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Superlens component for directional display

TECHNICAL FIELD

[01] This disclosure generally relates to illumination of light modulation devices, and more

specifically relates to modification of light from light guides for providing large area

illumination from localized light sources for use in 2D, 3D, and/or autostereoscopic display

devices.

BACKGROUND

[02] Spatially multiplexed autostereoscopic displays typically align a parallax component

such as a lenticular screen or parallax barrier with an array of images arranged as at least first

and second sets of pixels on a spatial light modulator, for example an LCD. The parallax

component directs light from each of the sets of pixels into different respective directions to

provide first and second viewing windows in front of the display. An observer with an eye

placed in the first viewing window can see a first image with light from the first set of pixels;

and with an eye placed in the second viewing window can see a second image, with light

from the second set of pixels.

[03] Such displays have reduced spatial resolution compared to the native resolution of the

spatial light modulator and further, the structure of the viewing windows is determined by the

pixel aperture shape and parallax component imaging function. Gaps between the pixels, for

example for electrodes, typically produce non-uniform viewing windows. Undesirably such

displays exhibit image flicker as an observer moves laterally with respect to the display and

so limit the viewing freedom of the display. Such flicker can be reduced by defocusing the

optical elements; however such defocusing results in increased levels of image cross talk and

increases visual strain for an observer. Such flicker can be reduced by adjusting the shape of

the pixel aperture, however such changes can reduce display brightness and can comprise

addressing electronics in the spatial light modulator.

BRIEF SUMMARY

[04] According to the present disclosure, a directional illumination apparatus may include

an imaging directional backlight for directing light, an illuminator array for providing light to

the imaging directional backlight and an additional optical element that alters the optical



system of the imaging directional backlight to redirect and control viewing windows for an

autostereoscopic display systems. The imaging directional backlight may include a

waveguide for guiding light and a superlens optical component. The waveguide may include

a first light guiding surface and a second light guiding surface, opposite the first light guiding

surface.

[05] Display backlights in general employ waveguides and edge emitting sources. Certain

imaging directional backlights have the additional capability of directing the illumination

through a display panel into viewing windows. An imaging system may be formed between

multiple sources and the respective window images. One example of an imaging directional

backlight is an optical valve that may employ a folded optical system and hence may also be

an example of a folded imaging directional backlight. Light may propagate substantially

without loss in one direction through the optical valve while counter-propagating light may

be extracted by reflection off tilted facets as described in Pat. App. Ser. No. 13/300,293,

which is herein incorporated by reference, in its entirety.

[06] United States Patent 2,351,034 to Gabor describes optical system composed of

lenticules and shows first and second aligned arrays of lenticular screens.

[07] The viewing windows of display backlights can be arranged with high quality in front

of a directional display that can be used for an autostereoscopic display, a privacy display or

high brightness display. It would be desirable to further control the viewing windows from

the backlight to provide further modification of the structure of the viewing windows, for

example to increase the number of viewing windows, to rotate viewing windows, to change

the pitch of light sources in a light source array, to achieve switchable landscape and portrait

modes of operation and/or to remove or partially remove void regions for off-axis viewing.

[08] According to the present disclosure, there is provided a display device, comprising: a

transmissive spatial light modulator comprising an array of pixels arranged to modulate light

passing therethrough; a waveguide having an input end and first and second, opposed guide

surfaces for guiding light along the waveguide, extending from the input end across the

spatial light modulator, wherein the waveguide is arranged to output light through the first

guide surface for supply through the spatial light modulator, the waveguide being arranged to

direct input light from different input positions across the input end in output directions

relative to the normal to the first guide surface that are dependent on said input position; and

an optical element disposed between the waveguide and the spatial light modulator,

comprising first and second arrays of lenses being lenses that each have a positive optical



power in respective first meridians and no optical power in respective second meridians

perpendicular to the first meridians, the first and second arrays of lenses being arranged with

respective focal planes that extend perpendicular to the normal to the spatial light modulator

intermediate between the first and second arrays of lenses, the lenses of each array having

parallel second meridians.

[09] The optical element is capable of operates to provide various advantageous effects in

the hereinafter described embodiments. In particular, the optical element modifies the light

passing from the waveguide to the spatial light modulator. This effect may be used to control

the form of viewing windows in the various output directions.

[10] Embodiments herein may provide an autostereoscopic display with large area and

thin structure. Further, as will be described, the optical valves of the present disclosure may

achieve thin optical components with large back working distances. Such components can be

used in directional backlights, to provide directional displays including autostereoscopic

displays. Further, embodiments may provide a controlled illuminator for the purposes of an

efficient autostereoscopic display.

[ 1 1] Embodiments of the present disclosure may be used in a variety of optical systems.

The embodiment may include or work with a variety of projectors, projection systems,

optical components, displays, microdisplays, computer systems, processors, self-contained

projector systems, visual and/or audiovisual systems and electrical and/or optical devices.

Aspects of the present disclosure may be used with practically any apparatus related to

optical and electrical devices, optical systems, presentation systems or any apparatus that may

contain any type of optical system. Accordingly, embodiments of the present disclosure may

be employed in optical systems, devices used in visual and/or optical presentations, visual

peripherals and so on and in a number of computing environments.

[12] Before proceeding to the disclosed embodiments in detail, it should be understood

that the disclosure is not limited in its application or creation to the details of the particular

arrangements shown, because the disclosure is capable of other embodiments. Moreover,

aspects of the disclosure may be set forth in different combinations and arrangements to

define embodiments unique in their own right. Also, the terminology used herein is for the

purpose of description and not of limitation.

[13] Directional backlights offer control over the illumination emanating from

substantially the entire output surface controlled typically through modulation of independent

LED light sources arranged at the input aperture side of an optical waveguide. Controlling



the emitted light directional distribution can achieve single person viewing for a security

function, where the display can only be seen by a single viewer from a limited range of

angles; high electrical efficiency, where illumination is provided over a small angular

directional distribution; alternating left and right eye viewing for time sequential stereoscopic

and autostereoscopic display; and low cost.

[14] These and other advantages and features of the present disclosure will become

apparent to those of ordinary skill in the art upon reading this disclosure in its entirety.



BRIEF DESCRIPTION OF THE DRAWINGS

[15] Embodiments are illustrated by way of example in the accompanying FIGURES, in

which like reference numbers indicate similar parts, and in which:

[16] FIGURE 1A is a schematic diagram illustrating a front view of light propagation in

one embodiment of an optical valve apparatus, in accordance with the present disclosure;

[17] FIGURE IB is a schematic diagram illustrating a side view of light propagation in

one embodiment of the optical valve apparatus of FIGURE 1A, in accordance with the

present disclosure;

[18] FIGURE 2A is a schematic diagram illustrating in a top view of light propagation in

another embodiment of an optical valve apparatus, in accordance with the present disclosure;

[19] FIGURE 2B is a schematic diagram illustrating light propagation in a front view of

the optical valve apparatus of FIGURE 2A, in accordance with the present disclosure;

[20] FIGURE 2C is a schematic diagram illustrating light propagation in a side view of

the optical valve apparatus of FIGURE 2A, in accordance with the present disclosure;

[21] FIGURE 3 is a schematic diagram illustrating in a side view of an optical valve

apparatus, in accordance with the present disclosure;

[22] FIGURE 4A is schematic diagram illustrating in a front view, generation of a

viewing window in an optical valve apparatus and including curved light extraction features,

in accordance with the present disclosure;

[23] FIGURE 4B is a schematic diagram illustrating in a front view, generation of a first

and a second viewing window in an optical valve apparatus and including curved light

extraction features, in accordance with the present disclosure;

[24] FIGURE 5 is a schematic diagram illustrating generation of a first viewing window

in an optical valve apparatus including linear light extraction features, in accordance with the

present disclosure;

[25] FIGURE 6A is a schematic diagram illustrating one embodiment of the generation of

a first viewing window in a time multiplexed imaging directional backlight apparatus, in

accordance with the present disclosure;

[26] FIGURE 6B is a schematic diagram illustrating another embodiment of the

generation of a second viewing window in a time multiplexed optical valve apparatus in a

second time slot, in accordance with the present disclosure;



[27] FIGURE 6C is a schematic diagram illustrating another embodiment of the

generation of a first and a second viewing window in a time multiplexed optical valve

apparatus, in accordance with the present disclosure;

[28] FIGURE 7 is a schematic diagram illustrating an observer tracking autostereoscopic

display apparatus including a time multiplexed optical valve apparatus, in accordance with

the present disclosure;

[29] FIGURE 8 is a schematic diagram illustrating a multi-viewer display apparatus

including a time multiplexed optical valve apparatus, in accordance with the present

disclosure;

[30] FIGURE 9 is a schematic diagram illustrating a privacy display apparatus including

an optical valve apparatus, in accordance with the present disclosure;

[3 1] FIGURE 10A is a schematic diagram illustrating in side view, the structure of a time

multiplexed optical valve apparatus, in accordance with the present disclosure;

[32] FIGURE 10B is a schematic diagram illustrating in front view, the structure of a time

multiplexed optical wedge directional backlight apparatus, in accordance with the present

disclosure;

[33] FIGURE IOC is a schematic diagram illustrating in side view, the structure of a time

multiplexed optical wedge directional backlight apparatus, in accordance with the present

disclosure;

[34] FIGURE 11 is a schematic diagram illustrating a side view of an observer tracking

autostereoscopic display capable of providing observer tracking in horizontal and vertical

directions and comprising a directional backlight and transmissive spatial light modulator, in

accordance with the present disclosure;

[35] FIGURE 12 is a schematic diagram illustrating a side view of an observer tracking

autostereoscopic display comprising an optical valve apparatus, a superlens and transmissive

spatial light modulator, in accordance with the present disclosure;

[36] FIGURE 13 is a schematic diagram illustrating a side view of an observer tracking

autostereoscopic display comprising an optical wedge directional backlight, a superlens and

transmissive spatial light modulator, in accordance with the present disclosure;

[37] FIGURE 14 is a schematic diagram illustrating a front view of an observer tracking

autostereoscopic display comprising an optical valve apparatus and a transmissive spatial

light modulator, in accordance with the present disclosure;



[38] FIGURE 15 is a schematic diagram illustrating a front view of an observer tracking

autostereoscopic display comprising an optical valve apparatus, a superlens and transmissive

spatial light modulator, in accordance with the present disclosure;

[39] FIGURE 16A is a schematic diagram illustrating a front view of a superlens, in

accordance with the present disclosure;

[40] FIGURE 16B is a schematic diagram illustrating a side view of a superlens, in

accordance with the present disclosure;

[41] FIGURE 16C is a schematic diagram illustrating a side view of a superlens, in

accordance with the present disclosure;

[42] FIGURE 17 is a schematic diagram illustrating a side view of a superlens, in

accordance with the present disclosure;

[43] FIGURE 18A is a schematic diagram illustrating a side view of a superlens, in

accordance with the present disclosure;

[44] FIGURE 18B is a schematic diagram illustrating a side view of a superlens, in

accordance with the present disclosure;

