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Holographic image display systems

FIELD OF THE INVENTION

This invention relates to techniques for speckle reduction in holographic optical

systems, in particular holographic image display systems.

BACKGROUND TO THE INVENTION

Speckle is a problem in holographic image display systems, in particular those which
display an image on a two-dimensional (though not necessarily planar) screen. This is
because images are generated using coherent light and when this falls on a surface,
unevenness at the wavelength scale or greater causes interference in the eye of the
observer and hence speckle in the displayed image. Inter-pixel interference also results
in an effect which has a visual appearance similar to speckle, although in this case the

effect arises independently of the properties of the surface or the observer’s eye.

One technique which may be employed to reduce speckle when replaying a holographic
image is described in EPO 292 209A. This describes the fabrication of a composite
hologram using separate exposures with different speckle fields generated using a
diffuser. A technique for speckle reduction in a non-holographic image display system
can be found in W02006/104704. Other similar background prior art can be found in
EP1 292 134A, US2006/0012842, W098/24240, and US6,747,781. A system using a
1-dimensional spatial light modulator, scanned to generate a 2D image, is described in
“Hadamard speckle contrast reduction”, J. I. Trisnadi, Optics Letters 29, 11-13 (2004)
and in Trisnadi, Jahja L., “Speckle contrast reduction in laser projection displays”
Silicon Light Machines, Sunnyvale, California 94089, as well as US7214946,
US7046446 and related patents.



WO 2009/087358 PCT/GB2008/051211

2
We have previously described techniques for displaying an image holographically (see,
for example, WO 2005/059660, WO 2006/134398 and WO 2006/134404, all hereby
incorporated by reference in their entirety). These techniques, which display multiple
temporal sub-frames for a single image frame, have advantages in reducing inter-pixel
interference caused by adjacent pixels having decorrelated phase values, and additional
advantages in reducing speckle because temporally sequential sub-frames produce
images with substantially independent spatial phase structure, leading to independent
speckle patterns which average in the eye of the observer. However further speckle

reduction is desirable.

SUMMARY OF THE INVENTION

According to the present invention there is therefore provided a holographic image
display system for displaying an image holographically on a display surface, the system
comprising: a spatial light modulator (SLM) to display a hologram; a light source to
illuminate said displayed hologram; projection optics to project light from said
illuminated displayed hologram onto said display surface to form a holographically
generated two-dimensional image, said projection optics being configured to form, at an
intermediate image surface, an intermediate two-dimensional image corresponding to
said holographically generated image; a diffuser located at said intermediate image
surface; and an actuator mechanically coupled to said diffuser to, in operation, move
said diffuser to randomise phases over pixels of said intermediate image to reduce

speckle in an image displayed by the system.

Broadly speaking embodiments of the system provide a random phase pattern across the
intermediate image of the displayed hologram enabling a plurality of different, in
embodiments independent, speckle patterns to be generated which, if displayed

sufficiently quickly, average within the eye to reduce speckle.

In embodiments the intermediate image surface comprises a Fourier transform plane of
the phase imprint of the SLM. A version of the displayed image is formed at this

surface, at a resolution determined (in part) by the number of pixels of the SLM.
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In many cases the intermediate image surface comprises a plane but in embodiments it
may be a curved surface, depending upon the location of the surface within the
projection optics and on whether the display surface is curved. (We have previously
described techniques for projecting onto a curved display surface, for example for a
head-up display, in our co-pending applications GB0706264.9 and US60/909394 hereby

incorporated by reference).

In embodiments the projection optics may comprise demagnification optics such as a
beam expander or reverse Keplerian telescope, one or more lenses of which may be
encoded in the hologram display on the SLM. In some preferred embodiments the SLM

comprises a reflective SLM.

In preferred embodiments the holographic image display system comprises an “OSPR-
type” system (described in detail later) in which multiple temporal subframes are
displayed for each displayed image (frame). In embodiments of this technique the
phases of pixels of successive frames are pseudo-random, albeit that in some preferred
implementations noise generated by one subframe is compensated for in one or more

subsequent subframes (which technique the inventors term adaptive (AD) OSPR).

Broadly speaking, OSPR reduces speckle noise power at spatial frequencies up to a
frequency dependent on the inverse pixel pitch in the intermediate image plane. If a
minimum feature size of pixel pitch of the diffuser is no smaller than a pixel pitch of the
image in the intermediate image plane then the diffuser has the effect of adding more
temporal subframes, since the OSPR procedure effectively randomises the pixel phases

of each successive subframe.

In a non-OSPR holographic image display system the effect is somewhat akin to that
inherently achieved by OSPR. With OSPR, however, preferably a pixel pitch or feature
size of the diffuser is less than that of the intermediate holographically generated image,
in which case speckle is reduced at increased spatial frequencies than would otherwise
be the case, up to a spatial frequency determined by the inverse of the diffuser pixel

pitch or feature size. Since the intermediate image and diffuser are both two-
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dimensional preferably the diffuser pixel pitch is less than the intermediate image pixel
pitch in each of two corresponding orthogonal directions (x and y directions) in the
intermediate image plane. In some preferred implementations the diffuser is moved in

two dimensions (x and y directions) to reduce “streaking” in the image.

We have previously described, in PCT/GB2007/050291 (hereby incorporated by
reference) techniques for displaying colour images holographically. Thus in
embodiments the light source may provide illumination at more than one wavelength,
and may include beam expanding/combining or other optics. In some implementations
of a colour display system pixels of different colours (wavelengths) may have
substantially the same size in the displayed image plane. In other implementations the
pixel sizes are generally proportional to the wavelengths of the incident light. In this
latter type of system it is preferable for a pixel of the diffuser to be smaller than a
smallest intermediate image pixel size, for example a blue wavelength intermediate

image pixel size.

It has been found, in practice, that noise reduction resulting from OSPR-type phase
randomisation and speckle reduction from a diffuser with pixels smaller than those of
the intermediate image multiply together to give substantially lower perceived speckle

and reduce speckle contrast.

The diffuser may comprise ground glass with a feature size less than a pixel pitch of the
intermediate image (for example a phase change of at least, say, n/4 over this distance).
However, because ground glass is typically rough over a range of length scales if
feature sizes at this scale are present then generally there will also be smaller features.
These will tend to scatter the light over a wide range of angles, a proportion of the light
being scattered beyond an acceptance angle of a final lens of the projection optics, thus
resulting in a reduced intensity displayed image. It is therefore useful to employ a
diffuser with a minimum feature size constraint, for example 1/ 10" of a pixel pitch in

the intermediate image plane (this depends on the collection angle of the final lens).

To limit the minimum feature size whilst providing diffuser features less than an

intermediate image pixel pitch a pixellated quantised phase diffuser may be employed.
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This may be a binary phase diffuser with phases of, for example, 0 and &, or more than
two phase levels may be employed. In embodiments the pixels of the diffuser may have
a pixel pitch of less than S5pm, 4um, 3um, 2um or 1pum. A pixel of the diffuser may
have, at random, one of a plurality of quantised phase levels. Thus, in embodiments, the
diffuser comprises a pixellated array with one of two phases for each pixel chosen with

a 50% probability.

The actuator may comprise a motor but in preferred embodiments a piezoelectric
actuator is employed. Preferably the stroke of the actuator is sufficient for at least 2, 5 or
10 different phase patterns (diffuser pixels) to be imposed on an intermediate image
pixel. Thus, depending upon pixel sizes, in some preferred embodiments the
piezoelectric actuator has a stroke of at least Sum, more preferably at least 10pm. For
the different speckle patterns caused by the different imposed phase patterns to integrate
within the human eye the different phase patterns should be imposed sufficiently
quickly for the speckle patterns to average within an observer’s eye, for example in less
than 1/30", preferably less than 1/60™ of a second. A routine experiment can be
employed to trade off stroke length and speed of movement and the actuator may be
operated cither on-resonance or off-resonance (also taking into account the desirability
of low audio noise from the actuator). For example the actuator may operate at a

frequency of between 10Hz and 10KHz.

As previously mentioned, the above described techniques are particularly advantageous
in a holographic image display system which generates a plurality of temporal
holographic subframes for display in rapid succession on the SLM such that
corresponding temporal subframe images on the display surface average in an
observer’s eye to give the impression of the displayed image. This technique can reduce
speckle in the projected image up to a spatial frequency dependent on the (inverse)
intermediate image pixel pitch in the Fourier transform plane of the SLM, and, in cases
where the diffuser pixel pitch is less than this, speckle at increased spatial frequencies
can be reduced. Where the diffuser pixel pitch is not less than that of the intermediate,

holographically-generated image, effectively the “OSPR-effect” is enhanced.



