |* + |Ag)?
- 2‘AII‘AIZ = 2‘A‘II‘A‘ZI - 2‘AII‘AH
+ 2‘A12A‘21 + 2A12A22 + 2A21A22

By applying the second order optimum decorrelation set of the first through fourth
Hadamard matrices, 44A-47A, to the amplitude distribution 58 for an approximately equal
duration within the integration time of the eye 34, the eye 34 averages the first through fourth
intensities, S,-S,, to produce a phase varied intensity S as follows: ‘

S,=1/4(8,+S,+8,+8S,)
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= |Au?+ [Apl® + [Ag " + Ay’

By applying the first through fourth Hadamard matrices, 44A-47A, to the amplitude
distribution 58 of the phase cell within the integration time of the eye 34, the unvaried
intensity S, of the first square of the first sum of the first through fourth amplitudes, Ay, A,
A1, A,,, becomes the phase varied intensity S, of a second sum of second squares of the first
through fourth amplitudes, A,;, A,y, Ay, Ay, A comparison of the original intensity S, and
the phase varied intensity S, shows that the first through fourth Hadamard matrices eliminate
the cross terms of 2A,,A,,, 2A,,A,1, 2A1,A,,, 2A,A,,, 2A,A ), and 2A, A, from the original
intensity S,. The cross terms tend to produce either a bright spot or a dark spot. Thus,
eliminating the cross terms tends to produce more intermediate brightness spots, which
provides the speckle reduction.

Each of the first through fourth Hadamard matrices, 44A-47A, makes a contribution
toward the elimination of the cross terms between the original intensity S, and the phase
varied intensity S;. Thus, for the particular phase cell divided into the four cell partitions, the
decorrelation condition becomes the partial rearrangement of relative phases for the first
through fourth amplitudes, A,;, A;,, A,;, Ay, Which provides the reduction in the cross terms
without a reduction in the squares.

A more general formulation of the decorrelation follows: First consider a general
phase cell divided into an integer number of cell partitions. Next, consider first and second
phase cell patterns of the integer number of cell partitions where relative phases of the
amplitudes of the first phase cell pattern are partially rearranged to form the second phase
cell pattern. Then, the first and second phase cell patterns fulfill the decorrelation condition
if each of the first and second phase cell patterns provides the reduction of the cross terms of
a resulting intensity without a reduction of intensity provided by each cell partition alone.

Preferably, a time period for application of the first through fourth Hadamard
matrices, 44A-47A, is the integration time. Alternatively, the first through fourth Hadamard
matrices, 44A-47A, are applied in the time period such that the integration time is an integral
multiple of the time period. For both the time period equal to the integration time and the
integration time period equal to the integral multiple of the time period, the cross terms are
theoretically cancelled. This produces a theoretical optimum speckle reduction for the first
through fourth Hadamard matrices, 44A-47A, of /4 = 2 since the first through fourth
Hadamard matrices, 44A-47A, produce four uncorrelated speckle patterns.

Further alternatively, but with slightly less effectiveness, the time period is not
maintained such that the integration time is an integral multiple of the time period. If the
time period is not maintained such that the integration time is an integral multiple of the time
period and the time period is on the order of the integration time, the cross terms will only
partially cancel.

Therefore, the first alternative diffuser 24 of the first alternative embodiment 20 (FIG.
43) tends to reduce the speckle detected by the eye 34 from the first square of the first sum of
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the first through fourth amplitudes, A,;, A, Ay, Ay, to the second sum of the second
squares of the first through fourth amplitudes, A,;, A, Ay, Ag.

It will be readily apparent to one skilled in the art that the speckle will be further
reduced by applying, within the integration time of the eye 34, an nth order decorrelation set
of nth order Hadamard matrices to produce a second optimum speckle reduction of n, where
the n is an element of the set comprising {4, 8, 12,...}.

An nth order optimum decorrelation set production method, where n is selected from
the set comprising {4, 8, 16,...}, is illustrated as a block diagram in FIG. 8. The nth order
optimum decorrelation set production method 60 includes first, second, third, fourth, and fifth
method steps, 62, 64, 66, 68, and 70.

In the first method step 62, a Sylvester representation is preferably used to produce a
first nth order Hadamard matrix. The Sylvester representation begins with a first order
Hadamard matrix H(1) equal to one (1), referred to as a first order Sylvester representation
Hadamard matrix: H(1) = (1). The Sylvester representation applies a first recursive relation
on an mth order Sylvester representation matrix H(m) producing a twice previous order
Sylvester representation Hadamard matrix H(2m) until an nth order Sylvester representation
Hadamard matrix is reached, which is produced when 2m equals n. The first recursive
relation follows:

H(m) H(m)

HCm = (g —H(m))

FIG. 9 shows first, second, fourth, and eighth order Sylvester representation Hadamard
matrices, 82, 84, 86, and 88, of the present invention.

In the second method step 64, rows of the nth order Sylvester representation
Hadamard matrix are enumerated from top to bottom by row index i, which is given by the
set of {1, 2,...,n}. FIG. 10 shows the fourth order Sylvester representation Hadamard matrix
84 enumerated by the row index i.