[45] FIGURE 19A is a schematic diagram illustrating a front view of an observer tracking

autostereoscopic display comprising an optical valve apparatus for a first viewing position, in

accordance with the present disclosure;

[46] FIGURE 19B is a schematic diagram illustrating a front view of an observer tracking

autostereoscopic display comprising an optical valve apparatus for a second viewing position,

in accordance with the present disclosure;

[47] FIGURE 19C is a schematic diagram illustrating a front view of an observer tracking

autostereoscopic display comprising an optical valve apparatus for a third viewing position,

in accordance with the present disclosure;

[48] FIGURE 20A is a schematic diagram illustrating a front view of an observer tracking

autostereoscopic display comprising an optical valve apparatus and a superlens for a first

viewing position, in accordance with the present disclosure;

[49] FIGURE 20B is a schematic diagram illustrating a front view of an observer tracking

autostereoscopic display comprising an optical valve apparatus and a superlens for a second

viewing position, in accordance with the present disclosure;

[50] FIGURE 20C is a schematic diagram illustrating a front view of an observer tracking

autostereoscopic display comprising an optical valve apparatus and a superlens for a third

viewing position, in accordance with the present disclosure;



[51] FIGURE 20D is a schematic diagram illustrating a front view of an observer tracking

autostereoscopic display comprising an optical valve apparatus and a superlens for a third

viewing position, in accordance with the present disclosure;

[52] FIGURE 21 is a schematic diagram illustrating a side view of a superlens, in

accordance with the present disclosure;

[53] FIGURE 22 is a schematic diagram illustrating a side view of a superlens, in

accordance with the present disclosure;

[54] FIGURE 23A is a schematic diagram illustrating a side view of an autostereoscopic

display comprising an optical valve apparatus, a switchable superlens and transmissive spatial

light modulator, in accordance with the present disclosure;

[55] FIGURE 23B is a schematic diagram illustrating a side view of a switchable

superlens, in accordance with the present disclosure;

[56] FIGURE 24 is a schematic diagram illustrating a front view of an autostereoscopic

display comprising an optical valve apparatus and a switchable superlens in a first mode of

operation, in accordance with the present disclosure;

[57] FIGURE 25 is a schematic diagram illustrating a front view of an autostereoscopic

display comprising an optical valve apparatus and a switchable superlens in a second mode of

operation, in accordance with the present disclosure;

[58] FIGURE 26 is a schematic diagram illustrating a front view of an autostereoscopic

display comprising a vertically oriented superlens and transmissive spatial light modulator, in

accordance with the present disclosure;

[59] FIGURE 27 is a schematic diagram illustrating a front view of an autostereoscopic

display comprising an inclined orientation superlens and transmissive spatial light modulator,

in accordance with the present disclosure;

[60] FIGURE 28 is a schematic diagram illustrating a front view of an autostereoscopic

display comprising a control system arranged to address an autostereoscopic display with

light in multiple viewing lobes, in accordance with the present disclosure;

[61] FIGURE 29 is a schematic diagram illustrating a side view of a superlens with light

in multiple viewing lobes, in accordance with the present disclosure;

[62] FIGURE 30 is a schematic diagram illustrating a front view of an autostereoscopic

display comprising an optical valve apparatus comprising curved light extraction features and

a superlens, in accordance with the present disclosure;



[63] FIGURE 31 is a schematic diagram illustrating a front view of an autostereoscopic

display comprising an optical valve apparatus comprising curved light extraction features and

a Fresnel mirror; and a superlens, in accordance with the present disclosure;

[64] FIGURE 32 is a schematic diagram illustrating a front view of an autostereoscopic

display comprising an optical valve apparatus comprising linear light extraction features; and

a superlens comprising curved lenses, in accordance with the present disclosure;

[65] FIGURE 33 is a schematic diagram illustrating a front view of an autostereoscopic

display comprising an optical valve apparatus comprising linear light extraction features; and

a superlens comprising curved tilted lenses, in accordance with the present disclosure; and

[66] FIGURE 34 is a schematic diagram illustrating a front view of an autostereoscopic

display comprising an optical valve apparatus comprising curved light extraction features;

and a superlens comprising curved lenses, in accordance with the present disclosure.

DETAILED DESCRIPTION

[67] Time multiplexed autostereoscopic displays can advantageously improve the spatial

resolution of autostereoscopic display by directing light from all of the pixels of a spatial

light modulator to a first viewing window in a first time slot, and all of the pixels to a second

viewing window in a second time slot. Thus an observer with eyes arranged to receive light

in first and second viewing windows will see a full resolution image across the whole of the

display over multiple time slots. Time multiplexed displays can advantageously achieve

directional illumination by directing an illuminator array through a substantially transparent

time multiplexed spatial light modulator using directional optical elements, wherein the

directional optical elements substantially form an image of the illuminator array in the

window plane.

[68] The uniformity of the viewing windows may be advantageously independent of the

arrangement of pixels in the spatial light modulator. Advantageously, such displays can

provide observer tracking displays which have low flicker, with low levels of cross talk for a

moving observer.

[69] To achieve high uniformity in the window plane, it is desirable to provide an array of

illumination elements that have a high spatial uniformity. The illuminator elements of the

time sequential illumination system may be provided, for example, by pixels of a spatial light

modulator with size approximately 100 micrometers in combination with a lens array.

However, such pixels suffer from similar difficulties as for spatially multiplexed displays.



Further, such devices may have low efficiency and higher cost, requiring additional display

components.

[70] High window plane uniformity can be conveniently achieved with macroscopic

illuminators, for example, an array of LEDs in combination with homogenizing and diffusing

optical elements that are typically of size 1 mm or greater. However, the increased size of the

illuminator elements means that the size of the directional optical elements increases

proportionately. For example, a 16 mm wide illuminator imaged to a 65 mm wide viewing

window may require a 200 mm back working distance. Thus, the increased thickness of the

optical elements can prevent useful application, for example, to mobile displays, or large area

displays.

[71] Addressing the aforementioned shortcomings, optical valves as described in

commonly-owned U.S. Patent Application No. 13/300,293 advantageously can be arranged in

combination with fast switching transmissive spatial light modulators to achieve time

multiplexed autostereoscopic illumination in a thin package while providing high resolution

images with flicker free observer tracking and low levels of cross talk. Described is a one

dimensional array of viewing positions, or windows, that can display different images in a

first, typically horizontal, direction, but contain the same images when moving in a second,

typically vertical, direction.

[72] Conventional non-imaging display backlights commonly employ optical waveguides

and have edge illumination from light sources such as LEDs. However, it should be

appreciated that there are many fundamental differences in the function, design, structure,

and operation between such conventional non-imaging display backlights and the imaging

directional backlights discussed in the present disclosure.

[73] Generally, for example, in accordance with the present disclosure, imaging directional

backlights are arranged to direct the illumination from multiple light sources through a

display panel to respective multiple viewing windows in at least one axis. Each viewing

window is substantially formed as an image in at least one axis of a light source by the

imaging system of the imaging directional backlight. An imaging system may be formed

between multiple light sources and the respective window images. In this manner, the light

from each of the multiple light sources is substantially not visible for an observer's eye

outside of the respective viewing window.

[74] In contradistinction, conventional non-imaging backlights or light guiding plates

(LGPs) are used for illumination of 2D displays. See, e.g., Kalil Kalantar et al, Backlight



Unit With Double Surface Light Emission, J . Soc. Inf. Display, Vol. 12, Issue 4, pp. 379-387

(Dec. 2004). Non-imaging backlights are typically arranged to direct the illumination from

multiple light sources through a display panel into a substantially common viewing zone for

each of the multiple light sources to achieve wide viewing angle and high display uniformity.

Thus non-imaging backlights do not form viewing windows. In this manner, the light from

each of the multiple light sources may be visible for an observer's eye at substantially all

positions across the viewing zone. Such conventional non-imaging backlights may have

some directionality, for example, to increase screen gain compared to Lambertian

illumination, which may be provided by brightness enhancement films such as BEF™ from

3M. However, such directionality may be substantially the same for each of the respective

light sources. Thus, for these reasons and others that should be apparent to persons of

ordinary skill, conventional non-imaging backlights are different to imaging directional

backlights. Edge lit non-imaging backlight illumination structures may be used in liquid

crystal display systems such as those seen in 2D Laptops, Monitors and TVs. Light

propagates from the edge of a lossy waveguide which may include sparse features; typically

local indentations in the surface of the guide which cause light to be lost regardless of the

propagation direction of the light.

[75] As used herein, an optical valve is an optical structure that may be a type of light

guiding structure or device referred to as, for example, a light valve, an optical valve

directional backlight, and a valve directional backlight ("v-DBL"). In the present disclosure,

optical valve is different to a spatial light modulator (which is sometimes referred to as a

"light valve"). One example of an imaging directional backlight is an optical valve that may

employ a folded optical system. Light may propagate substantially without loss in one

direction through the optical valve, may be incident on an imaging reflector, and may

counter-propagate such that the light may be extracted by reflection off tilted light extraction

features, and directed to viewing windows as described in Pat. App. Ser. No. 13/300,293,

which is herein incorporated by reference in its entirety.

[76] Additionally, as used herein, a stepped waveguide imaging directional backlight may

be at least one of an optical valve. A stepped waveguide is a waveguide for an imaging

directional backlight comprising a waveguide for guiding light, further comprising: a first

light guiding surface; and a second light guiding surface, opposite the first light guiding

surface, further comprising a plurality of light guiding features interspersed with a plurality of

extraction features arranged as steps.



[77] In operation, light may propagate within an exemplary optical valve in a first direction

from an input side to a reflective side and may be transmitted substantially without loss.

Light may be reflected at the reflective side and propagates in a second direction substantially

opposite the first direction. As the light propagates in the second direction, the light may be

incident on light extraction features, which are operable to redirect the light outside the

optical valve. Stated differently, the optical valve generally allows light to propagate in the

first direction and may allow light to be extracted while propagating in the second direction.

[78] The optical valve may achieve time sequential directional illumination of large

display areas. Additionally, optical elements may be employed that are thinner than the back

working distance of the optical elements to direct light from macroscopic illuminators to a

window plane. Such displays may use an array of light extraction features arranged to

extract light counter propagating in a substantially parallel waveguide.

[79] Thin imaging directional backlight implementations for use with LCDs have been

proposed and demonstrated by 3M, for example U.S. Patent No. 7,528,893; by Microsoft, for

example U.S. Patent No. 7,970,246 which may be referred to herein as a "wedge type

directional backlight;" by RealD, for example U.S. Patent Application No. 13/300,293 which

may be referred to herein as an "optical valve" or "optical valve directional backlight," all of

which are herein incorporated by reference in their entirety.

[80] The present disclosure provides stepped waveguide imaging directional backlights in

which light may reflect back and forth between the internal faces of, for example, a stepped

waveguide which may include a first side and a first set of features. As the light travels along

the length of the stepped waveguide, the light may not substantially change angle of

incidence with respect to the first side and first set of surfaces and so may not reach the

critical angle of the medium at these internal faces. Light extraction may be advantageously

achieved by a second set of surfaces (the step "risers") that are inclined to the first set of

surfaces (the step "treads"). Note that the second set of surfaces may not be part of the light

guiding operation of the stepped waveguide, but may be arranged to provide light extraction

from the structure. By contrast, a wedge type imaging directional backlight may allow light

to guide within a wedge profiled waveguide having continuous internal surfaces. The optical

valve is thus not a wedge type imaging directional backlight.