WO 2009/087358 PCT/GB2008/051211

6
Thus, in a related aspect the invention provides a method of reducing speckle in a
holographic image display system for holographically displaying an image comprising a
plurality of pixels on a display surface, the system comprising: a spatial light modulator
(SLM) to display a hologram; a light source to illuminate said displayed hologram;
projection optics to project light from said illuminated displayed hologram onto said
display surface to form a holographically generated two-dimensional image, said
projection optics being configured to form, at an intermediate image surface, an
intermediate two-dimensional image corresponding to said holographically generated
image; and a diffuser located at said intermediate image surface, the system being
configured to generate a plurality of temporal holographic subframes for display in
rapid succession on said SLM such that corresponding temporal subframe images on
said display surface average in an observer's eye to give the impression of said
displayed image; the method comprising moving said diffuser to provide within the area
of each said pixel a plurality of different phases sufficiently quickly for a resulting
changing speckle pattern to be integrated in the eye of a human observer to reduce a

perceived level of speckle.

Preferably the diffuser has pixels of a pitch less than that of an intermediate,
holographically-generated image in the system such that speckle is reduced at a spatial
frequency higher than a maximum spatial frequency of the displayed image. Preferably
the diffuser is moved by more than 2, 5 or 10 diffuser pixels within at least the time
duration of an image frame, optionally within the duration of one or more temporal

subframes.

Although the above described techniques are particularly advantageous with systems
configured to generate a displayed image holographically they may also be employed
with image projection systems which employ coherent light, or at least partially
coherent light, to illuminate a transmissive or reflective SLM (for example, a digital
light processor, DLP) displaying an image for projection on to a display surface rather

than displaying a hologram.

Thus the invention also provides an image display system to project an image onto a

display surface using at least partially coherent light, the system comprising: a spatial
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light modulator (SLM) to display a two-dimensional image; an at least partially
coherent light source to illuminate said displayed image on said SLM; projection optics
to project light from said illuminated display image onto said display surface to form a
two-dimensional image, said projection optics being configured to form an intermediate
two-dimensional image corresponding to said displayed image; a pixellated, quantised
phase diffuser located at a position of said intermediate two-dimensional image; and a
piezoelectric actuator mechanically coupled to said diffuser to, in operation, move said
diffuser to change a speckle pattern of said projected two-dimensional image, whereby,
in operation, said changing speckle pattern of said projected two-dimensional image
resulting from movement of said diffuser averages in a human observer’s eye to reduce

a perceived level of speckle.

In some preferred embodiments the preferred diffuser has a pixel pitch less than the
intermediate image pixel pitch. In embodiments the diffuser has a pixel pitch of less
than Spm, 4um, 3pum, 2pum or 1pm. Preferably, the actuator (preferably a piezoelectric

actuator) is configured to move the diffuser in two dimensions.
BRIEF DESCRIPTION OF THE DRAWINGS

These and other aspects of the invention will now be further described, by way of

example only, with reference to the accompanying figures in which:

Figure 1 shows an example of a consumer electronic device incorporating a holographic

projection module;

Figure 2 shows an example of an optical system for the holographic projection module

of figure 1;

Figure 3 shows a block diagram of an embodiment of a hardware accelerator for the

holographic image display system of Figures 1 and 2;

Figure 4 shows the operations performed within an embodiment of a hardware block as

shown in Figure 3;
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Figure 5 shows the energy spectra of a sample image before and after multiplication by

a random phase matrix.

Figure 6 shows an embodiment of a hardware block with parallel quantisers for the
simultaneous generation of two sub-frames from the real and imaginary components of

the complex holographic sub-frame data respectively.

Figure 7 shows an embodiment of hardware to generate pseudo-random binary phase

data and multiply incoming image data, Iy, by the phase values to produce Gy,.

Figure 8 shows an embodiment of hardware to multiply incoming image frame data, Iy,
by complex phase values, which are randomly selected from a look-up table, to produce

phase-modulated image data, Gyy;

Figure 9 shows an embodiment of hardware which performs a 2-D transform on
incoming phase-modulated image data, G4y, by means of a 1-D transform block with

feedback, to produce holographic data g,y;

Figure 10 shows a colour holographic image projection system suitable for use with

embodiments of the invention;

Figure 11 shows the power spectral density of an unmodulated speckle pattern when

imaging a uniform target through a square aperture of side L;

Figure 12 shows an outline of the speckle model showing (a) an image of the phase
randomised target image projected onto a rough screen (b) the far field generated by the
screen, apertured by the anatomical pupil (c) the intensity image of the screen created
on the retina, the central region of which (shown by box) is used to calculate the power

spectral density (shown in (d));

Figure 13 shows the effect on the structure of the speckle field when aperturing the far
field to (a) 25% (b) 50% (c) 75% (d) 100% of the 5.3mm anatomical pupil area;
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Figure 14 shows the modelled variation in the power spectral density (solid lines) for
four different aperture sizes compared to the theoretical values (dashed lines) calculated

from the aperture size alone;

Figure 15 shows pixel value histograms for the four aperture sizes (a) 25% (b) 50% (c)
75% (d) 100% of the replay field area; plots showing an exponential decay in frequency
with pixel value are shown using a red line; the speckle contrast values are 0.92, 0.90,

0.87, and 0.68 respectively;

Figure 16 shows images showing the region of the screen covered by the aperture PSF

for aperture sizes (a) 25% (b) 50% (c) 75% (d) 100%;

Figure 17 shows aperturing the replay field to (a) 6.25% (b) 12.5% (c) 18.75% (d) 25%
of the replay field size whilst maintaining the same resolution as the simulation used to

create Figure 15; the speckle contrast values are 0.69, 0.85, 0.86 and 0.89 respectively;

Figure 18 shows the effect of aperturing the replay field to (a) 6.25% (b) 12.5% (c)
18.75% (d) 25% of the replay field size whilst increasing the resolution of the
simulation by a factor of 4; the speckle contrast values are 0.92, 0.98, 0.97 and 0.98

respectively;

Figure 19 shows the spectral power distributions calculated using a high resolution
simulation for the aperture sizes 5%, 10%, 15% and 20% (solid lines); theoretical
predictions for the spectral power distribution of the four different aperture sizes are

shown by the dashed lines;

Figure 20 shows histograms of the intensity patterns formed by an aberrated imaging
system for aperture sizes of (a) 5% (b) 10% (c) 15% (d) 20%; the speckle contrast
values were 0.92, 0.92, 0.97 and 0.97 respectively;

Figure 21 shows spectral power distributions for the intensity patterns measured using

an aberrated imaging system;
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Figure 22 shows the effect of a Luminit 75°x45° diffuser on the spectral properties of
the speckle field - rotating the diffuser at speeds of 50, 100, 150 and 200rps
significantly reduces the power seen at the lowest spatial frequencies, producing a

smoother image;

Figure 23 shows change in the spectral power density using (blue) no diffuser (green) a
static diffuser in the intermediate image plane and (red) a piezo electric actuator to

vibrate a pixellated binary phase mask;

Figures 24a and 24b show, schematically, block diagrams of first and second examples
of holographic image display systems implementing of embodiments of the invention;

and

Figure 25a and 25b show, respectively, a schematic diagram of a colour holographic
image display system embodying the invention, and details of a mechanical
configuration for the system of Figure 25a illustrating details of the diffuser and

actuator.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

We have previously described, in UK patent application number 0512179.3 filed 15
June 2005, incorporated by reference, a holographic projection module comprising a
substantially monochromatic light source such as a laser diode; a spatial light modulator
(SLM) to (phase) modulate the light to provide a hologram for generating a displayed
image; and a demagnifying optical system to increase the divergence of the modulated
light to form the displayed image. Without the demagnifying optics the size (and
distance from the SL.M) of a displayed image depends on the pixel size of the SLM,
smaller pixels diffracting the light more to produce a larger image. Typically an image
would need to be viewed at a distance of several metres or more. The demagnifying
optics increase the diffraction, thus allowing an image of a useful size to be displayed at

a practical distance. Moreover the displayed image is substantially focus-free: that is
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the image is substantially in focus over a wide range or at all distances from the

projection module.

A wide range of different optical arrangements can be used to achieve this effect but
one particularly advantageous combination comprises first and second lenses with
respective first and second focal lengths, the second focal length being shorter than the
first and the first lens being closer to the spatial light modulator (along the optical path)
than the second lens. Preferably the distance between the lenses is substantially equal to
the sum of their focal distances, in effect forming a (demagnifying) telescope. In some
embodiments two positive (i.e., converging) simple lenses are employed although in
other embodiments one or more negative or divefging lenses may be employed. A filter
may also be included to filter out unwanted parts of the displayed image, for example a
bright (zero order) undiffracted spot or a repeated first order image (which may appear

as an upside down version of the displayed image).