In the third method step 66, a row permutation lookup table is produced. The row
permutation lookup table is produced by applying a second recursive relation to a previous
row permutation lookup table T(m) to produce a next row permutation lookup table T(2m).
The second recursive relation follows:

T(m) T(m) + 21

Tem =ty Tm) )

By applying the second recursive relation until 2m equals n, an nth order row permutation
lookup table is produced. FIG. 11 shows a sixteenth order row permutation lookup table 90.
The sixteenth order row permutation lookup table 90 contains an eighth order row
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permutation lookup table 92, which contains a fourth order row permutation lookup table 94,
which in turn contains a second order row permutation lookup table 96.

In the fourth method step 68, the rows of the nth order Sylvester representation
Hadamard matrix are permutated according to the nth order row permutation lookup table in
order to produce n Hadamard matrices. FIG. 12 shows the fourth order row permutation
lookup table 94, the fourth order Sylvester representation Hadamard matrix 86, and second,
third, and fourth Hadamard matrices, 104, 106, and 108, produced by applying the row
lookup table to the fourth order Sylvester representation Hadamard matrix 86. A first row
permutation 101 shows that the fourth order Sylvester representation Hadamard matrix 86 is
not permutated to produce a first Hadamard matrix 102. A second row permutation 103 is
used to permutate the fourth order Sylvester representation Hadamard matrix 86 producing
the second Hadamard matrix 104. A third row permutation 105 is used to permutate the
fourth order Sylvester representation Hadamard matrix 86 producing the third Hadamard
matrix 106. A fourth row permutation 107 is used to permutate the fourth order Sylvester
representation Hadamard matrix 86 producing the fourth Hadamard matrix 108. Thus, the
fourth order Sylvester representation Hadamard matrix 86, which is the first Hadamard
matrix 102, and the second, third, and fourth Hadamard matrices, 104, 106, and 108, form a
set of four Hadamard matrices.

In the fifth method step 70, columns of each of the n Hadamard matrices are
permutated in a cyclic manner to produce n* Hadamard matrices, to form the optimum
decorrelation set for the nth order Hadamard matrix. FIG. 13 shows the first through fourth
Hadamard matrices, 102..108, cyclically permutated to produce sixteen Hadamard matrices
110, which is a fourth order optimum correlation set. Fifth through eighth Hadamard
matrices, 112..118, are produced by moving a left column of the first through fourth
Hadamard matrices, 102..108, to the right of a right column of the first through fourth
Hadamard matrices. Ninth through twelfth Hadamard matrices, 122..128, are similarly
produced from the fifth through eighth Hadamard matrices, 112..118. Thirteenth through
sixteenth Hadamard matrices, 132..138, are similarly produced from the ninth through
twelfth Hadamard matrices, 122..128, which completes the sixteen Hadamard matrices 110.

The nth order optimum decorrelation set production method 60 produces the nth order
optimum decorrelation set. Alternatively, other optimum decorrelation sets can be produced.
For example, by starting with a minus Sylvester representation of the nth order Hadamard
matrix, a first alternative nth order optimum decorrelation set will be produced using the
second through fifth method steps, 64..70, of the nth order optimum decorrelation set
production method 60.

It can be shown that the sixteen Hadamard matrices 110 satisfy the decorrelation
condition by applying two tests. The first test squares a particular term, for example a fourth
row/third column term, from each of the sixteen Hadamard matrices 110 and sums the
squares giving a value of 16. This corresponds to one of the squares of the amplitudes of the
phase varied intensity. The second test takes a product of two different terms, for example a
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third row/second column term and a second row/fourth column term, from each of the sixteen
Hadamard matrices 110 and sums the products giving a value of 0. This corresponds to one
of the cross terms.

If the first and second tests are applied to the sixteen terms of the sixteen Hadamard
matrices, it will be found that all of the squares sum to 16 and all of the products of two
different terms sum to 0. Thus, the sixteen Hadamard matrices 110 each satisfy the
decorrelation condition because each of the sixteen Hadamard matrices 110 provides the

_reduction in the cross terms without affecting the sum of the squares of the terms.

As indicated at the beginning of the description, the preferred embodiment of the
present invention is the display system of the present invention, which is illustrated
schematically in FIG. 14. The display system 140 includes display optics 142 and display
electronics 144. The display optics 142 comprise a laser 146, illumination optics 148, a
grating light valve 150, Schlieren optics 152, the preferred diffuser 154 of the present
invention, projection and scanning optics 156, and a display screen 158. The display
electronics 144 are coupled to the laser source 146, the grating light valve 150, the preferred
diffuser 154, and the projection and scanning optics 156.

The display electronics 144 power the laser 146. The laser 146 emits a laser
illumination. The illumination optics 48 focus the laser illumination onto the grating light
valve 150. The grating light valve 150 is preferably located in a first image plane 160. The
display electronics 144 control the grating light valve 150. The grating light valve 150
modulates the laser illumination forming reflected light or diffracted light. The reflected
light and the diffracted light form a linear array of pixels. At this point, the linear array of
pixels will not form an image. To form an image, either the reflected light or the diffracted
light must be separated from the linear array of pixels. Preferably, the Schlieren optics 152
separates the reflected light from the diffracted light allowing at least plus one and minus one
diffraction orders to pass the Schlieren optics 152. Alternatively, the Schlieren optics 152
separates the diffracted light from the reflected light allowing the reflected light to pass the
Schlieren optics 152.