[81] FIGURE 1A is a schematic diagram illustrating a front view of light propagation in

one embodiment of an optical valve structure that forms a directional backlight apparatus,



and FIGURE IB is a schematic diagram illustrating a side view of light propagation in the

optical valve structure of FIGURE 1A.

[82] FIGURE 1A illustrates a front view in the xy plane of an optical valve, and includes

an illuminator array 15 which may be used to illuminate a stepped waveguide 1. Illuminator

array 15 includes illuminator elements 15a through illuminator element 15n (where n is an

integer greater than one). In one example, the stepped waveguide 1 of FIGURE 1A may be a

stepped, display sized waveguide 1. Illumination elements 15a through 15n are light sources

that may be light emitting diodes (LEDs). Although LEDs are discussed herein as

illuminator elements 15a - 15n, other light sources may be used such as, but not limited to,

diode sources, semiconductor sources, laser sources, local field emission sources, organic

emitter arrays, and so forth. Additionally, FIGURE IB illustrates a side view in the xz plane,

and includes illuminator array 15, SLM (spatial light modulator) 48, extraction features 12,

guiding features 10, and stepped waveguide 1, arranged as shown. The side view provided in

FIGURE IB is an alternative view of the front view shown in FIGURE 1A. Accordingly, the

illuminator array 15 of FIGURES 1A and IB corresponds to one another and the stepped

waveguide 1 of FIGURES 1A and IB may correspond to one another.

[83] Further, in FIGURE IB, the stepped waveguide 1 may have an input end 2 that is thin

and a reflective end 4 that is thick. Thus the waveguide 1 extends between the input end 2

that receives input light and the reflective end 4 that reflects the input light back through the

waveguide 1. The waveguide has first and second, opposed guide surfaces extending between

the input end 2 and the reflective end 4 for guiding light forwards and back along the

waveguide 1 by total internal reflection. The first guide surface is planar. The second guide

surface has a plurality of light extraction features 12 facing the reflective end 4 and inclined

to reflect at least some of the light guided back through the waveguide 1 from the reflective

end in directions that break the total internal reflection at the first guide surface and allow

output through the first guide surface, for example upwards in FIGURE IB, that is supplied

to the SLM 48. In this example, the light extraction features 12 are reflective facets, although

other reflective features could be used. The light extraction features 12 do not guide light

through the waveguide, whereas the regions of the second guide surface intermediate the light

extraction features 12 guide light without extracting it. Those regions of the second guide

surface are planar and may extend parallel to the first guide surface, or at a relatively low

inclination. The light extraction features 12 extend laterally to those regions so that the



second guide surface has a stepped shape which may include the light extraction features 12

and intermediate regions.

[84] The light extraction features 12 are arranged to direct input light from different input

positions across the input end in different directions relative to the first guide surface that are

dependent on the input position. As the illumination elements 15a-15n are arranged at

different input positions, the light from respective illumination elements 15a-15n is reflected

in those different directions. In this manner, each of the illumination elements 15a-15n directs

light into a respective optical window. Under the control of a control system, the illuminator

elements 15a - 15n may be selectively operated to direct light into a selectable optical

window. The optical windows may be used individually or in groups as viewing windows.

[85] The SLM 48 extends across the waveguide is transmissive and modulates the light

passing therethrough. Although the SLM 48 may be a liquid crystal display (LCD) but this is

merely by way of example, and other spatial light modulators or displays may be used

including LCOS, DLP devices, and so forth, as this illuminator may work in reflection. In

this example, the SLM 48 is disposed across the first guide surface of the waveguide and

modulates the light output through the first guide surface after reflection from the light

extraction features 12.

[86] The operation of an optical valve that may provide a one dimensional array of

viewing windows is illustrated in front view in FIGURE 1A, with its side profile shown in

FIGURE IB. In operation, in FIGURES 1A and IB, light may be emitted from an

illuminator array 15, such as an array of illuminator elements 15a through 15n, located at

different positions, y, along the surface of thin end side 2, x=0, of the stepped waveguide 1.

The light may propagate along +x in a first direction, within the stepped waveguide 1, while

at the same time, the light may fan out in the xy plane and upon reaching the far curved end

side 4, may substantially or entirely fill the curved end side 4. While propagating, the light

may spread out to a set of angles in the xz plane up to, but not exceeding the critical angle of

the guide material. The extraction features 12 that link the guiding features 10 of the bottom

side of the stepped waveguide 1 may have a tilt angle greater than the critical angle and hence

may be missed by substantially all light propagating along +x in the first direction, ensuring

the substantially lossless forward propagation.

[87] Continuing the discussion of FIGURES 1A and IB, the curved end side 4 of the

stepped waveguide 1 may be made reflective, typically by being coated with a reflective

material such as, for example, silver, although other reflective techniques may be employed.



Light may therefore be redirected in a second direction, back down the guide in the direction

of -x and may be substantially collimated in the xy or display plane. The angular spread may

be substantially preserved in the xz plane about the principal propagation direction, which

may allow light to hit the riser edges and reflect out of the guide. In an embodiment with

approximately 45 degree tilted extraction features 12, light may be effectively directed

approximately normal to the xy display plane with the xz angular spread substantially

maintained relative to the propagation direction. This angular spread may be increased when

light exits the stepped waveguide 1 through refraction, but may be decreased somewhat

dependent on the reflective properties of the extraction features 12.

[88] In some embodiments with uncoated extraction features 12, reflection may be reduced

when total internal reflection (TIR) fails, squeezing the xz angular profile and shifting off

normal. However, in other embodiments having silver coated or metallized extraction

features, the increased angular spread and central normal direction may be preserved.

Continuing the description of the embodiment with silver coated extraction features, in the xz

plane, light may exit the stepped waveguide 1 approximately collimated and may be directed

off normal in proportion to the y-position of the respective illuminator element 15a - 15n in

illuminator array 15 from the input edge center. Having independent illuminator elements

15a - 15n along the input edge 2 then enables light to exit from the entire first light directing

side 6 and propagate at different external angles, as illustrated in FIGURE 1A.

[89] Illuminating a spatial light modulator (SLM) 48 such as a fast liquid crystal display

(LCD) panel with such a device may achieve autostereoscopic 3D as shown in top view oxyz-

plane viewed from the illuminator array 15 end in FIGURE 2A, front view in FIGURE 2B

and side view in FIGURE 2C. FIGURE 2A is a schematic diagram illustrating in a top view,

propagation of light in an optical valve system, FIGURE 2B is a schematic diagram

illustrating in a front view, propagation of light in an optical valve system, and FIGURE 2C

is a schematic diagram illustrating in side view propagation of light in an optical valve

system. As illustrated in FIGURES 2A, 2B, and 2C, a stepped waveguide 1 may be located

behind a fast (e.g., greater than 100Hz) LCD panel SLM 48 that displays sequential right and

left eye images. In synchronization, specific illuminator elements 15a through 15n of

illuminator array 15 (where n is an integer greater than one) may be selectively turned on and

off, providing illuminating light that enters right and left eyes substantially independently by

virtue of the system's directionality. In the simplest case, sets of illuminator elements of

illuminator array 15 are turned on together, providing a one dimensional viewing window 26



or an optical pupil with limited width in the horizontal direction, but extended in the vertical

direction, in which both eyes horizontally separated may view a left eye image, and another

viewing window 44 in which a right eye image may primarily be viewed by both eyes, and a

central position in which both the eyes may view different images. In this way, 3D may be

viewed when the head of a viewer is approximately centrally aligned. Movement to the side

away from the central position may result in the scene collapsing onto a 2D image.

[90] In the present embodiments that typically comprise a substantially cylindrical

reflecting surface at end 4, the optical axis 238 is a line that passes through the center of

curvature of the surface at end 4 and coincides with the axis of reflective symmetry of the

side 4 about the x-axis. The optical axis 238 is typically coincident with the mechanical axis

of the waveguide 1.

[91] FIGURE 3 is a schematic diagram illustrating in side view an optical valve. Further,

FIGURE 3 illustrates additional detail of a side view of the operation of a stepped waveguide

1, which may be a transparent material. The stepped waveguide 1 may include an illuminator

input side 2, a reflective side 4, a first light directing side 6 which may be substantially

planar, and a second light directing side 8 which includes guiding features 10 and light

extraction features 12. In operation, light rays 16 from an illuminator element 15c of an

illuminator array 15 (not shown in FIGURE 3), that may be an addressable array of LEDs for

example, may be guided in the stepped waveguide 1 by means of total internal reflection by

the first light directing side 6 and total internal reflection by the guiding feature 10, to the

reflective side 4, which may be a mirrored surface. Although reflective side 4 may be a

mirrored surface and may reflect light, it may in some embodiments also be possible for light

to pass through reflective side 4.

[92] Continuing the discussion of FIGURE 3, light ray 18 reflected by the reflective side 4

may be further guided in the stepped waveguide 1 by total internal reflection at the reflective

side 4 and may be reflected by extraction features 12. Light rays 18 that are incident on

extraction features 12 may be substantially deflected away from guiding modes of the

stepped waveguide 1 and may be directed, as shown by ray 20, through the side 6 to an

optical pupil that may form a viewing window 26 of an autostereoscopic display. The width

of the viewing window 26 may be determined by at least the size of the illuminator, output

design distance and optical power in the side 4 and extraction features 12. The height of the

viewing window may be primarily determined by the reflection cone angle of the extraction

features 12 and the illumination cone angle input at the input side 2.



[93] FIGURE 4A is a schematic diagram illustrating in front view an optical valve which

may be illuminated by a first illuminator element and including curved light extraction

features. Further, FIGURE 4A shows in front view further guiding of light rays from

illuminator element 15c of illuminator array 15, in the stepped waveguide 1. Each of the

output rays are directed towards the same viewing window 26 from the respective illuminator

14. Thus light ray 30 may intersect the ray 20 in the window 26, or may have a different

height in the window as shown by ray 32. Additionally, in various embodiments, sides 22, 24

of the optical valve may be transparent, mirrored, or blackened surfaces. Continuing the

discussion of FIGURE 4A, light extraction features 12 may be elongate, and the orientation

of light extraction features 12 in a first region 34 of the light directing side 8 (light directing

side 8 shown in FIGURE 3, but not shown in FIGURE 4A) may be different to the

orientation of light extraction features 12 in a second region 36 of the light directing side 8.

[94] FIGURE 4B is a schematic diagram illustrating in front view an optical valve which

may illuminated by a second illuminator element. Further, FIGURE 4B shows the light rays

40, 42 from a second illuminator element 15h of the illuminator array 15. The curvature of

the reflective end on the side 4 and the light extraction features 12 cooperatively produce a

second viewing window 44 laterally separated from the viewing window 26 with light rays

from the illuminator element 15h.