This optical system (and those described later) may be employed with any type of
system or procedure for calculating a hologram to display on the SLM in order to
generate the displayed image. However we have some particularly preferred procedures
in which the displayed image is formed from a plurality of holographic sub-images
which visually combine to give (to a human observer) the impression of the desired
image for display. Thus, for example, these holographic sub-frames are preferably
temporally displayed in rapid succession so as to be integrated within the human eye.
The data for successive holographic sub-frames may be generated by a digital signal
processor, which may comprise either a general purpose DSP under software control,
for example in association with a program stored in non-volatile memory, or dedicated
hardware, or a combination of the two such as software with dedicated hardware
acceleration. Preferably the SLM comprises a reflective SLM (for compactness) but in
general any type of pixellated microdisplay which is able to phase modulate light may

be employed, optionally in association with an appropriate driver chip if needed.

Referring now to figure 1, this shows an example a consumer electronic device 10
incorporating a hardware projection module 12 to project a displayed image 14.

Displayed image 14 comprises a plurality of holographically generated sub-images each
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of the same spatial extent as displayed image 14, and displayed rapidly in succession so
as to give the appearance of the displayed image. Each holographic sub-frame is
generated along the lines described below. For further details reference may be made to

GB 0329012.9 (ibid).

Figure 2 shows an example optical system for the holographic projection module of
Figure 1. Referring to figure 2, a laser diode 20 (for example, at 532nm), provides
substantially collimated light 22 to a spatial light modulator 24 such as a pixellated
liquid crystal modulator. The SLM 24 phase modulates light 22 with a hologram and
the phase modulated light is provided a demagnifying optical system 26. In the
illustrated embodiment, optical system 26 comprises a pair of lenses 28, 30 and
increases the size of the projected holographic image by diverging the light forming the

displayed image, as shown.

Still referring to Figure 2, in more detail lenses L; and L, (with focal lengths f; and f;
respectively) form the beam-expansion pair. This expands the beam from the light
source so that it covers the whole surface of the modulator; depending on the relative

size of the beam 22 and SLM 24 these may be omitted

Lens pair L3 and L4 (with focal lengths f3 and fi respectively) form a demagnification
lens pair. This effectively reduces the pixel size of the modulator, thus increasing the
diffraction angle. As a result, the image size increases. The increase in image size is
equal to the ratio of f3 to f4, which are the focal lengths of lenses L3 and L4 respectively.
A spatial filter may be included to filter out unwanted parts of the displayed image, for
example a zero order undiffracted spot or a repeated first order (conjugate) image,
which may appear as an upside down version of the displayed image, depending upon

how the hologram for displaying the image is generated.

Continuing to refer to Figure 2, a digital signal processor 100 has an input 102 to
receive image data from the consumer electronic device defining the image to be
displayed. The DSP 100 implements a procedure (described below) to generate phase
hologram data for a plurality of holographic sub-frames which is provided from an

output 104 of the DSP 100 to the SLM 24, optionally via a driver integrated circuit if
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needed. The DSP 100 drives SLM 24 to project a plurality of phase hologram sub-

frames which combine to give the impression of displayed image 14 in the replay field

(RPF).

The DSP 100 may comprise dedicated hardware and/or Flash or other read-only
memory storing processor control code to implement a hologram generation procedure,
in preferred embodiments in order to generate sub-frame phase hologram data for output

to the SLM 24,

OSPR

We now describe a preferred procedure for calculating hologram data for display on
SLM 24. We refer to this procedure, in broad terms, as One Step Phase Retrieval
(OSPR), although strictly speaking in some implementations it could be considered that
more than one step is employed (as described for example in GB0518912.1 and
GB0601481.5, incorporated by reference, where “noise” in one sub-frame is

compensated in a subsequent sub-frame).

Thus we have previously described, in UK Patent Application No. GB0329012.9, filed
15" December 2003, a method of displaying a holographically generated video image
comprising plural video frames, the method comprising providing for each frame period
a respective sequential plurality of holograms and displaying the holograms of the
plural video frames for viewing the replay field thereof, whereby the noise variance of

each frame is perceived as attenuated by averaging across the plurality of holograms.

Broadly speaking in our preferred method the SLM is modulated with holographic data
approximating a hologram of the image to be displayed. However this holographic data
is chosen in a special way, the displayed image being made up of a plurality of temporal
sub-frames, each generated by modulating the SLM with a respective sub-frame
hologram. These sub-frames are displayed successively and sufficiently fast that in the
eye of a (human) observer the sub-frames (each of which have the spatial extent of the

displayed image) are integrated together to create the desired image for display.
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Each of the sub-frame holograms may itself be relatively noisy, for example as a result
of quantising the holographic data into two (binary) or more phases, but temporal
averaging amongst the sub-frames reduces the perceived level of noise. Embodiments
of such a system can provide visually high quality displays even though each sub-frame,

were it to be viewed separately, would appear relatively noisy.

A scheme such as this has the advantage of reduced computational requirements
compared with schemes which attempt to accurately reproduce a displayed image using

a single hologram, and also facilitate the use of a relatively inexpensive SLM.

Here it will be understood that the SLM will, in general, provide phase rather than
amplitude modulation, for example a binary device providing relative phase shifts of
zero and «t (+1 and —1 for a normalised amplitude of unity). In preferred embodiments,
however, more than two phase levels are employed, for example four phase modulation
(zero, ©/2, &, 31/2), since with only binary modulation the hologram results in a pair of
images one spatially inverted in respect to the other, losing half the available light,
whereas with multi-level phase modulation where the number of phase levels is greater
than two this second image can be removed. Further details can be found in our earlier

application GB0329012.9 (ibid), hereby incorporated by reference in its entirety.

Although embodiments of the method are computationally less intensive than previous
holographic display methods it is nonetheless generally desirable to provide a system
with reduced cost and/or power consumption and/or increased performance. It is
particularly desirable to provide improvements in systems for video use which generally
have a requirement for processing data to display each of a succession of image frames

within a limited frame period.

We have also described, in GB0511962.3, filed 14™ June 2005, a hardware accelerator
for a holographic image display system, the image display system being configured to
generate a displayed image using a plurality of holographically generated temporal sub-
frames, said temporal sub-frames being displayed sequentially in time such that they are
perceived as a single reduced-noise image, each said sub-frame being generated

holographically by modulation of a spatial light modulator with holographic data such
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that replay of a hologram defined by said holographic data defines a said sub-frame, the
hardware accelerator comprising: an input buffer to store image data defining said
displayed image; an output buffer to store holographic data for a said sub-frame; at least
one hardware data processing module coupled to said input data buffer and to said
output data buffer to process said image data to generate said holographic data for a said
sub-frame; and a controller coupled to said at least one hardware data processing
module to control said at least one data processing module to provide holographic data
for a plurality of said sub-frames corresponding to image data for a single said

displayed image to said output data buffer.

In this preferably a plurality of the hardware data processing modules is included for
processing data for a plurality of the sub-frames in parallel. In preferred embodiments
the hardware data processing module comprises a phase modulator coupled to the input
data buffer and having a phase modulation data input to modulate phases of pixels of
the image in response to an input which preferably comprises at least partially random
phase data. This data may be generated on the fly or provided from a non-volatile data
store. The phase modulator preferably includes at least one multiplier to multiply pixel
data from the input data buffer by input phase modulation data. In a simple

embodiment the multiplier simply changes a sign of the input data.

An output of the phase modulator is provided to a space-frequency transformation
module such as a Fourier transform or inverse Fourier transform module. In the context
of the holographic sub-frame generation procedure described later these two operations
are substantially equivalent, effectively differing only by a scale factor. In other
embodiments other space-frequency transformations may be employed (generally
frequency referring to spatial frequency data derived from spatial position or pixel
image data). In some preferred embodiments the space-frequency transformation
module comprises a one-dimensional Fourier transformation module with feedback to
perform a two-dimensional Fourier transform of the (spatial distribution of the) phase
modulated image data to output holographic sub-frame data. This simplifies the
hardware and enables processing of, for example, first rows then columns (or vice

versa).
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In preferred embodiments the hardware also includes a quantiser coupled to the output
of the transformation module to quantise the holographic sub-frame data to provide
holographic data for a sub-frame for the output buffer. The quantiser may quantise into
two, four or more (phase) levels. In preferred embodiments the quantiser is configured
to quantise real and imaginary components of the holographic sub-frame data to
generate a pair of sub-frames for the output buffer. Thus in general the output of the
space-frequency transformation module comprises a plurality of data points over the
complex plane and this may be thresholded (quantised) at a point on the real axis (say
zero) to split the complex plane into two halves and hence generate a first set of binary
quantised data, and then quantised at a point on the imaginary axis, say 07, to divide the
complex plane into a further two regions (complex component greater than 0, complex
component less than 0). Since the greater the number of sub-frames the less the overall

noise this provides further benefits.