The Schlieren optics 152 form the linear array of pixels into a line image having a
line image width at the preferred diffuser 154. The preferred diffuser 154 is preferably
located in a second image plane 162. The preferred diffuser 154 preferably divides each of
the pixels into sub-pixels and arranges relative phases of the sub-pixels of the linear array of
pixels into first pixel patterns where the relative phases of the sub-pixels are selected from
zero and pi () radians. Preferably, the pixels and sub-pixels correspond to the phase cells
and the cell partitions of the earlier discussion. Alternatively, the pixels are larger than the
phase cells. Further alternatively, but with less effectiveness, the pixels are smaller than the
phase cells.

The display electronics 144 drive a scanning mirror of the projection and scanning
optics 156. The projection and scanning optics 156 project the linear array of pixels onto the
display screen 158 and scan the linear array of pixels across the display screen 158 to form a
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two dimensional array of pixels on the display screen 158, which is located in a third image
plane 164. The two dimensional array of pixels appears as a two dimensional image to the
eye 34 (not shown). The projection and scanning optics 156 repeatedly scan the linear of
pixels as the grating light valve 150 modulates the linear array of pixels to form a changing
two dimensional image.

The display system 140 reduces the speckle in the two dimensional image by
employing the temporal phase variation and a scanning phase variation. The temporal phase
variation is accomplished over a multiple of scans. The scanning phase variation is
accomplished within each scan.

In the temporal phase variation, the projection and scanning optics 158 scan the linear
array of pixels for the multiple of scans within the integration time of the eye 34. The display
electronics 144 preferably drive the preferred diffuser 154 with a first movement 155 during
the multiple of scans. The first movement causes the preferred diffuser 154 to rearrange the
relative phases of the sub-pixels of the linear array of pixels into second pixel patterns where
the relative phases of the sub-pixels are selected from zero and pi () radians for each scan of
the multiple of scans. Preferably, at an end of the multiple of scans, the display electronics
144 drive the preferred diffuser 154 with a reverse movement 157 for a next multiple of
scans. The reverse movement 157 initially moves the preferred diffuser 154 through a
previous-to-last segment where the preferred diffuser applies previous-to-last pixel patterns.
The reverse movement 157 continues until reaching the original position at an end of the next
multiple of scans. Alternatively, at the end of the multiple of scans, the display electronics
144 drive the preferred diffuser 154 with a return movement which quickly returns the
preferred diffuser 154 to an original position before the next multiple of scans begins.

In the scanning phase variation, the preferred diffuser 154 varies the phase across the
linear array of pixels at the display screen 158 as the linear array of the pixels scans across
the display screen 158. As the linear array of the pixels scans across the display screen 158
in a first scan, the phase varies orthogonally to the linear array of pixels producing the
scanning phase variation. The scanning phase variation produces first uncorrelated speckle
patterns as each linear array of pixels is formed on the display screen 158. The first
uncorrelated speckle patterns reduce the speckle detected by the eye 34 by a scanning speckle
reduction. The scanning speckle reduction is the subject of U.S. Patent Application No.
09/687,465, entitled, "Method and Apparatus for Reducing Laser Speckle," which is
incorporated in its entirety by reference.

In a second scan for a particular linear array of pixels, the preferred diffuser has
preferably moved parallel to the linear array of pixels by one pixel in order to rearrange the
relative phases of the sub-pixels of the linear array of pixels into the second pixel patterns. In
the second scan, when the particular linear array of pixels is imaged onto the display screen
158, the second pixel patterns and the scanning speckle reduction produce second
uncorrelated speckle patterns. The second uncorrelated speckle patterns further reduce the
speckle detected by the eye 34.

-15-



WO 03/001281 PCT/US02/20053

In successive scans for the particular linear array of pixels, the preferred diffuser 154
has preferably moved parallel to the linear array of pixels by an additional one pixel for each
of the successive scans. Each of the successive scans produce successive pixel patterns. The
successive pixel patterns and the scanning speckle reduction produce successive uncorrelated
speckle patterns. The successive uncorrelated speckle patterns further reduce the speckle
detected by the eye 34.

Each of the first, second, and successive scans takes a scan time. A total scan time is
a sum of the scan times for the first, second, and successive scans. When the total scan time
reaches the integration time of the eye 34, no further speckle reduction is obtained by
applying further pixel patterns. Thus, a scanning speed provides a limit on a number of pixel
patterns which can be applied to the linear array of pixels. .