[95] Advantageously, the arrangement illustrated in FIGURE 4B may provide a real image

of the illuminator element 15c at a viewing window 26 in which the real image may be

formed by cooperation of optical power in reflective side 4 and optical power which may

arise from different orientations of elongate light extraction features 12 between regions 34

and 36, as shown in FIGURE 4A. The arrangement of FIGURE 4B may achieve improved

aberrations of the imaging of illuminator element 15c to lateral positions in viewing window

26. Improved aberrations may achieve an extended viewing freedom for an autostereoscopic

display while achieving low cross talk levels.

[96] FIGURE 5 is a schematic diagram illustrating in front view an embodiment of an

optical valve having substantially linear light extraction features. Further, FIGURE 5 shows

a similar arrangement of components to FIGURE 1 (with corresponding elements being

similar), with one of the differences being that the light extraction features 12 are

substantially linear and parallel to each other. Advantageously, such an arrangement may

provide substantially uniform illumination across a display surface and may be more



convenient to manufacture than the curved extraction features of FIGURE 4A and FIGURE

4B.

[97] FIGURE 6A is a schematic diagram illustrating one embodiment of the generation of

a first viewing window in a time multiplexed imaging directional backlight apparatus, namely

an optical valve apparatus in a first time slot, FIGURE 6B is a schematic diagram illustrating

another embodiment of the generation of a second viewing window in a time multiplexed

imaging directional backlight apparatus in a second time slot, and FIGURE 6C is a

schematic diagram illustrating another embodiment of the generation of a first and a second

viewing window in a time multiplexed imaging directional backlight apparatus. Further,

FIGURE 6A shows schematically the generation of illumination window 26 from stepped

waveguide 1. Illuminator element group 31 in illuminator array 15 may provide a light cone

17 directed towards a viewing window 26. FIGURE 6B shows schematically the generation

of illumination window 44. Illuminator element group 33 in illuminator array 15 may

provide a light cone 19 directed towards viewing window 44. In cooperation with a time

multiplexed display, windows 26 and 44 may be provided in sequence as shown in FIGURE

6C. If the image on a spatial light modulator 48 (not shown in FIGURES 6A, 6B, 6C) is

adjusted in correspondence with the light direction output, then an autostereoscopic image

may be achieved for a suitably placed viewer. Similar operation can be achieved with all

imaging optical valve systems or imaging directional backlights. Note that illuminator

element groups 31, 33 each include one or more illumination elements from illumination

elements 15a to 15n, where n is an integer greater than one.

[98] FIGURE 7 is a schematic diagram illustrating one embodiment of an observer

tracking autostereoscopic display apparatus including a time multiplexed optical valve

apparatus. As shown in FIGURE 7, selectively turning on and off illuminator elements 15a to

15n along axis 29 provides for directional control of viewing windows. The head 45 position

may be monitored with a camera, motion sensor, motion detector, or any other appropriate

optical, mechanical or electrical means, and the appropriate illuminator elements of

illuminator array 15 may be turned on and off to provide substantially independent images to

each eye irrespective of the head 45 position. The head tracking system (or a second head

tracking system) may provide monitoring of more than one head 45, 47 (head 47 not shown

in FIGURE 7) and may supply the same left and right eye images to each viewers' left and

right eyes providing 3D to all viewers. Again similar operation can be achieved with all

imaging optical valve systems or imaging directional backlights.



[99] FIGURE 8 is a schematic diagram illustrating one embodiment of a multi-viewer

display apparatus which includes a time multiplexed optical valve apparatus as an example of

an imaging directional backlight. As shown in FIGURE 8, at least two 2D images may be

directed towards a pair of viewers 45, 47 so that each viewer may watch a different image on

the spatial light modulator 48. The two 2D images of FIGURE 8 may be generated in a

similar manner as described with respect to FIGURE 7 in that the two images would be

displayed in sequence and in synchronization with sources whose light is directed toward the

two viewers. One image is presented on the spatial light modulator 48 in a first phase, and a

second image is presented on the spatial light modulator 48 in a second phase different from

the first phase. In correspondence with the first and second phases, the output illumination is

adjusted to provide first and second viewing windows 26, 44 respectively. An observer with

both eyes in window 26 will perceive a first image while an observer with both eyes in

window 44 will perceive a second image.

[100] FIGURE 9 is a schematic diagram illustrating a privacy display apparatus which

includes an imaging directional backlight apparatus, and as illustrated, an optical valve. 2D

display systems may also utilize directional backlighting for security and efficiency purposes

in which light may be primarily directed at the eyes of a first viewer 45 as shown in FIGURE

9. Further, as illustrated in FIGURE 9, although first viewer 45 may be able to view an

image on device 50, light is not directed towards second viewer 47. Thus second viewer 47

is prevented from viewing an image on device 50. Each of the embodiments of the present

disclosure may advantageously provide autostereoscopic, dual image or privacy display

functions.

[101] FIGURE 10A is a schematic diagram illustrating in side view the structure of a time

multiplexed optical valve apparatus as an example of an imaging directional backlight.

Further, FIGURE 10A shows in side view an autostereoscopic display, which may include

the stepped waveguide 1 and a Fresnel lens 62 arranged to provide the viewing window 26

for a substantially collimated output across the stepped waveguide 1 output surface. A

vertical diffuser 68 may be arranged to extend the height of the window 26 further. The light

may then be imaged through the spatial light modulator 48. The illuminator array 15 may

include light emitting diodes (LEDs) that may, for example, be phosphor converted blue

LEDs, or may be separate RGB LEDs. Alternatively, the illuminator elements in illuminator

array 15 may include a uniform light source and spatial light modulator arranged to provide

separate illumination regions. Alternatively the illuminator elements may include laser light



source(s). The laser output may be directed onto a diffuser by means of scanning, for

example, using a galvo or MEMS scanner. In one example, laser light may thus be used to

provide the appropriate illuminator elements in illuminator array 15 to provide a substantially

uniform light source with the appropriate output angle, and further to provide reduction in

speckle. Alternatively, the illuminator array 15 may be an array of laser light emitting

elements. Additionally in one example, the diffuser may be a wavelength converting

phosphor, so that illumination may be at a different wavelength to the visible output light.

[102] FIGURE 10B is a schematic diagram illustrating in front view, the structure of a time

multiplexed optical wedge directional backlight apparatus and FIGURE IOC is a schematic

diagram illustrating in side view, the structure of a time multiplexed optical wedge directional

backlight apparatus. A further wedge type directional backlight is generally discussed by

U.S. Patent No. 7,660,047 which is herein incorporated by reference in its entirety. The

optical wedge 1104 is a waveguide having an input end and first and second, opposed guide

surfaces 1106 for guiding light along the optical wedge 1104 that are both planar. The optical

wedge 1104 is illuminated by light source array 1101 and light propagates within the medium

1104 of the wedge by total internal reflection at the guide surfaces 1106. The optical wedge

1104 has a reflective end 1102 formed by a corrugated mirror facing the input end for

reflecting light from the input end back through the optical wedge 1104. The second guide

surface is inclined at an angle to reflect light in directions that break the total internal

reflection of the first guide surface after reflection at the reflective end 1102, so that light is

output at the first guide surface by refraction of light.

[103] By way of comparison with the stepped imaging directional backlight, light extraction

features are not provided. However, the operation is similar in that the optical wedge 1104

directs input light from the light sources of the light source array 1101 at different input

positions across the input end in output directions relative to the normal to the first guide

surface that are dependent on those input positions. A control system as described above with

reference to FIGURE 11 is arranged to selectively operate the light sources to direct light into

the viewing windows in positions corresponding to the left and right eyes of the observer

[104] The optical wedge 1104 extends across a transmissive spatial light modulator 1110 to

which the output light is supplied. The spatial light modulator 1110 comprises an array of

pixels that modulate light arranged in an aperture with a shape having two perpendicular axes

of mirror symmetry. Since light is output from the optical wedge 1104 at high angles of

refraction, a prismatic element 1108 extending across first guide surface of the optical wedge



1104 acts as a deflection element to deflect light towards the normal to the spatial light

modulator 1110.

[105] The light output by the optical wedge 1104 is deflected by the prismatic element 1108

and passed through spatial light modulator 1110.

[106] The wedge type directional backlight and optical valve further process light beams in

different ways. In the wedge type waveguide, light input at an appropriate angle will output

at a defined position on a major surface, but light rays will exit at substantially the same angle

and substantially parallel to the major surface. By comparison, light input to a stepped

waveguide of an optical valve at a certain angle may output from points across the first side,

with output angle determined by input angle. Advantageously, the stepped waveguide of the

optical valve may not require further light re-direction films to extract light towards an

observer and angular non-uniformities of input may not provide non-uniformities across the

display surface.

[107] FIGURE 11 is a schematic diagram illustrating an observer tracking time multiplexed

autostereoscopic display apparatus for an observer 1 moving in horizontal direction 202 and

vertical direction 204 with respect to a rear illuminated autostereoscopic display of the

display apparatus. In general, the display apparatus may be any of the display devices

described herein. In the example illustrated in FIGURE 11 the display device comprises a

stepped waveguide 1, an illuminator array 15, a superlens 500 as will be described below and

an SLM 48.

[108] The display apparatus further comprises a control system as follows.

[109] An orientation sensor 79 may be used to detect the orientation of the view of the

observer and thus to determine landscape or portrait operation of the SLM 48 and an observer

tracking system 74 including a sensor such as a camera in cooperation with a computer vision

processing system is used to detect the position of an observer in two dimensions across the

display device near a nominal viewing plane 200. Thus, the observer tracking system 74

and the orientation sensor 79 may together form a sensor system of the control system that

detects the position of an observer in two dimensions across the display device and the

orientation of the view of the observer. Other types of sensor system could alternatively be

provided to obtain this information. For example the observer tracking system 74 could

determine both the position and orientation. In that case the orientation could be indicated

directly or by indicating the position of both eyes of the viewer. Alternatively it may not be

required to collect the orientation information.



[ 1 10] A system control apparatus 75 of the control system is used to determine the required

image to be presented by means of an image controller 76; and the required illumination from

a light emitting element array 15 by means of an illumination controller 77. Such a display

provides a viewing window array 250 at a nominal viewing plane 200. The control system

and display apparatus can thus achieve the desired illumination and image data to the

respective left and right eyes of the observer for movements in horizontal 202 and vertical

204 directions in both landscape and portrait modes of operation. Further such a display may

be capable of viewing in 2D and 3D modes in landscape and portrait operation. Thus, the

control system controls the display device to display temporally multiplexed left and right

images and synchronously to direct the displayed images into viewing windows in positions

corresponding to the left and right eyes of the observer, in dependence on the detected

position of the observer and on the detected orientation of the view. Alternatively the

orientation can be used to switch the display to provide a two dimensional image in the case

when it is not possible for the observer to observe an autostereoscopic image, for example if

both eyes are arranged in substantially the same viewing window. It may be desirable to

track the observer in a single direction 205 that may be orthogonal to the extent of the

windows in the window plane, even for inclined viewing windows, for example direction 205

may be at 45 degrees to the horizontal direction 202 and vertical direction 204. It may further

be desirable to track the observer in two dimensions, for example horizontally 202 and

vertically 204 or in the direction 205 orthogonal to the extent of the windows in the window

plane and longitudinal direction 203. It may further be desirable to track the observer in three

dimensions, for longitudinal, horizontal and vertical directions 203, 202, 204 respectively.