Preferably one or both of the input and output buffers comprise dual-ported memory. In
some particularly preferred embodiments the holographic image display system
comprises a video image display system and the displayed image comprises a video

frame.

In an embodiment, the various stages of the hardware accelerator implement a variant of
the algorithm given below, as described later. The algorithm is a method of generating,
for each still or video frame I = I, sets of N binary-phase holograms h®.. ™.
Statistical analysis of the algorithm has shown that such sets of holograms form replay

fields that exhibit mutually independent additive noise.
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Step 1 forms N targets Gg) equal to the amplitude of the supplied intensity target I,

but with independent identically-distributed (i.i.t.), uniformly-random phase. Step 2
computes the N corresponding full complex Fourier transform holograms g . Steps 3

and 4 compute the real part and imaginary part of the holograms, respectively.

Binarisation of each of the real and imaginary parts of the holograms is then performed
in step 5: thresholding around the median of mz(,'v’) ensures equal numbers of -1 and 1
points are present in the holograms, achieving DC balance (by definition) and also
minimal reconstruction error. In an embodiment, the median value of m,(,’v’ ) is assumed to

be zero. This assumption can be shown to be valid and the effects of making this
assumption are minimal with regard to perceived image quality. Further details can be

found in the applicant’s earlier application (ibid), to which reference may be made.

Figure 3 shows a block diagram of an embodiment of a hardware accelerator for the
holographic image display system of the module 12 of Figure 1. The input to the system
is preferably image data from a source such as a computer, although other sources are
equally applicable. The input data is temporarily stored in one or more input buffer,
with control signals for this process being supplied from one or more controller units
within the system. Each input buffer preferably comprises dual-port memory such that
data is written into the input buffer and read out from the input buffer simultaneously.
The output from the input buffer shown in Figure 1 is an image frame, labelled I, and

this becomes the input to the hardware block. The hardware block, which is described in
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more detail using Figure 2, performs a series of operations on each of the
aforementioned image frames, I, and for each one produces one or more holographic
sub-frames, h, which are sent to one or more output buffer. Each output buffer
preferably comprises dual-port memory. Such sub-frames are outputted from the
aforementioned output buffer and supplied to a display device, such as a SLM,
optionally via a driver chip. The control signals by which this process is controlled are
supplied from one or more controller unit. The control signals preferably ensure that
one or more holographic sub-frames are produced and sent to the SLM per video frame
period. In an embodiment, the control signals transmitted from the controller to both the
input and output buffers are read / write select signals, whilst the signals between the
controller and the hardware block comprise various timing, initialisation and flow-

control information.

Figure 4 shows an embodiment of a hardware block as described in Figure 3,
comprising a set of hardware elements designed to generate one or more holographic
sub-frames for each image frame that is supplied to the block. In such an embodiment,
preferably one image frame, Iy, is supplied one or more times per video frame period as
an input to the hardware block. The source of such image frames may be one or more
input buffers as shown in Figure 3. Each image frame, Ly, is then used to produce one
or more holographic sub-frames by means of a set of operations comprising one or more
of: a phase modulation stage, a space-frequency transformation stage and a quantisation
stage. In embodiments, a set of N sub-frames, where N is greater than or equal to one, is
generated per frame period by means of using either one sequential set of the
aforementioned operations, or a several sets of such operations acting in parallel on

different sub-frames, or a mixture of these two approaches.

The purpose of the phase-modulation block shown in the embodiment of Figure 4 is to
redistribute the energy of the input frame in the spatial-frequency domain, such that

improvements in final image quality are obtained after performing later operations.

Figure 5 shows an example of how the energy of a sample image is distributed before

and after a phase-modulation stage in which a random phase distribution is used. It can
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be seen that modulating an image by such a phase distribution has the effect of

redistributing the energy more evenly throughout the spatial-frequency domain.

The quantisation hardware that is shown in the embodiment of Figure 4 has the purpose
of taking complex hologram data, which is produced as the output of the preceding
space-frequency transform block, and mapping it to a restricted set of values, which
correspond to actual phase modulation levels that can be achieved on a target SLM. In
an embodiment, the number of quantisation levels is set at two, with an example of such
a scheme being a phase modulator producing phase retardations of 0 or 7t at each pixel.
In other embodiments, the number of quantisation levels, corresponding to different
phase retardations, may be two or greater. There is no restriction on how the different
phase retardations levels are distributed — either a regular distribution, irregular
distribution or a mixture of the two may be used. In preferred embodiments the
quantiser is configured to quantise real and imaginary components of the holographic
sub-frame data to generate a pair of sub-frames for the output buffer, each with two
phase-retardation levels. It can be shown that for discretely pixellated fields, the real
and imaginary components of the complex holographic sub-frame data are uncorrelated,
which is why it is valid to treat the real and imaginary components independently and

produce two uncorrelated holographic sub-frames.

Figure 6 shows an embodiment of the hardware block described in Figure 3 in which a
pair of quantisation elements are arranged in parallel in the system so as to generate a
pair of holographic sub-frames from the real and imaginary components of the complex

holographic sub-frame data respectively.

There are many different ways in which phase-modulation data, as shown in Figure 4,
may be produced. In an embodiment, pseudo-random binary-phase modulation data is
generated by hardware comprising a shift register with feedback and an XOR logic gate.
Figure 7 shows such an embodiment, which also includes hardware to multiply
incoming image data by the binary phase data. This hardware comprises means to
produce two copies of the incoming data, one of which is multiplied by -1, followed by

a multiplexer to select one of the two data copies. The control signal to the multiplexer
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in this embodiment is the pseudo-random binary-phase modulation data that is produced

by the shift-register and associated circuitry, as described previously.

In another embodiment, pre-calculated phase modulation data is stored in a look-up
table and a sequence of address values for the look-up table is produced, such that the
phase-data read out from the look-up table is random. In this embodiment, it can be
shown that a sufficient condition to ensure randomness is that the number of entries in
the look-up table, N, is greater than the value, m, by which the address value increases
each time, that m is not an integer factor of N, and that the address values ‘wrap around’
to the start of their range when N is exceeded. In a preferred embodiment, N is a power
of 2, e.g. 256, such that address wrap around is obtained without any additional

circuitry, and m is an odd number such that it is not a factor of N.

Figure 8 shows suitable hardware for such an embodiment, comprising a three-input
adder with feedback, which produces a sequence of address values for a look-up table
containing a set of N data words, each comprising a real and imaginary component.
Input image data, Ly, is replicated to form two identical signals, which are multiplied by
the real and imaginary components of the selected value from the look-up table. This
operation thereby produces the real and imaginary components of the phase-modulated
input image data, Gyy, respectively. In an embodiment, the third input to the adder,
denoted n, is a value representing the current holographic sub-frame. In another
embodiment, the third input, n, is omitted. In a further embodiment, m and N are both
be chosen to be distinct members of the set of prime numbers, which is a strong

condition guaranteeing that the sequence of address values is truly random.

Figure 9 shows an embodiment of hardware which performs a 2-D FFT on incoming
phase-modulated image data, Gy, as shown in Figure 4. In this embodiment, the
hardware to perform the 2-D FFT operation comprises a 1-D FFT block, a memory
element for storing intermediate row or column results, and a feedback path from the
output of the memory to one input of a multiplexer. The other input of this multiplexer
is the phase-modulated input image data, Gy, and the control signal to the multiplexer
is supplied from a controller block as shown in Figure 4. Such an embodiment

represents an area-efficient method of performing a 2-D FFT operation.
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In other implementations the operations illustrated in figures 4 and/or 6 may be
implemented partially or wholly in software, for example on a general purpose digital

signal processor.

In the OSPR approach we have described above subframe holograms are generated
independently and thus exhibit independent noise. However the generation process for
each subframe can take into account the noise generated by the previous subframes in
order to cancel it out, effectively “feeding back” the perceived image formed after, say,
n OSPR frames to stage n+1 of the procedure, forming a closed-loop system. Such an
adaptive (AD) OSPR procedure uses feedback as follows: each stage » of the algorithm
calculates the noise resulting from the previously-generated holograms H; to H,,_;, and
factors this noise into the generation of the hologram H, to cancel it out. As a result,
noise variance falls as 1/N? (where a target image 7" outputs a set of N holograms).

More details can be found in W0O2007/031797 and W02007/085874.

Lens encoding

The OSPR algorithm can be generalised to the case of calculating Fresnel holograms by
replacing the Fourier transform step by a discrete Fresnel transform. One significant
advantage associated with binary Fresnel holograms is that the diffracted near-field does

not contain a conjugate image.