The display optics 142 of the present invention are further illustrated in FIGS. 15 and
16. FIG. 15 illustrates a plan view of the display optics 142. FIG. 16 illustrates an elevation
view of the display optics 142, with the display optics 142 unfolded along an optic axis 170.
The laser 146 emits the laser illumination 172. The illumination optics comprise a divergent
lens 174, a collimation lens 176, and a cylindrical lens 178. The illumination optics 148
focus the laser illumination 172 onto the grating light valve 150 in a focus line having a focus
width. Note that FIG. 15 illustrates the laser illumination 172 illuminating the grating light
valve 150 with an angle of incidence of 45°. Ideally, the angle of incidence is a minimum
angle of incidence which allows the laser illumination 172 to illuminate the grating light
valve 150 while allowing the reflected and diffracted light to reach the Schlieren optics 152.

It will be readily apparent to one skilled in the art that other optics arrangements can
be used to illuminate the grating light valve 150. It will also be readily apparent to one
skilled in the art that depiction of lenses in the present invention is not limited to single
component lenses and that any given lens can be replaced with a compound lens or a
reflective optical element.

The grating light valve 150 modulates the laser illumination 172 as the linear array of
pixels along the focus line, forming the reflected light R or the diffracted light, including the
plus one and minus one diffraction orders, D,, and D, for each pixel. Preferably, the grating
light valve 150 produces a linear array of 1,080 pixels. Alternatively, the grating light valve
150 produces more or less than 1,080 pixels. Note that FIG. 16 illustrates the reflected light
R and the plus one and minus one diffraction orders, D,, and D_,, for two pixels for
illustration purposes. If a given pixel is modulated to reflect light, the reflected light R will
be present and the plus one and minus one diffraction orders, D,, and D_;, will not be present.
Alternatively, if the given pixel is modulated to diffract light, the plus one and minus one
diffraction orders, D,, and D_;, will be present and the reflected light R will not be present.

In some instances it is desirable to modulate the given pixel to produce the reflected light R
and the plus one and minus one diffraction orders, D,, and D, in order to reduce a brightness
of the given pixel in a resulting image, which provides a gray scale effect in the resulting

image.
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The Schlieren optics 152 include a Schlieren stop 180 located between first and
second relay lenses, 182 and 184. The Schlieren stop 180 stops the reflected light R and
allows the plus one and minus one diffraction orders, D,, and D, to pass the Schlieren stop
180. The Schlieren stop 180 is preferably located in a first transform plane 185.
Alternatively, the Schlieren stop 180 is located near the first transform plane 135.

The first and second relay lenses, 182 and 184, image the linear array of pixels as the
line image in the second image plane 162, which is preferably within the preferred diffuser
154. Alternatively, the second image plane 162 is near the preferred diffuser 154. Dark and
light pixels make up the line image. The dark pixels correspond to the pixels at the grating
light valve 150 which are modulated to provide the reflected light R. The light pixels
correspond to the pixels at the grating light valve 150 which are modulated to provide the
diffracted light including the plus one and minus one diffraction orders, D,, and D ,.

The preferred diffuser 154 produces the scanning phase variation for each of the first,
second, and successive scans and produces the temporal phase variation over the multiple of
scans. This produces the first uncorrelated speckle patterns, the second uncorrelated speckle
patterns, and the successive uncorrelated speckle patterns. Preferably, the preferred diffuser
154 comprises a rectangular array of the preferred diffuser phase cells. Preferably, the
preferred diffuser phase cells comprise first and second optical path lengths which induce the
relative phases of zero and pi (w) radians to the sub-pixels. Preferably, the preferred diffuser
phase cells are arrange in linear units of eight of the preferred diffuser phase cells.
Preferably, the linear units are arranged parallel to the linear array of pixels.

Preferably, the first and second optical path lengths of the preferred diffuser phase
cells are arranged as eighth order Hadamard matrices where the plus one elements
correspond to the zero phase shift and where the minus one elements correspond to the pi ()
radians phase shift. Preferably, the eight preferred diffuser phase cells correspond to eight
decorrelated Hadamard matrices produced by the first, second, third, and fourth steps, 62, 64,
66, and 68, of the nth order optimum decorrelation set production method 60 (FIG. 8).

Alternatively, the eight decorrelated Hadamard matrices are chosen form the eighth
order optimum decorrelation set of sixty four eighth order Hadamard matrices completed in
the fifth method step 70 (FIG. 8). If the eight decorrelated Hadamard matrices are selected
from the sixty four eight order Hadamard matrices, it is important to not choose two eighth
order Hadamard matrices which are cyclic permutations of each other. This is because the
scanning phase variation accomplishes the cyclic permutation as the particular linear array of
pixels is formed on the display screen 158.

The projection and scanning optics 156 comprise a projection lens 186 and the
scanning mirror 188. The projection lens 186, via the scanning mirror 188, projects the line
image 190 onto the display screen 158. The scanning mirror 188 is preferably located at
about a second transform plane 194. The scanning mirror 188 moves with a first scan motion
A and, thus, scans the line image 190 across the display screen 158 with a second scan
motion B. Preferably, the first scan motion A is a sawtooth scan motion where a first part of
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a scan cycle illuminates the display screen 158 and a second part of the scan cycle returns the
scanning mirror 188 back to a beginning of the scan cycle. By repeatedly scanning the line
image 190 across the display screen 158, a two dimensional image is formed on the display
screen 158.