[I ll] Thus a display device may comprise an array 15 of light sources at different input

positions across the input end of the waveguide 1; and a control system 75, 76, 77arranged to

selectively operate the light sources of the array 15 to direct light into viewing windows 26

corresponding to required output directions.

[ 1 12] The display device may be an autostereoscopic display device 1, 500, 48 wherein the

control system 75, 76, 77 is further arranged to control the display device 48 to display

temporally multiplexed left and right images and synchronously to direct the displayed

images into viewing windows 26 in positions corresponding to left and right eyes of an

observer 12.

[ 1 13] The control system 75, 76, 77 may further comprise a sensor system 74, 79 arranged

to detect the position of an observer 12 across the display device, and the control system 75,



76, 77 is arranged to direct the displayed images into viewing windows 26 in positions

corresponding to left and right eyes of an observer 12, in dependence on the detected position

of the observer 12.

[ 1 14] There will now be described some specific display devices that are based on and

incorporate the structures of FIGURES 1 to IOC. Accordingly, except for the modifications

and/or additional features which will now be described, the above description applies to the

following apparatuses but for brevity will not be repeated.

[ 1 15] FIGURE 12 is a schematic diagram illustrating a side view of an observer tracking

autostereoscopic display device comprising an optical valve apparatus, a superlens 500 and

transmissive spatial light modulator 48 with surface normal direction 9. Light rays 501 from

a light source in array 15 are directed through the waveguide 1 where they are incident on

reflective side 4 after guiding from features 10 and side 6 of the waveguide 1. Rays are

incident on light extraction features 12 and directed through the side 6. The superlens 500 is

arranged between the waveguide 1 and a Fresnel lens 62, and hence between the waveguide 1

and the SLM 48. Light rays 501 from the array 15 are directed through the superlens 500 and

directed to viewing windows.

[ 1 16] Superlens 500 comprises first array 502 and second array 504 of lenticular lens

elements as will be described below. After processing by the superlens 500, light may be

incident on the Fresnel lens 62 and asymmetric diffuser 412 before being directed to the

viewing window 26. As will be described below, the optical output of the viewing windows

may be advantageously modified by the superlens 500.

[ 1 17] The waveguide 1 is arranged as described above with reference to Figs. 1 to 10B.

Thus the first guide surface 6 may arranged to guide light by total internal reflection and the

second guide surface may have a plurality of light extraction features 12 inclined to reflect

light guided through the waveguide 1 in directions allowing exit through the first guide

surface 6 of the output light. The second guide surface 8 may have intermediate regions 10

between the light extraction features 12 that are arranged to direct light through the

waveguide 1 without extracting it. The intermediate regions 10 of the second guide surface

may extend parallel to the first guide surface 6. The light extraction features 12 may be

reflective facets extending laterally to the intermediate regions 10 and the second guide

surface 8 may have a stepped shape which may include the reflective facets 12 and the

intermediate regions 10.



[ 1 18] The waveguide 1 may have a reflective end 4 facing the input end 2 for reflecting

light from the input light sources of the array 15 back through the waveguide 1, the

waveguide 1 being arranged to output light through the first guide surface 6 after reflection

from the reflective end.

[ 1 19] Each of the lens arrays 502 and 504 comprises an array of lenses that each have a

positive optical power in respective first meridians and no optical power in respective second

meridians perpendicular to the first meridians. The lenses are therefore cylindrical lenses,

although the profile of the lens surface in the first meridians may have a shape that is circular

or non-circular so the word "cylindrical" in this context does not imply a mathematically

strict restriction to a cylindrical shape. The second meridians of the lenses of each of the lens

arrays 502 and 504 extend parallel to each other. In this example, the pitches of the two lens

arrays 502 and 504 are the same and respective lenses of the lens arrays 502 and 504 are

aligned with each other.

[120] The first and second lens arrays 502 and 504 are further arranged with focal planes

between the first and second lens arrays 502 and 504 that each extend perpendicular to the

normal to the SLM 48. As will be shown, in general the focal planes of the first and second

lens arrays 502 and 504 may be coincident or offset.

[121] In this example, the superlens 500 is oriented so that the second meridians of lens

arrays 502, 504 extend orthogonal to the optical axis of the waveguide 1 for illustrative

convenience. As will be shown, typically the lenses will comprise meridian axes that are

parallel to or inclined at an acute angle to the optical axis of the waveguide.

[122] FIGURE 13 is a schematic diagram illustrating a side view of an observer tracking

autostereoscopic display device comprising an optical wedge 1104, a superlens 500 and

transmissive spatial light modulator 48. The display device is arranged as described above

with reference to Fig. IOC with the following modifications.

[123] The display device has the same construction as shown in Fig. 12 and describe above

except for the replacement of the waveguide 1 by the optical wedge 1104 and the prismatic

element 1108. More specifically, the output of the waveguide 1104 of the optical wedge with

wedge angle 1107 as shown in FIGURE IOC is redirected by superlens 500, Fresnel lens 62

and diffuser 412 to achieve viewing windows 26 with modified properties in comparison to

those windows that would be achieved without the superlens 26.

[124] Thus the first guide surface 1105 may be arranged to guide light by total internal

reflection and the second guide surface 1106 may be substantially planar and inclined at an



angle 1107 to reflect light in directions that break the total internal reflection for outputting

light through the first guide surface 1105 after reflection at the reflective end 1102 (by virtue

of the prismatic structure at the end 1102). The prismatic element 1108 extending across the

first guide surface of the waveguide acts as a deflection element for deflecting light towards

the normal 9 to the spatial light modulator 48.

[125] FIGURE 14 is a schematic diagram illustrating a front view of an observer tracking

autostereoscopic display device comprising an optical valve apparatus and a transmissive

spatial light modulator. Thus this display device corresponds to that of FIGURE 12 but with

the superlens 500 and spatial light modulator omitted by means of explanation. Thus light

sources of array 15 are imaged by the optical valve 1 with extraction features 12 are directed

by means of Fresnel lens 62 and asymmetric diffuser 412 (with major diffusion axis direction

414) to an array of viewing windows 26 that are vertically extended by the diffuser and have

a lateral extent defined by the spacing of the light sources of the array 15 and imaging

properties of the waveguide 1. Thus the number of windows 26 that are achieved is the same

as the number of light sources such as LEDs in the array 15. Further, the total lateral width

27 of the viewing windows 26 is limited by the length of the array 15. It would be desirable

to increase the width 27 with fewer light sources in the array 15, to reduce cost.

[126] FIGURE 15 is a schematic diagram illustrating a front view of an observer tracking

autostereoscopic display device comprising an optical valve apparatus, a superlens 500 and

transmissive spatial light modulator 48. Thus this display device corresponds to that of

FIGURE 12, but the superlens 500 is oriented so that the second meridians extend parallel to

the optical axis of the waveguide 1. This orientation is selected so that there is no rotation of

the viewing windows.

[127] . As will be described, superlenses may redirect light from a single array of light

sources and direct the light into multiple viewing lobes. Thus the axes of the arrays 502, 504

may be aligned parallel to the vertical direction (the extent of the individual viewing

windows) to receive light that would be directed to viewing windows 26. As will be shown,

in operation, the superlenses may serve to achieve multiple viewing lobes 300, 302, 304.

Thus sources from the array 15 would provide viewing windows in lobe 300 in the absence of

a superlens 500. Such a lobe has limited extent if the number of light sources is reduced to

reduce cost. Adding the superlens 500 can achieve repeated images of the windows in lobe

300 at laterally displaced positions, achieving the lobes 302, 304. Thus an increased lateral

viewing freedom may be achieved from an array 15 with a reduced number of light sources



compared to the arrangement of FIGURE 14. Advantageously cost may be reduced. The

same effect is achieved by the superlens in the display device of FIGURE 13.

[128] Various constructions for the superlens 500 will now be described. Any of these

constructions may be applied in the display device of FIGURE 12 or the display device of

FIGURE 13.

[129] FIGURE 16A is a schematic diagram illustrating a front view of a superlens. The

superlens comprises first and second arrays 502 of lenticular lens elements comprising first

and second surface reliefs respectively. The superlens may be formed by a common piece of

material 503 that may be a plastic or glass material for example. Alternatively the superlens

500 may comprise separate air spaced lenses. The first and second arrays 502, 504 of lenses

each have a positive optical power in respective first meridians 310 and no optical power in

respective second meridians 308 perpendicular to the first meridians 310 and the lenses of

each array 502, 504 have parallel first meridians 310. The first and second arrays 502, 504 of

lenses have respective focal planes that extend perpendicular to the normal 9 to the spatial

light modulator intermediate the first and second arrays 502, 504 of lenses. In the display

device shown in FIGURE 15, the lenses of each array 502, 504 have first meridians 310 that

extend parallel to the optical axis of waveguide 1.

[130] FIGURE 16B is a schematic diagram illustrating a side view of a superlens in which

the first and second lens arrays 502 and 504 have focal lengths that are substantially equal.

[131] In FIGURE 16B, the optical axes 516 of the lenses of the first lens array 502 are

aligned with the optical axes 517 of the lenses of the second lens array 504 and the pitch 320

of the first lens array is the same as the pitch 322 of the second lens array. Parallel on-axis

light rays from an on-axis beam 508 from the directional backlight 1 are incident on the first

lens array 502 and are focused to the focal plane 506 of the first lens array 502. Herein, focus

may refer to a paraxial focus, or a non-paraxial focus wherein the focus is determined by ray

fan intercept analysis for example, to optimize the nominal lens properties over the required

illumination angles and numerical aperture of the respective lens surface, as well known in

optical design. Thus plane 506 is a nominal plane representing a nominal typical focus

condition. To preserve directionality of light rays, the plane 506 may typically not be formed

by an optical element such as a diffuser. However in embodiments wherein the axis 508 is

vertical and parallel to the extent of the windows, a diffuser may be incorporated to increase

the output cone angle.



[132] The second lens array 504 has a focal plane 507 that is substantially coincident with

focal plane 506. Light that passes through the focal planes 506, 507 may be incident on a

lens of the second array 504 and output as a beam 510 with substantially the same direction

as the beam 508.

[133] Beam 508 incident on-axis to the superlens 500 is incident at lens array 508 and

imaged through the optical system 510 to produce an output collimated beam 510 with

substantially no geometric losses of light.

[134] Light rays from an off-axis light beam 512 at an angle 514 to axis 516 are incident at

two lenses of array 504 and thus two separate output beams 518, 520 are formed. Beam 518

has an angle 514 to the axis 516 and an angle 517 to the ray 512 direction that in this

embodiment is twice the angle 514 as the focal lengths of the first and second lens arrays are

equal. Thus a single light source may achieve two sets of windows in lobes 300, 302 from

beams 518, 520 respectively. Advantageously, the number of light sources can be reduced

for a given range of viewing angles.