Referring back to Figure 2, this shows a simple optical architecture for a holographic

projector. The lens pair L, and L, form a Keplerian telescope or beam expander, which
expands the laser beam to capture the entire hologram surface, so that low-pass filtering
of the replay field does not result. The reverse arrangement is used for the lens pair L,
and L,, effectively demagnifying the hologram and conséquently increasing the

diffraction angle. The resultant increase in the replay field size R is the

“demagnification” of the system, and is set by the ratio of focal lengths f, to f,.
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It is possible to remove the lens L, from the optical system by employing a Fresnel
hologram which encodes the equivalent lens power. The output image from the
projector would still be in-focus at all distances from the output lens Z,, but due to the
characteristics of near-field propagation, is free from the conjugate image artifact. L, is

the larger of the lens pair, as it has the longer focal length, and removing it from the

optical path significantly reduces the size and weight of the system.

The same technique can also be applied to the beam-expansion lens pair Z, and L,,
which perform the reverse function to the pair L, and L, . It is therefore possible to

share a lens between the beam-expansion and demagnification assemblies, which can be
represented as lens function encoded onto a Fresnel hologram. This results in a
holographic projector which requires only two small, short focal length lenses. The
remaining lenses are encoded onto a hologram, which is used in a reflective

configuration.

Referring back to steps 1 to 5 of the above-described OSPR procedure, step 2 was
previously a two-dimensional inverse Fourier transform. To implement a Fresnel

hologram, also encoding a lens, as described above an inverse Fresnel transform is

employed in place of the previously described inverse Fourier transform.

The discrete Fresnel transform can be expressed in terms of a Fourier transform
. A ) 2)
H,=F-F[FPh,

uv uy

The inverse Fresnel transform may take the form:

where
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In effect the factors F/ and F® turn the Fourier transform in a Fresnel transform of the

hologram 4. The size of each hologram pixel is A, xA , and the total size of the

hologram is (in pixels) Nx M . In the above, z defines the focal length of the
holographic lens. Finally, the sample spacing in the replay field is:

so that the dimensions of the replay field are 42x 4% , consistent with the size of replay

V

field in the Fraunhofer diffraction regime.

The transform shown in Figure 4 may be a two-dimensional inverse Fresnel transform
(rather than a two-dimensional FFT) and, likewise the transform in Figure 6 may be a
Fresnel (rather than a Fourier) transform. In the hardware of Figure 9 the one-
dimensional FFT block may be replaced by an FRT (Fresnel transform) block so that
the hardware of Figure 9 performs a two-dimensional FRT rather than a two-
dimensional FFT. Further because of the scale factors Fy, and F,, mentioned above, one
scale factor is preferably incorporated within the loop shown in Figure 9 and a second

multiplies the result.

For more details reference may be made to the applicant's co-pending international
patent application number PCT/GB2007/050157 filed 27 March 2007, hereby

incorporated by reference in its entirety.
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Colour displavs

Referring to Figure 10, this shows a colour holographic image projection system 1000

according to an embodiment of the invention.

The system 1000 comprises red 1002, green 1006, and blue 1004 collimated laser diode
light sources, for example at respective wavelengths of 638nm, 532nm and 445nm.
Each light source comprises a laser diode 1002 and, if necessary, a collimating lens
and/or beam expander. Optionally the respective sizes of the beams are scaled to the
respective sizes of the holograms, as described later. The red, green and blue light
beams are combined in two dichroic beam splitters 1010a, b, as shown and the
combined beam is provided to a reflective spatial light modulator 1012 (although in

other embodiments a transmissive SLM may be employed).

The combined optical beam is provided to demagnification optics 1014 which project
the holographically generated image onto a screen 1016. As illustrated, the extent of the
red field is greater than that of the blue field, determined by the (constant) SLM pixel
pitch and the respective wavelengths of the illuminating light. In operation red, green
and blue fields are time multiplexed, for example by driving the laser diodes in a time-

multiplexed manner, to create a full colour display.

Theoretically the demagnifying optics 1014 could be configured to demagnify by
different factors for different wavelengths by, in effect, introducing controlled
“chromatic” aberration. Alternatively the lens power may be adjusted in accordance
with the colour of light illuminating the SLM, to select different demagnifications in
synchrony with the different colours of the SLM. Preferably, however, adjustment for
the different degrees of diffraction of the different colours of light by the SLM is
compensated for when calculating the hologram that is to be displayed on the SLM, as
described in detail in PCT/GB2007/050291, hereby incorporated by reference.

The dashed line 1018 shows an intermediate image plane, that is a fourier transform
plane of the SLM, at which a speckle-reducing diffuser (described below) may be

located.
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Speckle reduction — theory, modelling and experiment

For a static viewer position, the apparent structure size of the speckle field will depend
upon the resolution limit (and hence pupil size) of the imaging system used. Following
the theoretical analysis described in “Statistical Optics” (J. W. Goodman, Wiley
Classics Library Edition, 2000) we assume that the scattering screen is ideal (i.e. a flat [-
7, ] phase distribution) on scales approximating a wavelength. The spectral distribution
of the speckle pattern is then given by the autocorrelation function of the aperture. For
the case of a square pupil, this looks like the function seen in Figure 11. For a circular
aperture, the function falls off more gradually. This again shows that as the viewer pupil
size decreases (decreasing L) the power spectral density becomes more constricted
around the lowest spatial frequencies, leading to an apparent increase in the speckle size

and a greater distraction to the viewer.

The effect of the pupil size on the speckle field can be determined within the model.
Here the screen is modelled as an ideal scatterer with a pixel size of 20pm across a
100x100 pixel area in a 256x256 pixel scene (Figure 12(a)). By embedding the screen in
zeros it should then be possible to discern the statistics of the speckle in the image from
any background noise. This screen is phase modulated by the light from the projector.
Assuming a 400x200 resolution and a 20° throw angle gives a pixel resolution of
~140um at a distance of 20cm. Assuming an angular resolution of 1 arcmin for the

human eye, the smallest resolvable feature on the screen is then 60pm.

By selecting a structure size of 20um for the screen, the physical size of the replay field
is then {(=20cm)*\M(=532nm)/A(=20pm)~5.3mm across which is approximately the size
of the anatomical pupil in dim viewing conditions (typically 5-8mm). This replay field
can then be apertured by a circular pupil to approximate the light passing through the
eye (Figure 12(b)). In real eyes, the imaging system is far from ideal. To make the
simulation more realistic, aberrations taken from a data set of measured ocular

aberrations can then be applied across the area of the anatomical pupil. In theory, the
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aberrations will not change the statistics of the speckle pattern observed, but they will

change the exact distribution of the light in the image formed on the retina.

For a screen size of 2mmx2mm, and an ocular focal length of ~17mm, the
magnification of the image will be around 17mm/200mm ~1/12, leading to a total image
size of 167um x167pm . Given that the typical size of a cone photoreceptor in the eye is
around 2.5um near the fovea, with a spacing of ~3pm the 200x200 pixels in the retinal
image would have to be coherently downsampled to around 50x50 pixels. This means
that groups of 4x4 pixels in the replay field will have to be summed coherently to
determine the intensity and phase of the light incident upon each of the cones in the eye.
This effect was not taken into consideration for the first set of simulations which
assumed that the image was being taken with a camera of longer focal length and finer

pixel resolution than the eye (Figure 12(c)).

To avoid the edge distortion caused by the aberrations in the pupil plane, the retinal
image of the screen was cropped to 80% in the x and y dimensions before determining

the statistics of the intensity pattern observed (Figure 12(d)).

Testing the model: One of the primary tests to determine whether the intensity pattern
predicted by the model was actually caused by a speckle effect was to compare the
spectral properties of the intensity distribution to that predicted by theory. To test this,

~ four different aperture sizes were used which filled 25%, 50%, 75% and 100% of the
width of the replay field area. Smaller aperture sizes produced retinal images with
coarser intensity patterns, in accordance with that observed in experiment and in theory
(Figure 13). The power spectral density of these intensity patterns were then calculated
using an FFT on the apertured retinal (intensity) images. Because of the symmetry of
repeated FFTs, this operation should then lead to a distribution spectral power that
approximates the aperture function. To generate a power spectrum plot from a circular
2D spectral distribution, the 2D matrix was mapped to a polar coordinate system with
the average power measured across all polar coordinates for each radius. As this
mapping is a poor one, the resultant curves appear quite noisy. These curves are shown
together with the simulated power spectra in Figure 14. It can be seen that the best fit is

obtained for the smallest aperture sizes; the reason for this is discussed below.
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Further tests to determine whether the intensity pattern seen is indeed that due to
coherent noise include measuring the speckle contrast and the population statistics of
the intensity patterns. In theory, the ratio of the standard deviation to the mean intensity
should be unity for a true speckle pattern. For the above simulations, the speckle
contrast values for the different aperture sizes were (25%) 0.92, (50%) 0.90 (75%)
0.87, (100%) 0.68. The variation in the pixel value histograms are as shown in Figure
15. Once again these show that the fit with the model is most accurate for the case of the

smallest aperture size.