It will be readily apparent to one skilled in the art that other scan motions can be used
to scan the line image 190 across the display screen 158. It will also be readily apparent to
one skilled in the art that a transmissive scanning device such as an objective scanner having
zero optical power can replace the scanning mirror 188.

As the line image 190 scans across the display screen 158, the grating light valve 150
modulates the linear array of pixels thus producing the two dimensional image made up of
the two dimensional array of pixels. For a high definition television (HDTV) format, the
grating light valve 150 modulates 1,920 times as the line image 190 scans across the display
screen 158. Thus, the grating light valve 150 preferably produces a 1,920 by 1,080
rectangular array forming the two dimensional image for the HDTV format. For other
picture formats, the grating light valve 150 modulates more or less than the 1,920 times as the
line image 90 scans across the display screen 158 depending upon which of the other picture
formats is being displayed.

Preferably, the preferred diffuser 154 is moved with a sinusoidal motion. A first half
period of the sinusoidal motion corresponds to the first movement 155 and a second half
period of the sinusoidal motion corresponds to the reverse movement 157. While the
sinusoidal motion does not apply the eight pixel patterns for exactly equal duration, it is
preferred nonetheless for ease of implementation. To implement the sinusoidal motion, a
simple harmonic oscillator will suffice. Alternatively, the preferred diffuser 154 is moved
with a sawtooth motion Although the sawtooth motion can be employed to apply the eight
pixel patterns for almost exactly equal duration, it is less preferred because it is more
complicated to implement than the sinusoidal motion.

The display optics 142 depicted in FIGS. 14, 15, and 16 produce a monochrome
image. Color display optics comprise the display optics 142, two additional lasers, two
additional illumination optics, two additional grating light valve's, and a dichroic filter group.
In the color display optics, red, green, and blue lasers illuminate the three grating light valve's
producing red, green, and blue linear arrays of pixels. The dichroic filter group combines the
reflected and diffracted light from the three grating light valves and directs the reflected and
diffracted light to the Schlieren optics 152. Alternatively, in the color display optics, the
dichroic filter group combines the red, green, and blue laser illuminations to sequentially
illuminate a single grating light valve.

In the color display optics, the preferred diffuser 154 produces the first, second, and
successive uncorrelated speckle patterns for each of the red, green, and blue linear arrays of
pixels. Since it is inherent to the red, green, and blue laser illuminations that each has a
particular light wavelength imposing an optical path variation to one of the red, green, or blue
linear arrays of pixels to produce the pi (n) phase shift results in phase shifts the other two of
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the red, green, or blue linear arrays of pixels not equal to the pi () phase shift. Thus, in
practice it is preferable to configure the preferred diffuser 154 for the light wavelength which
produces the most speckle. Alternatively, the preferred diffuser 154 is configured to induce a
pi (n) phase shift for the green linear array of pixels since the green laser illumination has a
wavelength between that of the red and blue laser illuminations.

The preferred diffuser 154 is further illustrated in FIGS. 17A and 17B. The preferred
diffuser 154 comprises a transmissive diffuser having a width 206, a height 208, and a
thickness 209, a diffuser surface 210, and an alignment surface 211. Preferably, the width
206 is 10 mm, the height 208 is 35 mm, and the thickness 209 is 1 mm, which provide a
convenient handling size and redundancy for a 27.5 mm line image of 1,080 pixels, each
pixel being about 25.5 pm at the preferred diffuser 154. Alternatively, the width 206, the
height 208, and the thickness 209 are of different dimensions which are sufficient for the line
image at the preferred diffuser 154.

The width 206 of the preferred diffuser 154 is preferably divided into the diffuser
surface 210 and the alignment surface 211. The diffuser surface 210 preferably comprises 8
mm of the width 206 and the alignment surface 211 preferably comprises 2 mm of the width
206. The alignment surface 211 has a constant thickness and is used during an alignment of
the display optics 142 (FIGS. 14, 15, and 16).

The diffuser surface 210 preferably comprises repeating patterns of the linear units of
eight of the preferred diffuser phase cells arranged parallel to the height 208. The linear
units of the eight of the preferred diffuser phase cells correspond to the eight decorrelated
Hadamard matrices. FIG. 17C schematically illustrates a single unit of the eight diffuser
phase cells 212 where white areas 214 indicate cell partitions having a zero relative phase
shift and black areas 216 indicate cell partitions having a pi () radians phase shift. A first
diffuser phase cell 218 corresponds to an eighth order Sylvester representation Hadamard
matrix. Second through eighth diffuser phase cells, 219-225, correspond to Hadamard
matrices produced in the fourth method step 68 of the nth order optimum decorrelation set
production method 60 (FIG. 8). Preferably, the first through eighth diffuser phase cells are
24 um square. Alternatively, the diffuser phase cells are up to 25.5 pm square. Further
alternatively, the diffuser phase cells are smaller than 24 pm square.

The first diffuser phase cell 218 is further illustrated in FIG. 17D. The ﬁrst diffuser
phase cell 218 includes first and second surfaces, 214A and 216A, corresponding to the white
and black areas, 214 and 216 (FIG. 17C).