[135] Conversely, where a given light source is operated in order to direct light into a given

viewing window corresponding to one of the beams 518 and 520, then the splitting causes

light also to be directed into another viewing window corresponding to the other one of the

beams 518 and 520. Considering the brightness of the given viewing window, this represents

a loss of light into the side lobes 507 and 509 which may be undesirable in some applications.

However, such loss may be reduced by design of the superlens 500 as follows or may be

compensated in the control as described below.

[136] There will now be described various modifications to the superlens 500 shown in

FIGURE 16B. These modifications may be applied in any combination.

[137] FIGURE 16C is a schematic diagram illustrating a side view of a superlens 500

wherein the focal length of the first array 502 is smaller than the focal length of the second

array 504. Such an arrangement achieves three (or more) separate output beams 301, 303,

305 that are directed to separate lobes 300, 302, 304 respectively. Thus the focal length of

the lenses of the first array 502 of lenses arranged to receive light from the waveguide 1 is

less than the focal length of lenses of the second array 504. Advantageously the viewing

angle of the display can be further increased for a given number of light sources.

[138] FIGURE 17 is a schematic diagram illustrating a side view of a superlens 500 in

which the focal planes 506, 507 are offset, or separated. Thus the output beam 511 is slightly

expanded in comparison with the beam 510 that would be achieved if the planes 506, 507



were coincident. In this manner additional lateral window diffusion (in the y direction) can

be achieved). Such diffusion can advantageously reduce the need for lateral diffusion from

diffuser 412 and thus reduce it complexity and cost. Further, it may be possible to increase

the mark-space ratio of the light sources in the array 15 which can achieve improved cross

talk characteristics. Thus the first and second arrays 502, 504 of lenses may be arranged with

respective focal planes 506, 507 that are offset.

[139] FIGURE 18A is a schematic diagram illustrating a side view of a superlens 500

wherein the focal length of the first lens array 502 is greater than the focal length of the

second lens array 504 while the planes 506, 507 are coincident. Thus the distance 523 is

smaller than distance 521 and the curvature of the surface of the lens of array 504 is greater

than for array 502. In this manner, rays 508 are output into beam 510 that has the same

directionality but a smaller lateral width from the lens of array 504. Thus the focal length of

the lenses of the first array 502 of lenses arranged to receive light from the waveguide 1 is

greater than the focal length of lenses of the second array 504. For off-axis illumination array

53 1 a single beam 518 may advantageously be achieved but with a higher angle 517 than the

angle 514. Thus the total viewing angle that can be achieved by a given length of array 15

can be increased, reducing LED cost. Further, for positions near the on-axis viewing position

there exists positions where no second order beams 518 are produced (as shown for rays at

angle 529 with respect to the optical axis 516). Thus in comparison to the arrangements of

FIGURE 16B and FIGURE 16C, the light loss due to this vignetting effect is reduced for on-

axis positions and the display can be used in high efficiency and privacy modes of operation.

[140] FIGURE 18B is a schematic diagram illustrating a side view of a superlens wherein

the first and second arrays 502, 504 of lenses have optical axes 516, 517 that are offset by a

distance 336. If the pitch 320 is the same as pitch 322 then the offset distance 336 may for

example be half of the pitch 320. On-axis beam 508 is thus split into two output beams 332,

334, whereas beam 512 at angle 514 achieves a single output beam 330. Such an

arrangement can thus achieve an offset of the central beam 508. As will be described below,

such an arrangement can advantageously be used to achieve a modification of the off-axis

visibility of voids.

[141] FIGURE 19A is a schematic diagram illustrating a front view of an observer tracking

autostereoscopic display comprising an optical valve apparatus for a first viewing position

340, representing the position of a single pupil of an observer in the window 26 array.

FIGURE 19B is a schematic diagram illustrating a front view of an observer tracking



autostereoscopic display comprising an optical valve apparatus for a second viewing position

342. FIGURE 19C is a schematic diagram illustrating a front view of an observer tracking

autostereoscopic display comprising an optical valve apparatus for a third viewing position

344. The embodiments of FIGURES 19A-19C do not comprise a superlens, and the output

seen across the display area comprise voids 346, 348 with a width 350 at a maximum lateral

position 344 of the pupil of observer 12. The voids are regions of the waveguide 1 that are

not illuminated by light sources of the array 15 and are thus undesirable as they reduce the

usable area of the waveguide 1 for off-axis positions, increasing bezel size. It would thus be

desirable to reduce the visibility of voids 346, 348.

[142] FIGURE 20A is a schematic diagram illustrating a front view of an observer tracking

autostereoscopic display comprising an optical valve apparatus, and a superlens 500 for a first

viewing position 340. FIGURE 20B is a schematic diagram illustrating a front view of an

observer tracking autostereoscopic display comprising an optical valve apparatus and a

superlens for a second viewing position 342. FIGURE 20C is a schematic diagram

illustrating a front view of an observer tracking autostereoscopic display comprising an

optical valve apparatus and a superlens 500 for a third viewing position 344. The superlens

may be arranged so that axes 316, 317 are not coincident, so that for on-axis viewing the light

comes from a different collimation direction within the waveguide 1. Such an arrangement

biases the position and size of the void regions so that a small void 352 may be seen for the

first central viewing position, no void 354 is seen for an off-axis viewing position (for

example 65mm off-axis) and a small void 356 is seen for higher off-axis positions (for

example 130mm off-axis). In this manner the total void size is reduced for a given off-axis

movement and the bezel size may be reduced.

[143] FIGURE 20D is a schematic diagram illustrating a front view of an observer tracking

autostereoscopic display comprising an optical valve apparatus and a superlens for a third

viewing position. As the superlens 500 creates multiple lobes, multiple collimation

directions within the waveguide contribute to the final output intensity distribution. Thus in

the viewing position 344 when region 358 may be a void for a single LED illumination, both

regions 358 and 360 may be observed as partially void, with total intensity being a

combination of the two illumination structures. In this manner, the total illumination

uniformity of the display may be increased and visibility of void regions reduced, thus

advantageously reducing bezel size and cost.



[144] FIGURE 21 is a schematic diagram illustrating a side view of a superlens wherein the

first and second arrays of lenses 502 and 504 have different pitches. Thus the pitch 320 of

the first lens array 502 is greater than the pitch of the second lens array 504. Output beam

directions 362, 364 and 366 are thus arranged to provide an effective focusing property

across the width of the output aperture of the superlens 500. Advantageously the present

embodiment can reduce or remove the requirement to incorporate the Fresnel lens 62 in order

to achieve viewing windows 26 at the window plane, thus reducing thickness and cost.

[145] FIGURE 22 is a schematic diagram illustrating a side view of a superlens. Such a

superlens may be arranged in a display device and further comprises a third lens array 515

disposed between the first and second lens arrays 502, 504. The lenses of the third lens array

515 each have a positive optical power in respective first meridians 310 and no optical power

in respective second meridians 308 perpendicular to the first meridians. The third array of

lenses 515 have the same pitch as the first and second arrays of lenses 502 and 504 and are

arranged to image the apertures of the first array 502 of lenses onto the apertures of the

second array 504 of lenses. Thus off-axis rays 512 are imaged by the lens array 515 arranged

with an air gap 511 to the array 502 so that all rays are directed into beam 370. This has the

effect that the third lens array 515 may redirect incident light beams 512 more fully into

output beam 519. Advantageously this reduces light loss into side lobe beams.

Advantageously the present embodiment can achieve a single output beam for a wide range

of input angles 514. Such an arrangement can be used for a privacy display in which the

LED pitch is modified compared to that provided by the waveguide 1 without the superlens

500 to reduce cost for example.

[146] FIGURE 23A is a schematic diagram illustrating a side view of an autostereoscopic

display device comprising waveguide 1, a switchable superlens 500 and transmissive SLM

48. The superlens is a switchable birefringent lens array described in United States Patent

7,059,252 which is incorporated herein by reference in its entirety. Light from array 15 is

incident on a polarization switch element comprising linear polarizer 600, substrates 602, 606

and switchable liquid crystal layer 604. Thus the output of the waveguide 1 can be arranged

with first and second polarization states 612, 618 that may be substantially linear polarization

states. The polarized light is incident onto superlens 500 that will be described with reference

to FIGURE 23B.

[147] FIGURE 23B is a schematic diagram illustrating a side view of a switchable

superlens. The superlens 500 is an optical element that is switchable between a first state (for



light of polarization state 612) in which the lenses of the first and second arrays 502, 504

have said positive optical power in first meridians 310 and a second state (for light of

polarization state 618) in which the lenses of the first and second arrays 502, 504 have no

optical power in said first meridians 310. Such lens arrays may be formed from an isotropic

material 503 with a first refractive index. A liquid crystal layer 608, 610 such as liquid

crystal polymer with first and second refractive indices may be formed on the surface of the

arrays 502, 504. The directors of the liquid crystal material 608, 610 may aligned

substantially parallel to the first meridian 310, for example by means of an alignment layer on

the surface of the arrays 502, 504. The refractive index of the material 503 may be

substantially the same as the ordinary refractive index of the liquid crystal material and

different from the extraordinary refractive index. Light of polarization 612 thus sees an index

step at the array 502 and a lens is present for the light rays 614, forming output beam 616 that

has the properties of a superlens 500 as described elsewhere. Light of polarization 618 sees

no index step at the array 502 and thus light beam 620 is undeflected by the superlens 500 to

form beam 622 that has different directional properties to beam 616, particularly for off-axis

illumination of the superlens 500. Thus advantageously a switchable superlens can be

achieved.

[148] FIGURE 24 is a schematic diagram illustrating a front view of an autostereoscopic

display device comprising a waveguide 1 and a switchable superlens 500 in a first mode of

operation. FIGURE 25 is a schematic diagram illustrating a front view of the same

autostereoscopic display comprising an optical valve apparatus, a switchable superlens in a

second mode of operation. The polarization switching element described above with

reference to FIGURES 23A and 23 B is present but for convenience of explanation is not

shown in FIGURES 24 and 25.

[149] Thus a display device may be arranged wherein the array of pixels of the spatial light

modulator 48 are arranged in an aperture with a shape having two perpendicular axes of

mirror symmetry. In this example, the superlens 500 is oriented so that the second meridians

extend at a non-zero acute angle to the optical axis of the waveguide 1. This angle is selected

to achieve the rotation of the viewing windows around the normal to the spatial light

modulator so that the output viewing windows extend at an angle in a range from 65 to 115

degrees, more preferably 80 to 100 degrees or ideally 90 degrees relative to one of said axes

of the shape of the aperture.