The reason for the increasing deviation of the simulations from the ideal speckle
characteristics with aperture size can be explained in terms of the aperture PSF. In order
to be truly simulating speckle, we require that each pixel in the image plane is the result
of contributions from multiple pixels in the object plane. As the image plane can be
described as the convolution of the image with the PSF of the aperture, the PSF must be
sufficiently wide to contain multiple pixels within the PSF area. From Figure 16 it can

be seen that this is only really the case for aperture sizes of 25% and below.

From this we can conclude that in order to obtain a realistic simulation of speckle, we
require that the aperture occupies <25% of the replay field area, but in order for this
area to correspond with a dimension of 5.3mm, we require that the structure size of the
screen falls by a factor of at least 4 to around Sum, i.e. we quadruple the resolution of
the simulation. The alternative is to keep the simulation resolution the same and reduce
the physical size of the screen by a factor of four in each dimension (0.25mm?).
However, in this case, after applying the aperture we rely on increasingly fewer data
points in the simulation to construct the image plane from, leading to errors. This can be
seen be reducing the aperture sizes by a factor of 4 and maintaining the same resolution
(Figure 17). By increasing the resolution of the simulation by the same factor that the
aperture was decreased (so that the number of pixels used to compose the image plane
remains constant) returns the intensity map to speckle statistics (Figure 18). These
values show that at a higher resolution, the simulation produces exponential decaying
aberrations with contrast values around 0.9-1.1 when the aperture occupies ~10% of the

replay field area.
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Calculating the spectral power distributions for the intensity field using these simulation

parameters shows how close the model fits with theoretical predictions (Figure 19).

We now consider invariance with ocular aberrations: The statistical properties of laser
speckle patterns do not change with the introduction of aberrations into the imaging
system. If the intensity patterns predicted by the model are caused by coherent noise
then the graphs shown above should be the same with the introduction of aberrations in
the pupil plane. Aberrations of varying powers were shown not to affect the statistical
properties of the intensity patterns formed in the image plane. Sample statistics taken

from these aberrations are shown in Figure 20.

We now describe some experimental results: Figure 22 shows that compared to a static
diffuser, a (holographic) diffuser rotating on a motor is very effective at decreasing the
spectral power of the speckle pattern at the lower spatial frequencies. However, the
brightness penalty to achieve this level of speckle reduction is undesirably high. A
similar effect can be achieved without such a high reduction in brightness using a

piezo—electric actuator and a binary phase diffuser, as shown in Figure 23.

In summary, speckle can be accurately simulated when multiple points in the object
contribute to each point in the image plane (i.e. the PSF of the imaging system is
sufficiently large). The number of points passing through the aperture of the imaging
system must also be sufficiently large (>256 points) to produce an intensity pattern
which follows speckle statistics. From the range of aperture sizes modelled it can be
seen from Figure 21 that as the size of the aperture of the imaging system increases, the

distribution of speckle structure sizes increases, producing a more uniform field.

Furthermore, the moving diffuser can be seen to significantly reduce the spectral power
spectrum of a speckle field measured experimentally at lower spatial frequencies.
However, using too coarse a diffuser scatters light outside the collection angle of the

final lens, significantly decreasing the brightness.
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Using a pixellated binary phase diffuser scatters light inside the collection cone of the
final projection lens. The pixel size of the diffuser is sufficiently small to generate ~10
speckle patterns within a 10um distance. This range is then a sufficiently small to allow
piezo actuation. The appearance of speckle in the final image is then decreased toa

level which is tolerable to the viewer.

Speckle reduction - implementation

Referring now to Figure 24a, this shows an embodiment of a holographic optical image

display system 1600 for projecting an image onto a display surface 14; like elements to

those of Figure 2 are indicated by like reference numerals. A holographically generated
intermediate image is formed at a Fourier transform plane, at which a piezo-electrically

driven pixellated diffuser 2402 is located. The diffuser 2402 is linked by an arm

(shown schematically) to a piezo-electric actuator 2404, coupled to a driver 2406.

Figure 24b shows an alternative optical configuration using a reflective SLM in which
the functions of lenses L2 and L3 are shared in a single lens 28 which may, in
embodiments, be encoded in the hologram displayed on the SLM 24, as previously
described. In this example system a waveplate 34 is employed to rotate the polarisation

of the incident beam for the beamsplitter.

A holographically generated intermediate image is formed at the Fourier transform
plane of the demagnifying optics, at which a piezoelectrically driven pixellated diffuser
2402 is located. Again the diffuser 2402 is linked by an arm (shown schematically) to a
piezo-electric actuator 2404, coupled to a driver 2406. Optionally in this and the
previously described arrangement an aperture may also be included in this plane to
block off one or more of zero order (undiffracted light), the conjugate image, and higher

diffraction orders.

Referring now to Figure 25a, this shows a schematic diagram of a colour holographic
image display system embodying the invention in which like elements to those

previously described are indicated by like reference numerals. The reflector 2500 is
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implemented using dichroic filters for the blue and red wavelengths. The diffuser 2402
is linked to piezo-electric actuator 2404 by an arm 2408. Figure 25b shows details of a
mechanical configuration for the system of Figure 25a illustrating details of the diffuser
and actuator; again like elements to those previously described are indicated by like

reference numerals.

Embodiments of the system enable:

1. Temporal Reduction of Speckle, reducing the power of the speckle spectrum within a

finite spatial frequency bandwidth.

As previously mentioned, OSPR reduces the appearance of speckle by randomising the
phase of each pixel in the projected subframe image. The higher the rate at which the
subframes are projected, the lower the power of the speckle spectrum (within a spatial
frequency bandwidth determined by the pixel pitch of the holographic image). Put
another way, the speckle contrast is reduced by a factor of 1/sqrt(N), where N is the
number of subframes within the integration time of the eye. Using a diffuser in the
intermediate image plane allows the rate at which the phase changes over the scale of a
diffuser pixel to be increased beyond that achievable by the microdisplay alone. This
effect could be achieved by increasing the subframe rate of the microdisplay, but this

would use additional processing power.

2. Spatial reduction of speckle, increasing the bandwidth over which power in the

speckle spectrum can be reduced.

When the diffuser is placed in the plane of the holographic image (i.e. the intermediate
image plane), the image of the diffuser is projected onto the wall. Preferably the diffuser
is substantially transparent, so that substantially only the phase of the projected image is
affected by the diffuser. Without a diffuser, the phase within a pixel of the projected
image (generated using OPSR) is uniform at a given instant in time (but varies
randomly over time). Reducing the pixel pitch of the diffuser below that of the
holographic image acts to reduce the area in the projected image over which the phase is

uniform at a given instant in time. Over the integration time of the eye, regions in the
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projected image which have phases that vary randomly with respect to each other will
produce multiple speckle patterns that will average out. To the eye it then appears as
though these regions are incoherent with respect to each other.
Moving the diffuser rapidly generates random phases on a scale that is smaller than the
projected image pixel. This effect could additionally or alternatively be achieved by
increasing the number of pixels of the microdisplay (i.e. the spatial resolution of the

projected image), but again this would use additional processing power.

Embodiments of the technique are implemented in a system which generates two-
dimensional images holographically. This, inter alia, relaxes the time constraint on the
diffuser. The diffuser can now complete the number of cycles used to reduce/remove
speckle once every video frame rather than once every image row or once every image

pixel. This substantially facilitates the use of a piezo-actuated diffuser.

In some preferred implementations a bending piezoelectric actuator is employed, in
embodiments coupled to an arm holding the diffuser. In embodiments of the miniature
holographic projector system, the stroke distance of the diffuser (~10um) is sufficiently
small to allow a bending piezo actuator to be used. Further, by attaching 2 piezo benders
at right angles it is possible to achieve movement of the diffuser in two dimensions,
preferably in two substantially orthogonal directions. This is helpful to avoid the
appearance of “streaking” in the image. The frequency of the diffuser movement is
preferably such that the period is less than 1/60s. In embodiments the frequency of the
diffuser movement may be such that the period is less than 1 sub-frame interval.
However the effect appears to saturate at high speeds. Thus in embodiments an actuator
frequency of 3-400Hz was preferred over a higher frequency such as ~2KHz (which can

cause audible noise).