An alternative diffuser surface of the preferred diffuser 154 comprises repeating
patterns of square units of sixty four diffuser phase cells corresponding to sixty four
decorrelated Hadamard matrices that form an eighth order optimum decorrelation set. FIG.
18 schematically illustrates a single unit of the sixty four diffuser phase cells 218 where the
white areas 214 indicate cell partitions having a zero relative phase shift and the black areas
216 indicate cell partitions having a pi () radians phase shift.
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The preferred diffuser 154 is preferably fabricated by etching a photolithographic
pattern into the fused silica having an index of refraction »n of 1.46. For this index of
refraction and a laser illumination of 532 nm, a height difference between the first and second
surfaces, 214A and 216A, is preferably 575 nm. Preferably, the preferred diffuser 154
includes an antireflection coating. The preferred antireflection coating is a 400-700 nm
BBAR (broadband anti-reflective) coating. ‘

A series of tests were performed to evaluate the preferred diffuser 154. Previous
testing established that a line illumination projected onto a display screen without scanning
and without use of the preferred diffuser 154 resulted in speckle contrast within a range of 60
to 65%. In a first test, the line illumination was projected onto the display screen and
scanned across the display screen without use of the preferred diffuser 154. The first test
indicated that the speckle contrast was reduced to 38%. Thus, the previous testing and the
first test indicated that scanning of the line illumination reduced the speckle by a speckle
reduction factor of within the range of 1.6 to 1.7.

In a second test, the line illumination was projected onto and scanned across the
display screen and the preferred diffuser was employed without a diffuser motion. The
second test indicated that the speckle contrast was reduced to 18%. In a third test, the line
illumination was projected onto and scanned across the display screen and the preferred
diffuser was employed with the diffuser motion. The third test indicated that the speckle
contrast was reduced to 8.5%. Thus, the first and third tests indicated that presence and
movement of the preferred diffuser 154 reduces the speckle by the speckle reduction factor of
4.5.

It is important to recognize that the speckle reduction factor of 4.5 indicated by the
first and third tests does not provide a diffuser speckle reduction. This is because there is a
correlation between the scan speckle reduction and the diffuser speckle reduction. In other
words, the uncorrelated speckle patterns produced by the scanning of the line illumination are
also produced by the preferred diffuser 154, Thus, the diffuser speckle reduction is indicated
by comparing the previous testing to the third test. Looking to the previous testing and the
third test indicates that the preferred diffuser 154 reduces the speckle by a speckle reduction
factor of within a range of 7.1 to 7.6, which is close to a theoretical speckle reduction of /64
. =8.

First alternative display optics of the present invention utilize a linear array of
reflective light valves. Referring to FIGS. 15 and 16, such a system would replace the
grating light valve 150 with the linear array of the reflective light valves and would not use
the Schlieren stop 180. In the first alternative display optics, a particular reflective light
valve produces the dark pixel by reflecting the laser illumination away from the first relay
lens 182. In the first alternative display optics, the particular reflective light valve produces
the light pixel by reflecting the laser illumination to the first relay lens 182.

Second alternative display optics of the present invention utilize a linear array of
transmissive light valves. Referring to FIGS. 15 and 16, such a system would replace the
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grating light valve 150 with the linear array of the transmissive light valves and would not
use the Schlieren stop 180. In the second alternative display optics, a particular transmissive
light valve produces the dark pixel by not transmitting the laser illumination to the first relay
lens 182. In the second alternative display optics, the particular reflective light valve
produces the light pixel by transmitting the laser illumination to the first relay lens 182.

Third alternative display optics of the present invention replace the Schlieren optics
with a reflective Schlieren optics. The reflective Schlieren optics preferably utilize an Offner
relay. The Offner relay includes a concave mirror and a convex mirror. The convex mirror
includes a rectangular slit. The reflected light R and the diffracted light, including the plus
one and minus one diffraction orders, D, and D, reflect from the concave mirror to the
convex mirror. The reflected light R passes through the rectangular slit. The plus one and
minus one diffraction orders, D,, and D_,, reflect from the convex mirror back to the concave
mirror. Subsequently, the concave mirror reflects the plus one and minus one diffraction
orders, D,, and D ;, to the wavefront modulator 154.

Fourth alternative display optics of the present invention comprises a raster scan of a
laser spot to form the two dimensional image where a fourth alternative diffuser divides the
laser spot into the sub-pixels and applies the temporal phase variation to the sub-pixels
between successive scans.

Fifth alternative display optics of the present invention comprises a two dimensional
array light modulator which modulates the laser illumination to produce the two dimensional
image comprising a two dimensional array of pixels. In the fifth alternative display optics, a
fifth alternative diffuser divides each of the pixels of the two dimensional array of pixels into
the sub-pixels and applies the temporal phase variation to the sub-pixels of each pixel.

A sixth alternative diffuser of the present invention utilizes gradual transition phase
steps rather than binary phase steps. The binary phase steps and the gradual transition phase
steps are illustrated in FIG. 19. The binary phase steps 240 abruptly transition from a first
surface 242 to a second surface 244 while the gradual transition phase steps 206 gradually
transition from a third surface 248 to a fourth surface 250. By utilizing the gradual transition
phase steps, higher order diffraction is reduced which increases an optical throughput.