[150] The display device is arranged so that, in the first state of the optical element

(corresponding to illumination by polarization state 612 and shown by solid lines 502, 504),

the viewing windows 624 are distributed across the one of said axes of mirror symmetry, and,

in the second state of the optical element (corresponding to illumination by polarization state

618 and shown by dotted lines 502, 504), the optical element is arranged to rotate the viewing

windows 624 around the normal to the spatial light modulator 48 so that the viewing

windows 624 are distributed across the other one of said axes of mirror symmetry. For

example, orienting the superlens at an angle of for example 45 degrees to the vertical can thus

achieve a 90 degrees window rotation in the case that the first and second lens arrays 502 and

504 have the same focal lengths. Thus when the lenses are seen by the incident polarization

state 612, the output windows can be arranged horizontally and when the lenses are seen by

the incident polarization state 618 the windows are un-rotated and arranged vertically. In this

manner a display that can be viewed in both landscape and portrait orientation can be

achieved. Advantageously in both modes of operation the windows are vertical to increase

the viewing freedom in the vertical direction without requiring the operation of head tracking.

[151] In general, the superlens 500 may oriented so that the second meridians extend at a

non-zero acute angle to the optical axis of the waveguide 1 selected to achieve the rotation of

the viewing windows around the normal to the SLM 48 as follows.

[152] FIGURE 26 is a schematic diagram illustrating operation of a Gabor superlens 524

aligned with a Fresnel lens 62 and with axis parallel to a vertically extended light source 528.

Such an arrangement is provided for explanation of rotated Gabor superlens operation. Thus

the superlens 524 is provided with a light beam substantially collimated in a first (horizontal)

direction. Thus superlens directs light into central viewing window 542 and some light will

fall into side lobe viewing windows 543 due to the finite width of the source 528. The

viewing windows are vertical (parallel to lens axes) as would be expected.

[153] FIGURE 27 is a schematic diagram illustrating operation of a Gabor superlens 524 to

rotate the viewing windows around the normal to the SLM 48 which is aligned with the

optical axis of the Gabor superlens 524. The rotation is illustrated by considering two points

552 and 557 in the viewing window 528. In FIGURE 27, the geometric axes (first meridians)

of the lens arrays 502, 504 of the Gabor superlens 524 extend parallel to direction 526 that is

inclined at an angle 551 (that may be 22.5 degrees if the focal lengths are equal) to the optical

axis of the waveguide (vertical in FIGURE 27). Point 555 at the illuminator is aligned with

the optical axis of the Gabor superlens 524 and so is directed to point 550 in the window



plane that is also aligned with the optical axis of the Gabor superlens 524 such that no lateral

deflection takes place. Point 557 is vertically below the point 555 in the window, and so is

inclined at a lateral angle 554 to the geometric axis (first meridian) of the Gabor

superlens524. Resolved in the direction 526 parallel to the geometric axis (first meridian),

there is no deflection of the point 557 because the Gabor superlens 524 has no optical power

in that direction. Resolved in the direction 527 parallel to the second meridian, there is a

deflection of the point 557 by twice the lateral angle 554. This is equivalent to deflection

shown in FIGURE 16B of the off-axis light beam 512 by twice the angle 514 relative to the

optical axis 516 of the Gabor superlens 524. Thus, the lateral deflection is twice the angle

554. Further, the Fresnel lens 62 flips the vertical orientation of the lens so that the point 557

is imaged to the point 552. Thus the total lateral deflection of the point 557 is twice the tilt

angle 55 1 of the lens in this example where the lens arrays of the Gabor superlens 524 have

equal focal lengths. As can be seen from FIGURE 27, the point 552 is rotated around the

optical axis of the Gabor superlens 524 and hence also around the normal to the SLM 48.

Similar rotation occurs for every point in the viewing window 528 with the result that the

viewing window 528 as a whole is rotated. If the focal length of the arrays 502, 504 is

different, the rotation angle of the window 528 will be different to twice the angle 551.

[154] Thus a display device may be arranged with a superlens wherein the lenses of each

array have parallel first meridians that extend at a non-zero-acute angle to the optical axis of

waveguide. The array of pixels of the spatial light modulator 48 may be arranged in an

aperture with a shape having two perpendicular axes of mirror symmetry, and the optical

element comprising a superlens 500 is arranged to rotate the viewing windows 624 around

the normal 9 to the spatial light modulator 48, and the output viewing windows 624 extend at

any angle between 0 and 90 degrees, preferably an angle in a range from 65 to 115 degrees,

more preferably 80 to 100 degrees or most preferably 90 degrees relative to one of said axes

of the shape of the aperture. Such a rotation can be achieved for example by arranging a

superlens with a meridian axis 310 arranged at 45 degrees to the optical axis of waveguide 1.

[155] FIGURE 28 is a schematic diagram illustrating a control system arranged to

compensate for vignetting effects in an autostereoscopic display comprising a Gabor

superlens 500. This control system is a modified form of the control system shown in Fig. 11

and described above. Accordingly, except for the modifications, the above description applies

and for brevity is not repeated.



[156] Observer 708 is observed by sensor 706 such as a camera and head position is

determined by system 704 such as an image processing system. Light source controller 702

determines which light source to drive and instructs a light source array 15 driver 700

accordingly.

[157] FIGURE 29 is a schematic diagram illustrating operation of an off-axis compensation

light source arranged to compensate for vignetting effects in an autostereoscopic display

comprising a Gabor superlens 500.

[158] In operation for on-axis light, a single drive line 714 is operated to operate a given

light source providing a given adjacent viewing window 711, however the splitting causes

light also to be directed into another viewing window and so the intensity of the given

viewing window is reduced by vignetting. The intensity of the display can be compensated by

reducing the power on drive line 714 however that may achieve reduced display brightness.

Instead, the following control operation is performed to operate a further, separated light

source to direct compensatory light into the given viewing window. In particular, there is

operated the drive line 716 to operate a further, separated light source that directs light

primarily into a high angle lobe window 712, but also has a side lobe corresponding to the

given viewing window 710 that can be used to increase intensity in that window 710 as

illustrated in FIGURE 29. Thus beam 512 achieves output cone 518 in the desired direction

and unwanted light into cone 520. However, if the superlens 500 is illuminated by light beam

718 then output beam 720 is generated in the same direction as beam 518. Thus by driving

line 716 the intensity loss of the main central lobe can be increased. Further the technique

can be used to increase the lateral viewing freedom of the display with a reduced number of

light sources, reducing cost and complexity.

[159] Thus a display apparatus may further comprise a control system that is arranged to

control the light sources of array 15 so that, when light is directed from a given light source

into a given viewing window, in the event that the light from the given light source is directed

into a viewing window other than the given viewing window by splitting through different

lenses of the second array 504, a further, separated light source is operated to direct

compensatory light into the given viewing window.

[160] In a further embodiment a superlens 500 may be arranged with the dual view

apparatus of FIGURE 8. Such an arrangement may advantageously be provided to achieve at

least first and second viewing positions from a single light source. In particular, the control



system is arranged to control to direct the same displayed image into viewing windows in the

first and second viewing positions from a single light source.

[161] FIGURE 30 is a schematic diagram illustrating a front view of an autostereoscopic

display comprising an optical valve apparatus comprising curved light extraction features 12

and a superlens 500 and FIGURE 31 shows an embodiment wherein the reflective end 4

comprises a Fresnel mirror with a similar optical function to the side 4 in FIGURE 30 but

with reduced size. Thus a light valve for guiding light, comprises a first light guiding

surface, wherein the first light guiding surface is substantially planar; and a second light

guiding surface, opposite the first light guiding surface, further comprising a plurality of

guiding features and a plurality of elongate extraction features that are curved along the

direction in which they are elongated, wherein the extraction features and the guiding features

are connected to and alternate with one another respectively, further wherein the plurality of

extraction features allow light to pass substantially without loss when the light is propagating

in a first direction and allow light to reflect or refract, and exit the light valve when the light

is propagating in a second direction. The curved extraction features are arranged to achieve

viewing windows in cooperation with the concave curved end 4 as described previously.

[162] The superlens 500 may be arranged to rotate the viewing windows to provide

landscape and portrait operation as described previously. Advantageously the complexity

and thickness of the device may be reduced.

[163] The light valve may comprise a first end at which light may enter the light valve and

propagate in said first direction, and a second end that is a reflective surface arranged to

redirect light propagating in said first direction to propagate in said second direction back

toward the first end. The first end may be thinner than the second end. The second end may

be a concave, curved reflective surface, a Fresnel equivalent of a concave, curved reflective

surface, or a reflective surface with no optical power. The second light guiding surface may

have a stepped structure which may include the plurality of extraction features that are curved

along the direction in which they are elongated, and the plurality of guiding features

connecting respective extraction features. The extraction features may allow light to exit the

light valve through the first light guiding surface. The light valve may be arranged to direct

light entering the light valve from illumination elements into viewing windows. The

extraction features may be arranged to substantially focus the principal rays of the optical

system onto a viewing plane. The curvature of the extraction features may have a direction

that is opposite to the direction of curvature of the reflective end 4.



[164] An optical valve system may comprise a light valve according to any one of the

preceding claims and further comprising a plurality of illumination elements configured to

provide light into the light valve and may further comprise a Fresnel lens arranged to receive

light from the light valve. A diffuser may be arranged to receive light from the light valve.

The diffuser may comprise a vertical diffuser comprising an asymmetric scattering surface.

Superlens 500 may further be arranged with the optical valve system to achieve further

control of viewing window 26 structure.

[165] A directional display may comprise an optical valve system, a superlens; and a

transmissive spatial light modulator arranged to be illuminated by the optical valve system.

[166] An observer tracking display, may comprise a directional display; a sensor for

detecting a position of an observer in the proximity of viewing windows of the optical valve;

a superlens array and an illuminator controller for determining a setting for illumination

elements depending on the position of the observer detected by the sensor.

[167] An observer tracking display may be an observer tracking autostereoscopic display

wherein the setting determines a first illumination phase for a first set of illumination

elements corresponding to a first viewing window, and the setting determines a second

illumination phase for a second set of illumination elements corresponding to a second

viewing window. The first and second arrays of lenses may be curved along the direction in

which they are elongated.

[168] FIGURE 32 is a schematic diagram illustrating a front view of an autostereoscopic

display comprising an optical valve apparatus comprising linear light extraction features 12;

and a superlens 500 comprising curved lenses 502, 504 that are curved along the direction in

which they are elongated. The lenses 502, 504 may be arranged to achieve focussing of the

light from the array 15 to viewing windows 26 in the window plane. Advantageously the

complexity of the device may be reduced, and cost reduced.

[169] FIGURE 33 is a schematic diagram illustrating a front view of an autostereoscopic

display comprising an optical valve apparatus comprising linear light extraction features; and

a superlens comprising curved tilted lenses. The curved tilted lenses 502, 504 may provide

both focussing to the window plane and rotation of windows in the window plane

advantageously for L-P operation.

[1 0] FIGURE 34 is a schematic diagram illustrating a front view of an autostereoscopic

display comprising an optical valve apparatus comprising curved light extraction features;

and a superlens comprising curved lenses. The curved light extraction features 12 and



superlens 500 may cooperate to achieve focussing into the window plane which may improve

the aberrational performance of the optical system.

[171] In the above embodiments, the display may be used for autostereoscopic display or

other directional display such as privacy operation, or low power operation or high

illuminance operation. The latter modes may provide autostereoscopic functions or 2D

functions. Low power consumption devices and high illuminance devices are generally

described in U.S. Provisional Patent Application No. 61/890,456 (Attorney Docket No.