We now describe a process for designing and constructing the diffuser. In this example
a random binary ([0, ]) phase pattern described over a pixellated array with a 1.5um
pitch is used. This was for a holographic image display system with a 3um intermediate
image pixel pitch - one preferred ratio of the pixel pitch of the holographic image to the
diffuser pixel pitch appears to be approximately 2:1. The diffuser was generated using a

photo-lithography process (exposing, developing and etching a photoresist pattern on
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glass). This gives a flat diffuser surface profile that covers that phase range [0, ]. This
helps to avoids light being scattered outside the final projections lens, increasing
displayed image intensity, and reduces other artefacts caused by larger feature sizes. By
contrast with a ground glass diffuser, a binary phase, pixellated diffuser has a
predictable spatial frequency structure and hence a predictable cone of angles over
which light is scattered. By adjusting the pixel pitch of the binary phase diffuser, the
range of angles over which the light is scattered can be closely controlled. This is useful
for finding a good balance between reduced speckle contrast and maximising both

image brightness and projector throw angle.

The skilled person will understand that applications for the techniques we have
described are not limited to holographic image display systems displaying images on a
planar or curved 2D screen but may also be employed when displaying or projecting an

image or pattern on any surface using coherent light, in particular holographically.

Applications for the described techniques we have described include in particular (but
are not limited to) the following: mobile phone; PDA; laptop; digital camera; digital
video camera; games console; in-car cinema; navigation systems (in-car or personal e.g.
wristwatch GPS); head-up and helmet-mounted displays for automobiles and aviation;
watch; personal media player (e.g. MP3 player, personal video player); dashboard
mounted display; laser light show box; personal video projector (a “video iPod (RTM)”
concept); advertising and signage systems; computer (including desktop); remote
control unit; an architectural fixture incorporating a holographic image display system;
more generally any device where it is desirable to share pictures and/or for more than

one person at once to view an image.

No doubt many effective alternatives will occur to the skilled person and it will be
understood that the invention is not limited to the described embodiments and
encompasses modifications apparent to those skilled in the art lying within the spirit and

scope of the claims appended hereto.
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CLAIMS:

1. A holographic image display system for displaying an image holographically on
a display surface, the system comprising:

a spatial light modulator (SLM) to display a hologram;

a light source to illuminate said displayed hologram;

projection optics to project light from said illuminated displayed hologram onto
said display surface to form a holographically generated two-dimensional image, said
projection optics being configured to form, at an intermediate image surface, an
intermediate two-dimensional image corresponding to said holographically generated
image;

a diffuser located at said intermediate image surface; and

an actuator mechanically coupled to said diffuser to, in operation, move said
diffuser to randomise phases over pixels of said intermediate image to reduce speckle in

an image displayed by the system.

2. A holographic image display system as claimed in claim 1 wherein said diffuser

comprises a pixellated, quantised phase diffuser.

3. A holographic image display system as claimed in claim 2 wherein pixels of said

diffuser have a pixel pitch of less than Spm.

4. A holographic image display system as claimed in claim 2 or 3 wherein a said

pixel of said diffuser has at random, one of a plurality of quantised phase levels.

5. A holographic image display system as claimed in claim 2, 3 or 4 wherein said
activator comprises a piezoelectric activator, and further comprising a driver for said
piezoelectric activator, and wherein, in operation, said driver is configured to move said
diffuser a distance of at least twice said diffuser pixel pitch, preferably at least five

times said diffuser pixel pitch.

6. A holographic image display system as claimed in any preceding claim wherein

said system is configured to move said diffuser sufficiently quickly for a changing
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speckle pattern in an image displayed by the system, resulting from a changing random
phase pattern imposed by said moving diffuser on said pixels of said intermediate
image, to be integrated in the eye of a human observer to reduce a perceived level of

speckle in an image displayed by the system.

7. A holographic image display system as claimed in any preceding claim further
comprising a processor having an input to receive image data for display and having an
output for driving said SLM, wherein said processor is configured to process said image
data to generate hologram data for said hologram displayed on said SLM, wherein said
pixels of said intermediate image formed by said displayed hologram have an
intermediate image pixel pitch, and wherein said diffuser has pixels with a diffuser pixel

pitch smaller than said intermediate image pixel pitch.

8. A holographic image display system as claimed in claim 7 wherein said
processor is configured to generate a plurality of temporal holographic subframes for
display in rapid succession on said SLM such that corresponding temporal subframe
images on said display surface average in an observer's eye to give the impression of

said displayed image.

0. A holographic image display system as claimed in any preceding claim wherein

said actuator is configured to move said diffuser in two dimensions.

10. A method of reducing speckle in a holographic image display system for
holographically displaying an image comprising a plurality of pixels on a display
surface, the system comprising: a spatial light modulator (SLM) to display a hologram;
a light source to illuminate said displayed hologram; projection optics to project light
from said illuminated displayed hologram onto said display surface to form a
holographically generated two-dimensional image, said projection optics being »
configured to form, at an intermediate image surface, an intermediate two-dimensional
image corresponding to said holographically generated image; and a diffuser located at
said intermediate image surface, the system being configured to generate a plurality of
temporal holographic subframes for display in rapid succession on said SL.M such that

corresponding temporal subframe images on said display surface average in an
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observer's eye to give the impression of said displayed image; the method comprising
moving said diffuser to provide within the area of each said pixel a plurality of different
phases sufficiently quickly for a resulting changing speckle pattern to be integrated in

the eye of a human observer to reduce a perceived level of speckle.

11. A method as claimed in claim 10 wherein said diffuser comprises a pixellated,
quantised phase diffuser with pixels having a pitch less than a pitch of pixels of said
displayed image at said intermediate image surface, such that said speckle is reduced at

a spatial frequency higher that a maximum spatial frequency of said displayed image.

12. A method as claimed in claim 10 or 11 wherein said moving comprises moving

said diffuser in two dimensions.

13.  Animage display system to project an image onto a display surface using at
least partially coherent light, the system comprising:

a spatial light modulator (SLM) to display a two-dimensional image;

an at least partially coherent light source to illuminate said displayed image on
said SLM;

projection optics to project light from said illuminated display image onto said
display surface to form a two-dimensional image, said projection optics being
configured to form an intermediate two-dimensional image corresponding to said
displayed image;

a pixellated, quantised phase diffuser located at a position of said intermediate
two-dimensional image; and

a piezoelectric actuator mechanically coupled to said diffuser to, in operation,
move said diffuser to change a speckle pattern of said projected two-dimensional image,
whereby, in operation, said changing speckle pattern of said projected two-dimensional
image resulting from movement of said diffuser averages in a human observer’s eye to

reduce a perceived level of speckle.

14. An image display system as claimed in claim 13 wherein said intermediate
image has an intermediate image pixel pitch, and wherein said diffuser has a pixel pitch

less than said intermediate image pixel pitch.
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15.  Animage display system as claimed in claim 13 or 14 wherein said actuator is

configured to move said diffuser in two dimensions.



WO 2009/087358 PCT/GB2008/051211

NS

14
//
; \
10 / w
Figure 1
St 14
j RNE
......... R
RV | | RV o | ¥
Light source 30 Image

HOLOGRAM
DATA

IMAGE
DATA

102

Figure 2



WO 2009/087358

image data

from source

read

PCT/GB2008/051211
2/15
Input Buffer Hardware
£
} write control timing, initialisation
and flow-control
y signals
Controller
—b
read / write Output Buﬂ:er

x N per frame period
(Either sequentially, in parall
or a mixture of the two)

Figure

control

Figure 3

llw

/ Phase modulate
“(e.g. multiply by Oxy)

l Gy

Transform
(e.g. 2-D FFT)

e'< | lgw

Take real part

l Muv

Quantise
\ (to nlevsls, N>=2)

[ = Q]

4 To SLM
(SLM Frame Buffer)

hologram data
to 5LM

Phase modulation

data Py




WO 2009/087358 PCT/GB2008/051211

3115
INITIAL ENERGY ENERGY SPECTRUM
SPECTRUM OF AFTER PHASE
IMAGE . § T MODULATION
G R 60y

5[]..'-""""

a0
i

g
0
150
150
0o
Figure 5
Input Buffer
lIxy
/. Phase modulate Phase modulation
e.g. multiply b data (bxy
xN PER FRAME o9 il (I)xy)
PERIOD (EITHER G
SEQUENTIALLY, IN Xy
PARALLEL, OR A
COMBINATION OF Transform
THE TWO) (e.g. 2-D FFT)
Quv
* v
Quantise about real Quantise about imaginary
\ axis (to 2 levels) axis (to 2 levels)
h1uv = Q1 [guv]l hzuv = Qz [‘.’_I]uv]lv
To SLM To SLM

Figure @  (SLMFrame Buffer) (SLM Frame Buffer)



WO 2009/087358 PCT/GB2008/051211
4/15

. Shift register
x-1 munBEEEENEEEEEEEEN

\ MUX /Z ~1| xoR

)
<%

ny Pseudo random number generator
Figure 7
Stored complex
exponentials memory Ixy
L (real and/or imaginary)
n + Address >
ITY o

real(G,,)
Figure 8




WO 2009/087358 PCT/GB2008/051211
5/18

y

o~

MUX «
/ Control signal
(from
controller
1D stage)
FFT

Rows or
Columns
Memory

Figure 9

gxy

Power Spectral Density

1 Oz (<I>y

Spatial Frequency

>V

LI(32) L/l( ’Z)

Figure 11



PCT/GB2008/051211

WO 2009/087358

6/15

0l &inbi

NEERS NIZUO

oloL 7. _ % % i3nig
SENRA

34O0Id s
N3I3HO

»\89

V\ 900!