While the preferred embodiment of the present invention is the display system 140
(FIG. 14), the present invention is also appropriate for reducing speckle in other applications
where a laser illumination illuminates a diffuse surface. The other applications include
coherent imaging, coherent microscopy, coherent tomography, coherent remote sensing, and
laser based semiconductor wafer inspection.

Further, while the present invention has been described in terms of square phase cells
and square cell partitions, the present invention also includes non-square phase cells and non-
square cell partitions. ‘

It will be readily apparent to one skilled in the art that other various modifications
may be made to the preferred embodiment without departing from the spirit and scope of the
invention as defined by the appended claims.

221 -



WO 03/001281 PCT/US02/20053

CLAIMS
I claim:
1. A method of reducing speckle comprising:
a. dividing a laser illuminated area into phase cells;
b. subdividing the phase cells into a number of cell partitions; and
applying a temporal phase variation to the cell partitions within an
integration time of an intensity detector viewing the laser illuminated area.
2. The method of claim 1 wherein each of the phase cells comprise four of the
cell partitions.
3. The method of claim 2 wherein the step of dividing the phase cells into the

cell partitions applies a first relative phase of zero to first, second, and third cell
partitions and applies a second relative phase of pi radians to a fourth cell partition.

4. The method of claim 3 wherein the step of applying the temporal phase
variation to the cell partitions comprises cyclically exchanging the first and second
relative phases between the third and fourth cell partitions, then between the second
and third cell partitions, and then between the first and second cell partitions.

5. The method of claim 1 wherein each of the phase cells comprise a square of an
integer multiple of four of the cell partitions.

6. The method of claim 1 wherein the step of subdividing the phase cells into the
cell partitions comprises arranging the cell partitions in a first Hadamard matrix
pattern.

7. The method of claim 6 wherein the first Hadamard matrix pattern comprises

first and second cell partitions, the first and second cell partitions applying first and
second relative phase variations of zero and pi radians, respectively, to the laser

illuminated area.
8. The method of claim 7 wherein the step of applying the temporal phase

variation comprises arranging the cell partitions in a second Hadamard matrix
pattern,
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The method of claim 8 wherein the first and second Hadamard matrix patterns
correspond to first and second Hadamard matrices and further wherein the first and
second Hadamard matrices satisfy a decorrelation condition.

The method of claim 9 wherein the step of applying the temporal phase
variation further comprises arranging the cell partitions in additional Hadamard
matrix patterns corresponding to additional Hadamard matrices such that the first,
second, and additional Hadamard matrices form an optimum decorrelation set.

A The method of claim 10 wherein the optimum decorrelation set of the first,
second, and additional Hadamard matrices are determined using an nth order
optimum decorrelation set production method comprising the steps of:

a. creating an nth order Sylvester representation of an nth order
Hadamard matrix;
b. enumerating rows by a row index;

producing an nth order row permutation lookup table;
permutating rows of the nth order Hadamard matrix using the nth order
row permutation lookup table to produce n Hadamard matrices; and
e. permutating columns of the n Hadamard matrices in a cyclic manner to

produce n? Hadamard matrices.

The method of claim 1 wherein the intensity detector resolves the laser
illuminated area into resolution spots and further wherein the resolution spots
comprise a size of at least about a phase cell size.

The method of claim 1 wherein the intensity detector viewing the laser
illuminated area detects a speckle reduction of proximately a square root of the '
number of cell partitions.

The method of claim 13 wherein a measurement of the speckle reduction of
proximately the square root of the number of the cell partitions accounts for other
correlated speckle reduction methods simultaneously employed.

An apparatus for displaying a two dimensional image on a display screen
comprising:
a. a light modulator configured such that in operation a laser illumination
illuminates the light modulator and further such that in operation the light
modulator modulates the laser illumination to form an array of pixels;
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b. a first optical arrangement optically coupled to the light modulator and
configured such that in operation the first optical arrangement images the
array of pixels in a first image plane;

c. a diffuser located at about the first image plane such that in operation
the diffuser divides each pixel of the array of pixels into a number of sub-
pixels and applies a temporal phase variation to the sub-pixels of each pixel;
and

d. a second optical arrangement optically coupled to the diffuser, the
second optical arrangement configured such that in operation the second
optical arrangement projects the array of pixels onto the display screen to
produce the two dimensional image.

The apparatus of claim 15 wherein the array of pixels comprises a two

dimensional array of pixels.

The apparatus of claim 15 wherein the array of pixels comprises a linear array
of pixels.

The apparatus of claim 17 wherein the light modulator comprises a diffractive
light modulator.

The apparatus of claim 18 wherein the diffractive light modulator comprises a
grating light valve. '

The apparatus of claim 17 wherein the second optical arrangement comprises
a projection lens and a scanning device such that the projection lens projects the
linear array of pixels onto the display screen and further such that the scanning device
scans the linear array of pixels over the display screen to produce the two dimensional

image.

The apparatus of claim 15 wherein the diffuser comprises diffuser phase cells
and further wherein the diffuser phase cells comprise cell partitions.