95194936.355000B), entitled "Energy efficient directional backlight," filed October 14,

2013, which is herein incorporated by reference in its entirety. In operation such devices may

be provided with viewing windows that are horizontal, vertical or tilted orientations with

respect to the orientation of the aperture of the respective spatial light modulator.

[172] It is understood that in the above embodiments that a full directional backlighting

system may include additional Fresnel and diffusing elements.

[173] As may be used herein, the terms "substantially" and "approximately" provide an

industry-accepted tolerance for its corresponding term and/or relativity between items. Such

an industry-accepted tolerance ranges from zero percent to ten percent and corresponds to,

but is not limited to, component values, angles, et cetera. Such relativity between items

ranges between approximately zero percent to ten percent.

[174] While various embodiments in accordance with the principles disclosed herein have

been described above, it should be understood that they have been presented by way of

example only, and not limitation. Thus, the breadth and scope of this disclosure should not

be limited by any of the above-described exemplary embodiments, but should be defined only

in accordance with any claims and their equivalents issuing from this disclosure.

Furthermore, the above advantages and features are provided in described embodiments, but

shall not limit the application of such issued claims to processes and structures accomplishing

any or all of the above advantages.

[175] Additionally, the section headings herein are provided for consistency with the

suggestions under 37 CFR 1.77 or otherwise to provide organizational cues. These headings

shall not limit or characterize the embodiment(s) set out in any claims that may issue from

this disclosure. Specifically and by way of example, although the headings refer to a

"Technical Field," the claims should not be limited by the language chosen under this

heading to describe the so-called field. Further, a description of a technology in the

"Background" is not to be construed as an admission that certain technology is prior art to



any embodiment(s) in this disclosure. Neither is the "Summary" to be considered as a

characterization of the embodiment(s) set forth in issued claims. Furthermore, any reference

in this disclosure to "invention" in the singular should not be used to argue that there is only a

single point of novelty in this disclosure. Multiple embodiments may be set forth according to

the limitations of the multiple claims issuing from this disclosure, and such claims

accordingly define the embodiment(s), and their equivalents, that are protected thereby. In all

instances, the scope of such claims shall be considered on their own merits in light of this

disclosure, but should not be constrained by the headings set forth herein.



CLAIMS;

1. A display device, comprising:

a transmissive spatial light modulator comprising an array of pixels arranged to

modulate light passing therethrough;

a waveguide having an input end, and first and second opposed guide surfaces for

guiding light along the waveguide, the first and second opposed guide surfaces extending

from the input end across the spatial light modulator, wherein the waveguide is arranged to

output light through the first guide surface for supply through the spatial light modulator, the

waveguide being arranged to direct input light from different input positions across the input

end in output directions relative to the normal to the first guide surface that are dependent on

said input position; and

an optical element disposed between the waveguide and the spatial light modulator,

comprising first and second arrays of lenses, the lenses each having a positive optical power

in respective first meridians and no optical power in respective second meridians

perpendicular to the first meridians, the first and second arrays of lenses being arranged with

respective focal planes that extend perpendicular to the normal to the spatial light modulator

between the first and second arrays of lenses, the lenses of each array having parallel second

meridians.

2. A display device according to claim 1, wherein the first and second arrays of lenses

are arranged with respective focal planes that are coincident.

3. A display device according to claim 1, wherein the first and second arrays of lenses

are arranged with respective focal planes that are offset.

4. A display device according to any one of the preceding claims, wherein the focal

length of the lenses of the first array of lenses arranged to receive light from the waveguide is

greater than the focal length of the lenses of the second array.

5. A display device according to any one of the preceding claims, wherein the first and

second arrays of lenses have the same pitch.



6. A display device according to claim 5, wherein the first and second arrays of lenses

have optical axes that are aligned.

7. A display device according to claim 5, wherein the first and second arrays of lenses

have optical axes that are offset.

8. A display device according to any one of claims 1 to 4, wherein the first and second

arrays of lenses have different pitches.

9. A display device according to any one of the preceding claims, further comprising a

third array of lenses, the third array of lenses having a positive optical power in respective

first meridians and no optical power in respective second meridians perpendicular to the first

meridians, the third array of lenses having the same pitch as the first and second arrays of

lenses and being disposed between the first and second arrays of lenses and arranged to

image the apertures of the first array of lenses onto the apertures of the second array of

lenses.

10. A display device according to any one of the preceding claims, wherein the optical

element is switchable between a first state in which the lenses of the first and second arrays

have said positive optical power in said first meridians and a second state in which the lenses

of the first and second arrays have no optical power in said first meridians.

11. A display device according to claim 10, wherein the array of pixels are arranged in an

aperture with a shape having two perpendicular axes of mirror symmetry, and the display

device is arranged so that, in the first state of the optical element, the viewing windows are

distributed across the one of said axes of mirror symmetry, and, in the second state of the

optical element, the optical element is arranged to rotate the viewing windows around the

normal to the spatial light modulator so that the viewing windows are distributed across the

other one of said axes of mirror symmetry.

12. A display device according to any one of the preceding claims, wherein the lenses of

each array have second meridians that extend parallel to the optical axis of the waveguide.



13. A display device according to any one of claims 1 to 11, wherein the lenses of each

array having parallel second meridians that extend at a non-zero-acute angle to the optical

axis of the waveguide.

14. A display device according to claim 13, wherein the array of pixels are arranged in an

aperture with a shape having two perpendicular axes of mirror symmetry, and the optical

element is arranged to rotate the viewing windows around the normal to the spatial light

modulator, and the output viewing windows extend at an angle in a range from 65 to 115

degrees, 80 to 100 degrees or 90 degrees relative to one of said axes of the shape of the

aperture.

15. A display device according to any one of the preceding claims, wherein the first and

second arrays of lenses are formed by a common piece of material within which the

respective focal planes are disposed.

16. A display device according to any one of the preceding claims, wherein the first guide

surface is arranged to guide light by total internal reflection and the second guide surface has

a plurality of light extraction features inclined to reflect light guided through the waveguide

in directions allowing exit through the first guide surface of the output light.

17. A display device according to claim 16, wherein the second guide surface has

intermediate regions between the light extraction features that are arranged to direct light

through the waveguide without extracting it.

18. A display device according to claim 17, wherein the intermediate regions of the

second guide surface extend parallel to the first guide surface.

19. A display device according to claim 17 or 18, wherein the light extraction features are

reflective facets extending laterally to the intermediate regions and the second guide surface

has a stepped shape with reflective facets and the intermediate regions.

20. A display device according to any one of claims 1 to 15, wherein the first guide

surface is arranged to guide light by total internal reflection and the second guide surface is



substantially planar and inclined at an angle to reflect light in directions that break the total

internal reflection for outputting light through the first guide surface,

the display device further comprising a deflection element extending across the first

guide surface of the waveguide for deflecting light towards the normal to the spatial light

modulator.

21. A display device according to any one of the preceding claims, wherein the

waveguide has a reflective end facing the input end for reflecting light input through the input

end back through the waveguide, the waveguide being arranged to output light through the

first guide surface after reflection from the reflective end.

22 A display device according to any one of the preceding claims, further comprising:

an array of light sources at different input positions across the input end of the

waveguide; and

a control system arranged to selectively operate the light sources to direct light into

viewing windows corresponding to said output directions.

23. A display device according to claim 22, wherein the control system is arranged to

control the light sources so that, when light is directed from a given light source into a given

viewing window, in the event that the light from the given light source is directed into a

viewing window other than the given viewing window by splitting through different lenses of

the second array, a further, separated light source is operated to direct compensatory light into

the given viewing window.

24. A display device according to claim 22 or 23, being an autostereoscopic display

device wherein the control system is further arranged to control the display device to display

temporally multiplexed left and right images and synchronously to direct the displayed

images into viewing windows in positions corresponding to left and right eyes of an observer.

25. An autostereoscopic display device according to claim 24, wherein the control system

further comprises a sensor system arranged to detect the position of an observer across the

display device, and

the control system is arranged to direct the displayed images into viewing windows in



positions corresponding to left and right eyes of an observer, in dependence on the detected

position of the observer.

26. A display device according to claim 22 or 23, being a dual view display device

wherein the control system is arranged to control to direct the same displayed image into

viewing windows in at least first and second viewing positions.

27. A display device according to any one of the preceding claims wherein the extraction

features of the waveguide are curved along the direction in which they are elongated.

28. A display device according to any one of the preceding claims wherein the first and

second arrays of lenses are curved along the direction in which they are elongated.

29. A display apparatus, comprising:

a transmissive spatial light modulator comprising an array of pixels arranged to

modulate light passing therethrough;

a waveguide having an input end, and first and second opposed guide surfaces for

guiding light along the waveguide, the first and second opposed guide surfaces extending

from the input end across the spatial light modulator, wherein the waveguide is arranged to

output light through the first guide surface for supply through the spatial light modulator, the

waveguide being arranged to direct input light from different input positions across the input

end in output directions relative to the normal to the first guide surface that are dependent on

said input position;

an optical element disposed between the waveguide and the spatial light modulator,

comprising first and second arrays of lenses, the lenses each having a positive optical power

in respective first meridians and no optical power in respective second meridians

perpendicular to the first meridians, the first and second arrays of lenses being arranged with

respective focal planes that extend perpendicular to the normal to the spatial light modulator

between the first and second arrays of lenses, the lenses of each array having parallel second

meridians;

an array of light sources at different input positions across the input end of the

waveguide; and

a control system arranged to selectively operate the light sources to direct light into



viewing windows corresponding to said output directions;

wherein the control system is arranged to control the light sources so that, when light

is directed from a given light source into a given viewing window, in the event that the light

from the given light source is directed into a viewing window other than the given viewing

window by splitting through different lenses of the second array, a further, separated light

source is operated to direct compensatory light into the given viewing window.

30. A display apparatus according to claim 29, wherein the first and second arrays of

lenses are curved along the direction in which they are elongated.

31. A display apparatus according to claim 29, wherein the extraction features of the

waveguide are curved along the direction in which they are elongated.

32. A display apparatus according to claim 29, wherein the control system is arranged to

control the light sources so that, when light is directed from a given light source into a given

viewing window, in the event that the light from the given light source is directed into a

viewing window other than the given viewing window by splitting through different lenses of

the second array, a further, separated light source is operated to direct compensatory light into

the given viewing window.

33. A display apparatus according to claim 32, wherein the control system is further

arranged to control the display device to display temporally multiplexed left and right images

and synchronously to direct the displayed images into viewing windows in positions

corresponding to left and right eyes of an observer.

34. A display apparatus according to claim 32, wherein the control system further

comprises a sensor system arranged to detect the position of an observer across the display

device, and

the control system is arranged to direct the displayed images into viewing windows in

positions corresponding to left and right eyes of an observer, in dependence on the detected

position of the observer.

35. A display apparatus according to claim 32, wherein the control system is arranged to



direct the same displayed image into viewing windows in at least first and second viewing

positions.
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