\ 7001

zqola
H3ASV1 IAN149

V\Noo_\

Zlol

3aolda
H43Sv] a3y

qo0i0l \

HOLVINAON
1HOM TVILVYdS

B0l01 \



WO 2009/087358 PCT/GB2008/051211
7/15

igucc)e 12a

igure 12¢ Figure 12d



WO 2009/087358 PCT/GB2008/051211
8/15

(b)

Figure 13a Figure 13b

(©) (d)

Figure 13c Figure 13d



WO 2009/087358

5000

4500

4000

3500

3000

2500

2000

1500

1000

500

9/15

PCT/GB2008/051211

Figure 14

0.6 0.8

(d)

1.5




WO 2009/087358 PCT/GB2008/051211
10/15

Figure 16a Figure 16b

Figure 16¢ Figure 16d

(a) (b)

0 0.005 0.01 0.015 0.02

(c) (d

: i L ) =20 L L L . |
0 0.05 0.1 0.15 0.2 0 01 0.2 0.3 0.4 0.5

Figure 17



3000}

DASHED - THEORY

WO 2009/087358 PCT/GB2008/051211
11/15
(b)
200 250
150 (B 200
150
100
100
50
50
0 = 0 .
-50 : : : ~ : -50 : : : -
0 0005 0.01 0015 002 0.025 0 0.05 0.1 0.15 0.2
© )
250 250
200 200
150 150
100 100
50 50
0 0
-50 : : : - -50 : : : -
0.1 0.2 0.3 0.4 0 0.2 0.4 0.6 0.8
Figure 1
6000 -
g
5000 |- ﬁ
H.
4000 - \
‘\ SOLID — DATA

2000

1000

oz —

e
s A

40 50 60 70

Figure 19

80



WO 2009/087358 PCT/GB2008/051211

12/15
(b)
200 300
150 g 200
100
100
50
0 _ 0
-50 - - : -100 - - : -
0 0.005 0.01 0.015 0 002 004 006 008 0.1
() (d)
250 2507
200 200
150 150
100 100
50 50
0 0
-50 -50

0.25 0 0.1 0.2 0.3 0.4

Figure 20

005 041 0.15

4500

4000

3500

3000+

2500
SOLID — DATA

DASHED - THEORY
2000

1500

1000

500

0 60 70 80

Figure 21



WO 2009/087358

Spectral Power (arb.)

10000

7000 H

€000

Spectral Power {arb.)

1000 [

3000

PCT/GB2008/051211

13/15

Power Spectral Density

T T T T N T T T T

datal
data2
data3

datab

——— datad [

10% Speckle Contrast
(static diffuser)

|

2.8% Speckle Contrast
{moving diffuser, various speeds)

-

I et e ) I i R ] ] ] 1

041 02 03 0.4 05 08 07 08 08
Spatial Frequency (cycles per pixel)

Figure 22

Power Spectral Density

10000 T T T \ T 1 T T T ;
9000 |- | .
NO
8000 - DIFFUSER
STATIC
7000 - \ DIFFUSER i
l
6000 |- _
5000 - / ‘
4000 L PIEZO ON ‘1% |
\
3000 - \ =
g
2000 B
\ Figure 23
1000 - \ —
0 ! | 1 1 ] \\ﬁ*::\':‘_*m«— \
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0% 1

Spatial Frequency (cycles per pixel)



WO 2009/087358

12
\ L1

Laser

Green
(s320m) 22

2
Microdisplay
(ForthDD SLM)
L2

100
- IMAGE
DATA DSP
102
HOLOGRAM
DATA
104 ~_|
28

14/15

Reverse telescope
(10:1 demagnification)

2404

Beam expander

o/

//2412=L328

2406 N

2404

PCT/GB2008/051211

2406
DRIVER
, LAY
ACTUATOR | -

. P "
| _ % Diff'n angle 0
- Projection
' surface

Mirror

Figure 24a

DRIVER

Tw
P 2

LASER
DIODE

)

OPTIONALLY
ENCODED IN - ACTUATOR |«
HOLOGRAM \ L4 TO DISPLAY
N\ SURFACE
\24t§\30
<o L

Figure 24b



WO 2009/087358 PCT/GB2008/051211

15/15
BLUE GREEN
* *
RED % 2500
AN
2402
TO DISPLAY s (\ ’
SURFACE N
30/ L4 ™~ 2408 L3
ACTUATOR 28 fesemnee
2404 — 7 SLM
24

2406 j
™~ DRIVER

Figure 25a

2402

Figure 25b



INTERNATIONAL SEARCH REPORT

International application No

PCT/GB2008/051211

A. CLASSIFICATION OF SUBJECT MATTER

INV. GO3H1/22
ADD. GO3H1/32

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

GO3H

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

column 1, 1ine 10 - line 15
column 1, Tine 66 - column 2, line 12
column 2, 1ine bb - line 57

Y US 4 256 363 A (BRIONES ROBERT A)
17 March 1981 (1981-03-17)
abstract
figure 1

iy S

Further documents are listed in the continuation of Box C.

See patent family annex.

* Speclal categories of cited documents :

*A" document defining the general state of the an which is not
considered o be of particular relevance

*E* earlier document but published on or afterthe international
filing date

"L" document which may throw doubts on priority claim(s) or
which is cited to establish the publication date of another
citation or other special reason (as specified)

*0" document referring to an oral disclosure, use, exhibition or
other means

'P* document published prior to the international filing date but
later than the priority date claimed

o

e

e

e

later document published after the international filing date
or priority date and not In conflict with the application but
cited to understand the principle or theory underlying the
invention

document of particular relevance; the claimed invention
cannot be considered novel or cannot be considered to
involve an Inventive siep when the document is taken alone

document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document is combined with one or more other such docu—
Imetrlﬂs, such combination being obvious to a person skilled
n the art.

document member of the same patent family

Date of the actual completion of the international search

8 April 2009

Date of mailing of the intemational search repont

17/04/2009

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL — 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340~3016

Authorized officer

Sittler, Gilles

Form PCT/ISA/210 (second shest) (April 2005)




INTERNATIONAL SEARCH REPORT

International application No

PCT/GB2008/051211

C(Continuation), DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

Y

ST HILAIRE P ET AL: "SYNTHETIC APERTURE
HOLOGRAPHY: A NGVEL APPROACH TO
THREE-DIMENSIONAL DISPLAYS"

JOURNAL OF THE OPTICAL SOCIETY OF AMERICA
A, OPTICAL SOCIETY OF AMERICA, US,

vol. 9, no. 11,

1 November 1992 (1992-11-01), pages
1969-1977, XP000310714

ISSN: 1084-7529

abstract

page 1974, right-hand column, paragraph 2
WO 2005/059881 A (UNIV CAMBRIDGE TECH
[GB]; CROSSLAND WILLIAM [GB]; COLLINGS
NEIL [GBJ;) 30 June 2005 (2005-06-30)
abstract

figure 3

page 3, line 21 - line 28

page 7, line 18 - line 19

page 22, 1line 7 - line 28

1,6-10,
12,13,15

Barm DATAQAINMN Innntinnatinn Af canand ehastt {Anril 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/G32008/051211
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 4256363 A 17-03-1981 NONE
WO 2005059881 A — 30~06-2005 CN 1918519 A 21-02-2007
CN 101034279 A 12-09-2007
EP 1700172 A2 13-09-2006
EP 1702243 A2 20-09-2006
WO 2005059660 A2 30-06-2005
JP 2007520841 T 26-07-2007
JP , 2007523359 T 16-08-2007
KR 20060130609 A 19-12-2006
us 2007024999 Al 01-02-2007

Us 2007113012 Al 17-05-2007

Fom PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - claims
	Page 36 - claims
	Page 37 - claims
	Page 38 - claims
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - wo-search-report
	Page 55 - wo-search-report
	Page 56 - wo-search-report