The apparatus of claim 21 wherein the diffuser cell partitions induce first and
second relative phase variations of zero and pi radians, respectively.

The apparatus of claim 21 wherein the cell partitions of each diffuser phase
cell comprise a square matrix of the cell partitions, the square matrix comprising a
Hadamard matrix where a first matrix element applies a first relative phase of zero
and a second matrix element applies a second relative phase of pi radians,
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The apparatus of claim 15 wherein the array of pixels comprises a single pixel
and further wherein a raster scan forms the two dimensional image on the display

screen from the single pixel.

The apparatus of claim 15 wherein the diffuser reduces the speckle observed
in the two dimensional image.

The apparatus of claim 25 wherein the diffuser reduces the speckle by a
speckle reduction of proximately the square root of the number of the sub-pixels.

The apparatus of claim 26 wherein a measurement of the speckle reduction
accounts for other correlated speckle reduction methods simultaneously employed.

An apparatus for reducing speckle observed by an intensity detector when the
intensity detector views a laser illuminated area comprising:

a. a diffuser optically coupled to a laser illumination, the diffuser
dividing resolution spots observed by the intensity detector into a number of
sub-resolution spots, the number of sub-resolution spots comprising at least
four of the sub-resolution spots; and

b. means for applying a temporal phase variation to the sub-resolution
spots of each resolution spot.

The apparatus of claim 28 wherein the intensity detector detects a speckle
reduction of proximately a square root of the number of sub-resolution spots.

The apparatus of claim 29 wherein a measurement of the speckle reduction
accounts for other correlated speckle reduction methods simultaneously employed.

An apparatus for reducing speckle observed by an intensity detector when the
intensity detector views a laser illuminated area comprising:

a. means for dividing resolution spots observed by the intensity detector
into a number of sub-resolution spots, the number of sub-resolution spots
comprising at least four of the sub-resolution spots; and

b. means for applying a temporal phase variation to the sub-resolution
spots observed by the intensity detector.

The apparatus of claim 31 wherein the intensity detector detects a speckle
reduction of proximately a square root of the number of sub-resolution spots.
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The apparatus of claim 32 wherein a measurement of the speckle reduction
accounts for other correlated speckle reduction methods simultaneously employed.

A diffuser for reducing speckle produced by a laser illumination illuminating a
surface where the surface is viewed by an intensity detector comprising:

a. a first diffuser cell comprising first and second cell partitions
configured to induce first and second relative phases of zero and pi radians,
respectively, the first and second cell partitions arranged in a first Hadamard
matrix pattern corresponding to a first Hadamard matrix having a matrix order
of at least a second order; and

b. a second diffuser cell comprising the first and second cell partitions
arranged in a second Hadamard matrix pattern corresponding to a second
Hadamard matrix having the matrix order where the first and second
Hadamard matrices satisfy a decorrelation condition.

The diffuser of claim 34 further comprising a third diffuser cell comprising the
first and second cell partitions arranged in a third Hadamard matrix pattern
corresponding to a third Hadamard matrix having the matrix order where the first,
second, and third Hadamard matrices satisfy the decorrelation condition.

The diffuser of claim 35 further comprising a fourth diffuser cell comprising
the first and second cell partitions arranged in a fourth Hadamard matrix pattern
corresponding to a fourth Hadamard matrix having the matrix order where the first,
second, third, and fourth Hadamard matrices satisfy the decorrelation condition.

The diffuser of claim 34 wherein the diffuser comprises a transmissive
diffuser.

The diffuser of claim 34 wherein the diffuser comprises a reflective diffuser.

The diffuser of claim 34 wherein the diffuser comprises an electrooptic
diffuser.

A diffuser for reducing speckle produced by a laser illumination illuminating a
surface where the surface is viewed by an intensity detector comprising:

a. a first diffuser cell comprising first through fourth cell partitions, the
first, second, and third cell partitions configured to apply a first relative phase
of zero to the laser illumination illuminating the surface, the fourth cell
partition configured to apply a second relative phase of pi radians to the laser

illumination illuminating the surface;
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b.

a second diffuser cell comprising the first through fourth cell
partitions, the first, second, and fourth cell partitions configured to apply the
first relative phase to the laser illumination illuminating the surface, the third
cell partition configured to apply the second relative phase to the laser
illumination illunﬁnating the surface;

a third diffuser cell comprising the first through fourth cell partitions,
the first, third, and fourth cell partitions configured to apply the first relative
phase to the laser illumination illuminating the surface, the second cell
partition configured to apply the second relative phase to the laser illumination
illuminating the surface; and

a fourth diffuser cell comprising the first through fourth cell partitions,
the second, third, and fourth cell partitions configured to apply the first
relative phase to the laser illumination illuminating the surface, the first cell
partition configured to apply the second relative phase to the laser illumination
illuminating the surface.

The diffuser of claim 40 wherein the first through fourth diffuser cells

comprise first through fourth Hadamard matrix patterns of the first through fourth cell

partitions and further wherein the first through fourth Hadamard matrix patterns

correspond to first through fourth Hadamard matrices which satisfy a decorrelation

condition.
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